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Preface

Para ser grande, sé€ inteiro: nada
Teu exagera ou exclui.

Sé todo em cada coisa. Poe quanto és
No minimo que fazes.

Assim em cada lago a lua toda
Brilha, porque alta vive.

-Ricardo Reis
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Resumo Alargado

A ayahuasca é uma bebida psicoativa consumida desde ha séculos, sendo
originalmente utilizada por tribos indigenas no noroeste da Amazonia. Esta bebida
consiste numa decoc¢do, espessa, oleosa e de cor acastanhada, que é originalmente
preparada a partir das folhas de Psychotria viridis Ruiz & Pav. e de raspas do caule de
Banisteriopsis caapi (Spruce ex Griseb.) C.V.Morton, embora ao longo dos anos tenham
sido desenvolvidas diversas variacoes desta decoc¢ao. Atualmente, sdo conhecidos alguns
adulterantes naturais ou sintéticos que conseguem mimetizar os efeitos das plantas
utilizadas originalmente. Esta decoccdo contém o composto alucinogénico N,N-
dimetiltriptamina (DMT) proveniente da Psychotria viridise alcaloides [-carbolinicos
como a harmina, tetrahidroharmina (THH) e harmalina, que provém da Banisteriopsis
caapi. O DMT é o principal componente psicoativo da ayahuasca, uma vez que atua como
agonista dos recetores de serotonina (5-HT1A/2A/2C) e, quando ingerido sozinho, é
metabolizado pela monoamina oxidase A (MAO-A) periférica, tornando-se inofensivo.
Porém, em conjunto com os alcaloides B-carbolinicos consegue atingir a circulacao e o
sistema nervoso central, por inibicdo temporaria da MAO-A. Adicionalmente, a THH
também inibe a recaptacao de serotonina aumentando os efeitos do DMT.

Esta sinergia entre compostos é conhecida pelos povos indigenas h4 cerca de 3000
anos. Assim, originalmente, as tribos recorriam a esta bebida para fins terapéuticos e
religiosos. Era também utilizada pelos curandeiros nativos no tratamento de distirbios
psicoldgicos, estimulacao da criatividade visual e pensamento criativo. Mais recentemente,
entidades religiosas nao indigenas de varios paises, sobretudo da América Latina, também
recorreram a esta bebida para as suas cerimoénias, nomeadamente a Barquinha, a Unido
do Vegetal e o Santo Daime. Estes dois tltimos, atualmente encontram-se disseminados
pelos restantes continentes. Nas tltimas décadas, tem crescido significativamente em todo
o mundo, sendo reconhecida como um farmaco de origem natural usado desde ha
milénios para a cura de varias doencas. Assim, atualmente esta bebida, apesar de
continuar a ser usada de forma tradicional, é também consumida de forma recreativa um
pouco por todo o mundo, bem como usada na medicina moderna.

Aquando do consumo de ayahuasca surgem frequentemente vomitos, diarreia e
nauseas. Além destes sintomas fisicos, foram verificadas alteragoes na temperatura
corporal, tamanho da pupila e alteragoes imunolbgicas, enddcrinas e cardiovasculares.
Sintomas psicologicos como alteracoes na percecao (tempo, espaco e dos sentidos) e ao
nivel cognitivo também tém sido descritas. Adicionalmente, sdo também descritas
conexoes com entidades divinas e miticas, sendo este o aspeto que motiva o seu consumo

em contexto religioso. Nao obstante todos os efeitos descritos, ao longo dos anos tém sido
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apontadas a ayahuasca diversas propriedades benéficas, acreditando-se mesmo no seu
potencial terapéutico em doencas do foro psicologico, como a depressao, ansiedade,
dependéncia e transtornos psicologicos. Além disso, também lhe sdo apontadas
propriedades benéficas em tratamentos fisiologicos.

Nas ultimas décadas o consumo de substancias psicoativas tem vindo a aumentar,
nomeadamente substancias de origem natural, como € o caso da ayahuasca. Muitas vezes
este consumo ¢é incitado por motivacoes culturais ou por crencas espirituais e religiosas,
tornando dificil avaliar o seu uso mundial. Segundo a literatura, o consumo desta mistura
vegetal em ambientes controlados ndo apresenta perigo, ndo estando associado a
episddios psicoticos. Porém, a expansao do seu consumo tem levantado algumas
preocupacoes. Apesar do consumo de plantas fonte de DMT nao ser controlado, este
passou a ser uma substancia controlada em alguns paises, devido ao aumento da sua
procura. Contudo, a legislacdo que regulamenta substancias psicoativas é muito variavel,
podendo até ser ambigua.

Tendo em conta as potencialidades da ayahuasca, o primeiro objetivo desta tese foi
desenvolver um método analitico para determinar e quantificar os principais compostos
presentes em decoccoes de ayahuasca, bem como compreender o seu comportamento ao
longo do processo digestivo. O segundo objetivo foi efetuar uma caracterizacao fitoquimica
de decoccoes de ayahuasca e avaliar os seus potenciais efeitos antioxidante, anti-
inflamatorio, antimicrobiano e as suas propriedades terapéuticas na cicatrizacdo de
feridas e no tratamento do cancro.

Assim, inicialmente foram preparadas decoccoes, em quantidade suficiente para a
realizacao de todo o trabalho, de quatro plantas individuais habitualmente utilizadas nas
preparacoes de ayahuasca (P. viridis (folhas), Mimosa hostilis Benth. (raiz), B. caapi
(caule) e Peganum harmala L. (sementes)), uma decoccdo de uma mistura comercial e
quatro decocc¢des de misturas de duas das plantas anteriores (P. viridis e B. caapi, P.
viridis e Peganum harmala, Mimosa hostilis e B. caapi e M. hostilis e P. harmala). As
amostras foram submetidas a trés procedimentos de microextracao e posteriormente, foi
desenvolvido e validado um método analitico para a determinacao e quantificacdo dos
principais constituintes destas amostras. A técnica de Quick, Easy, Cheap, Effective,
Rugged and Safe (QuEChERS) mostrou ser a mais promissora e, portanto, foi a eleita para
aplicacdo nas amostras. O método analitico mostrou ser linear entre 0,16 e 10 ug/mL para
as [-carbolinas e entre 0,016 e 1 ug/mL para o DMT, com coeficientes de determinacao
(R2) entre 0,9968 e 0,9993. O limite de detecao (LOD) e o limite inferior de quantificacao
(LLOQ) foram de 0,16 pg/mL (0,016 pg/mL para o DMT) e as eficiéncias de extracao

variaram entre 60 e 88 %.
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A Dbiodisponibilidade e bioacessibilidade dos mesmos compostos também foi
avaliada in vitro. Para tal, a bioacessibilidade das amostras foi avaliada por um processo
de digestao in vitro, e posteriormente a sua biodisponibilidade foi avaliada com recurso a
linha celular do adenocarcinoma colorretal (Caco-2). Apds a quantificacdo, verificou-se
que os compostos (DMT, harmina, harmalina, harmol, harmalol e THH) foram libertados
da matriz durante o processo de digestao in vitro, tornando-se bioacessiveis. Do mesmo
modo, alguns destes compostos, apos serem incubados com a monocamada de células,
foram absorvidos, tornando-se biodisponiveis, sem apresentarem risco para a integridade
da mesma.

O perfil fitoquimico das amostras foi avaliado, tendo-se demonstrado que de forma
geral, as amostras apresentam um elevado teor de compostos fenolicos e flavonoides.
Estes resultados refletem as atividades antioxidante e anti-inflamatoria também
determinadas. Adicionalmente, as amostras também apresentaram propriedades
antimicrobianas, sendo de destacar o efeito da B. caapi e P. harmala na estirpe A.
baumannii, que resultou na inibicao da formacao de biofilmes e da inibicao do quorum
sensing.

As amostras de ayahuasca também demonstraram o seu potencial terapéutico,
nomeadamente ao nivel da cicatrizacdo de feridas da pele. Recorrendo a fibroblastos
dérmicos normais humanos (NHDF) realizou-se um ensaio de arranhdo, tendo-se
verificado que apenas uma amostra apresentou citotoxicidade e todas as outras
promoveram a migracdo dos fibroblastos da pele, sem absorcao cutanea de DMT e
alcaloides B-carbolinicos. Do mesmo modo, as amostras de ayahuasca apresentaram um
grande potencial anticancerigeno em células Caco-2, tendo-se verificado que apos
incubacdo, as amostras induziram significativamente a apoptose enquanto a proliferacao
celular diminuiu muito significativamente. Verificou-se ainda uma reducao significativa
do stresse oxidativo com algumas amostras, com um aumento significativo da atividade de
enzimas antioxidantes. Do mesmo modo, em células do adenocarcinoma géstrico (AGS)
foi verificado um aumento da indugdo da apoptose e uma reducao do stresse oxidativo
apos incubacao com as amostras de ayahuasca.

Em conclusao, os principais resultados desta tese demonstraram que a ayahuasca
possui de facto um grande potencial terapéutico, sendo de destacar as suas acoOes
antimicrobiana, antioxidante, anti-inflamatoéria, cicatrizante, mas sobretudo a sua
atividade anticancerigena estudada em duas linhas celulares diferentes. E ainda de realcar
o desenvolvimento e validacao do método analitico onde foram comparadas trés técnicas
de extracdo miniaturizadas e onde a técnica de QuUEChERS foi aplicada a amostras de

ayahuasca pela primeira vez.
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Abstract

Ayahuasca is a psychoactive beverage that has been consumed for centuries and
was originally used by indigenous tribes in the northwest of the Amazon. This beverage
consists of a decoction, thick, oily, and brownish in color, which is originally prepared
from the leaves of Psychotria viridis Ruiz & Pav. and the scrapings of the stem of
Banisteriopsis caapi (Spruce ex Griseb.) C.V.Morton, although over the years several
modifications of this decoction have been developed. Currently, some natural or synthetic
adulterants that can mimic the effects of the plants originally used are known. This
decoction contains the hallucinogenic compound N,N-dimethyltryptamine (DMT) from
Psychotria viridis, and [-carboline alkaloids such as harmine, tetrahydroharmine (THH)
and harmaline, which come from Banisteriopsis caapi. DMT is the main psychoactive
component of ayahuasca, since it acts as a serotonin receptor (5-HT1A/2A/2C) agonist
and, when ingested alone, is metabolized by peripheral monoamine oxidase A (MAO-A),
making it if harmless. However, together with the B-carboline alkaloids, it can reach the
circulation and the central nervous system, by temporarily inhibiting MAO-A.
Additionally, THH also inhibits serotonin reuptake enhancing the effects of DMT.

This synergy between compounds is known by the indigenous peoples for about
3000 years. Thus, originally, the tribes resorted to this beverage for therapeutic and
religious purposes. It was also used by native healers to treat psychological disorders,
stimulate visual creativity and creative thinking. More recently, non-indigenous religious
entities in various countries, especially in Latin America, also used this beverage for their
ceremonies, namely Barquinha, Unido do Vegetal and Santo Daime. These last two,
currently spread to other continents. In recent decades, the popularity of ayahuasca has
increased worldwide, being seen as a natural remedy used for millennia to cure various
diseases. Thus, currently this beverage, despite continuing to be used in a traditional way,
is also consumed recreationally all over the world, as well as used in modern medicine.

When consuming ayahuasca, vomiting, diarrhea and nausea often occur. In
addition to these physical symptoms, changes in body temperature, pupil size and
immunological, endocrine, and cardiovascular changes were observed. Psychological
symptoms such as changes in perception (time, space, and the senses) and at the cognitive
level have been also described. Additionally, connections with divine and mythical entities
are also described, which is the aspect that motivates its consumption in a religious
context. Despite all the effects described, over the years several beneficial properties have
been pointed out to ayahuasca, even believing in its therapeutic potential in psychological
illnesses, such as depression, anxiety, addiction, and psychological disorders. Additionally,

beneficial properties in physiological treatments are also pointed out.



In recent decades, the consumption of psychoactive substances has been
increasing, namely substances of natural origin, such as ayahuasca. This consumption is
often incited by cultural motivations or by spiritual and religious beliefs, making it
difficult to measure its worldwide use. According to the literature, the ayahuasca
consumption of in controlled environments is not dangerous and is not associated with
psychotic episodes. However, the expansion of its consumption has raised some concerns.
Although the consumption of DMT source plants is not controlled, it has become a
controlled substance in some countries, due to the increase in its demand. However, the
legislation regulating psychoactive substances is very variable and may even be
ambiguous.

Considering the potential of ayahuasca, the first objective of this thesis was to
develop an analytical methodology for determine and quantify the main compounds
present in ayahuasca decoctions, as well as to understand their behavior throughout the
digestive process. The second objective was to carry out a phytochemical characterization
of ayahuasca decoctions and to evaluate their potential antioxidant, anti-inflammatory,
antimicrobial effects and their therapeutic properties in wound healing and cancer
treatment.

Thus, initially decoctions, in sufficient quantity to carry out the entire study, of four
individual plants commonly used in ayahuasca preparations (P. viridis (leaves), Mimosa
hostilis Benth. (root), B. caapi (stem) and Peganum harmala L. (seeds)), a decoction of a
commercial mixture and four decoctions of mixtures of two of the above plants (P. viridis
and B. caapi, P. viridis and Peganum harmala, Mimosa hostilis and B. caapi and M.
hostilis and P. harmala) were prepared. The samples were submitted to three
microextraction procedures and later, an analytical method was developed and validated
for the determination and quantification of the main compounds of these samples. The
Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) technique proved to be the
most promising and, therefore, was chosen for application in the samples. The analytical
method showed to be linear between 0.16 and 10 pg/mL for B-carbolines and between
0.016 and 1 pg/mL for DMT, with determination coefficients (R2) between 0.9968 and
0.9993. The limit of detection (LOD) and lower limit of quantification (LLOQ) were 0.16
ug/mL (0.016 pg/mL for DMT) and extraction efficiencies ranged from 60 to 88%.

The bioavailability and bioaccessibility of the same compounds were also evaluated
in vitro. The bioaccessibility of the samples was assessed using an in vitro digestion
process, and subsequently their bioavailability was evaluated using the colorectal
adenocarcinoma cell line (Caco-2). After quantification, it was verified that the
compounds (DMT, harmine, harmaline, harmol, harmalol and THH) were released from

the matrix during the in vitro digestion process, becoming bioaccessible. Likewise, some



of these compounds, after being incubated with the cell monolayer, were absorbed,
becoming bioavailable, without presenting a risk to its integrity.

The phytochemical profile of the samples was evaluated, and it was demonstrated
that, in general, the samples have a high content of phenolic compounds and flavonoids.
These results reflect the antioxidant and anti-inflammatory activities also determined.
Additionally, the samples showed antimicrobial properties, with emphasis on the effect of
B. caapi and P. harmala on the A. baumannii strain, which resulted in the inhibition of
both biofilm formation and quorum sensing.

Ayahuasca samples also demonstrated their therapeutic potential, particularly in
terms of wound healing. Using normal human dermal fibroblasts (NHDF), a scratch assay
was performed, and it was found that only one sample showed cytotoxicity and the others
promoted the migration of skin fibroblasts, without cutaneous absorption of DMT and f3-
carboline alkaloids. Likewise, the ayahuasca samples showed a great anticancer potential
in Caco-2 cells, having been verified that after incubation, the samples significantly
induced apoptosis while cell proliferation decreased significantly. There was also a
significant reduction in oxidative stress with some samples, with a significant increase in
the activity of antioxidant enzymes. Similarly, in gastric adenocarcinoma (AGS) cells, an
increase in the induction of apoptosis and a reduction in oxidative stress were observed
after incubation with the ayahuasca samples.

In conclusion, the main results of this thesis demonstrated that ayahuasca does
indeed have a great therapeutic potential, with emphasis on its antimicrobial, antioxidant,
anti-inflammatory, and healing actions, but above all its anticancer activity studied in two
different cell lines. Also noteworthy was the development and validation of the analytical
method where three miniaturized extraction techniques were compared and where the

QuEChERS technique was applied to ayahuasca samples for the first time.
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Thesis overview

This doctoral thesis is divided into five chapters. The first chapter is an
introductory chapter where general information about ayahuasca and the problem of the
emergence of new natural psychoactive substances (NPS) is provided. Two review articles
are included in this chapter. The first is a review of drugs of abuse of natural origin, where
the main concerns about NPS are addressed, namely the rapid appearance and the lack of
legislation, but also the toxicological aspects, therapeutic potential and the analytical
methods developed for the quantification of its main compounds (Paper I). The second is a
systematic review where the therapeutic properties, associated with ayahuasca and its
consumption are addressed and discussed (Paper II).

The second chapter presents the overall objectives of this doctoral thesis.

The third chapter focuses on the research carried out throughout this project and
includes six published studies. The first one (Paper III) describes the development,
validation, and optimization of an analytical method, where initially three miniaturized
extraction techniques are compared, finally choosing QUEChERS as the most promising
technique for the study. The second published study (Paper IV) consists of the evaluation
of the bioaccessibility and bioavailability of the main constituents of ayahuasca. For this,
an in vitro simulated digestion process and a cell model that simulates the intestinal wall
using the Caco-2 line were used. The third published study (Paper V) reports the
evaluation of the phytochemical profile as well as the antioxidant, anti-inflammatory and
antimicrobial properties of ayahuasca decoctions. The fourth published study (Paper VI)
describes the in vitro evaluation of the healing potential of ayahuasca samples in NHDF
cells. Finally, the fifth published study (Paper VII) describes the potential anticancer
properties of ayahuasca samples in Caco-2 cells and the sixth published study (Paper VIII)
consists of a brief description of the anticancer potential in AGS cells.

The studies (paper I to VIII) are presented as they appear in the respective
publications, including the references.

The fourth chapter consists of a discussion and final reflection on the eight
published articles. Finally, the fifth chapter presents the conclusions about the entire

study carried out in this doctoral thesis.
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Chapter 1

GENERAL INTRODUCTION
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1.1. Paper I- Psychoactive Substances of
Natural Origin: Toxicological Aspects,
Therapeutic Properties and Analysis in
Biological Samples

Abstract

The consumption of new psychoactive substances (NPSs) has been increasing, and this
problem affects several countries worldwide. There is a class of NPSs of natural origin, consisting of
plants and fungi, which have a wide range of alkaloids, responsible for causing relaxing, stimulating
or hallucinogenic effects. The consumption of some of these substances is prompted by religious
beliefs and cultural reasons, making the legislation very variable or even ambiguous. However, the
abusive consumption of these substances can present an enormous risk to the health of the
individuals, since their metabolism and effects are not yet fully known. Additionally, NPSs are
widely spread over the internet, and their appearance is very fast, which requires the development
of sophisticated analytical methodologies, capable of detecting these compounds. Thus, the
objective of this work is to review the toxicological aspects, traditional use/therapeutic potential
and the analytical methods developed in biological matrices in twelve plant species (Areca catechu
L., Argyreia nervosa (Burm.f.) Bojer, ayahuasca, Catha edulis (Vahl) Endl., Datura stramonium L.
test, Lophophora williamsii (Lem. ex Salm-Dyck) J.M.Coult., Mandragora officinarum Bertol.,
Mitragyna speciosa Korth., Piper methysticum G.Forst., Psilocybe, Salvia divinorum Epling &
Jativa and Tabernanthe iboga Baill.).

Keywords: NPS of natural origin; psychoactive effects; toxicological aspects; traditional uses;

analytical methodologies
1.1.1. Introduction

The use of drugs of abuse is a concern that has been increasing over the years. About 96
million individuals have already used drugs of abuse in the European Union, cannabis being the
most used (27.4%), followed by cocaine (5.4%) and then ecstasy (4.1%) and amphetamines (3.7%)
[1]. In recent years, a trend of new psychoactive substance (NPS) consumption has been reported.
The European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) defines those
compounds as “a new narcotic or psychotropic drug, in pure form or in preparation, that is not
controlled by the United Nations Drug Conventions, but which may pose a public health threat
comparable to that posed by substances listed in these conventions” [2]. NPSs have spread around
the world, mainly because they are marketed on the internet in dark web forums, with different
names, namely “bath salts”, “legal highs”, or “research chemicals” [3]. These substances are
generally consumed because they are able to mimic the effects of more conventional drugs of abuse

and because they are not detected in common screening methods [4—6]. However, the various risks



associated with the consumption of NPSs are described in the literature, as well as the resulting
health problems [7—9].

Despite the term “new” referring to a recent appearance, the truth is that some of these
compounds have existed for decades, but they only became available on the market more recently,
and consequently, their commercialization is not yet regulated [3]. The constant appearance of
these drugs (about 50 new per year) is a concern in terms of controlling their marketing [1].
Additionally, considering the health hazard presented by NPSs, the United Nations Office on Drugs
and Crime (UNODC) and the EMCDDA have implemented early warning systems in order to detect
these compounds [10,11].

NPSs may have a synthetic or natural origin, the most recognized synthetic NPS being
synthetic cannabinoids, cathinones and opioids, piperazines, phenethylamines, designer
benzodiazepines, indoalkylamines and arylcyclohexylamines [2—4]. NPSs of natural origin consist
mainly of alkaloids naturally present in plants that, when consumed, allow the user to experience
new sensations and different “mental states” [3,12]. These plants come mainly from South America
and Asia but also from Africa and Russia [3] and, depending on their constituents, can trigger
relaxing and/or sedative effects, such as Areca catechu and Mitragyna speciosa, hallucinogenic
effects, as the constituents of ayahuasca, or stimulating effects, such as Catha edulis [3,13]. The
consumption of preparations containing alkaloids of natural origin is often prompted by religious
beliefs or cultural reasons, making it difficult to estimate the worldwide consumption of these
substances [3]. For these reasons, the legislation that regulates these substances is quite variable
and may even be ambiguous [2].

The metabolism of these substances is not fully studied, and therefore the resulting
metabolites and their potential concentrations are not known [2,3]. Another gap that needs further
study is the acute toxicity of many of these substances, which are also not completely known [2]. In
fact, the symptoms described during intoxication with an NPS are confused with symptoms of
consumption of other substances, namely medicines [2]. Thus, developing analytical methodologies
is greatly important for the detection and quantification of potentially dangerous compounds
present in these natural products. However, most developed analytical methods have focused on
the detection of alkaloids naturally present in plant materials [14].

In this review, we sought to address the toxicological aspects of several psychoactive
substances present in different plants, as well as some therapeutic properties/traditional uses. In
addition, the analytical methods developed in biological samples aimed at the detection of

psychoactive substances from the same plants were also discussed.
1.1.2. Areca catechu (Betel Quid)

Currently, A. catechu (Figure 1.1.1A) is distributed in Africa, Europe and America, in spite
of its main origin being Asia (Sri Lanka and Malaysia) [2]. The areca nut is the fruit produced by
this plant, having been consumed for centuries as a traditional remedy or in rituals [15]. This fruit
is normally chewed and can be consumed together with other substances in the form of a “betel

quid” [15,16]. Areca nut is the fourth drug with the highest consumption rate worldwide, possibly



due to its stimulating, relaxing or aphrodisiac effects [15,16]. Arecoline (Figure 1.1.1B) is the main
psychoactive compound present in the fruit of A. catechu [2]. This compound is an alkaloid that
works as a competitive inhibitor of gamma-aminobutyric acid (GABA) and as a non-selective
nicotinic and muscarinic agonist [3,17,18]. Once in the body, arecoline quickly crosses the blood-
brain barrier, exerting effects on the parasympathetic nervous system [3]. However, this fruit is
addictive and can cause several adverse effects, namely on the digestive system and abstinence
syndrome (insomnia, mood swings, irritability and anxiety) [3,15]. Other effects, such as severe
extrapyramidal syndrome, asthma and myocardial infarction, have also been associated with the
consumption of this fruit [19,20]. However, the use of this fruit for medicinal purposes has also
been described, since antiquity, by Hindu and Buddhist peoples [21]. The consumption of areca nut
has been associated with general properties such as satisfaction, well-being, psychostimulating
effects, stress reduction, gum strengthening and breath sweetening [21]. Additionally, this fruit is
used in the treatment of malaria, fever, hernia, hypertension, urinary stones and in the
manufacture of formulations for the treatment of digestive diseases, diarrhea and indigestion [21].
Studies have also indicated that the consumption of areca nut is associated with antimicrobial
[22,23], cardiovascular [23,24] and digestive effects [21,23—25]. In addition to the A. catechu fruit,

roots and leaves were also traditionally used in medicine [21].

Figure I.1.1. A. catechu (A) and the main compound arecoline (B).

A. catechu and its fruit are not controlled substances, and therefore there is no legislation
for their consumption in the United States of America and in the European Union [3]. Thus, several
analytical methods, which allow the measurement of these substances, have been developed (Table
I.1.1). Conventional samples, such as blood, continue to be used for the detection of the most
diverse compounds, including arecoline [26]. Wu et al. [26] developed an analytical method where
they proceeded to quantify arecoline in an LC-MS/MS equipment, using 1 mL of blood, obtaining a
limit of detection (LOD) of 0.02 ng/mL and a limit of quantification (LOQ) of 0.5 ng/mL. Urine is



another biological matrix that has been used for the measurement of arecoline [27]. Pichini et al.
[27] developed an analytical method in HPLC-MS equipment, where they used 1 mL of urine,
having managed to quantify arecoline. In the same study, it was also possible to quantify the same
compound in samples of meconium (1 g) and cord serum (1 mL) [27]. However, other alternative
samples, such as teeth [28], saliva [29,30] and breast milk [31] have been also used in the
development of new analytical methods for detecting arecoline. Pellegrini et al. [31] developed a
method for the determination of arecoline in LC-MS/MS, using 1 mL of breast milk. This method
had a LOD of 16 ng/mg and LOQ of 50 ng/mg [31].

Table I.1.1. Analytical methods for the determination of the main components of Areca catechu.

Sample . Analytical Limits of Limits of o
Compounds (amount) Sample preparation technique detection quantitation Recovery (%) Reference
. LC-MS/MS
Arecoline Teeth (50 P'ulve.:rlzatlon and (ESI); LC-HR- ) ) ) [28]
mg) sonication (methanol) ToF-MS (ESI)
Arecoline Sal‘;’rf‘L()%O LLE (ethylacetate) ~HPLC-UV-VIS - - - [29]
Pulverization; alkaline
Hair (50 digestion (NaOH 12 M)
Arecoline mg)5 and LLE LC-MS (ESD  0.09 ug/g 0.3 1g/g 81.2 +2.6 [32]
(cloroform/isopropanol
(95:5, v/v)
Meconium
(1000 mg), LLE
Arecoline urine (1 mL) (chloroform/isopropan LC-MS (ESI) 0.0004-0.001  0.001-0.005 86.5-90.7 [27]
and cord ol (95:5, v/v)) Hg/g ug/s
serum (1 0
mL)
Breast milk LLE LC-MS/MS
Arecoline (chloroform/isopropan 16 pg/L 50 ug/L 76.8 - 84.7 [31]
(mb) ol (95:5. v/v)) (ESD
Arecoline,
arecaidine and N- Saliva (0.05 . LC-MS/MS
methylnipecotic mL) PP (acetonitrile) (ESI) 0.156 pug/L 1.25 pug/L 72.5 - 100.1 [30]
acid

Caption: ESI (electrospray ionization); HPLC (high-performance liquid chromatography); HR (high resolution);
LC (liquid chromatography); LLE (liquid-liquid extraction); MS (mass spectrometry); MS/MS (tandem mass spectrometry);
PP (protein precipitation); ToF (time of flight); UV-VIS (ultraviolet-visible detector).

1.1.3. Argyreia nervosa (Adhoguda)

A. nervosa (Figure 1.1.2A) is originally from India, but it is widely distributed in Europe,
Africa and subtropical America [33]. This plant, also known as Adhoguda, Vidhara, Elephant
Creeper, Rivea corymbosa, Hawaiian Baby Woodrose or Morning Glory or Ipomoea violacea,
possesses psychoactive alkaloids in its seeds [3]. Isoergine (Figure 1.1.2B) and lysergamide (LSA)
(Figure I1.1.2C) are the compounds responsible for the hallucinogenic properties of this plant, being
able to induce effects similar to lysergic acid diethylamide (LSD), albeit with a lower intensity [34].
A. nervosa seeds have a total of ergoline alkaloids between 0.5% and 0.9%, of which 0.19%
correspond to isoergine and 0.14% correspond to LSA [35]. The LSA exerts its effects by binding to

dopamine D2 receptors and consequent inhibition of adenylate cyclase and reduction in the



production of cyclic adenosine monophosphate (cAMP) [36]. The consumption of this plant for
medicinal purposes has also been described, namely as a diuretic and aphrodisiac [13]. Analgesic,
anti-inflammatory, immunomodulatory, hepatoprotective and hypoglycemic properties have also
been described [13,37]. A. nervosa roots are also used in the treatment of diseases of the central
nervous system, rheumatism, gonorrhea and chronic ulcer. On the other hand, antimicrobial
activity has been associated with the plant leaf [13,37]. In addition to the two alkaloids already
mentioned, others have been also isolated from plants, namely erginine, ergometrine, lysergol,
peniclavine, chanoclavin I, chanoclavin II, ergometrinine, elimoclavin and egine, but their effects

are not yet known [38].

Figure 1.1.2. Argyreia nervosa (A) and the main compounds isoergine (B) and lysergamide (LSA) (C).

LSA is a controlled substance in some European countries, namely in the United Kingdom
and Italy. It is also controlled in the United States of America, but the plant and its seeds are freely
sold [3]. There are currently analytical methodologies developed that allow quantifying the LSA.
Paulke et al. [39] developed an analytical method, with 1 mL of serum and urine, to detect and
quantify LSA. The analytes were extracted using the SPE (solid-phase extraction) technique and
quantified on HPLC-FLD equipment [39]. The method had detection and quantification limits of
0.05-0.15 ng/mL and 0.17 ng/mL, respectively, and recoveries between 69.4% and 78.8% [39].

1.1.4. Ayahuasca (“Hoasca”)

Ayahuasca is a word of Quechua origin, composed of two terms: "aya" and "waska", which
mean "spirit" and "vine", respectively [40]. On its whole, the word ayahuasca means "rope of the
soul", and it is also known as caapi, daime, hoasca, yagé and natema [3,40]. This term refers to a

psychoactive drink, traditional in South America (Figure I1.1.3A). More recently, it has been



imported into some countries in Europe and Asia [3,41,42]. ayahuasca consists of a brown, thick
and oily liquid, the result of a decoction of shavings from the stem of Banisteriopsis caapi (B.
caapi) and leaves of Psychotria viridis (P. viridis) (Figure 1.1.3B) [41,42]. Additionally, other
species of natural origin, which replace those already mentioned, can be used in the preparation of
ayahuasca, namely Brugmansia suaveolens, Psychotria carthagenensis, Nicotiana tabacum,
Tabernaemontana spp., Brunfelsia spp., Datura suaveolens, Iochroma. fuchsioides, Malouetia
tamarquina, Juanulloa spp., Peganum harmala, among other products with hallucinogenic

compounds [43].

Iz

Figure I.1.3. Ayahuasca decoction (A); Banisteriopsis caapi stem shavings and Psychotria viridis leaves
used in the preparation of the ayahuasca beverage (B); main compounds present in ayahuasca: DMT (C),
harmine (D), harmaline (E) and THH (F).

The effects of this psychoactive mixture are due to the synergy potential of N,N-
dimethyltryptamine (DMT) (Figure 1.1.3C), a hallucinogenic compound from P. viridis, and of the
harmine (Figure I1.1.3D), harmaline (Figure 1.1.3E) and tetrahydroharmine (THH) (Figure 1.1.3F),
which are B-carbolinic alkaloids present in B. caapi [44,45]. DMT is a tryptamine that acts as an
agonist for serotonin receptors (5-HT1A/2A/2C) [3]. When this compound is ingested alone, it
undergoes metabolism by peripheral monoamine oxidase A (MAO-A), being inactive [46].
However, when DMT is ingested together with B-carbolinic alkaloids, it is able to penetrate the
central nervous system, since it temporarily inhibits MAO-A [44,46—48]. In addition, THH also
inhibits serotonin reuptake by increasing the effects of DMT [49]. Users describe visual
hallucinations, with effects on temperature, pupil size and changes in the endocrine, cardiovascular
and immune systems [3,50]. Side effects such as mydriasis, vomiting, hypertension, tachycardia,
agitation, paranoia, anxiety and depression have also been described [3,50,51]. However, there are
several studies that report therapeutic properties. Recently their proprieties were reported as

antimicrobial and antioxidant agents [52], as well as their effect over dopaminergic neuron cells



[53]. Studies have shown that a single dose of ayahuasca leads to a rapid reduction in depressive
symptoms, and this reduction is maintained for three weeks [54,55]. Other studies show that the
consumption of this decoction results in a significant reduction in anxiety and panic [54,56]. The
reduction of drug and alcohol abuse [57—-59], attention problems [60] and decreased physical pain,

fatigue, insomnia, irritability and obsession [61] have also been described.

Table I.1.2. Analytical methods for the determination of the main components of ayahuasca.

Sample . Analytical Limits of Limits of  Recovery
Compounds (amount) Sample preparation technique detection quantitation (%) Reference
5-OH-DMT,
DMK, harmol, Dilution (90% water—
harmalol, 0.1% formic acid:10%
- - tonitrile—0.1% formi
NMT, 5-MeO . ace or.n rile 6 Tormic LC-MS/MS
DMT, 2- Urine (0.1 mL) acid) and enzyme (ESD) 0.04 — 0.57 ug/L 5 ug/L - [65]
MTHBC, THH, hydrolysis
DMT-NO, (glucuronidase—
harmine and sulfatase—acetate buffer)
harmaline
DMT, harmine,
h line,
a;nI;aHlne Plasma (1 mL) LLE (n-pentane) and GC-NPD and 0.3-1.6 pg/L 8 [63]
: SPE (Cis) HPLC-FLD 3LOKE 74-97 3
harmol and
harmalol
DMT, harmine,
harmaline,
THH,
PP (96-well plates),
harmol, e . .
Dilution (formic acid
harmalol, (0.1% in water); formic  LC—MS/MS
.1% in water); formic -
5-OH-DMT, Blood (0.2 mL) ? . . 0.09 — 0.45 ug/L 1.0 ug/L 60.28-76.31 [62]
acid (0.1% in (HESI)
THH-OH, ..
acetonitrile))
DMK, NMT,
5-MeODMT,
2-MTHBC,
DMT-NO
DMT, harmine,
) LC-MS/MS
harmaline, Plasma (1 mL) SPE (Cis) (ESD) 0.1 ug/L 0.2-0.4 ug/L  88.4-107.7 [64]
THH
UHPLC -
Hydrolysis (M 0.01-0.02 0.03 - 0.0
DMT Hair (25 mg) ydrolysis (M3 MS/MS 3-005 9 6-97.4  [67]
reagent) Hg/g Hg/g
(ESI)
Dilution (97:3 water
DMT and . with 0.1% formic LC-MS/MS
U 0.1 mL .0 L - 66
DMT-NO rine (0.1 mL) acid:acetonitrile with (ESD) 5:0 g/ [66]

0.1% formic acid)

Caption: ESI (electrospray ionization); FLD (fluorescence detector); GC (gas chromatography); HESI (heated electrospray);
HPLC (high-performance liquid chromatography); LC (liquid chromatography); LLE (liquid-liquid extraction); MS/MS
(tandem mass spectrometry); NPD (nitrogen—phosphorus detector); PP (protein precipitation); SPE (solid-phase
extraction); UHPLC (ultrahigh-performance liquid chromatography).



Ayahuasca has been used in religious rituals in the Amazon for centuries, and more
recently by religious entities such as Unido do Vegetal (UDV) and Santo Daime [3,40]. DMT-
containing substances are controlled in the United States of America and in some European
countries [3]. However, the consumption of P. viridis and B. caapi is not controlled, and the use of
ayahuasca for religious purposes is legal in the United States of America and Brazil [3]. There are
currently several analytical methodologies that allow the detection and quantification of the
compounds from ayahuasca and its metabolites (Table I.1.2). The samples of choice for the
quantification of these compounds are the so-called conventional samples, namely blood [62],
plasma [63,64] and urine [65,66]. Yritia et al. [63] and Oliveira et al. [64] developed analytical
methods for the detection of DMT and B-carbolines, using 1 mL of plasma. Both methods used SPE
[63,64] as a sample pre-treatment technique, and in the first study, a liquid-liquid extraction (LLE)
was also performed [63]. Both studies showed good limits of detection and quantification, as well
as good recoveries [63,64]. More recently, Pichini et al. [67] carried out a study, where they
quantified DMT, using only 25 mg of hair. The hair sample was initially hydrolyzed with an M3
reagent, and HPLC-MS-MS equipment was used to quantify the analyte [67]. The LOD varied
between 0.01 ng/mg and 0.02 ng/mg and the LOQ between 0.03 ng/mg and 0.05 ng/mg, with
recoveries between 76.6% and 97.4% [67].

1.1.5. Catha edulis (Khat)

C. edulis (Figure 1.1.4A) comes from some West African countries, as well as from Yemen,
Ethiopia and the Arabian Peninsula [2]. This plant is often used as a drug of abuse since it allows to
mimic the effects of synthetic cathinones but with a lower risk of intoxication, with no record of
deaths associated with its consumption [2]. C. edulis is also called khat, qat and kafta, among
others, and it is usually consumed in smoked form or by chewing fresh leaves [3]. The psychoactive
components present in the leaves of this plant are S-(-)-cathinone (Figure 1.1.4B), cathine ([S,S-(+)-
norpseudoephedrine]) (Figure 1.1.4C) and phenylpropanolamine (Figure I.1.4D). S-(-)-cathinone is
photosensitive, and therefore it degrades easily with sun exposure, being the major compound in
fresh khat leaves, but it is not found in older leaves [68]. After sun exposure, S-(-)-cathinone
degrades into chatine and (-)-norephedrine, these being the compounds present mostly in the older
leaves [68]. When consuming khat, the active compounds degrade not only into chatine and (-)-
norephedrine but also into [R,S-(-)-norephedrine] and [R,R-(-)-norpseudoephedrine], compounds
structurally similar to amphetamine [69]. Consumers of this plant describe effects such as
hyperthermia, euphoria, increased breathing and sensory stimulation, excitation and anorexia.
However, adverse effects such as violent behavior, schizophrenia, paranoia and psychosis,
increased blood pressure, insomnia, tachycardia, irritability, migraine and sexual dysfunction have
also been described [3].

The consumption and trade of khat leaves are not regulated by any international system,
but the consumption and trade of cathinone and cathine are prohibited worldwide [3]. In some

countries, khat is considered a controlled substance, namely Ireland, France, Germany, Denmark
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and the United States of America. In the Netherlands, its trade is not prohibited, but is restricted
and, in Canada, the possession of khat is allowed, but its import and trade are also illegal [3]. On

the other hand, countries like Yemen, Somalia and Ethiopia allow the consumption of khat, since it
is a cultural habit [3].

Table I.1.3. Analytical methods for the determination of the main components of Catha edulis.

Compounds Sample Sample Analytical Limits of Limits of Recovery Reference
p (amount) preparation technique detection quantitation (%)

Cathinone,

Urine (0.2 mL) SPE (Cs) GC-MS (EI) < 1oug/L - 73 - 82 [72]

cathine, and phenylpropanolamine
d-cathine (d-norpseudoehedrine),
ephedrine, methcathinone, 1-(4-
methoxyphenyl)-propan-2-amine,
mephedrone, methedrone, 2,5-
dimethoxy-4-methylamphetamine,
4-bromo-2,5-
dimethoxyamphetamine, 2,5-
dimethoxyphenethylamine, 4-
bromo-2,5-
dimethoxyphenethylamine, 4-iodo-
2,5-dimethoxyphenethylamine, 2-
[2,5-dimethoxy-4-
(ethylthio)phenyl]ethanamine, 2,5-
dimethoxy-4-
isopropylthiophenethylamine and
2-[2,5-dimethoxy-4-
(propylthio)phenyl]ethanamine
Cathinone, methcathinone,
ethcathinone, amfepramone,
mephedrone, flephedrone,
methedrone, methylone,
butylone, cathine, norephedrine,
ephedrine, pseudoephedrine,
methylephedrine and
methylpseudoephedrine

vitreous humor
(0.1mL),
pericardial fluid SPE (Oasis®
-MS (EI L L
(0.25 mL) and Mcx) — COMSED 5ug/ 5ug/ 100 [74]
whole blood
(0.25 mL)

PP (methanol)
Blood (0.3 mL) and

Ultrafiltration

LC-MS/MS
0.5- L - 87-106 0
(ESD) 5-3ug/ 7 [70]

Cathinone, flephedrone,
buphedrone, 4-MTA, a-PVP,
methylone, 2C-P, ethylone,
pentylone, MDPV and bromo-
dragonFLY

Cathine, cathinone, Oral fluid (0.5 LLE (ethyl GC-MS 100 ug/L  20.0 ug/L i [73]
methcathinone and ephedrine mL) acetate) (EI)
Caption: EI (electron impact); ESI (electrospray ionization); GC (gas chromatography); LC (liquid chromatography); LLE

(liquid-liquid extraction); MS (mass spectrometry); MS/MS (tandem mass spectrometry); PP (protein precipitation); SPE
(solid-phase extraction).

whole blood SPE (Oasis®
GC-MS 40— 5ug/L 40 —5ug/L 70.3-116.6
(0.25 mL) MCX) 40 -5ug/L 40 -5pg/L 70.3-11 [75]

There are currently analytical methodologies developed that allow quantifying the
compounds present in khat (Table I.1.3). Serensen [70] developed an analytical method to quantify
15 compounds, using LC-MS/MS equipment with only 300 pL of blood. The sample was treated

with methanol to precipitate proteins, and then it was filtered [70]. The analytical method showed
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recoveries between 87% and 106% and a LOD between 0.5 ng/mL and 3 ng/mL [70]. In addition,
samples such as plasma [71], urine [72] and oral fluid [73] were used to quantify these compounds.
Mohamed et al. [73] used 500 pL of oral fluid to quantify cathine, methcathinone, cathinone and
ephedrine. The samples were submitted to an LLE (ethyl acetate) extraction technique and

subsequently analyzed by GC-MS. The analytical method showed a LOQ of 20 ng/mL and a LOD of
10 ng/mL[73].

Figure IL.1.4. C. edulis (A) and the main compounds S-(-)-cathinone (B), cathine ([S,S-(+)-
norpseudoephedrine]) (C) and phenylpropanolamine (D).

1.1.6. Datura stramonium (Jimson Weed)

D. stramonium (Figure 1.1.5A), originally from the United States of America, consists of a
seasonal herb that grows naturally [2]. This species, also known as Jimson Weed, was traditionally
used by the Pueblo Indians, due to its analgesic properties [76]. Moreover, in Western medicine,
Jimson Weed was used to treat asthma [76]. This plant is usually consumed by eating its seeds or
flowers intact, or in the form of an infusion of leaves or crushed seeds [77,78]. Dried leaves, flowers
and seeds are also consumed in a smoked form, and there is also Asthmador™ powder available for
consumption in smoked form or by inhalation [78,79]. The consumption of D. stramonium also
causes hallucinogenic effects, which are due to the presence of the alkaloids scopolamine (Figure
I.1.5B) and atropine (Figure I1.1.5C) distributed throughout the plant [2]. These compounds are
tertiary amines and therefore cross the blood-brain barrier rapidly [79]. Scopolamine acts at the
level of the central nervous system, exerting antimuscarinic effects [80]. The effects of Jimson
Weed consumption include tachypnea, delirium, psychomotor agitation, dilation of the pupils,
blurred vision or photophobia [78,79,81]. Other effects, such as peripheral vasodilation, decreased

thermoregulation, vomiting, constipation and difficulties in urinating, have been also described
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[76,82]. At higher doses, respiratory depression and even cardiac arrest, seizures or hypoventilation
may occur [79]. Some analytical methods have been developed to quantify the alkaloids

scopolamine and atropine (Table I.1.4). These are discussed below.

Figure I.1.5. Datura stramonium (A) and the main compounds scopolamine (B) and atropine (C).

1.1.7. Mandragora officinarum (Mandrake)
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Figure 1.1.6. M. officinarum (A) and the main compounds hyoscyamine (B), atropine (C) and scopolamine

(D).

M. officinarum (Figure 1.1.6A) is widely distributed worldwide, namely in Europe, North
Africa, the Middle East and the Himalayas, however originating from the eastern Mediterranean

[2]. This plant, also known as mandrake, has in the constitution of its seeds, roots, leaves and fruits,
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hyoscyamine (Figure 1.1.6B), atropine (Figure 1.1.6C) and scopolamine (Figure 1.1.6D), responsible
for its healing, hallucinogenic and poisonous properties [83,84]. Since ancient times, mandrake
was used as a surgical anesthetic in Rome and Greece [85]. It is also believed that this plant has
aphrodisiac properties and its fruit increases fertility [85].

The consumption of mandrake can compromise the autonomic nervous system, resulting in
an anticholinergic action and, consequently, reducing neuronal activity mediated by acetylcholine
[86,87]. Thus, effects such as dry mouth, urinary retention, increased heart rate, mydriasis and
decreased secretions are described [3,86,87]. In more extreme cases, its consumption can induce
coma or even cause death [3]. Thus, the use of this plant is controlled both in the United States of

America and in Europe, with the imposed measures being very restrictive [3].

Table I.1.4. Analytical methods for the determination of the main components of Datura stramonium and

Mandragora officinarum.

Comvounds Sample Sample Analytical Limits of Limits of Recovery Reference
P (amount) preparation technique detection quantitation (%)
. Serum (0.5 mL)
Hyoscyamine and SPE
yoseyamin and Urine (0.5 GC-MS (EI) 5.0 ug/L ; >80 [90]
scopolamine (Extrelut1)
mL)
Atropine, DMT, ephedrine, o
. . . Dilution
harmaline, harmine, Urine (0.05 (distilled LC-MS/MS 2.0 —10.0 [o1]
istille - -
ibogaine, LSA, psilocin, mL) (ESID) ug/L 9
. . 1. water)
scopolamine and yohimbine
a-lobeline, a-solanine,
aconitine, ajmaline,
atropine, brucine,
cephalomannine, colchicine,
convallatoxin, cymarine,
cytisine, digitoxin, digoxin,
emetine, gelsemine,
ibogaine, jervine, kavain,
lanatoside C, lupanine,
mitragynine, neriifolin, SPE (HLB UHPLC-MS/MS
fragynt ! Blood (1 mL) ( / 0.1-1.6 pug/L 10 pug/L 33 -106 [89]

oleandrin, ouabain,
paclitaxel, physostigmine,
pilocarpine,
podophyllotoxin,
proscillaridin A, reserpine,
retrorsine, ricinine,
scopolamine, senecionine,
sparteine, strophanthidin,
strychnine, veratridine and
yohimbine

Oasis ®) (ESID)

Caption: EI (electron impact); ESI (electrospray ionization); GC (gas chromatography); LC (liquid chromatography); MS
(mass spectrometry); MS/MS (tandem mass spectrometry); SPE (solid-phase extraction); UHPLC (ultrahigh-performance
liquid chromatography).

There are currently analytical methodologies developed with different biological samples,
which allow the quantification of atropine and scopolamine (Table I.1.4). Pietsch et al. [88]

developed an analytical method with 1 mL of serum and urine to detect and quantify 13
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compounds, namely scopolamine and atropine. The analytes were extracted using the SPE
technique and quantified using HPLC-PDA and HPLC-UV equipment [88]. The method presented
quantification limits of 0.3—94 ng/mL and recoveries between 23.7% and 86.9% [88]. In addition,
Carlier et al. [89] quantified atropine and scopolamine, among other compounds, in a single
analytical method. The SPE technique was used as a pre-treatment of the blood sample (1 mL),
having subsequently been quantified in UHPLC-MS/MS equipment [89]. The method had a LOQ of
10 ng/mL and detection limits between 0.1 and 1.6 ng/mL [89].

1.1.8. Lophophora williamsii (Peyote)

L. williamsii (Figure 1.1.7A), also known as Peyote, is a cactus from northern Mexico and
the United States of America [92,93]. This plant was traditionally eaten in religious rituals, by
indigenous peoples in the countries already mentioned [50]. Normally, the flesh of the fresh cactus
is ingested, and it can also be dried and subsequently ingested or used to make teas [92,94]. L.
williamsii contains a compound called mescaline [2-(3,4,5-trimethylphenyl) ethanamine] (Figure
1.1.7B), a member of the phenylalkylamine class, responsible for the hallucinogenic properties of
the plant [79,95]. This compound is also found for sale in the form of powder, which can be inflated
or ingested orally [79]. Once consumed, mescaline accesses the central nervous system, acting at
the level of serotonergic receptors 5-HT2 as an agonist of subtypes 5-HT2a, 5-HT2b and 5-HT2c
[95].

The effects when consuming this plant include paranoia, compulsion, paresthesia, changes
in color perception, headaches, mydriasis, spasms and psychomotor agitation [93,96,97]. Other
effects at the cardiovascular, gastrointestinal and renal levels have been also described, namely
hypertension and tachycardia, vomiting and decreased filtration rate at the glomerular level
[03,98,99]. However, beneficial effects have been also described. One study demonstrated that L.
williamsii extracts were effective in treating rheumatism, wounds, burns and snakebites [100].
Another study showed that this plant has antimicrobial properties against Staphylococcus aureus
[100] Additionally, L. williamsii is used by some tribes to treat fever, labor pain, toothache,
diabetes, blindness, breast pain and skin diseases [100].

Currently, substances containing mescaline are included in Annex I of the 1967 United
Nations Convention on Drugs [100]. Given the effects of this plant, it is crucial to develop new
analytical methodologies to detect mescaline and its metabolites in biological samples. Until now,
methodologies have been developed using chromatography, namely in alternative samples such as
hair [67]. Pichini et al. [67] developed an analytical method, using UHPLC-MS/MS equipment, to
quantify several naturally occurring hallucinogens, including mescaline. For this purpose, 25 mg of
hair was hydrolyzed with an M3 reagent. The method presented LOD values between 0.01 ng/mg
and 0.02 ng/mg, LOQ between 0.03 ng/mg and 0.05 ng/mg and recoveries between 79.6% and
97.4% [67]. Another study by Beyer et al. [71] also allowed to quantify mescaline, using LC-MS/MS
equipment with 1 mL of plasma, pre-treated with the SPE technique.
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Figure I.1.7. Lophophora williamsii (A) and the main compound mescaline (B).

1.1.9. Mitragyna speciosa (Kratom)

M. speciosa (Figure 1.1.8A), also known as Kratom, appeared on the Asian continent, namely in
countries like Biak, Malaysia and Thailand [2]. Currently, this plant is distributed in several regions
of the world [3,12]. M. speciosa has been used for several years by rural workers and peasants in
Asian people for reducing fatigue and increasing productivity at work, coughing, pain, fever,
diarrhea, hypertension and diabetes. More recently, it began to be consumed in a recreational
context in Europe and the United States of America [101—109]. Kratom leaves have been also used
as a substitute for opium, as well as in morphine withdrawal treatments [12,50]. The preferred
mode of consumption is chewing fresh leaves, but dried leaves can also be eaten or smoked [3,50].
Other forms of consumption of this plant include the preparation of teas and pastes by boiling the
leaves for a long period [16]. Currently, there is greater ease in the consumption of this plant, since
capsules, powders and drinks are available that can be easily purchased [3,110].

Kratom has psychoactive properties, which are due to the presence of about 40 alkaloids in
the plant [3,50]. These compounds correspond to about 0.5% -1.5% of the compounds and their
concentrations vary with the harvesting season, age and geographic lo-cation [3,111]. The most
abundant psychoactive compound is mitragynine (Figure 1.1.8B), corresponding to a total of 66.2%
of the alkaloids content. However, the abundance of this compound in Malaysian plants was only
10% [12]. Other alkaloids with pharmacological activity were also detected, such as 7-
hydroxmitraginine (Figure 1.1.8C) and corinantheidine [110—114]. In addition, other alkaloids have
been discovered that may contribute to pharmacological effects, namely corinantheidine,
specioginine and paynantheine [3]. The alkaloids present in M. speciosa show high lipophilicity,
crossing the blood-brain barrier, and a high affinity for opioid receptors [3]. Thus, 7-
hydroxmitraginin binds to the supraspinous k-opioid and p-opioid receptors, exerting their effects

[3]. In addition to these, mitragynine binds to §-opioid receptors, thereby exercising analgesic
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effects [3,50]. Mitragynine is able to block Ca2+ channels, affecting the release of neurotransmitters
[115,116]. Thus, antidepressant, antioxidant and anti-inflammatory properties have been associated
with kratom consumption [117,118]. The use of this substance for substitution treatment in chronic

opioid users has also been reported [3,50].

Figure I.1.8. M. speciosa (A) and the main compounds mitragynine (B) and 7-hydroxymitragynine (C).

Table I.1.5. Analytical methods for the determination of the main components of Mitragyna speciosa.

Compounds Sample Sampl? Analy.tical Limits. of Limits qf Recovery Reference
(amount) preparation technique detection quantitation (%)
Mitragynine,
7-hydroxymitragynine, ) SPE (PolyChrom LC-Q/TOF-
speciociliatine, speciogynine, Urine (1mL) ClinII 3 cm3 (35 mg)) MS 0-25-11g/L  0.5-1 pg/L ) [122]
and paynantheine
Mitragynine,
7-hydroxy-mitragynine, Hydrolysis
5-desmethyl-mitragynine, Urine (0.2  (B-Glucuronidase) LC-MS/MS i L ug/L ) [123]
17- mL) and LLE (methyl  (ESI) H 3
desmethyldihydromitragynine tert-butyl ether)
and mitraphylline
Hydrolysis
(B-glucuronidase/
. . arylsulfatase) and
Mitragynine, 16-carboxy , SPE (Bond Elut  LC-MS/MS
mitragynine, and Urine (1 mL) Certify (EST) - 1-50 pg/L - [121]
9-O-demethyl mitragynine (200 mg, 3 mL) and
Abs Elut-Nexus SPE
(60 mg, 3 mL))
Mitragyn%ne and‘ Urine (1 mL) Dilution (wa}ter \./vith LC-MS/MS 0.012- 0.069 0.0356 — 0.215 ) [124]
7-hydroxymitragynine 0.1% formic acid) (ESD) pg/L ug/L

Caption: ESI (electrospray ionization); LC (liquid chromatography); LLE (liquid-liquid extraction); MS (mass
spectrometry); MS/MS (tandem mass spectrometry); SPE (solid-phase extraction); Q/ToF (time of flight).
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Adverse effects when consuming this plant include withdrawal and neonatal withdrawal
syndrome, seizures, weight loss, dehydration, fatigue, insomnia, constipation and
hyperpigmentation [50,103,105,119,120]. However, M. speciosa is not on the United Nations Drug
Convention Schedule [3]. These compounds are controlled in the United States of America, New
Zealand, Australia, Myanmar, Thailand, Malaysia and in some Euro-pean countries [3].

Thus, it is crucial to develop analytical methods to detect and quantify the compounds
present in M. speciosa (Table 1.1.5). Carlier et al. [89] developed an analytical method where they
used 1 mL of blood, to detect mitragynine (among other compounds), using an UHPLC-MS/MS
equipment. Lee et al. [121] developed an analytical method in LC-MS/MS, where they used SPE
and enzymatic hydrolysis as a method of pre-treatment of the urine sample, to quantify 16-carboxy
mitragynine, 9-O-demethyl mitragynine and mitragynine. More recently, Basiliere et al. [122]
developed an analytical method using LC-Q/TOF-MS equipment for the quantification of
mitragynine, 7-hydroxymitragynine, among other compounds. 1 mL of urine, pre-treated with SPE,

was used, obtaining an LOD of 0.25-1 ng/mL and a LOQ of 0.5-1 ng/mL [122].
1.1.10. Piper methysticum (Kava)

Some parts of P. methtysticum (Figure 1.1.9A) (roots and stems) are used in the
manufacture of Kava, a psychotropic drink from the Pacific region [2]. Kava was consumed due to
its therapeutic properties, namely in reducing fatigue and anxiety, relieving pain or inducing sleep
[125]. Other treatments such as restlessness and anxiety were also associated with the consumption
of Kava [3]. However, the use of this substance is associated with hepatotoxicity [125]. The effects
of Kava are due to kavalactones, namely kavain (Figure 1.1.9B), yangonin (Figure 1.1.9C),
desmethoxy-iangonin, 7,8-dihydrokavain, methysticin and 7,8- dihydromethysticin, to the
derivatives of cinnamic acid, flavanones and chalcones [2]. These compounds act at the level of the

central nervous system, inhibiting monoamine oxidase B, recapturing of noradrenaline and

O/
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dopamine and interacting with y-amino butyric acid [126].
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Figure 1.1.9. P. methysticum (A) and the main compounds kavain (B) and yangonin (C).
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The sale of P. methysticum is controlled in Holland, Switzerland and France, and its sale
and import are prohibited in the United Kingdom. In Poland, sales for human consumption are also
prohibited. However, in most countries, this substance remains legal [3]. Thus, the development of
analytical methods for the detection of these compounds is becoming increasingly important (Table
1.1.6). Villain et al. [127] developed a method for the determination of kavain in GC-MS/MS, using
between 29 and 50 mg of hair. The method had a LOD of 30 ng/g and a LOQ of 100 ng/g [127].
Another more recent study, carried out by Tarbah et al. [128], allowed to quantify 10 compounds,
using between 21 and 253 mg of hair. The sample was initially decontaminated, then digested,
using three different types of equipment for quantification: HPLC-DAD, LC-MS/MS and GC/TOF-
MS [128].

Table I.1.6. Analytical methods for the determination of the main components of Piper methysticum.

Sample Sample Analytical Limits of Limits of Recovery Reference

Compounds (amount) preparation technique detection quantitation (%)

PP (Methanol),

Kavain, dihydrokavain, |
avain, AYAroXavall, rrine (0.1mL)  LLE (ethyl UHPLC-

thysticin, 0.015 — 0.1 0.0 - 0.416
dih rgiorr}:t;fuslticin and Plasma (0.1 acetate) and SPE  MS/MS 5 L 37 457 L 4105 - [129]
Y ysten mL) (SOLAHRP  (HESI) He He
and desmethoxyyangonin .
cartridge)
Decontamination
Hair (2950 netvlene o vis/ms
Kavain 975 chloride) and 0.030 ug/g 0.1ug/g - [127]
mg) Jigesti (ED
1gestion
(methanol)
Kavain, p-hydroxykavai
avain, }f ! 1?; roxy6ava1n, Blood (1 mL), 1IE
dehp dr}(;ka ?f;n d Urine (1 mL) (dichlormethane: HPLC-DAD L ng/L L ) [130]
vai - -
v p and Serum (1 diethylether (7:3, and LC-MS HE S K8 oL-97 3
hydroxy-7,8- L) )
m
dihydrokavain ViV
Kavain, 7,8-
dihydrokavain, yangonin,
5,6-dehydrokavain, -
Decontamination
12-hydroxy-5,6-
_ (HPLC water, HPLC-DAD,
dehydrokavain,
.. . acetoneand LC-MS/MS
methysticin, 7,8- Hair (21 — 253
dihydromethysticin, 11 mg) petroleum (ESD e B B - [128]
Y Y ’ & benzene) and ~ GC/TOF-
hydroxy-5,6- .
. digestion MS
dehydrokavain, 12-
. (methanol)
hydroxykavain and
12-hydroxy-7,8-
dihydrokavain

Caption: DAD (diode array detector); EI (electron impact); ESI (electrospray ionization); GC (gas chromatography); HESI
(heated electrospray); HPLC (high performance liquid chromatography); LC (liquid chromatography); LLE (liquid-liquid
extraction); MS (mass spectrometry); MS/MS (tandem mass spectrometry); PP (protein precipitation); SPE (solid-phase
extraction); ToF (time of flight); UHPLC (ultrahigh-performance liquid chromatography).
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1.1.11. Psilocybe Genus (Magic Mushrooms)

Psilocybe (Figure 1.1.10A) is a genus of hallucinogenic fungi, commonly known as magic
mushrooms [131]. These species originate from certain regions of South America, but it is also
possible to find them in Western Europe and in the United States of America [79,92]. The magic
mushrooms were initially used in religious rituals, by the Aztec people in Mexico, persisting until
today [50,79]. The active compounds present in these fungi are psilocybin (Figure I1.1.10B) and
psilocin (Figure 1.1.10C), which consist of a substituted indolealkylamine [3,79]. There are about
190 species of mushrooms of the genus Psilocybe, which contain these two compounds responsible
for the psychoactive effects of these fungi [131]. Mushrooms can be eaten after drying and making
tea, but the most common route of consumption is by eating whole mushroom capsules [92]. After
being consumed, psilocybin is converted into psilocin, and it acts as an agonist for the serotonergic
receptors 5-HT1a and 5-HT2a, exerting its psychoactive effects [79]. In addition, these compounds
can also increase the release of glutamate, which activates receptors such as N-methyl-d-aspartic
acid receptors and a-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptors [50,132]. The
effects caused when consuming magic mushrooms can also be partially and indirectly mediated by

dopamine [133].

Figure I.1.10. Psilocybe mushrooms (A) and the main compounds psilocybin (B) and psilocin (C).

The effects of Psilocybe consumption include changes in perception similar to drugs such
as LSD, namely changes in visual and auditory perception [3]. Mystical experiences, tachycardia,
headache, sweating, mydriasis, chills, nausea and increased body temperature are also associated
with the consumption of magic mushrooms [134,135]. Other effects reported when consuming
these substances are paranoia, dizziness and imbalance and abdominal pain, [79,135]. Moreover, it

has been reported that psilocybin can be used to treat anxiety and resistant depression [136].
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Psilocybe mushrooms are illegal all over the world [137]. However, in some countries the
law is not consensual, namely in the Netherlands where the mushroom is illegal, but the Sclerotia
truffle (philosopher's stone) is not [3]. Given the worldwide consumption of this substance, the
development of new analytical methods that allow the determination of these compounds is crucial
(Table I1.1.7). Several samples were used to quantify the active compounds of Psilocybe, namely
urine [91,138], serum [139] and hair [67]. Kamata et al. [139] developed a method for the
quantification of psilocin glucuronide, where they used only 100 pL of serum. The sample was
subjected to an enzymatic hydrolysis and deproteinization process, after which it was injected into
LC-MS and LC-MS/MS equipment. The method showed 0.5 ng/mL LOD. The same authors had
previously developed an analytical method for the quantification of psilocin glucuronide and
psilocin, where they used the same volume of urine, the same equipment and the same LOD was
obtained [138].

Table I.1.7. Analytical methods for the determination of the main components of the Psilocybe genus.

Sample Sample Analytical Limits of Limits of o
Compounds (amount) preparation technique detection quantitation Recovery (%) Reference
Enzymatic hydrolyses
(B-glucuronidase),
alkaline hydrolyses
tassi
Psilocin . g’o a,ZSI;lm_ 4 LCMS(ESD
. . roxide) aci
glucuronide and Urine (0.1mL) Y ) and LC- 0.5 pg/L - - [138]
oo hydrolysis
psilocin MS/MS (EST)
(concentrated
hydrochloric acid)
and deproteinization
(methanol)
o Enzymatic hyfirolysis LC-MS (ESD)
Psilocin (B-glucuronidase)
. Serum (0.1mL) L. and LC- 0.5 ug/L - - [139]
glucuronide and deproteinization
MS/MS (ESI)
(methanol)
Mescali
esea .1ne,. Hydrolysis
DMT, psilocin, . UHPLC-
. . Hair (25 mg) (M3 0.01-0.02 ug/g 0.03-0.05 ug/g  79.6-97.4 [67]
psilocybin, MS/MS (ESI)
. reagent)
salvinorin A

Caption: ESI (electrospray ionization); LC (liquid chromatography); MS (mass spectrometry); MS/MS (tandem mass
spectrometry); UHPLC (ultrahigh-performance liquid chromatography).

1.1.12. Salvia divinorum (“Hierba de Maria”)

S. divinorum (Figure 1.1.11A) originates from Oaxaca, a region in the northeast of the Sierra
Mazateca, Mexico [140]. This psychoactive plant, also known as hierba de Maria, hojas de la
Pastora, ska Maria, ska Pastora and magic mint, has been used for centuries by indigenous people
because they believe it is the reincarnation of the Virgin Mary [12,141]. S. divinorum is consumed
by chewing fresh or dried leaves. Dried leaves can be also smoked, and fresh leaves can be used to
make tea [3]. The main psychoactive constituent of this plant is salvinorin A (Figure 1.1.11B), but

other compounds were also detected, such as salvinorins B (Figure 1.1.11C), C, D, E and F, but these
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do not have pharmacological activity [3,12]. Salvinorin A acts as a selective agonist for Kappa
opioid receptors (KOR), thereby exerting its potent hallucinogenic effects [12,142]. A dose of
between 200 pg and 500 g is capable of inducing deep hallucinations with extraordinary illusions
and a feeling of physical and mental displacement [143,144]. However, some studies conducted
with S. divinorum and its bioactive compound salvinorin A have shown that it has some effects
with therapeutic potential, such as drug addiction, pain treatment, neurological, gastrointestinal
diseases and anti-inflammatory agent [145—156].

Despite its high potency, this substance is not included in any of the United Nations Drug
Conventions’ Schedules [3]. However, in Denmark, Latvia, Belgium, Lithuania, Sweden, Romania,
Japan and Australia, these compounds are controlled. S. divinorum is considered an illegal drug in
the United States of America, and its sale in Canada is also prohibited [3]. Other countries such as
Germany, Poland, Croatia and Spain regulate its manufacture, and in Norway, Estonia and Finland
this plant is legislated by the legislation of medicines [3]. Together with the consumption of C.
edulis and M. speciosa, the consumption of S. divinorum is controlled by the United Nations Office
on Drugs and Crime (UNODC) [3].
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Figure I.1.11. S. divinorum (A) and the main compounds salvinorin A (B) and salvinorin B (C).

The consumption of this substance has expanded worldwide and, therefore, several
analytical methodologies for the detection of salvinorin A have emerged (Table 1.1.8). Thus, several
biological samples have been used for the development of these analytical methodologies, namely,
urine [157-160], plasma [159,161], saliva [161], sweat [161], pericardial fluid [161], vitreous humor
[161], blood [161] and hair [67]. Margalho et al. [161] quantified salvinorin A in pericardial fluid,
vitreous humor, blood and plasma in the same analytical method. The quantity of the samples was
reduced (100 pL-250 pL), being treated using the SPE technique [161]. Finally, the compounds

were quantified using GC-MS equipment, and the method proved to be sensitive and selective,
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presenting LOD and LOQ of 5 ng/mg [161]. Moreno et al. [160] quantified salvinorin A in urine
samples (200 uL) using MEPS as the sample pre-treatment technique. The samples were analyzed
by GC-MS/MS equipment, with good recoveries (71%—-80%) and good LOD and LOQ (5 ng/mL and
20 ng/mL, respectively) [160].

Table I.1.8. Analytical methods for the determination of the main components of Salvia divinorum.

Sample Analytical Limits of Limits of Recovery
Compounds ~ Sample (amount) preparation technique detection quantitation (%) Reference
LLE (chlorof
o ' (chloroform) GC x GC —
Salvinorin A Urine (20 mL) and SPME (85 um ToF-MS 4-200 ug/L - - [157]
polyacrylate fiber)
SPE (Waters Oasi
Salvinorin A Urine (1 mL) ( ®1if]r3§ IS 1oMS (ESD 5 pg/L 2.5 ug/L ; [158]
Salvinorin A Plasma (1 mL), LLE (chloroform/ GC-MS(EI) 3-5pg/L 10-15pg/L  77,1-92,7 [159]
Urine (1 mL), isopropanol (9:1,
Saliva (1 mL) and v/v))
Sweat (1 patch cut
into little pieces)
Pericardial fluid (0.25
mL), Vitreous humor SPE (Waters
Salvinorin A (0.1 mL), Blood (0.25 . GC-MS (EI) 5.0 ug/L 5.0 ug/L - [161]
Oasis®HLB)
mL) and Plasma (0.25
mL)
GC-MS/MS
Salvinorin A Urine (0.2 mL) MEPS (Cis) (EI)/ 5.0 ug/L 20 pg/L 71- 80 [160]

Caption: EI (electron impact); ESI (electrospray ionization); GC (gas chromatography); GC x GC (two-dimensional gas
chromatography); LC (liquid chromatography); LLE (liquid-liquid extraction); MEPS (microextraction by packed sorbent);
MS (mass spectrometry); MS/MS (tandem mass spectrometry); SPE (solid-phase extraction); ToF (time of flight)

1.1.13. Tabernanthe iboga (Iboga)

T. iboga (Figurel.1.12A) is a shrub from Central and West Africa [94,162]. This plant has
been consumed for centuries, in religious rituals of initiation into adulthood (Bwiti religion), in
countries located in Central Africa and in the Congo basin [94,163]. The root barks of T. iboga
contain psychoactive alkaloids, the majority of which are called ibogaine (Figure 1.1.12B) [162]. This
compound, which consists of a monoterpene-indole alkaloid, is consumed orally in the form of
hydrochloride, extracts of alkaloids or by consumption of the dry root bark [162,164,165]. When
consuming, users experience stimulating and aphrodisiac properties, trance, energization and
increased alertness [94,163]. The consumption of this substance also causes hallucinations that, in
contrast to common hallucinogens, are more intense and realistic when experienced with closed
eyes [162]. Despite the structure of ibogaine is similar to other hallucinogens, this compound has a
different mode of action [162]. So far, its mechanism of action is not fully known, but it is known
that it is able to act as an agonist of 62 receptors and an antagonist of nicotinic a3p4 acetylcholine
receptors and as an antagonist at N-methyl-D-aspartatetype (NMDA) glutamate receptors
[164,165].
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Throughout history, the extract of T. iboga has been used for other purposes, namely for
fatigue and depression [166]. Currently, ibogaine is used in opioid detoxification [94,162]. Thus,
this compound is legal in most countries, however, in Switzerland, Belgium, Australia, Sweden,
France, Denmark and the United States of America, it is illegal [162]. Currently, there are several
methodologies for quantifying T. iboga compounds, namely using biological samples such as
plasma [167], urine [88,91], blood [89] and serum [88]. Pietsch et al. [88] developed an analytical
method where they determined, among other compounds, ibogaine. For this, they used HPLC-PDA
and HPLC-UV equipment, using 1 mL of serum and 1 mL of urine, which were pre-treated with SPE
[88]. Furthermore, Bjornstad et al. [91] developed an analytical method where they quantified
ibogaine and other compounds. This analytical method had a LOD between 2 ng/mL and 10 ng/mL
and presented a very easy sample preparation technique [91]. Only 50 uL of urine were used, which

were diluted and injected directly into LC-MS/MS equipment [91].

Figure I.1.12. Tabernanthe iboga (A) and the main compound ibogaine (B).

1.1.14. Conclusions

Throughout this review, several plants/fungi that have psychoactive substances capable of
inducing relaxing, stimulating or hallucinogenic effects were addressed. Toxicological aspects, some
therapeutic properties and traditional uses were highlighted, as well as some of the analytical
methods, developed in biological matrices, aimed at the detection of these substances.

Given the rapid emergence of these psychoactive substances in the abused drugs market, as
well as the lack of legislation to control them, the development of new analytical methodologies is
crucial. However, the lack of analytical standards to proceed with the development of
chromatographic methods or the difficulty in finding plant species that allow scans of the
compounds present in them constitute an enormous difficulty. Additionally, the fact that the
compounds are usually present in very small amounts makes it even more difficult to develop and
validate new methodologies, requiring the use of more sophisticated equipment, such as mass

spectrometry detectors. Finally, the fact that the matrices of plant origin have several interferents

24



also constitutes a difficulty, since it is necessary to apply a pre-treatment step to the sample. This

procedure makes the development of methods more expensive and requires the use of organic

solvents. In the future, the use of miniaturized extraction techniques should be prioritized in order

to achieve the development of more economical methods that aim to use lower volumes of organic

solvents and, consequently, be more environment-friendly.
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1.2. Paper II- A Systematic Review on the
Therapeutic Effects of Ayahuasca

Abstract

Traditional therapies, resorting to the use of plants, have acquired a great demand over the
years, both for economic reasons and the preference for natural treatments. Some studies suggest
that ayahuasca may have beneficial properties in treating some physical and psychological
imbalances. Thus, we carried out a systematic review of studies published up to December 2022,
where these themes were addressed. The search was carried out in the PubMed database, and only
studies written in English and published in peer-reviewed journals were included. Thus, 228
publications were identified, of which 66 were included in the present study. The reviewed studies
suggest that ayahuasca may have beneficial effects on various physical and psychological
conditions, namely in the treatment of depression, anxiety and various diseases of the
neurobiological system, as well as anti-inflammatory and antimicrobial properties, demonstrating
its therapeutic potential. The number of studies that address this issue has also been growing,
demonstrating interest in the search for alternative treatments. However, to the best of our
knowledge, this is the first systematic review where all the findings of therapeutic effects associated

with the consumption of ayahuasca are reviewed.

Keywords: ayahuasca; therapeutic properties; natural treatments; systematic review
1.2.1. Introduction

Traditional therapies have been known since ancient civilizations [1]. This practice has
been preserved over the centuries, with current knowledge derived from thousands of years of trial-
and-error experiments by humans [2], which allowed for distinguishing and using the adequate
species for the intended purposes [3], as well as isolating the first drugs used in modern medicine.
The number of publications on the therapeutic potential of these plants or natural substances (e.g.,
psilocybin), including their use in patients nonresponsive to conventional approaches, is increasing
every year.

Ayahuasca is an ancient beverage that has been used for centuries by indigenous peoples in
the northeast of the Amazon [4—6]. Originally, the tribes resorted to this beverage for therapeutic
purposes and divine rituals [7-10]. It was also used by native healers to cure psychological
disorders and stimulate creative thinking and visual creativity [11]. More recently, non-indigenous
religious entities from countries such as Brazil, Peru, Colombia and Ecuador also resorted to this
decoction for their rituals, namely Barquinha, Unido do Vegetal (UDV) and Santo Daime [4,12].
These last two have now spread to the United States, Asia, Africa and some European countries

[12]. In recent decades, the popularity of ayahuasca has increased outside the Amazon region. It is
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often seen as a natural remedy that has been used for millennia to cure various ailments [13]. Thus,
currently, this beverage, despite continuing to be used in a traditional way, is also consumed
recreationally worldwide, as well as used in modern medicine [13].

The word ayahuasca comes from the language of the Andean region, from Quechua, and
means “vine of the dead” or “vine of the soul” [11,12]. This word derives from the terms “aya”,
meaning “soul” or “dead spirit”, and “waska” or “huasca” meaning “rope” or “vine” [6,7,12].
However, over time, other terms have also been used to refer to this drink, namely daime, hoasca,
caapi, nate, natema and yajé, among others [5,6]. This term refers to a psychoactive beverage
prepared from Psychotria viridis (P. viridis) leaves and Banisteriopsis caapi (B. caapi) stem
scrapings, with an oily, thick appearance and a brownish color [14,15]. However, over the years,
several variations in this decoction have been developed, and currently, several adulterants are
known [7,9,10]. Presently, more than one hundred different plants used in the preparation of
ayahuasca have been documented, namely Nicotiana tabacum, Tabernaemontana spp., Datura
suaveolens, Iochroma fuchsioides, Malouetia tamarquina, Brugmansia suaveolens, Psychotria
carthagenensis, Brunfelsia spp., Juanulloa spp. and Peganum harmala, among others [1,4].
Additionally, the use of synthetic analogs is also described, namely moclobemide, harmine
freebase/HCI and tetrahydroharmine freebase/HCI [6,8,16,17].

This psychoactive decoction owes its effects to the presence of N,N-dimethyltryptamine
(DMT), from P. viridis, and B-carbolines (harmaline, harmine and tetrahydroharmine (THH)),
from B. caapi [1]. DMT is a tryptamine with an agonistic function at serotonergic receptors (5-
HT1A/2A/2C), which, when ingested alone, is metabolized by peripheral monoamine oxidase A
(MAO-A) being inactivated [5,18]. On the other hand, when this substance is ingested together with
B-carboline alkaloids, MAO-A is temporarily inhibited, and DMT can access the bloodstream and
central nervous system, exerting its psychoactive effects [1,18—20]. The effects of DMT are further
enhanced by the ability of THH to inhibit serotonin reuptake [11].

Physically, ayahuasca consumption is commonly characterized by vomiting, nausea and
diarrhea [21]. Other alterations in the endocrine, cardiovascular and immune systems, as well as
pupil size and body temperature, have also been verified [5,22]. On the other hand, with regard to
psychological effects, users describe changes in the perception of time and space, visual and
auditory changes, and also alterations at the cognitive level [1]. Religious experiences, such as
connections with mythical entities or Gods, are also frequently reported [23]. Despite this, there are
several studies that describe the therapeutic properties associated with the consumption of
ayahuasca. Several studies point to the benefits of consuming this decoction at a psychological
level, namely in cases of anxiety, depression, psychological disorders or addiction [1,13,24,25].
Other benefits, such as healing, anti-inflammatory and antimicrobial properties, have been pointed
out to ayahuasca extracts [1,7].

In the last decades, the consumption of ayahuasca has undergone a great expansion all over
the world, raising a lot of curiosity and interest from a therapeutic point of view [7,11]. Given the
current interest in therapies of natural origin and traditional medicine, it is increasingly important

to know the bioactive effects of plant species, namely those that can be applied as therapies or
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alternative treatments. Thus, in the present work, we systematically reviewed studies where

bioactive properties associated with ayahuasca were investigated.

1.2.2. Results and Discussion

1.2.2.1. Study Selection

Figure I.2.1 illustrates the flow diagram with the different phases of the systematic review
and respective screenings.

After performing the literature search, 228 separate references were obtained. Given the
overlapping coverage between the different keywords used in the search, 68 of the publications
found were duplicates. Thus, 160 publications were submitted to the first screening phase for
abstract reading. After the first phase, 94 studies were excluded according to the exclusion criteria.
The remaining 66 publications were submitted to the second screening phase, and after reading

each publication in full, they were included in the present study.

Identification of studies via databases and registers

Records identified from databases

(n=228):
= "ayahuasca AND biological effects” Records removed before
= (n=154) o o screening:
= "ayahuasca AND biological activity" . Duplicate records removed
E (n=62) o 1 (n=es
g "ayahuasca AND bioactive effects"
= (n=6)

"ayahuasca AND bioactive activity"

(n=6)

) ¢
Records excluded according to

Records screened »| exclusion criteria (not fitting the
o (n=160) theme, review articles, interviews,
E opinion pieces or comments,
o letters or editorials, conference
5 abstracts or posters, case reports
n and published abstracts)

(n=94)
— JV

8
E Studies included in review
E (n=66)

Figure I.2.1. Flow-diagram illustrating the different phases of the systematic review.
The studies were classified according to the properties under study. The chosen studies

included 27 publications on psychological/psychiatric effects, 2 studies on antimicrobial properties,

3 publications on anti-inflammatory properties, 5 studies on toxicity and toxicological effects, 9
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studies on different potential therapeutic properties, 13 publications that addressed effects at the
physiological level and 7 about effects at the level of metabolism. The principal characteristics of

the included studies in this systematic review are summarized in Supplementary Table 1.2.S1.

1.2.2.2. Effects Associated with Mental Health and Psychological
Well-Being

Psychedelic drugs have gained interest in recent years, particularly in the treatment of
psychological disorders [26]. Thus, several studies have been developed in order to find possible
ways to improve anxiety and depression symptoms. A study developed by Silva et al. [27] evaluated
the anxiolytic and antidepressant potential of ayahuasca in an animal model of neuroinflammation.
For this, 80 male rats (9o days old) were used, divided into control groups and those with
neuroinflammation induced by the application of lipopolysaccharide. Anxiety behavioral
parameters were assessed by open field tests, and depressive-like behaviors were assessed by forced
swimming [27]. When analyzing the results, there was a reduction in anxiety and depression
behaviors, concluding that ayahuasca has an anxiolytic and antidepressant potential in this animal
model of neuroinflammation [27]. Also, Correa-Netto et al. [28] investigated the effects of
ayahuasca consumption on anxiety and memory in mice. For this purpose, after the last intake of
ayahuasca, the animals were subjected to the open field, elevated plus maze and Morris water maze
[28]. The results demonstrated that ayahuasca consumption did not affect exploration with open
arms in the elevated plus maze and locomotion in the open field [28]. However, there was an
increase in risk assessment behavior in the group aged between 21 and 35 days [28]. With regard to
the Morris water maze, no change in spatial memory acquisition was verified [28]. However, in
animals aged between 35 and 63 days, there was a reduction in the time spent in the platform
quadrant [28]. Thus, the results suggested that exposure to ayahuasca in mice in childhood
promoted anxiety. On the other hand, in adolescence, it promoted memory impairment; however,
after reaching adulthood, these changes were not verified [28]. Studies in humans have also been
described, namely the study by Sanches et al. [29], whose objective was to evaluate the potential
antidepressant of ayahuasca and investigate its effects on regional cerebral blood flow. This clinical
trial was carried out in a psychiatric inpatient unit, and an oral dose of ayahuasca (2.2 mL/kg) was
administered to 17 patients with depression [29]. In order to evaluate the evolution of the patients,
blood perfusion was performed after eight hours of administration using single photon emission
tomography. The Hamilton Rating Scale for Depression, the Brief Psychiatric Rating Scale, the
Montgomery—Asberg Depression, the Young Mania Rating Scale, and Clinician-Administrated
Dissociative States Scale were performed during acute effects and 1, 7, 14, and 21 days after
ingestion of ayahuasca [29]. The results obtained indicated that the consumption of ayahuasca was
associated with a significant decrease in scores on scales that assess depression. Additionally,
increased psychoactivity and in-creased blood perfusion in brain regions were associated with the
regulation of emotions and mood, suggesting that ayahuasca may have antidepressant properties
[29]. Also, Santos et al. [30] investigated the effects of ayahuasca on panic, anxiety and

hopelessness in members of a religion that uses this substance (Santo Daime). Thus, a double-
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blind, placebo-controlled study was carried out in which participants, who had already consumed
this substance for at least ten years, were evaluated regarding their level of anxiety (state-anxiety
and trait-anxiety), panic and hopelessness [30][30]. The participants were evaluated 1 h after
consumption and the results showed that while they were under the acute effects of ayahuasca,
there was no change in their state of anxiety [30][30]. However, states of panic and hopelessness
decreased [30][30]. In another study developed by Mian et al. [31], the contribution of behavioral
activation and mindfulness to the antidepressant effects of ayahuasca consumption was evaluated.
To this end, 152 individuals were evaluated on changes in the above-mentioned parameters [31].
The analysis of results allowed us to verify that mindfulness was shown to have a strong association
with the reduction in depression severity and behavioral activation a moderate association [31].
Changes in depressive symptoms were also seen on the subscales of the Five Facet Mindfulness
Questionnaire and Experiences Questionnaire, and a significant improvement in Behavioral
Activation for the Depression Scale-Short Form [31]. Ayahuasca consumption has been associated
with curing and overcoming addictions, namely in a study carried out by Nolli et al. [32]. They used
Wistar rats and evaluated whether the ingestion of ayahuasca would lead to a decrease in the
ingestion of ethanol in the animals after exposure to it. Additionally, the work aimed to investigate
the effects of ayahuasca on relevant neural activity in ethanol dependence [32]. Thus, the animals
had access to ethanol for eight weeks, receiving ayahuasca at three different doses of ayahuasca
(0.5%, 1x or 2x the dose taken during an ayahuasca ritual), naltrexone or water (control group).
Another naive group only had access to water. The results revealed that the groups treated with
naltrexone and ayahuasca did not lead to a decrease in ethanol intake [32]. With regard to neural
activity, it was found that ethanol led to a significant decrease in cFos expression in the medial
orbital cortex after treatment with naltrexone and 0.5x ayahuasca, with the latter reaching levels
not significantly different from the naive group [32]. On the other hand, ethanol led to increased
cFos expression in the ventral orbital cortex in the 1x ayahuasca-treated group, in the lateral orbital
cortex in the 2x ayahuasca-treated group, and in the nucleus accumbens in the naltrexone-treated
group [32]. This increase was also observed in the region of the medial orbital cortex in the groups
treated with naltrexone, ayahuasca 1x, ayahuasca 2x and in the control [32]. Also, Talin et al. [33]
qualitatively analyzed the addiction recovery experience after ayahuasca rituals. The work was
based on observation of participants in ayahuasca communities and subsequent interviews of
participants with histories of substance misuse [33]. The results made it possible to verify that the
effectiveness of ayahuasca in the treatment of addiction combines different dimensions (somatic,
symbolic and collective), with the orientation given during the ritual being fundamental for success
[33]. Thus, the authors concluded that the form and care employed play a key role in the success of
addiction recovery. Additionally, inclusion in a community plays an important role in therapeutic
potential [33]. Another investigation, carried out by Loizaga-Velder et al. [34], also evaluated the
use of ayahuasca in the treatment of addictions. Thus, after interviewing 13 therapists who use
ayahuasca for that purpose, 14 individuals who had undergone ayahuasca-assisted therapy for
addictions and 2 specialist researchers were used. They found that this substance can be a tool in
the treatment of substance dependence and the prevention of relapses [34]. However, the success

of the treatment was conditioned by a series of variables [34]. Pelaez [35] also evaluated the impact
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of ayahuasca consumption on personality traits of former substance users. For this, a control group
and a group treated with ayahuasca were used, and it was verified that the latter presented
significantly greater results in the traits of impulsivity, compassion, attachment and spiritual
acceptance [35]. The same was verified in the dimensions of self-transcendence and search for
novelty [35]. As far as it is known, these results may be related to the self-reflective and
transcendent ritual experiences of ayahuasca, which helps in the reconstruction of personal goals,
social bonds and the general projection of life [35].

Grief also seems to be improved through the ayahuasca experience. Gonzalez et al. [36]
developed a study where they explored the effects of ayahuasca consumption on grief. To this end,
they designed a study that measured the level of grief and experiential avoidance in 30 people who
participated in peer support groups compared to 30 people who took ayahuasca [36]. The results
indicate that ayahuasca consumers showed benefits in some psychological and interpersonal
dimensions since the level of grief was lower on the Present Feelings Scale of the Revised Texas
Grief Inventory [36]. This group also described, in an open-ended question, biographical
memories, emotional release and experiences of contact with the deceased [36].

Some studies describe that other important parameters related to well-being can also be
influenced by the consumption of ayahuasca, namely changes in personality, concentration and
tolerability, among others. Uthaug et al. [37] carried out a study whose objective was to evaluate
the subacute and long-term effects of ayahuasca on well-being and cognitive thinking style, as well
as to evaluate its influence on the degree of ego dissolution. The 57 participants performed the
ayahuasca ritual and were evaluated the day after it, after 4 weeks and after finishing the ritual [37].
This study led to the conclusion that ayahuasca leads to improvements in affection and thinking
style since the results showed that convergent thinking improved after the ceremony [37]. Likewise,
life satisfaction and mindfulness increased the day after the ceremony, which was not significant
after 4 weeks [37]. Levels of depression and stress were significantly lower after the ceremony and
for the next 4 weeks [37]. There was also a significant correlation between changes in affection, life
satisfaction and mindfulness and the level of ego dissolution achieved during the ceremony [37].
However, the same authors developed another study, this time a placebo-controlled naturalist
observational study, where the influence of ayahuasca and the setting on changes in mental health
was evaluated. Thus, evaluations were carried out on 30 participants before and after retreat
sessions with ayahuasca [38]. The results revealed that the beneficial effects on the mental health of
ayahuasca consumers may be related to non-pharmacological factors (placebo response) but also to
pharmacological factors related to the use of ayahuasca [38]. Otherwise, Soler et al. [39] carried out
a study where they explored the psychological mechanisms underlying the benefits of ayahuasca
consumption. Thus, 25 individuals were evaluated before and after 24 h of ingestion of ayahuasca,
using the Five Faces Mindfulness Questionnaire and the Experiences Questionnaire [39]. The
results showed that ayahuasca ingestion led to a reduction in internal reactivity and in the
processing of experience judgments and a significant increase in the ability to decentralize. These
results were compatible with extensive mindfulness practice and corroborated the therapeutic
potential of ayahuasca in increasing mindfulness capabilities [39]. Also, Harris et al. [40]

questioned 177 individuals after using ayahuasca and found that ayahuasca users ate healthier
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diets, reduced alcohol intake, enjoyed improved mood and greater self-acceptance, and felt more
loving and compassionate in their relationships. Seventy-four percent of respondents said they had
a relationship guided and supported by the spirit of ayahuasca [40]. Barbosa et al. [41]
psychologically evaluated 28 individuals one to four days before and one to two weeks after their
first consumption of ayahuasca in the religious groups Unido do Vegetal and Santo Daime. In order
to assess the state of mental health, a structured psychiatric scale was used to raise variables about
attitudes toward the experience [41]. Subsequently, the second evaluation was carried out, where
the state of mental health was evaluated according to the phenomenology of altered states of
consciousness [41]. The results indicated positive expectations regarding the ritual, with
tranquillity, visual phenomena, insights, numinosity and a distressing reaction being the most
notable experiences after ayahuasca consumption [41]. There was a significant decrease in
psychiatric symptoms in the Santo Daime group; however, in the experiences with both religious
groups, changes in serenity, vivacity/joy and assertiveness were reported [41]. In order to assess
tolerability, Riba et al. [42] carried out a single-blind crossover placebo-controlled clinical trial in
which they evaluated the psychological effects and tolerability of ayahuasca. Thus, three increasing
doses of ayahuasca were administered to six volunteers with previous experience in the use of
ayahuasca [42]. The results revealed that the effects at the psychological level start after 30 to 60
min of consumption, reaching a peak between 60 and 120 min and ceasing after 240 min [42].
Ayahuasca was found to lead to significant dose-dependent increases in five of the six subscales
used [42]. It was also possible to verify that at the cardiovascular level, ayahuasca was well
tolerated, and systolic blood pressure increased [42]. During the study, one of the volunteers
voluntarily withdrew from the study after experiencing anxiety and intense dysphoria with
transient disorientation at the intermediate dose [42].

Mindfulness and emotional stability are of great importance for psychological wellbeing.
Dominguez-Clavé et al. [43] developed an observational study with the aim of examining the effects
of ayahuasca on capabilities related to mindfulness and emotional regulation. To this end, they had
45 volunteers who participated in an ayahuasca session who were evaluated (before and after 24 h
of the session) regarding emotional dysregulation (Difficulties in the Emotional Regulation Scale)
and mindfulness traits (Five Facet Mindfulness Questionnaire) [43]. The results showed that
participants improved in emotional non-acceptance, emotional interference and lack of control, as
well as in a state of consciousness and decentration. Significant improvements were also observed
in emotional interference and lack of control but not in mindfulness abilities [43]. This study
suggests that ayahuasca has therapeutic potential in regulating mindfulness and emotion
regulation. Also, Franquesa et al. [44] explored the relationship between ayahuasca consumption
and decentralization, values and the self by conducting a comparative study between individuals
with and without ayahuasca experience. The results obtained indicate that individuals with
ayahuasca experience scored less in fulfilment of life, living values, self in close relationships, self in
social relationships and general self [44]. However, they obtained better results for positive self and
decentralization [44].

Other studies indicate that creativity and creative thinking are also influenced by

ayahuasca. Kuypers et al. [26] evaluated the effects of ayahuasca on creative thinking by
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performing creativity tests before and during the effect of ayahuasca in 26 participants of spiritual
workshops. Tests performed included the Image Concept Test, which assesses divergent and
convergent thinking, and the pattern/Line Meaning Test, which assesses divergent thinking [26].
The results of the image concept test showed significant changes, inferring that ayahuasca
consumption modified divergent (increased) and convergent thinking (decreased) [26]. This study
led to the conclusion that ayahuasca ingestion enhances divergent creative thinking and increases
psychological flexibility, which allows for facilitated psychotherapeutic interventions [26]. Also,
Frecska et al. [45] studied the psychometric measures of creativity, after the disappearance of the
acute effects, in ayahuasca ceremonies. Additionally, they investigated the appearance of entoptic
phenomena during the expression of creativity [45]. Thus, forty participants in ayahuasca rituals
were tested using Torrance Tests of Creative Thinking before and two days after the completion of
two weeks of rituals [45]. The study had a control group composed of twenty-one individuals who
performed the same tests [45]. When analyzing the results, it was verified that the ingestion of
ayahuasca led to a significant increase in phosphenic and original responses; however, this increase
already occurred in the baseline [45]. Thus, these results suggest that visual creativity and entoptic
activity may increase after the acute effects of ayahuasca consumption [45].

Other studies also describe changes in spirituality and temporal reproduction. Weiss et al.
[46] studied the association between the ceremonial use of ayahuasca and changes in personality
traits. To this end, they resorted to the participation of individuals who attend spiritual and
ayahuasca healing centers, evaluated in three moments: before, after and over three months after
consuming ayahuasca [46]. The results of changes in personality and the moderation of these
changes by covariates were evaluated by linear mixed models [46]. Thus, it was possible to verify
that neuroticism was the major alteration; however, acute experiences and purgative experiences
and moderation of personality change by baseline personality were also observed [46]. On the other
hand, Campagnoli et al. [47] developed a double-blind study where they evaluated the effects of
ayahuasca at two concentrations in a ritualistic context, using temporal reproduction tasks in
participants with experience in ayahuasca consumption. For this, nine volunteers were asked to
ingest ayahuasca in two different doses (low concentration or ritualistic concentration) and at two
different moments in the ritual; they then performed the task of listening to 20 s of musical stimuli
and played it immediately [47]. The results made it possible to verify that there is less temporal
distortion in the participants who consumed ayahuasca [47]. Trichter et al. [48] further evaluated
the influence of participation in an ayahuasca ceremony on spirituality and novice participants.
Thus, participants in an ayahuasca ritual were compared with non-participants in rituals, using the
Peak Experience Profile, the Spiritual Well-being Scale and the Mysticism Scale [48]. When
analyzing the results, it was possible to verify that there were no significant increases in the
Spiritual Well-being Scale and in the Mysticism Scale; however, it was verified that the increase in
the score in the Peak Experience Profile was accompanied by higher scores in the Spiritual Well-
being Scale and in the Mysticism Scale [48].

Studies to investigate the effects of ayahuasca in terms of psychological well-being are the
most common, with very promising results, especially in the treatment of disorders such as

depression and anxiety. However, positive results have been found in the various other purposes,
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which influence well-being, reported above. The summary of effects associated with mental health

and psychological well-being is described in Table I.2.1.

Table I.2.1. Summary of the results obtained for effects associated with mental health and psychological well-
being.

Studied

S Main Results Reference
ample
Reduction in anxiety and depression behaviors [27]
Increased anxiety (childhood), memory impairment (adolescence), [28]
unchecked changes (adult)
Decreased depression, increased psychoactivity, increased blood
fusion i . . [29]
perfusion in regions that regulate emotions and mood
No change in anxiety, decrease in panic and hopelessness [30]
Mindfulness reduced the severity of depression and depressive [31]
symptoms
No decrease in ethanol intake. Ethanol increased cFos expression
after being treated with ayahuasca [32]
The effectiveness of ayahuasca in treating addiction depends on [33]
guidance during the ritual 33
Potential substance addiction treatment and relapse prevention [34]
Improved impulsivity, compassion, attachment and spiritual [35]
acceptance, self-transcendence and novelty seeking. 35
Benefits in some psychological and interpersonal dimensions,
biographical memories, emotional release and contact experiences [36]
with the deceased
Improvements in affect and thinking style, life satisfaction and
mindfulness. Decreased depression and stress. Correlation
between changes in affect, life satisfaction and mindfulness and [37]
the level of ego dissolution
Ayahuasca placebo-related beneficial mental health effects [38]
beverage Decreased internal reactivity and judgmental processing of
experiences. Increased decentralization capacity [39]
Increased healthier diets, reduced alcohol intake, improved mood, [40]

self-acceptance and relationships
Improved tranquillity, visual phenomena, insights, numinosity.
Decreased psychiatric symptoms. Increased serenity, [41]
vivacity/cheerfulness and assertiveness
Improved psychological effects. Tolerability at the cardiovascular

level. [42]
Improvement in emotional non-acceptance, emotional
interference, lack of control, state of consciousness and [43]
decentralization. No change in mindfulness abilities.
Decrease in the values of achievement in life, living valued, self in
close relationships, self in social relationships and general self. [44]
Improved results for positive self and decentralization
Enhancement of divergent creative thinking and increased [26]
psychological flexibility
Increased phosphenic and original responses, visual creativity and [45]
entoptic activity 45
Alteration of neuroticism and moderation of personality [46]
Decreased temporal distortion [47]
Increased Peak Experience Profile and Spiritual Well-being at [48]

Mysticism

1.2.2.3. Antimicrobial Properties

The resistance of microorganisms to conventionally used drugs is a major current concern
[7]. Thus, the search for alternatives, namely of natural origin, has been awakening interest among

the scientific community [7]. During the literature search, two studies were found describing the
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antimicrobial properties of ayahuasca. In a study developed by Bussmann et al. [49], the minimum
inhibitory concentration (MIC) of several plant extracts, namely B. caapi, and their antibacterial
properties against Gram-positive and Gram-negative bacteria were evaluated. After determining
the MIC values, it was verified that the ethanolic extracts of B. caapi showed interesting activity
against E. coli. The same extracts were tested against S. aureus, obtaining a MIC value of 1 mg/mL
[49]. In another study developed by Goncalves et al. [7], the antimicrobial properties of nine plant
extracts were evaluated against four Gram-positive bacterial strains (S. aureus, B. cereus, L.
monocytogenes and E. faecalis) and four Gram-negative strains (A. baumannii, P. aeruginosa, E.
coli and S. typhimurium). The results obtained during the disk diffusion test showed that six
samples (P. viridis, B. caapi, Peganum harmala (P. harmala), Mimosa hostilis (M. hostilis) and a
mixture of M. hostilis and P. harmala inhibited the bacterial growth in all strains [7]. The least
susceptible strain was E. faecalis, with a range of inhibition diameters between 6.00 mm and 10.13
mm [7]. Regarding the resazurin microtitration method, it was verified that the samples that
generally showed better MIC values were the samples of B. caapi and P. harmala [7]. With regard
to anti-quorum sensing properties, only the M. hostilis sample did not inhibit violacein production
and, consequently, the quorum sensing. Regarding the anti-biofilm activity, it was verified that in
the presence of the samples of B. caapi and P. harmala the biofilm formation did not occur in the
A. baumannt strain [7].

The results obtained in both studies (Table I1.2.2) are indicative that ayahuasca has
antimicrobial effects and may be used to combat pathogenic microorganisms responsible for

various infections.

Table I.2.2. Summary of the results obtained for effects associated with antimicrobial properties.

Studied Sample Main Results Reference

141 plant species Inhibition of growth of E. coli and S. aureus [49]

P. viridis, B. caapi, M.
hostilis, P. harmala
and a commercial
mixture of beverages

Inhibition of bacterial growth in all strains. Anti-
quorum sensing properties. Anti-biofilm activity in [7]
two samples on the same strain.

1.2.2.4. Anti-Inflammatory Properties

Inflammation is a protective reaction developed in response to harmful stimuli; however, in
the long term, it can result in the development of chronic diseases [50]. Thus, the search for
compounds that inhibit the development of the inflammatory response has been increasing.
Gongalves et al. [7] evaluated the anti-inflammatory activity by the protein denaturation inhibition
method in nine samples. It was verified that the samples with a lower IC;, value presenting,
therefore, a better anti-inflammatory activity were the extracts of P. harmala, M. hostilis, a mixture
of M. hostilis and P. harmala, and a commercial mixture [7]. Also, Galvao-Coelho et al. [51]
performed a double-blind, placebo-controlled clinical trial of ayahuasca in 45 healthy controls and
28 patients with treatment-resistant depression. During the study, it was evaluated whether
ayahuasca consumption alters inflammation biomarkers, namely C-reactive protein and interleukin

6, and the correlation with serum levels of cortisol and brain-derived neurotrophic factor was
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established [51]. For this purpose, blood samples were collected before and 48 h after ingestion of
the substance under study in order to verify the concentration of inflammatory biomarkers. After
analyzing the results, it was possible to verify that before treatment, the group of patients with
depression had higher levels of C-reactive protein than the control group. A significant negative
correlation was also observed between C-reactive protein and serum cortisol levels [51]. After
treatment with ayahuasca, there was a significant reduction in C-reactive protein levels [51]. In
another study carried out by Liu et al. [50], the anti-inflammatory effects of B-carboline alkaloids
present in the plant P. harmala, commonly used in the preparation of ayahuasca, were investigated
using a nuclear factor-kB (NF-kB) reporter assay [50]. The results indicate that harmol and
harmine were able to inhibit NF-kB transactivity, with the latter inhibiting NF-kB transactivity
induced by tumor necrosis factor and lipopolysaccharides and nuclear translocation in macrophage
RAW264.7 cells mouse [50]. There was also a decrease in NF-kB mRNA and protein levels
downstream of inflammatory cytokines. In the same study, a lipopolysaccharide-stimulated mouse
model was also used, where harmine decreased the serum levels of tumor necrosis factor-a,
interleukin-6, interleukin-ib and prevented lung inflammation [50]. Thus, these results are
indicative that harmine can exert an anti-inflammatory effect by inhibiting the NF-kB signaling
pathway [50]. Although, so far, few studies have evaluated the anti-inflammatory properties
associated with ayahuasca, the results indicate that both the ayahuasca extracts [7,51] and some -
carbolines [50] present in it can decrease factors that contribute to inflammation. The summary of

the anti-inflammatory properties is described in Table 1.2.3.

Table I.2.3. Summary of the results obtained for effects associated with anti-inflammatory properties.

Studied Sample Main Results Reference
P. viridis, B. caapi,
M. hostilis, P.
harmala and a Presentation of anti-inflammatory activity [7]
commercial mixture
beverages

Negative correlation between C-reactive protein and
serum cortisol levels. Decreased levels of C-reactive

Ayahuasca beverage protein and correlation between greater reductions in C- [51]
reactive protein and less depressive symptoms
P. harmala Harmine showed anti-inflammatory effects by inhibiting [50]
beverage the NF-kB signaling pathway °

1.2.2.5. Other Therapeutic Effects

The therapeutic potential of ayahuasca for various conditions and diseases has been
investigated over the years [32]. Most studies that report the therapeutic potential of ayahuasca are
related to the effects at the neurological level. Katchborian-Neto et al. [52] developed a study whose
objective was to evaluate the potential of neuroprotection conferred by ayahuasca on the cell
viability of SH-SY5Y neuroblastoma in an in vitro model of Parkinson’s disease. Thus, initially, the
cytotoxicity of the crude extracts of B. caapi and P. viridis and their hydroethanolic and alkaloid
fractions was evaluated using an MTT assay (48 h and 72 h), and then the chemical composition of

the samples was analyzed using ultra-performance liquid chromatography coupled to electrospray
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ionization and time of flight detector (UPLC-ESI-TOF) [52]. The main alkaloids were quantified by
UPLC-MS/MS [52]. After analyzing the results, it was possible to verify that the samples did not
present cytotoxicity in vitro, and in three samples, the cell viability increased after 48 h [52]. It was
also verified that the crude extracts and the alkaloid fractions presented a neuroprotective effect
after 72 h of exposure [52]. On the other hand, the hydroalcoholic fractions showed the same
neuroprotection results, but at both times tested (48 h and 72 h) [52]. The B-carbolines and
monoterpene indole alkaloids were shown to be correlated with this property, while harmine,
despite showing potent neuroprotective action in 72 h, did not present a correlation with the
neuroprotection profile [52]. The authors concluded that the lowest doses stimulated cell
proliferation and/or had the most effective neuroprotective profile [52]. Morales-Garcia et al. [53]
proceeded to develop an in vitro and in vivo study, where they evaluated the potential neurogenic
effect of DMT. The results demonstrated that DMT administration promotes newly generated
neurons in the granular zone through activation of the adult neurogenic niche (the sub granular
zone of the dentate gyrus of the hippocampus) [53]. Additionally, it was found that the mice used in
the study, treated with DMT, performed better in memory tests than the animals in the control
group [53]. Thus, the study concluded that treatment with DMT leads to the proliferation of neural
stem cells and the migration of neuroblasts, which promotes the generation of new neurons in the
hippocampus [53]. This may be indicative of increased adult neurogenesis and improved learning
tasks and spatial memory [53]. Another study developed by Samoylenko et al. [54] evaluated the
potential for preventing neurological disorders, such as Parkinson’s disease, by evaluating the MAO
inhibitory activities of B. caapi constituents. Thus, after fractionation and isolation of B. caapi
constituents, their inhibitory activity on catechol-O-methyl transferase, MAO-A, MAO-B,
butyrylcholinesterase and acetylcholinesterase was evaluated. Additionally, the cytotoxic and
antioxidant activities of the extract and isolated compounds were also evaluated [54]. Results
revealed that harmine and harmaline were able to strongly inhibit MAO-A and MAO-B in vitro, and
(-)-epicatechin and (-)-procyanidin showed potent antioxidant and moderate MAO-B inhibitory
activity [54]. The study made it possible to verify that the stem extract of B. caapi could help in the
treatment of parkinsonism and other neurodegenerative disorders [54]. Also, in order to assess the
influence of ayahuasca on Parkinson’s disease, Schwarz et al. [55] investigated the activity of B.
caapi extract, harmine and harmaline. Thus, the effects of plant extract and compounds on rat liver
MAO-A and MAO-B activity were evaluated [55]. The results showed that harmaline achieves
concentration-dependent inhibition of MAO-A but demonstrated little activity on MAO-B [55]. It
was also verified that B. caapi extract, harmine and harmaline led to a significant increase in [3H]
dopamine. The results demonstrated that the extract of B. caapi could be promising in the
treatment of Parkinson’s Disease since the discovery that harmine and harmaline stimulate the
release of dopamine is a new discovery [55]. Bouso et al. [56] also investigated the
neuropsychological performance in executive function and working memory after acute ingestion of
ayahuasca. For this, 24 participants were evaluated in the execution of the Stroop, Sternberg and
Tower of London tasks, in a usual environment, before and after ingestion of ayahuasca [56]. The
results showed that there was an increase in errors in the performance of the Sternberg task; on the

other hand, the reaction times in the performance of the Stroop task decreased [56]. No participant
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showed alterations after ingestion of ayahuasca [56]. Regarding the results of the Tower of London,
there was a significant increase for experienced users in resolution and execution times and in the
number of movements performed [56]. The study concluded that acute ingestion of ayahuasca
decreased stimulus—response interference and impaired working memory [56]. However, it was
also concluded that greater previous exposure to ayahuasca resulted in a decrease in disability, so
the continued use of this substance may be related to neuromodulatory or compensatory effects on
executive function [56].

Other therapeutic effects, such as skin healing and overcoming eating disorders, among
others, have also been reported. Gongalves et al. [1] evaluated the healing potential of nine plant
extracts used in the preparation of ayahuasca in the NHDF cell line. Thus, a wound-healing assay
was carried out, and later a Parallel artificial membrane permeability assay, in order to understand
whether the compounds were absorbed by the skin fibroblasts [1]. The results allowed for
verification that all samples promoted the migration of skin fibroblasts, not being absorbed through
the skin [1]. Thus, the results revealed that the ayahuasca samples presented a great healing
potential [1]. On the other hand, Lafrance et al. [57] developed a study where they explored the
therapeutic potential of ayahuasca in eating disorders. To this end, 16 individuals with eating
disorders were interviewed about their experiences with ayahuasca consumption [57]. The results
of the interviews demonstrated that after the beginning of the participation in ayahuasca
ceremonies, there were reductions in thoughts and symptoms related to eating disorders [57].
Other improvements in terms of reductions in anxiety, depression, self-injury, suicide and
problematic substance use have also been described [57]. Participants also described that the
ceremonial context enhanced the results and reduced the risks and damage that may have occurred
[57]. Also, Santos et al. [58] evaluated the sensitization and acute tolerance of ayahuasca in
repeated doses through a double-blind, crossover and placebo-controlled clinical trial. Thus,
participants received a lactose placebo 4 h later, one dose of ayahuasca (control) or two doses of
ayahuasca g4h apart (treated) [58]. Subsequently, cardiovascular, autonomic, neurophysiological,
cellular immunity and neuroendocrine measurements were performed. The results showed that,
after the second dose of ayahuasca, there was a significant decrease in growth hormone and a
reduction in heart rate and systolic blood pressure [58]. However, no differences were observed for
autonomic, neurophysiological or immunological effects [58]. Thus, it was concluded that there was
a significant tolerance to the secretion of growth hormone and less cardiovascular activation [58].
There was no sensitization or tolerance in the remaining variables [58]. Halpern et al. [59] also
investigated the effects of ayahuasca on members of the Santo Daime Church in the United States
of America. Thus, 32 individuals were examined regarding the extent of their participation in the
Church, which health benefits or harms they attribute to ayahuasca, what they like least and most
about it, drug use schedule, psychological factors, data on childhood conduct disorder, physical
examination and demographic information [59]. The results made it possible to verify that church
attendance occurs once a week and that individuals are healthy [59]. Additionally, 24 of the
subjects were drug or alcohol-dependent, with 22 in remission whose motivation is church
attendance [59]. Similarly, 19 participants described already having a psychiatric disorder, with 8

describing that onset of remission was achieved with church participation [59].
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The use of ayahuasca for therapeutic purposes has been studied mainly in terms of
neurological effects, with very interesting results obtained so far [52—56]. However, other
interesting therapeutic applications have also been proven [57-59], and its potential for skin
healing has recently been proven [1]. The summary of the therapeutic effects is described in Table

IL.2.4.

Table I.2.4. Summary of the results obtained for effects associated with other therapeutics effects.

Studied Sample Main Results Reference
P. viridis, B. caapi Neuroprotective effect on crude extracts and
extracts and hydroalcoholic fractions. Stimulation of cell proliferation [52]
harmine and DMT and neuroprotection profile at lower doses

Increased proliferation of neural stem cells, migration of
neuroblasts, promoting the generation of new neurons.

bMT Increased adult neurogenesis and improved learning [53]
tasks and spatial memory.
Therapeutic potential of B. caapi stem extract in the
B. caapi extracts treatment of Parkinsonism and other neurodegenerative [54]
disorders
B.hcaap L extract, Therapeutic potential of B. caapi extract in Parkinson’s
armine and di [55]
harmaline 1sease
P. viridis, B. caapi,
M. hostilis, P.
harmala and a Potential wound-healing effect [1]
commercial mixture
beverages

Decreased working memory. Decreased disability by
promoting neuromodulatory or compensatory effects on [56]
executive function
Reductions in thoughts and symptoms related to eating
disorders, anxiety, depression, self-harm, suicide and [57]
problematic substance use
Significant decrease in growth hormone, heart rate and
systolic blood pressure. No differences in autonomic, [58]
neurophysiological or immunological effects
Remission of individuals dependent on substances or
with a psychiatric disorder after participation in the [59]
church

Ayahuasca beverage

1.2.2.6. Effects on Metabolism

Ayahuasca has been studied in terms of its metabolism and its potential influence on it.
Mello et al. [60] evaluated liver biochemical parameters in order to verify whether ayahuasca
consumption influences them. For this purpose, serum was collected from 22 volunteers who had
been regular consumers of ayahuasca for at least one year [60]. The results revealed that there were
no significant changes in lactate dehydrogenase, alkaline phosphatase, alanine aminotransferase,
aspartate aminotransferase, creatinine, urea, bilirubin and gamma glutamyl transferase, indicating
that seemingly ayahuasca consumption does not affect liver function [60]. On the other hand,
Madrid-Gambin et al. [61] developed a study whose objective was to evaluate the human
metabolomic signature, its connection with the subjective effects and plasma concentrations of
alkaloids after the consumption of ayahuasca. Thus, plasma samples were collected from 23
individuals before and after consumption of the substance [61]. Subsequently, a metabolomics

analysis, an assessment of the subjective experience with Ayahuasca using the 5-Dimensional
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Altered States of Consciousness Rating Scale, and an integrated network analysis to determine the
alkaloids present in the plasma were performed [61]. After analyzing the results, it was possible to
verify that the consumption of ayahuasca altered several large neutral amino acids, decreased 2-
acyl-glycerol endocannabinoids and increased N-acyl-ethanolamine endocannabinoids [61]. There
was deregulation in several pathways involved in neurotransmission (synthesis of serotonin and
dopamine), and some endocannabinoids and hexosylceramides were directly associated with
ayahuasca alkaloids [61]. It was also possible to verify that the majority of large neutral amino acids
were inversely associated with the nine 5-Dimensional Altered States of Consciousness Rating
Scale. Thus, the authors concluded that subjective effects may be associated with large neutral
amino acids, helping to understand the metabolic fingerprint and mechanism of action associated
with ayahuasca consumption [61]. On the other hand, alkaloid concentrations do not seem to be
related to these subjective effects or metabolism [61]. Riba et al. [62] evaluated the brain
bioavailability of ayahuasca, as well as the time course of its effects. For this purpose, topographic
quantitative electroencephalography was used in 18 volunteers after ingesting doses of ayahuasca
equivalent to 0.6 and 0.85 mg of DMT/kg of body weight [62]. It was possible to verify that there
was a decrease in power in the frequency bands, mainly in the theta band [62]. It was further
observed that total centroid activity increased [62]. These data support 5-HT2 and dopamine
receptor agonism in the effects developed on the central nervous system by ayahuasca [62]. The
same authors developed a double-blind, placebo-controlled clinical trial, where they studied the
pharmacokinetic profile of ayahuasca, as well as its effects on the cardiovascular level and on the
urinary excretion of monoamine metabolites [18]. Thus, 18 volunteers orally received a placebo or
ayahuasca containing 0.6 and 0.85 mg of DMT/kg of body weight [18]. The results showed that the
higher dose caused a significant increase in diastolic blood pressure, while heart rate and systolic
blood pressure increased but not significantly [18]. An increase in the urinary excretion of
normetanephrine was also seen, but the levels of deaminated monoamine metabolites did not
decrease [18]. These results, associated with reduced plasma levels of harmine, suggest that this
compound has a predominantly peripheral metabolism (gastrointestinal and hepatic) [18].
Pharmacological effects were also evaluated by Schenberg et al. [63], who developed a study that
aimed to understand the pharmacological mechanisms of action. Additionally, the correlations at
the neuronal level of the modified states of consciousness associated with the consumption of
ayahuasca were also studied. Thus, the compounds of ayahuasca and its metabolites in the systemic
circulation were quantified, as well as an electroencephalogram recording in 20 individuals with
experience in the consumption of ayahuasca after its consumption [63]. It was found that initially,
there was a reduction in power in the alpha band in the brain, followed by an increase in power in
the slow and fast range [63]. The first reported effects were seen in the left parieto—occipital cortex;
on the other hand, the slow increase in power was observed in the left fronto-temporal, right frontal
and left centro—parieto—occipital cortices [63]. The rapid increase in power was seen in the left
fronto-temporal, right frontal and right parieto—occipital cortices and the left centro—parieto—
occipital cortices [63]. Associated with these effects are the levels of DMT, harmine, harmaline and
tetrahydroharmine and some of their metabolites [63]. These results may help in the interpretation

of the cognitive and emotional effects associated with ayahuasca consumption [63]. Also, Brierley
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et al. [64] investigated the pharmacological mechanism, as well as the acute effects of harmine, on
electrically evoked dopamine efflux parameters in the nucleus accumbens during cocaine
consumption. Thus, fast cyclic voltammetry was applied to brain slices of Wistar rats in order to
assess dopamine efflux in the core and shell accumbens [64]. The results indicated an increase in
dopamine flux in the concha accumbens after harmine administration; however, no effect on the
nucleus accumbens and reuptake in the other sub-regions [64]. The MAO inhibitor (moclobemide)
had no effect on dopamine efflux, and the effect of harmine was attenuated by ketanserine (5-
HT(2A/2C) antagonist) [64]. The results are indicative that harmine leads to an increase in
dopamine efflux by a mechanism dependent on the presynaptic 5-HT(2A) receptor, not dependent
on the activity of MAO inhibitors [64]. Thus, we may be looking at a therapy that could contribute
to the therapeutic efficacy of ayahuasca for cocaine dependence [64]. Finally, Santos et al. [65]
evaluated the impact of ayahuasca in terms of autonomic, neuroendocrine and immunomodulatory
effects, through a double-blind randomized crossover clinical trial. The study included a placebo
group, a positive control (20 mg D-amphetamine) and a group that ingested ayahuasca (1.0 mg
DMT/kg body weight) [65]. Taking ayahuasca triggered subjective and neurophysiological effects
absent in the positive control [65]. In both the positive control and ayahuasca groups, there was an
increase in pupil diameter, cortisol levels and changes in lymphocyte subpopulations [65].
However, in the group that consumed ayahuasca, there was an increase in the levels of prolactin
and natural killer cells; on the contrary, the amounts of CD4 and CD3 decreased [65]. The authors
concluded that ayahuasca consumption stimulated neuroendocrine and immunomodulatory

function and led to the appearance of sympathomimetic effects [65].

Table I.2.5. Summary of the results obtained for effects associated with effects on metabolism.

Studied Sample Main Results Reference
No changes in liver function [60]
Changes in several large neutral amino acids, decrease in 2- [61]

acyl-glycerol endocannabinoids and increase in N-acyl-
ethanolamine endocannabinoids. Dysregulation of various
neurotransmission pathways. Subjective effects associated with
large neutral amino acids. Alkaloid concentrations unrelated to
subjective effects or metabolism
Decreased power in frequency bands. Increased total centroid [62]
activity. Support of 5-HT2 and dopamine receptor agonism in
ayahuasca-induced effects
Increased diastolic blood pressure, heart rate and systolic [18]
blood pressure. Increased urinary excretion of
normetanephrine without decrease in deaminated monoamine
metabolite levels. Results indicative of a predominantly
peripheral metabolism of harmine
Decreased alpha-band potency in the brain and increased [63]
slow- and fast-range potency associated with levels of DMT,
harmine, harmaline and tetrahydroharmine and some of their
metabolites
Stimulation of neuroendocrine and immunomodulatory [65]
function and led to the appearance of sympathomimetic effects

Ayahuasca
beverage

Harmine Increased dopamine flux in the concha accumbens after [64]
harmine administration. harmine leads to an increase in
dopamine efflux by a presynaptic 5-HT(2A) receptor-
dependent mechanism. Possible therapy for cocaine addiction
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Thus far, studies on the effects of ayahuasca on metabolism have made it possible to
understand how it works in the body [18,61,63,64]. Some effects arising therefrom, namely at the
autonomic, neuroendocrine and immunological level [65], and cardiovascular and excretory levels
[18], have also been investigated, allowing us to understand the effects caused by the consumption

of ayahuasca at this level. The summary of the effects on metabolism is described in Table I.2.5.

1.2.2.7. Physiological Effects

Over the years, the most diverse effects have been attributed to the consumption of
ayahuasca, namely at the neurobiological level. Andrade et al. [14] investigated the effect of
ayahuasca consumption on the neurobehavior and embryonic development of zebrafish. The
animals were exposed for 96 h to amounts ranging between 0 and 1000 mg/L in order to assess
toxicity, and the effects on locomotion activity were tracked through the ZebraBox video system
after 120 and 144 h of exposure to amounts of 0 to 20 mg/L [14]. The results obtained were similar
to those carried out in mammals, revealing that the LC50 of ayahuasca was 236.3 mg/L and that
exposure caused significant damage, namely decreased locomotor activity, loss of balance, delay in
hatching, accumulation of red blood cells and edema [14]. Also, Dakic et al. [66] investigated, in
vitro, the effect of harmine in human neural progenitor cells derived from pluripotent stem cells.
The results indicated that harmine strongly inhibited a regulator of cell proliferation and brain
development, the dual-specific tyrosine phosphorylation-regulated kinase [66]. The effect of
harmine analogs was further tested, and a tyrosine kinase inhibitor was found to induce the
proliferation of human neural progenitor cells similarly to harmine [66]. These results may help
explain how harmine induced cell proliferation in vitro [66]. On the other hand, Riba et al. [67]
developed a study where they investigated the alterations in the spatial distribution of the brain
electrical activity induced by ayahuasca. For this purpose, low-resolution electromagnetic
tomography was performed on 18 volunteers after the administration of ayahuasca (0.85 mg of
DMT/kg of body weight) or a placebo [67]. Subjective effects were measured using the
Hallucinogen Rating Scale [67]. The results indicated significant differences in low-resolution
electromagnetic tomography between the ayahuasca group and the placebo group [67].
Additionally, there were increases in all six Hallucinogen Rating Scales [67]. It was also possible to
verify that there was a decrease in power density in the theta, alpha-2, delta and beta-1 frequency
bands, the latter three being found predominantly in the temporo-parieto-occipital junction, and
the first in the temporomedial and lateral cortex in the frontomedial regions [67]. The authors were
able to conclude that the psychological effects caused by ayahuasca are due to the involvement of
the unimodal and heteromodal association cortex and the limbic structures [67]. The same authors
also investigated the effects of ayahuasca on regional cerebral blood flow [20]. To this end, they
performed a double-blind, randomized clinical trial, where 15 volunteers received a dose of
ayahuasca equivalent to 1.0 mg DMT/kg of body weight or placebo [20]. At 100—110 min after drug
administration, regional cerebral blood flow was measured using single photon emission
tomography [20]. The results showed that after ayahuasca consumption, there was an increase in

blood perfusion in areas implicated in subjective feeling states, somatic awareness and emotional
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arousal (right hemisphere of the anterior insula and anterior/frontomedial cingulate cortex) [20].
The same results were verified in the left amygdala/parahippocampal gyrus [20]. Thus, the results
suggest that ayahuasca can interact with neural systems involved in interoception and emotional
processing, playing a role in the serotonergic neurotransmission of these processes [20]. Finally,
Viole et al. [68] evaluated the entropy of the brain’s functional connectivity by means of functional
magnetic resonance imaging. Thus, the aforementioned technique was applied to the brain of
human beings at rest in a normal waking state or after an alteration of consciousness due to the
consumption of ayahuasca [68]. An increase in the Shannon entropy of the distribution of degrees
of the networks in the ayahuasca consumer group was verified. These results are in accordance with
the entropic brain hypothesis, which was also intended to be evaluated in this study [68].

Other effects at the physiological level have also been reported by several studies. Alvarenga
et al. [69] evaluated the sexual performance of male Wistar rats deprived of sleep after acute
consumption of ayahuasca. For this, the animals were subjected to sleep deprivation for 96 h, after
which they were administered ayahuasca at 250, 500 and 1000 ug/mL [69]. A control group, where
a saline solution was administered instead of ayahuasca, was also used [69]. After measuring
hormone concentrations and sexual behavior, ayahuasca was found to significantly decrease sexual
performance, although the lower dose increased sexual performance in sleep-deprived rats [69]. On
the other hand, the 500 ug/mL dose demonstrated a detrimental effect on sexual response
compared to the control group [69]. Regarding the measurement of hormone concentrations, it was
found that corticosterone remained unchanged, while an increase in testosterone occurred in rats
deprived of sleep with saline solution [69]. The authors were able to conclude that ayahuasca
ingestion, combined with sleep deprivation, suggested a decrease in sexual performance [69].
Another study developed by Barbanoj et al. [70] aimed to investigate the influence of daytime
consumption of ayahuasca on sleep parameters. Thus, 22 volunteers participated in the study and
were administered an ayahuasca dose of 1 mg of DMT/kg body weight (study group), 20 mg of D-
amphetamine (positive control) or a placebo (control) [70]. Subsequently, spectral analysis of sleep,
polysomnography and sleep quality were evaluated [70]. The results obtained in the
polysomnography allowed for verification that ayahuasca inhibits rapid eye movement sleep,
increasing the onset latency as the positive control [70]. It was also verified that ayahuasca did not
induce deterioration in the quality of sleep, nor interruptions in the beginning or during sleep [70].
Regarding spectral analysis, it was found that ayahuasca led to an increase in potency in the high-
frequency range and potency of slow wave sleep [70]. Thus, it was possible to conclude that
ayahuasca can interfere with sleep [70]. Once again, Riba et al. [71] developed a double-blind,
balanced crossover project in order to evaluate the acute effects of ayahuasca in the suppression of
P50 auditory evoked potential and prepulse inhibition of startle, as well as its modulatory actions in
sensory and sensorimotor gating measures. The study had 18 volunteers who were given a placebo
or ayahuasca in amounts of 0.6 mg and 0.85 mg DMT/kg of body weight [71]. The results showed
that ayahuasca consumption did not lead to significant changes in prepulse inhibition of startle,
habituation rate or startle response; however, there was a significant (dose-dependent) decrease in

P50 suppression [71]. Thus, the authors could conclude that there were no effects on sensorimotor
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gating; however, the suppression of P50 indicated a decreasing effect of ayahuasca on sensory

gating [71].

Table I.2.6. Summary of the results obtained for effects associated with physiological effects.

Studied Sample Main Results Reference
Inhibition of the regulator of cell proliferation and brain
Harmine development by harmine. Induction of proliferation of human [66]

neural progenitor cells by a harmine analog

Decreased locomotor activity, loss of balance, delayed
hatching, accumulation of red blood cells and edema
Significant differences in low-resolution electromagnetic
tomography between groups. Decreased power density in the

theta, alpha-2, delta and beta-1 frequency bands. Possible [67]
involvement of the unimodal and heteromodal association 7
cortex and limbic structures in the psychological effects caused
by ayahuasca.
Increased blood perfusion in areas implicated in subjective
feeling states, somatic awareness, emotional arousal and left
amygdala/parahippocampal gyrus. Possible association of [20]
ayahuasca with the neurotransmission of neural systems
involved in interoception and emotional processing.
Increase in the Shannon entropy of the degree distribution of [68]
networks
Ayahuasca ingestion, combined with sleep deprivation, [69]
decreased sexual performance o
Inhibition of rapid eye movement sleep by increasing onset
latency. No induction of deterioration in sleep quality nor
interruption of sleep. Increased power in the high-frequency
range and slow-wave sleep power
No significant changes in prepulse inhibition of startle,
habituation rate or startle response. Significant decrease in
P50 suppression. No effects on sensorimotor gating, but
decreasing effect on sensory gating
Prevention of the development of behavioral sensitization
caused by ethanol. Block in the expression of sensitization.
Inhibition and reversal of behaviors associated with ethanol
dependence.

Stretching and flattening of vascular smooth muscle cells.
Changes in the arrangement and distribution of collagen and [73]
elastic fibers
Potential therapeutic effect of ayahuasca in the treatment of
alcohol dependence
Increased dominance time under standard binocular rivalry

conditions such as binocular rivalry [75]
Increased percept length, and decreased rivalry switching rates [76]

[14]

Ayahuasca

beverage [70]

[71]

[72]

[74]

Oliveira-Lima et al. [72] investigated the effects of ayahuasca on hyperlocomotion and
spontaneous locomotor activity, normally caused by ethanol consumption, as well as locomotor
sensitization and counter sensitization in mice. After analyzing the results obtained, it was found
that ayahuasca managed to prevent the development of behavioral sensitization caused by ethanol
[72]. Also, in counter-sensitization, where, after sensitization, ayahuasca was administered for eight
days, there was a block in the expression of sensitization [72]. Thus, ayahuasca has been shown to
inhibit and reverse behaviors associated with ethanol dependence [72]. Another group investigated
the acute and chronic effects of ayahuasca on the structural parameters of the aorta in rats [73].
The results were indicative that ayahuasca administration caused stretching and flattening of
vascular smooth muscle cells [73]. Alterations in the arrangement and distribution of collagen and

elastic fibers were also verified [73]. However, these results are still premature [73]. Serra et al. [74]
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also carried out a study whose objective was to evaluate the effect of ayahuasca on ethanol self-
administration as well as the role of 5-HT2A receptors in these effects. For this purpose, mice with
previous access to ethanol were used, which were later treated with ayahuasca or with a 5-HT2A
receptor antagonist [74]. It was found that after treatment with ayahuasca, the expression of
ethanol self-administration decreased, as well as ethanol intake and preference [74]. Additionally,
administration of the 5-HT2A receptor antagonist was found to block the effects of ayahuasca on
ethanol consumption without significantly attenuating ethanol self-administration [74]. These
results support the potential of ayahuasca as therapies for the treatment of alcohol dependence
[74]. Finally, Frecska et al. [75] evaluated the effect of ayahuasca on dichotic stimulus alternation.
Thus, 10 volunteers, participants in ayahuasca ceremonies, performed binocular rivalry tests before
and after ingestion of ayahuasca [75]. It was found that the consumption of the substance under
study led to an increase in the time of dominance both in standard conditions of binocular rivalry
and with binocular rivalry, with periods of dominance being longer when drinking the beverage
[75]. These results may be related to slow visual processing and the increase in dominance may be
the result of hallucinogen induced alteration of gamma oscillations in the visual pathways [75].
Later, the same research group tested the alternation of perception in ayahuasca ceremonial
participants, in order to examine whether alteration of interhemispheric function occurs under the
influence of hallucinogens [76]. The results indicated an increase in the length of a percept, but a
decrease in rivalry alternation rates [76]. Thus, the results are in agreement with previous studies
that support the occurrence of interhemispheric fusion in altered states of consciousness [76].

The most studied physiological effects are, once again, those associated with neurobiology
[14,20,66—68]. However, it is worth highlighting some interesting studies that looked into different
but equally important parameters, such as the influence of ayahuasca on sleep parameters [70] or

on sexual performance [69]. The summary of the physiological effects is described in Table 1.2.6.

1.2.2.8. Toxicological Effects and Toxicity

The plants used in traditional medicine are taken as safe; however, some can be toxic,
especially depending on doses, making it crucial to investigate their possible toxicity [77].
Kummrow et al. [77] developed a study where they evaluated the mutagenicity of two ayahuasca
samples and two individual drinks from P. wviridis and B. caapi plants, using the
Salmonella/microsome assay with TA98 and TA100. Additionally, harmine and harmaline have
also been tested [77]. The results obtained indicated that both ayahuasca drinks were mutagenic for
TA98 and TA100. Also, harmaline and B. caapi drink showed mutagenicity for TA98. On the other
hand, the P. viridis drink and harmine were not mutagenic [77]. In another study developed by
Colaco et al. [78], the potentially toxic effects of ayahuasca were evaluated in vivo. For this purpose,
rats were chronically exposed to the drink, and the levels of monoamines (serotonin, dopamine and
norepinephrine), their metabolites and the brain-derived neurotrophic factor in the brain were
evaluated [78]. Thus, female and male Wistar rats were used, divided into five groups: control
group (water administration), fluoxetine group (administration of fluoxetine (selective serotonin

reuptake inhibitor antidepressant)), Ayao.5 group (administration of ayahuasca 0.5 x the ritualistic
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dose), Aya1 group (administration of ayahuasca 1 x the ritualistic dose) and Aya2 group
(administration of ayahuasca 2 x the ritualistic dose). The results showed that ayahuasca was safe
for the rats, with serotonin levels significantly increased in the Aya2 group and its 5-HIAA
metabolite significantly decreased in the fluoxetine group [78]. Regarding dopamine and the HVA
metabolite, no significant changes were observed between experimental groups; however, the
DOPAC metabolite increased significantly in the Ayai and Aya2 groups, the DOPAC/dopamine
turnover was significantly higher in the Aya2 group, and the HVA/DOPAC ratio was significantly
lower in the male groups Ayao.5, Ayal and Aya2 [78]. Regarding norepinephrine, it was not
detected, and its metabolite did not change significantly [78]. With regard to brain-derived
neurotrophic factors in the hippocampus, there was a significant increase in the FLX and Aya2
female groups [78]. Also, Pic-Taylor et al. [79] carried out a study in female Wistar rats to assess
the acute toxicity of ayahuasca, following the OECD Guide 423/2001 protocol. Thus, ayahuasca
doses of 30 x and 50 x that of the dose taken during a religious ritual were administered by gavage,
and the animals were observed for 14 days [79]. The behavior of the animals was evaluated by
carrying out open field, elevated plus maze and forced swimming tests. After analyzing the results,
it was possible to verify that the groups treated with ayahuasca significantly decreased locomotion
in the open field test and elevated plus maze tests compared to the control [79]. Regarding the
forced swimming test, the rats treated with ayahuasca swam more. Additionally, this group also
showed greater neuronal activation in all brain areas involved in serotonergic neurotransmission
[79]. No permanent damage has been detected, although there may be some brain damage [79]. In
another study developed by Motta et al. [80], Wistar rats were also used in order to assess the
development of maternal and fetal toxicity. The rats were divided into five groups: a control and
four groups with four different doses of ayahuasca (1 %, 2 x, 4x and 8 x the typical dose taken by an
adult during an ayahuasca ritual). After analyzing the results, it was possible to verify that the
control group and the two groups with the lowest dose of ayahuasca survived; however, the groups
where ayahuasca was administered 4 x and 8 x only survived 56% and 48%, respectively,
presenting kidney damage [80]. Additionally, the group receiving the 8 x dose showed neuronal
losses in the hippocampus and raphe nuclei, intrauterine growth retardation, induced embryonic
deaths, and increased occurrence of fetal anomalies [80]. The group whose administered dose was
2 x showed a neuronal loss in the CA1 zone of the hippocampus [80]. At non-lethal doses,
ayahuasca increased embryonic death and the incidence of fetal anomalies (soft tissue and
skeleton) [80]. These results suggest that ayahuasca may have developmental toxicity and that its
use by pregnant women may pose risks to the fetus [80]. Finally, Simao et al. [81] carried out a
study with the objective of studying the cytotoxic effects of five preparations of ayahuasca infusions
in dopaminergic immortalized cell lines. After evaluating the cytotoxicity, the results suggested that
a concentration of 10 uM of harmine and THH, induce cytotoxicity in the N27 cell line [81]. The
compound harmaline also induced cytotoxicity at a concentration of 80 puM, contrary to DMT,
which did not showed cytotoxicity in the range of concentrations tested (0.0008 to 1 uM) [81].
Regarding the decoction extracts, it was found that P. harmala showed cytotoxicity at
concentrations corresponding to 16 and 80 uM of harmaline, B. caapi showed cytotoxicity at

concentrations corresponding to 10 uM of harmine and a commercial mixture showed cytotoxicity
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at the corresponding concentrations of 10 uM THH [81]. The total protein was also quantified and
the values agreed with those obtained in the cytotoxicity assays (when cell viability decreased, the
same was verified in the total protein contents) [81]. Some of these studies indicated that ayahuasca
consumption is safe [78], not leading to permanent damage [79]. However, alterations or lack of
knowledge about the doses usually consumed could have serious consequences, namely at the level
of dopaminergic neurons [81]. The results obtained in the study developed by Motta et al. [80],
where several negative consequences associated with the consumption of ayahuasca during
pregnancy were verified, since, although not advised, the decision to consume will be made by the

woman herself. The summary of the toxicological effects and toxicity is described in Table 1.2.7.

Table I.2.7. Summary of the results obtained for effects associated with toxicological effects and toxicity.

Studied Sample Main Results Reference
P. viridis and B. Mutagenicity induced by ayahuasca beverages for TA98
caapi beverages; TA100. Mutagenicity induced by harmaline and B. caapt
harmine and drink for TA98. Drink of P. viridis and harmine without [77]
harmaline mutagenicity

Increased serotonin (Aya2) levels and decreased 5-HIAA
metabolite. No changes for dopamine and HVA
metabolite, but increased DOPAC metabolite (Aya1 and
Aya2), increased DOPAC/dopamine turnover (Aya2) and [78]
decreased HVA/DOPAC ratio in male groups (Ayao.5,
Aya1 and Aya2). Increased brain-derived neurotrophic
factor in female groups (FLX and Aya2).
Decreased locomotion in the open field test elevated plus
Ayahuasca beverage maze tests. Increased movement in the forced swimming
test and increased neuronal activation in all brain areas [79]
involved in serotonergic neurotransmission. No
permanent damage
56% and 48% survival for 4x and 8x ayahuasca with
kidney damage. Neuronal losses in the hippocampus and
raphe nuclei, intrauterine growth retardation, induced [80]
embryonic deaths and increased occurrence of fetal
anomalies

P. viridis, B. caapi,
M. hostilis, P.
harmala and a

commercial mixture

beverages

Induction of cytotoxicity in the N27 cell line by harmine,
harmaline and THH and by extracts of P. harmala, B.
caapi and a commercial mixture. No cytotoxicity for
DMT.

[81]

Given the presented studies, it was possible to verify that for some decades, interest in the
therapeutic effects associated with ayahuasca has aroused much interest. It is clear that most
studies focus on psychological/psychiatric disorders, and, in fact, many results point to the use of
ayahuasca as a possible treatment, being depression and anxiety the most studied topics. However,
several studies were carried out on ayahuasca rituals or those that resort to individuals who are
regular consumers of ayahuasca and who have religious beliefs in this beverage. Thus, these results
should be considered with caution, as they may sometimes present this bias. Despite this, many
other studies are clinical trials controlled by a placebo and, therefore, present more reliable results.
However, despite the positive results, the mechanism by which ayahuasca acts is still not
completely understood, from a molecular point of view, nor which are its most promising
components to be used as future anxiolytics or antidepressants. The same can be seen in the

treatment of addictions using ayahuasca. It must be considered that ayahuasca, despite all the
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beneficial effects associated, is a psychoactive substance, so we may be compensating for one
addiction with another. The same can be considered for other reported therapeutic effects.

Contrary to what usually happens with other substances, most of the studies dealing with
ayahuasca are clinical trials or used by volunteers. However, it would be important to understand
and complete the findings of these studies with other primary studies, namely in vitro and in vivo
assays. Although it is undeniable that, in fact, ayahuasca presents some benefit, it would be

important to study and understand what makes this possible.

1.2.3. Materials and Methods

1.2.3.1. Data Acquisition

We intend to identify the works published until December 2022, when the biological or

bioactive properties/effects associated with ayahuasca were evaluated.
1.2.3.2. Search Strategy

Electronic searches were performed in PubMed (up to December 2022). The following
keywords were used: “ayahuasca AND biological effects”; “ayahuasca AND biological activity”;

“ayahuasca AND bioactive effects” and “ayahuasca AND bioactive activity”.
1.2.3.3. Eligibility Criteria

For the purposes of this review, in vitro, in vivo, clinical trials or studies that used
ayahuasca extracts to study biological and bioactive properties with therapeutic purposes were
included. Studies that used the ayahuasca beverage in its original form, or prepared with other
analogues, were considered. Additionally, studies that used plant extracts used in the preparation
of ayahuasca (original or altered) were also included. Exclusion criteria consisted of not fitting the
theme, review articles, interviews, opinion pieces or comments, letters or editorials, conference
abstracts or posters, case reports and published abstracts. Only articles written in English were

included.
1.2.3.4. Study Selection and Data Extraction

Following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) recommendations [82-84], two authors independently screened all titles and abstracts
based on the defined inclusion criteria. Subsequently, the full text of each potentially eligible article
was obtained and screened to support its inclusion in this systematic review. Any disagreement

about study eligibility was solved through discussion between authors.
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According to the PRISMA methodology [82—84], two authors independently reviewed and
extracted the data using a prespecified protocol. In cases of discordance, a third author was

consulted to analyze discrepancies in data extraction.
1.2.4. Conclusions

Treatments based on products of natural origin have gained prominence over the years.
Despite the wide variety of drugs currently available, some trigger serious adverse effects, which
can limit the daily lives of users. Additionally, despite global development, there are still many
people in need and without access to basic health care, finding in plant species the only available
cure.

In general, the available studies indicate that the therapeutic use of ayahuasca can be
effective and bring benefits in some conditions, the most evident in terms of psychological
disorders. In fact, studies that evaluate the therapeutic effects of ayahuasca in terms of emotional
well-being and mental health are the most common and with the most evident results. However,
the treatment of substance imbalances and addictions has also had some focus with regard to
ayahuasca consumption. The interest and demand for favorable results associated with the
consumption of ayahuasca has also been growing, as evidenced by the increase in publications
addressing the topic. Other approaches, particularly at the level of molecular biology and
microbiology, have also shown that ayahuasca may have promising effects in combating
pathologies associated with microorganisms and in the treatment of dermal lesions or
neurodegenerative diseases. It is notorious that most of the available studies were performed on
volunteers in rituals or clinical trials, which is surprising when compared with the small number of
existing in vivo and in vitro reports. However, it should also be noted that many of the existing
articles are observational studies, and many were carried out on volunteers who participate in
religious rituals. Thus, we have to consider that some of the results may present a bias justified by
the spiritual and religious beliefs of the volunteers, constituting an important limitation of the
results presented. Additionally, more studies at the molecular level are needed to understand the

possible therapeutic effects of this substance better.
Supplementary Material

Table 1.S1. Main characteristics of the included studies in this systematic review.

Study object
Reference Authors Year ype of (samp‘le size Studied Methodology Evaluated
study 3Gf compound/extract parameters
applicable))
P. l&rlg;?tﬁiscc}?p b MTT assay; Wound-Healing
Gongalves et . : >y assay; Parallel Artificial Wound-Healing
1 2022 Invitro NHDF cells harmala and a s -
al. . . Membrane Permeability Potential
commercial mixture
b assay
everages
Staphylococcus P. viridis, B. caapt, Folin—Ciocalteu colorimetric | Antioxidant, Anti-
Gongalves et 2020 In vitro aureus, Bacillus M. hostilis, P. method; aluminum chloride Inflammatory and
7 al. cereus, Listeria harmala and a colorimetric method; DPPH Antimicrobial
monocytogenes, | commercial mixture | Scavenging Assay; -Carotene activity
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Enterococcus
faecalis,
Acinetobacter

beverages

14

Andrade et

al. 2018

In vivo

baumannii,
Pseudomonas
aeruginosa,
Escherichia

coli, and

Salmonella
Typhimurium

Zebrafish (not
specified)

Biofilm Activity evaluation

Bleaching Test; protein
denaturation inhibition
assay; Disc Diffusion Assay;
Resazurin Microtiter
Method; Anti-Quorum
Sensing Properties: Solid
Diffusion Assay; Anti-

by scanning
electron microscopy

Ayahuasca beverage

18 Riba et al.

Fish embryo toxicity test;
behavioral assessment

Embryo

2003

Clinical trial

Human

development effects
and neurobehavior

volunteers (18)

20 Riba et al.

2006 | Clinical trial

Human

Ayahuasca beverage

Analysis

Visual analog scales;

Hallucinogen Rating Scale;
Addiction Research Center
Inventory; Cardiovascular

Measures; Pharmacokinetic

Subjective and
cardiovascular
effects and alkaloid
pharmacokinetics

26 Kuypers et

al.

27 Silva et al.

2016

Ayahuasca
ritual

volunteers (15)

Human
volunteers (26)

Ayahuasca beverage

Ayahuasca beverage

imaging

Hallucinogen Rating Scale;
Addiction Research Center
Inventory; single photon

emission tomography

Pattern/line meanings

Regional cerebral
blood
Flow effects

Correa-Netto
28

2022

In vivo

Rats (80)

Ayahuasca beverage

Open

test; picture concept test;
visual analog scales

Creative thinking
effects

etal.

2017

In vivo

Mice (8-
12/group)

Ayahuasca beverage

test

field test; forced swimming

Behavioral
response in

29

Sanches et

Hamilton

Behavioral tests; Open field
test; elevated plus maze
tasks; Morris water maze

neuroinflammation

Memory and
anxiety effects

30

Santos et al.

al. 2016

2007

Clinical trial Human

Observational

Human
study

volunteers (17)

Ayahuasca beverage

Rating Scale for Depression,
the Montgomery-Asberg

Depression Rating

States Scale

Scale; Brief Psychiatric
Rating Scale; Young Mania
Rating Scale; Clinician
Administered Dissociative

Anti-depressive

potentials and its
effects on regional
cerebral blood flow

31

Mian et al. 2019

volunteers (9)

Observational

Ayahuasca beverage

anxiety, panic-like and
hopelessness

Standard questionnaires to
evaluate state-anxiety, trait-

Psychometric
measures of
anxiety, panic-like
and hopelessness

effects

32

Nolli et al. 2020

Human

study volunteers (152)

In vivo Wistar rats (64)

Ayahuasca beverage

Behavioral Activation for
Depression Scale-Short
Form; Five Facet

Experiences Questionnaire;
Center for Epidemiological
Sciences Depression Short

Form

Mindfulness Questionnaire;

Contribution of
mindfulness and
behavioral
activation in anti-
depressant effects

33

Talin et al. 2017

Observational

Human

study volunteers (not

Ayahuasca beverage

cFos immunohistochemistry

Treatment to
decrease ethanol
intake;
neural activity
effects

specified)

Ayahuasca beverage

Long-term fieldwork and
participant observation in
ayahuasca communities

Interactive ritual

contexts support on
the

34

Loizaga-

Velder et al. 2014

Observational
study

Human
volunteers (not
specified)

Ayahuasca beverage

Review of therapeutic
projects; interviews with
therapists who apply
ayahuasca in the treatment
of addictions; interviews
with expert researchers on
the topic; interviews with
individuals who had
undergone ayahuasca-
assisted therapy for

addiction in diverse

healing effort

Substance
dependence
treatment

treatment settings
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Observational

Human

Scale Temperament

35 Peldez et al. | 2020 study volunteers (14) Ayahuasca beverage anfi .Cha.racter. Inve,ntory— Personality traits
Revisited; Cloninger’s model
General Characteristics
Bereavement Questionnaire;
Gonzalez et Observational Human Texas Revised Inventory of .
36 al. 2019 study volunteers (60) Ayahuasca beverage Grief; Acceptance and Action Grief therapy
Questionnaire; Ethical
Considerations
Picture concept task; .
Depression, Anxiety, and Cyﬁg}gg&%;ﬁi
Avahuasca Human Stress Scale-21; Satisfaction gs tvle offects: &
37 Uthaug et al. | 2018 ya Ayahuasca beverage with Life Scale; Five Facets Y ?
ritual volunteers (57) . . S Depend on the
Mindfulness Questionnaire; d ¢
Ego i e%re.e o ef%o
Dissolution Inventory issolution effects
Multifaceted empathy test;
Ego Dissolution Inventory;
the 5-Dimensional Altered
Human States of Consciousness Mental health
38 Uthaug et al. | 2021 | Clinical trial Ayahuasca beverage Rating Scale; Depression,
volunteers (30) . . changes
Anxiety, and Stress Scale 21;
Brief Symptom Inventory 18;
Five Facets Mindfulness
Questionnaire
. Five Facets Mindfulness Psycholqglcal
Observational Human . o . mechanisms
39 Soler et al. 2016 Ayahuasca beverage Questionnaire; Experiences .
study volunteers (25) . E underlying the
Questionnaire :
beneficial effects
Effects on joy in
. Observational Human o . . life, relationship
40 Harrisetal. | 2012 study volunteers (177) Ayahuasca beverage Qualitative questionnaire to the sacred and
toxic feelings
Clinical Interview Schedule-
Revised Edition;
Sociodemographic profile;
Inventory of intrinsic
Barbosa et Observational Human religious beliefs profiles; Psychgloglcal
41 2005 Ayahuasca beverage Inventory of aspects in mental
al. study volunteers (28) . ST
expectancies/motivations; health
Phenomenological mapping
of the altered states of
Consciousness; Behavioral
changes inventory
Visual analogue scales;
Spanish adaptations of the Psvehological
. .. . Human Hallucinogen Rating Scale; Y 8
42 Riba et al. 2001 | Clinical trial Ayahuasca beverage .o effects and
volunteers (6) Addiction Research tolerabili
Center Inventory; ty
Tolerability measures
Difficulties in Emotion
Regulation . .
. . Emotion regulation
, . Scale; mindfulness traits .
Dominguez- Observational Human . . and mindfulness-
43 . 2019 Ayahuasca beverage (Five Facet Mindfulness et
Clavé et al. study volunteers (45) . . . related abilities
Questionnaire—Short Form; offects
Experiences
Questionnaire
Brief Symptom Inventory 18
scale; Psychoticism scale of
. the Symptoms Assessment- Link between
44 Franquesa et 2018 Observational Human Ayahuasca beverage 45; Experiences Decentering, Values
al. study volunteers (122) ) .
Questionnaire; Engaged and Self
Living Scale; Experiencing of
Self Scale
Ayahuasca Human Torrance Tests of Creative Creatlw’Fy and
45 Frecskaetal. | 2012 . Ayahuasca beverage C e expression of
ritual volunteers (61) Thinking .
creativity
Changes in personality traits
by the Five-Factor model;
. Ayahuasca Human demographic characteristics .
46 Weiss et al. 2021 ; volunteers Ayahuasca beverage - - > | Personality changes
ritual (256) baseline personality, and
5 acute post-ayahuasca
experiences
Campagnoli Ayahuasca Human Hearing and reproduction of Effects o f hstgmng
47 2020 . Ayahuasca beverage . . to musical stimuli
et al. ritual volunteers (9) musical stimuli

on subjective
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time

. . Peak Experience
48 Trlc};;er et 2009 Obse;i:/lz(litlonal voluﬁ?elgfsn( ) Ayahuasca beverage | Profile; Spiritual Well-being I;lﬂilrlﬁ?ucji?yn
’ y 54 Scale; Mysticism Scale P
Minimum
Escherichia coli inhibitory
Bussmann et . and 141 Minimal inhibitory concentration and
49 al. 2010 Invitro Staphylococcus plant species concentration antibacterial
aureus properties
determination
Gene reporter assay;
Determination of nitric oxide
; HEK-293T cells prgductlon; Enzyme—hnlfed Anti-inflamat6
. In vitro and : immunosorbent assay; ..
50 Liu et al. 2017 S and mice (not P. harmala beverage L . . | Anti-inflammatory
in vivo i Quantitative real-time PCR;
specified) effects
Immunofluorescence
staining and microscopic
imaging; H&E staining
Blood inflammatory
Galvao- . . Human biomarkers measure; Blood inflammatory
51 Coelhoetal. | 29%° Clinical trial volunteers (73) Ayahuasca beverage Montgomery-Asberg biomarkers
Depression Rating Scale
Katchborian- ) SH-SYsY P. viridis, B. caapi MTT assay; K}—67 'stalnlr}g Neuroprotector
52 Neto et al 2020 In vitro neuroblastoma | extracts and harmine (cell proliferation); calcein- otential
) cells and DMT AM/PI staining p
Growth and proliferation
measurements;
neural stem differentiation of cultures;
Morales- In vitro and cells and western blot analysis; .
53 Garciaetal. | 202° in vivo Cs57/BL6 mice DMT immunocytochemistry; Neurogenic effects
(24) immunohistochemistry; cell
count analysis; behavioral
studies
Inhibition kinetics assay; .
. Prevention of
. cytotoxicity assay; .
Recombinant o . neurological
. Determination of ROS assay; .
human brain . e disorders through
Samoylenko . . . Ensaio de inibicdo da .
54 2010 In vitro monoamine B. caapi extracts .. . the antioxidant and
etal . atividade das enzimas P L
oxidase -A and - 0 inhibitory activity
acetilcolinesterase, .
B N of Monoamine
butirilcolinesterase e Oxidase
catecol-O-metil transferase
Schwarz et B. caapi extract, MAO inhibition assay; In In‘fl.st;figgr\;i()f mn
55 2003 In vitro Wistar rats liver harmine and vitro release of [3H] ty
al. harmaline dopamine ([3H]DA) !‘elevant to
Parkinson’s Disease
Tower of London task; Nelgggz};i};;lziwal
56 Bousoetal. | 2013 Observational Human Ayahuasca beverage Stroop color anfi word test; (working memory
study volunteers (24) Sternberg working memory q -
task and executive
function) effects
Lafrance et Observational Human Interview with questions of Potentlgl .
57 2017 Ayahuasca beverage etiological, clinical, and therapeutic in
al. study volunteers (16) S . ;
treatment histories eating disorders
visual analog scales;
Hallucinogen Rating Scale;
Addiction Research Center
.. . Human Inventpry; . Tolerance or
58 Santosetal. | 2012 | Clinical trial Ayahuasca beverage Neurophysiological AR
volunteers (17) : . sensitization effects
measures; Cardiovascular
measures; Autonomic
measures; Neuroendocrine
measures
Structured Clinical Interview
for DSM-IV Disorders; 14-
item Hamilton Anxiety
Rating Scale; 21-item
Hamilton Depression Rating
Scale; Symptom Check List
Halpern et Observational Human 90 Revised; Uplifts, Hassles, .
59 al. 2008 study volunteers (32) Ayahuasca beverage Stresses, and Cognitive Beneficial effects

Failures questionnaire;
Wender Utah
Rating Scale for attention-
deficit hyperactivity
Disorder; Structured Clinical
Interview for DSM-IV Axis II
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Personality Disorders

.. . Human Evaluation of biochemical .Hepati.c
60 Mello et al. 2018 | Clinical trial Ayahuasca beverage biochemical
volunteers (22) parameters
parameters
Madrid- Human 5-Dimension Altered States met};‘ggllgglics
61 Gambin et 2022 | Clinical trial Ayahuasca beverage of Consciousness Rating .
volunteers (23) signature
al. Scale . -
investigation
Human Topographic quantitative- Cerebral
62 Riba et al. 2002 | Clinical trial Ayahuasca beverage electroencephalography; bioavailability and
volunteers (18) . B .
Hallucinogen Rating Scale time-course
Schenberg et . . Human Hallucinqgen Ratil}g Scale- osciliftf(?:}tfsa(c{ivity
63 2015 | Clinical trial Ayahuasca beverage Brazilian Version; - -
al. volunteers (30) of different brain
Electroencephalography )
regions
Acute effects
and
. . . pharmacological
64 Brierley et 2013 In vitro Rat brain slices Harmine Fast cychc vqltammetry, mechanism on
al. Carbon fibre microelectrodes .
electrically evoked
dopamine efflux
parameters
Hallucinogen Rating Scale;
Addiction Research Center A .
. utonomic,
Inventory; autonomic ;
.. . Human measures; neuroendocrine neuroendocrine,
65 Santosetal. | 2011 | Clinical trial Ayahuasca beverage - and
volunteers (10) measures; lymphocyte .
. . immunomodulatory
subpopulations measures;
. effects
electroencephalographic
measures
Human Cell proliferation proliferation of
66 Dakic et al. 2016 Invitro embryonic stem Harmine (Immunocytochemistry); cell human neural
cells death; DNA damage progenitor effects
Hallucinogen Rating
Scale; self-report
questionnaire measuring
psychedelicinduced
. . . Human subjective effects; Changes in brain
67 Riba et al. 2004 | Clinical trial volunteers (18) Ayahuasca beverage topographic pharmaco- electrical activity
electroencephalography;
low-resolution
electromagnetic
tomography
Differences in
. . . Human complex networks
68 Viol et al. 2017 Clinical trial volunteers (10) Ayahuasca beverage Complex networks measures with and without
ayahuasca influence
Sexual behavior evaluation;
Alvarenga et . paradoxical sleep Sexual performance
69 dl. 2014 In vivo Rats (80) Ayahuasca beverage deprivation; hormone (sleep deprived)
concentrations evaluation
. Subjective sleep quality;
0 Barbanoj et 2008 | Clinical trial Human Ayahuasca beverage olysomnography; spectral Sleep parameters
7 al. volunteers (22) Y & poly grapiy; Sp effects
analysis
P50 elicitation and
recording; Startle reflex
elicitation and recording;
. . . Human Hallucinogen Rating Scale; P50 suppression
71 Riba et al. 2002 Clinical trial volunteers (18) Ayahuasca beverage Spanish version of and PPI effects
the Altered States of
Consciousness
Questionnaire
Oliveira- . .
72 Lima et al 2015 In vivo Mice (146) Ayahuasca beverage Open-field test Ethanol treatment
Morphometric Analysis Structural
73 Pitol et al. 2015 In vivo Rats (40) Ayahuasca beverage (qualitative and parameters in aorta
quantitative) effects
Role of 5-HT2A
. . . . receptors in the
74 Serra et al. 2022 In vivo Mice (90) Ayahuasca beverage behavioral observation treatment of
ethanol withdrawal
Influence of
Human binocular rivalry on
75 Frecska et al. | 2004 | Clinical trial Ayahuasca beverage Binocular rivalry test high rates of
volunteers (10) . Lo
dichotic stimulus
alternation
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investigation
Influence of
binocular rivalry in
revealing the
Ayahuasca Human . . tempgrql
76 Frecska et al. | 2003 . Ayahuasca beverage Binocular rivalry test characteristics of
ritual volunteers (10) ) . .
brain dominance in
an altered state of
consciousness
investigation
TA98 an(.l P. viridis and B.
Kummrow et . TA100 strains caapi beverages; . . .
77 2019 Invitro of Salmonella ) ’ Salmonella/MicrosomeAssay Mutagenicity
al. . harmine and
enterica serovar harmaline
Typhimurium
Open field test; elevated-
. . plus-maze apparatus test; .
78 Colacoetal. | 2020 In vivo Wistar rats (85) | Ayahuasca beverage hematological and Toxic effects
biochemical evaluation
Open field, elevated plus
maze, and forced swimming
Pic-Taylor et . Wistar rats Ayahufis.cq beverage  tests; neuronal Behavioural and
79 2015 In vivo e (P. viridis and B. activation (c-fos marked .
al. (6/condition) ; N neurotoxic effects
caapt) neurons); toxicity (Fluoro-
Jade B and Nissl/Cresyl
staining)
Maternal and
80 Mottaetal. | 2018 In vivo Rats (130) Ayahuasca beverage Histological evaluation developmental
toxicity
P. viridis, B. caapt,
Dopaminergic M. hostilis, P. Cellular viability assay;
81 Simdoetal. | 2020 Invitro P & harmala and a . 1 assay; Cytotoxicity
cells . . protein quantification;
commercial mixture
beverages

1.2.5. References

1.

2.

10.

11.

12,

13.

14.

Gongalves, J.; Lufs, A.; Gallardo, E.; Duarte, A.P. Evaluation of the In Vitro Wound-Healing Potential of
Ayahuasca. Molecules 2022, 27, d0i:10.3390/MOLECULES27185760.

Camejo-Rodrigues, J.; Ascensdo, L.; Bonet, M.A.; Vallés, J. An ethnobotanical study of medicinal and aromatic
plants in the Natural Park of “Serra de Sao Mamede” (Portugal). J. Ethnopharmacol. 2003, 89, 199—209,
doi:10.1016/S0378-8741(03)00270-8.

Santos, E.S.; Luis, A.; Goncalves, J.; Rosado, T.; Pereira, L.; Gallardo, E.; Duarte, A.P. Julbernardia paniculata and
Pterocarpus angolensis: From Ethnobotanical Surveys to Phytochemical Characterization and Bioactivities
Evaluation. Molecules 2020, 25, doi:10.3390/MOLECULES25081828.

Goncalves, J.; Luis, A.; Gallardo, E.; Duarte, A.P. Psychoactive Substances of Natural Origin: Toxicological Aspects,
Therapeutic Properties and Analysis in Biological Samples. Molecules 2021, 26,
doi:10.3390/MOLECULES26051397.

Lo Faro, A.F.; Di Trana, A.; La Maida, N.; Tagliabracci, A.; Giorgetti, R.; Busardo, F.P. Biomedical analysis of New
Psychoactive Substances (NPS) of natural origin. J. Pharm. Biomed. Anal. 2020, 179, 112945,
d0i:10.1016/J.JPBA.2019.112945.

Simdo, A.Y.; Gongalves, J.; Duarte, A.P.; Barroso, M.; Cristévao, A.C.; Gallardo, E. Toxicological Aspects and
Determination of the Main Components of Ayahuasca: A Critical Review. Med. 2019, Vol. 6, Page 106 2019, 6, 106,
doi:10.3390/MEDICINES6040106.

Goncalves, J.; Luis, A.; Gradillas, A.; Garcia, A.; Restolho, J.; Fernandez, N.; Domingues, F.; Gallardo, E.; Duarte,
A.P. Ayahuasca Beverages: Phytochemical Analysis and Biological Properties. Antibiot. 2020, Vol. 9, Page 731
2020, 9, 731, d0i:10.3390/ANTIBIOTICS9110731.

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,
doi:10.1016/J.TALANTA.2013.01.017.

Dominguez-Clavé, E.; Soler, J.; Elices, M.; Pascual, J.C.; Alvarez, 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, d0i:10.1016/J.BRAINRESBULL.2016.03.002.

dos Santos, R.G.; Bouso, J.C.; Hallak, J.E.C. Ayahuasca, dimethyltryptamine, and psychosis: a systematic review of
human studies. Ther. Adv. Psychopharmacol. 2017, 7, 141157, d0i:10.1177/2045125316689030.

Gongalves, J.; Castilho, M.; Rosado, T.; Luis, A.; Restolho, J.; Fernandez, N.; Gallardo, E.; Duarte, A.P. In Vitro
Study of the Bioavailability and Bioaccessibility of the Main Compounds Present in Ayahuasca Beverages. Mol.
2021, Vol. 26, Page 5555 2021, 26, 5555, d0i:10.3390/MOLECULES26185555.

dos Santos, R.G.; Hallak, J.E.C. Ayahuasca, an ancient substance with traditional and contemporary use in
neuropsychiatry and neuroscience. Epilepsy Behav. 2021, 121, doi:10.1016/J.YEBEH.2019.04.053.

Brabec de Mori, B. The Power of Social Attribution: Perspectives on the Healing Efficacy of Ayahuasca. Front.
Psychol. 2021, 12, d0i:10.3389/FPSYG.2021.748131.

Andrade, T.S.; de Oliveira, R.; da Silva, M.L.; Von Zuben, M.V.; Grisolia, C.K.; Domingues, I.; Caldas, E.D.; Pic-
Taylor, A. Exposure to ayahuasca induces developmental and behavioral alterations on early life stages of zebrafish.

61




15.
16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35-
36.

37-

38.

39.

40.

41.

Chem. Biol. Interact. 2018, 293, 133—140, doi:10.1016/J.CB1.2018.08.001.

Gable, R.S. Risk assessment of ritual use of oral dimethyltryptamine (DMT) and harmala alkaloids. Addiction
2007, 102, 24—34, doi:10.1111/J.1360-0443.2006.01652.X.

Sklerov, J.; Levine, B.; Moore, K.A.; King, T.; Fowler, D. A fatal intoxication following the ingestion of 5-methoxy-
N,N-dimethyltryptamine in an ayahuasca preparation. J. Anal. Toxicol 2005, 29, 838-841,
doi:10.1093/JAT/29.8.838.

Frison, G.; Favretto, D.; Zancanaro, F.; Fazzin, G.; Ferrara, S.D. A case of B-carboline alkaloid intoxication
following ingestion of Peganum harmala seed extract. Forensic Sci. Int. 2008, 179, e37—e43,
d0i:10.1016/J.FORSCIINT.2008.05.003.

Riba, J.; Valle, M.; Urbano, G.; Yritia, M.; Morte, A.; Barbanoj, M.J. Human Pharmacology of Ayahuasca:
Subjective and Cardiovascular Effects, Monoamine Metabolite Excretion, and Pharmacokinetics. J. Pharmacol.
Exp. Ther. 2003, 306, 73—83, doi:10.1124/JPET.103.049882.

Dos Santos, R.G.; Balthazar, F.M.; Bouso, J.C.; Hallak, J.E.C. The current state of research on ayahuasca: A
systematic review of human studies assessing psychiatric symptoms, neuropsychological functioning, and
neuroimaging. J. Psychopharmacol 2016, 30, 1230-1247, doi:10.1177/0269881116652578.

Riba, J.; Romero, S.; Grasa, E.; Mena, E.; Carri6, 1.; Barbanoj, M.J. Increased frontal and paralimbic activation
following ayahuasca, the pan-amazonian inebriant. Psychopharmacology (Berl). 2006, 186, 93—98,
do0i:10.1007/S00213-006-0358-7/TABLES/1.

Durante, L..; Dos Santos, R.G.; Bouso, J.C.; Hallak, J.E. Risk assessment of ayahuasca use in a religious context:
self-reported risk factors and adverse effects. Rev. Bras. Psiquiatr. 2021, 43, 362—369, d0i:10.1590/1516-4446-
2020-0913.

Hassan, Z.; Bosch, O.G.; Singh, D.; Narayanan, S.; Kasinather, B.V.; Seifritz, E.; Kornhuber, J.; Quednow, B.B.;
Miiller, C.P. Novel Psychoactive Substances-Recent Progress on Neuropharmacological Mechanisms of Action for
Selected Drugs. Front. psychiatry 2017, 8, d0i:10.3389/FPSYT.2017.00152.

Ruffell, S.G.D.; Netzband, N.; Tsang, W.; Davies, M.; Butler, M.; Rucker, J.J.H.; Téfoli, L.F.; Dempster, E.L.;
Young, A.H.; Morgan, C.J.A. Ceremonial Ayahuasca in Amazonian Retreats-Mental Health and Epigenetic
Outcomes From a Six-Month Naturalistic Study. Front. psychiatry 2021, 12, d0i:10.3389/FPSYT.2021.687615.

Da Silva, F.S.; Silva, E.A.S.; De Sousa, G.M.; Maia-De-oliveira, J.P.; De Soares-Rachetti, V.P.; De Araujo, D.B.;
Sousa, M.B.C.; Lobdo-Soares, B.; Hallak, J.; Galvdo-Coelho, N.L. Acute effects of ayahuasca in a juvenile non-
human primate model of depression. Rev. Bras. Psiquiatr. 2019, 41, 280—288, doi:10.1590/1516-4446-2018-0140.
Barbosa, P.C.R.; Cazorla, I.M.; Giglio, J.S.; Strassman, R.S. A six-month prospective evaluation of personality
traits, psychiatric symptoms and quality of life in ayahuasca-naive subjects. J. Psychoactive Drugs 2009, 41, 205—
212, d0i:10.1080/02791072.2009.10400530.

Kuypers, K.P.C.; Riba, J.; de la Fuente Revenga, M.; Barker, S.; Theunissen, E.L.; Ramaekers, J.G. Ayahuasca
enhances creative divergent thinking while decreasing conventional convergent thinking. Psychopharmacology
(Berl). 2016, 233, 3395—3403, d0i:10.1007/S00213-016-4377-8 /FIGURES/ 2.

Goulart da Silva, M.; Daros, G.C.; Santos, F.P.; Yonamine, M.; de Bitencourt, R.M. Antidepressant and anxiolytic-
like effects of ayahuasca in rats subjected to LPS-induced neuroinflammation. Behav. Brain Res. 2022, 434,
114007, doi:10.1016/J.BBR.2022.114007.

Correa-Netto, N.F.; Masukawa, M.Y.; Nishide, F.; Galfano, G.S.; Tamura, F.; Shimizo, M.K.; Marcato, M.P.; Santos-
Junior, J.G.; Linardi, A. An ontogenic study of the behavioral effects of chronic intermittent exposure to ayahuasca
in mice. Brazilian J. Med. Biol. Res. = Rev. Bras. Pesqui. medicas e Biol. 2017, 50, 1414-1443 d0i:10.1590/1414-
431X20176036.

Sanches, R.F.; De Lima Osorio, F.; Santos, R.G.D.; Macedo, L.R.H.; Maia-De-Oliveira, J.P.; Wichert-Ana, L.; De
Araujo, D.B.; Riba, J.; Crippa, J.A.S.; Hallak, J.E.C. Antidepressant effects of a single dose of ayahuasca in patients
with  recurrent depression a SPECT study. J. Clin. Psychopharmacol. 2016, 36, 77-81,
d0i:10.1097/JCP.0000000000000436.

Santos, R.G.; Landeira-Fernandez, J.; Strassman, R.J.; Motta, V.; Cruz, A.P.M. Effects of ayahuasca on
psychometric measures of anxiety, panic-like and hopelessness in Santo Daime members. J. Ethnopharmacol.
2007, 112, 507-513, d0i:10.1016/j.jep.2007.04.012.

Mian, M.N.; Altman, B.R.; Earleywine, M. Ayahuasca’s Antidepressant Effects Covary with Behavioral Activation as
Well as Mindfulness. J. Psychoactive Drugs 2020, 52, 130—137, d0i:10.1080/02791072.2019.1674428.

Nolli, L.M.; de Oliveira, D.G.R.; Alves, S.S.; von Zuben, M.V.; Pic-Taylor, A.; Mortari, M.R.; Caldas, E.D. Effects of
the hallucinogenic beverage ayahuasca on voluntary ethanol intake by rats and on cFos expression in brain areas
relevant to drug addiction. Alcohol 2020, 84, 67-75, d0i:10.1016/J.ALCOHOL.2019.10.005.

Talin, P.; Sanabria, E. Ayahuasca’s entwined efficacy: An ethnographic study of ritual healing from “addiction.” Int.
J. Drug Policy 2017, 44, 23—30, d0i:10.1016/J. DRUGPO.2017.02.017.

Loizaga-Velder, A.; Verres, R. Therapeutic effects of ritual ayahuasca use in the treatment of substance
dependence--qualitative results. J. Psychoactive Drugs 2014, 46, 63—72, doi:10.1080/02791072.2013.873157.
Apud Peldez, L.E. Personality Traits in Former Spanish Substance Users Recovered with Ayahuasca. J.
Psychoactive Drugs 2020, 52, 264—272, d0i:10.1080/02791072.2020.1752960.

Gonzalez, D.; Carvalho, M.; Cantillo, J.; Aixala, M.; Farré, M. Potential Use of Ayahuasca in Grief Therapy. Omega
2019, 79, 260—285, d0i:10.1177/0030222817710879.

Uthaug, M. V.; van Oorsouw, K.; Kuypers, K.P.C.; van Boxtel, M.; Broers, N.J.; Mason, N.L.; Toennes, S.W.; Riba,
J.; Ramaekers, J.G. Sub-acute and long-term effects of ayahuasca on affect and cognitive thinking style and their
association with ego dissolution. Psychopharmacology (Berl). 2018, 235, 2979—2989, doi:10.1007/S00213-018-
4988-3/FIGURES/4.

Uthaug, M. V.; Mason, N.L.; Toennes, S.W.; Reckweg, J.T.; de Sousa Fernandes Perna, E.B.; Kuypers, K.P.C.; van
Oorsouw, K.; Riba, J.; Ramaekers, J.G. A placebo-controlled study of the effects of ayahuasca, set and setting on
mental health of participants in ayahuasca group retreats. Psychopharmacology (Berl). 2021, 238, 1899,
d0i:10.1007/S00213-021-05817-8.

Soler, J.; Elices, M.; Franquesa, A.; Barker, S.; Friedlander, P.; Feilding, A.; Pascual, J.C.; Riba, J. Exploring the
therapeutic potential of Ayahuasca: acute intake increases mindfulness-related capacities. Psychopharmacology
(Berl). 2016, 233, 823—829, doi:10.1007/S00213-015-4162-0.

Harris, R; Gurel, L. A Study of Ayahuasca Use in North America.
http://dx.doi.org/10.1080/02791072.2012.703100 2012, 44, 209—215, d0i:10.1080/02791072.2012.703100.
Barbosa, P.C.R.; Giglio, J.S.; Dalgalarrondo, P. Altered states of consciousness and short-term psychological after-

62



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53-

54.

55.

56.

57-

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

effects induced by the first time ritual use of ayahuasca in an urban context in Brazil. J. Psychoactive Drugs 20035,
37,193—201, d0i:10.1080/02791072.2005.10399801.

Riba, J.; Rodriguez-Fornells, A.; Urbano, G.; Morte, A.; Antonijoan, R.; Montero, M.; Callaway, J.C.; Barbanoj,
M.J. Subjective effects and tolerability of the South American psychoactive beverage Ayahuasca in healthy
volunteers. Psychopharmacology (Berl). 2001, 154, 85—95, d0i:10.1007/S002130000606.

Dominguez-Clavé, E.; Soler, J.; Pascual, J.C.; Elices, M.; Franquesa, A.; Valle, M.; Alvarez, E.; Riba, J. Ayahuasca
improves emotion dysregulation in a community sample and in individuals with borderline-like traits.
Psychopharmacology (Berl). 2019, 236, 573-580, d0i:10.1007/500213-018-5085-3/TABLES/2.

Franquesa, A.; Sainz-Cort, A.; Gandy, S.; Soler, J.; Alcdzar-Corcoles, M.A.; Bouso, J.C. Psychological variables
implied in the therapeutic effect of ayahuasca: A contextual approach. Psychiatry Res. 2018, 264, 334—339,
doi:10.1016/J.PSYCHRES.2018.04.012.

Frecska, E.; Moré, C.E.; Vargha, A.; Luna, L.E. Enhancement of creative expression and entoptic phenomena as
after-effects of repeated ayahuasca ceremonies. J. Psychoactive Drugs 2012, 44, 191-199,
d0i:10.1080/02791072.2012.703099.

Weiss, B.; Miller, J.D.; Carter, N.T.; Keith Campbell, W. Examining changes in personality following shamanic
ceremonial use of ayahuasca. Sci. Rep. 2021, 11, d0i:10.1038/S41598-021-84746-0.

Campagnoli, A.P.S.; Pereira, L.A.S.; Bueno, J.L.O. Subjective time under altered states of consciousness in
ayahuasca users in shamanistic rituals involving music. Brazilian J. Med. Biol. Res. = Rev. Bras. Pesqui. medicas e
Biol. 2020, 53, 1-8, d0i:10.1590/1414-431X20209278.

Trichter, S.; Klimo, J.; Krippner, S. Changes in spirituality among ayahuasca ceremony novice participants. J.
Psychoactive Drugs 2009, 41, 121-134, d0i:10.1080/02791072.2009.10399905.

Bussmann, R.W.; Malca-Garcia, G.; Glenn, A.; Sharon, D.; Chait, G.; Diaz, D.; Pourmand, K.; Jonat, B.; Somogy, S.;
Guardado, G.; et al. Minimum inhibitory concentrations of medicinal plants used in Northern Peru as antibacterial
remedies. J. Ethnopharmacol. 2010, 132, 101-108, d0i:10.1016/J.JEP.2010.07.048.

Liu, X.; Li, M.; Tan, S.; Wang, C.; Fan, S.; Huang, C. Harmine is an inflammatory inhibitor through the suppression
of NF-kB signaling. Biochem. Biophys. Res. Commun. 2017, 489, 332—338, d0i:10.1016/J.BBRC.2017.05.126.
Galvao-Coelho, N.L.; de Menezes Galvao, A.C.; de Almeida, R.N.; Palhano-Fontes, F.; Campos Braga, I.; Lobdo
Soares, B.; Maia-de-Oliveira, J.P.; Perkins, D.; Sarris, J.; de Araujo, D.B. Changes in inflammatory biomarkers are
related to the antidepressant effects of Ayahuasca. https://doi.org/10.1177/0269881120936486 2020, 34, 1125—
1133, doi:10.1177/0269881120936486.

Katchborian-Neto, A.; Santos, W.T.; Nicacio, K.J.; Corréa, J.0.A.; Murgu, M.; Martins, T.M.M.; Gomes, D.A.; Goes,
A.M.; Soares, M.G.; Dias, D.F.; et al. Neuroprotective potential of Ayahuasca and untargeted metabolomics
analyses:  applicability to  Parkinson’s disease. J.  Ethnopharmacol. 2020, 255, 112743,
doi:10.1016/J.JEP.2020.112743.

Morales-Garcia, J.A.; Calleja-Conde, J.; Lopez-Moreno, J.A.; Alonso-Gil, S.; Sanz-SanCristobal, M.; Riba, J.; Perez-
Castillo, A. N,N-dimethyltryptamine compound found in the hallucinogenic tea ayahuasca, regulates adult
neurogenesis in vitro and in vivo. Transl. Psychiatry 2020, 10, d0i:10.1038/S41398-020-01011-0.

Samoylenko, V.; Rahman, M.M.; Tekwani, B.L.; Tripathi, L.M.; Wang, Y.H.; Khan, S.I.; Khan, I.A.; Miller, L.S.;
Joshi, V.C.; Muhammad, I. Banisteriopsis caapi, a unique combination of MAO inhibitory and antioxidative
constituents for the activities relevant to neurodegenerative disorders and Parkinson’s disease. J. Ethnopharmacol.
2010, 127, 357—-367, doi:10.1016/J.JEP.2009.10.030.

Schwarz, M.J.; Houghton, P.J.; Rose, S.; Jenner, P.; Lees, A.D. Activities of extract and constituents of
Banisteriopsis caapi relevant to parkinsonism. Pharmacol. Biochem. Behav. 2003, 75, 627-633,
doi:10.1016/S0091-3057(03)00129-1.

Bouso, J.C.; Fabregas, J.M.; Antonijoan, R.M.; Rodriguez-Fornells, A.; Riba, J. Acute effects of ayahuasca on
neuropsychological performance: Differences in executive function between experienced and occasional users.
Psychopharmacology (Berl). 2013, 230, 415—424, d0i:10.1007/500213-013-3167-9/TABLES/3.

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.
Psychoactive Drugs 2017, 49, 427—435, d0i:10.1080/02791072.2017.1361559.

Dos Santos, R.G.; Grasa, E.; Valle, M.; Ballester, M.R.; Bouso, J.C.; Nomdedéu, J.F.; Homs, R.; Barbanoj, M.J;
Riba, J. Pharmacology of ayahuasca administered in two repeated doses. Psychopharmacology (Berl). 2012, 219,
1039-1053, d0i:10.1007/S00213-011-2434-X/FIGURES/ 4.

Halpern, J.H.; Sherwood, A.R.; Passie, T.; Blackwell, K.C.; Ruttenber, A.J. Evidence of health and safety in
American members of a religion who use a hallucinogenic sacrament. Med. Sci. Monit. 2008, 14, 15—22.

Mello, S.M.; Soubhia, P.C.; Silveira, G.; Corréa-Neto, N.F.; Lanaro, R.; Costa, J.L.; Linardi, A. Effect of Ritualistic
Consumption of Ayahuasca on Hepatic Function in Chronic Users.
https://doi.org/10.1080/02791072.2018.1557355 2018, 51, 3—11, d0i:10.1080/02791072.2018.1557355.
Madrid-Gambin, F.; Gomez-Gomez, A.; Busquets-Garcia, A.; Haro, N.; Marco, S.; Mason, N.L.; Reckweg, J.T.;
Mallaroni, P.; Kloft, L.; van Oorsouw, K.; et al. Metabolomics and integrated network analysis reveal roles of
endocannabinoids and large neutral amino acid balance in the ayahuasca experience. Biomed. Pharmacother.
2022, 149, 112845, doi:10.1016/J.BIOPHA.2022.112845.

Riba, J.; Anderer, P.; Morte, A.; Urbano, G.; Jané, F.; Saletu, B.; Barbanoj, M.J. Topographic pharmaco-EEG
mapping of the effects of the South American psychoactive beverage ayahuasca in healthy volunteers. Br. J. Clin.
Pharmacol. 2002, 53, 613—628, doi:10.1046/J.1365-2125.2002.01609.X.

Schenberg, E.E.; Alexandre, J.F.M.; Filev, R.; Cravo, A.M.; Sato, J.R.; Muthukumaraswamy, S.D.; Yonamine, M.;
Waguespack, M.; Lomnicka, L.; Barker, S.A.; et al. Acute Biphasic Effects of Ayahuasca. PLoS One 2015, 10,
doi:10.1371/JOURNAL.PONE.0137202.

Brierley, D.I.; Davidson, C. Harmine augments electrically evoked dopamine efflux in the nucleus accumbens shell.
J. Psychopharmacol. 2013, 27, 98—108, doi:10.1177/0269881112463125.

Dos Santos, R.G.; Valle, M.; Bouso, J.C.; Nomdedéu, J.F.; Rodriguez-Espinosa, J.; McIlhenny, E.H.; Barker, S.A.;
Barbanoj, M.J.; Riba, J. Autonomic, neuroendocrine, and immunological effects of ayahuasca: A comparative study
with d-amphetamine. J. Clin. Psychopharmacol. 2011, 31, 717-726, doi:10.1097/JCP.0B013E31823607F6.

Dakic, V.; de Moraes Maciel, R.; Drummond, H.; Nascimento, J.M.; Trindade, P.; Rehen, S.K. Harmine stimulates
proliferation of human neural progenitors. PeerJ 2016, 4, doi:10.7717/PEERJ.2727.

Riba, J.; Anderer, P.; Jané, F.; Saletu, B.; Barbanoj, M.J. Effects of the South American psychoactive beverage
ayahuasca on regional brain electrical activity in humans: a functional neuroimaging study using low-resolution

63



68.

69.

70.

71.

72.

73.

74.

75-
76.

77-

78.

79-

8o0.

81.

82.

83.

84.

electromagnetic tomography. Neuropsychobiology 2004, 50, 89—101, doi:10.1159/000077946.

Viol, A.; Palhano-Fontes, F.; Onias, H.; De Araujo, D.B.; Viswanathan, G.M. Shannon entropy of brain functional
complex networks under the influence of the psychedelic Ayahuasca. Sci. Rep. 2017, 7, d0i:10.1038/S41598-017-
06854-0.

Alvarenga, T.A.; Polesel, D.N.; Matos, G.; Garcia, V.A.; Costa, J.L.; Tufik, S.; Andersen, M.L. Can Ayahuasca and
sleep loss change sexual performance in male rats? Behav. Processes 2014, 108, 110-116,
doi:10.1016/J.BEPROC.2014.09.024.

Barbanoj, M.J.; Riba, J.; Clos, S.; Giménez, S.; Grasa, E.; Romero, S. Daytime Ayahuasca administration modulates
REM and slow-wave sleep in healthy volunteers. Psychopharmacology (Berl). 2008, 196, 315—326,
do0i:10.1007/S00213-007-0963-0/TABLES/5.

Riba, J.; Rodriguez-Fornells, A.; Barbanoj, M.J. Effects of ayahuasca on sensory and sensorimotor gating in
humans as measured by P50 suppression and prepulse inhibition of the startle reflex, respectively.
Psychopharmacology (Berl). 2002, 165, 18—28, d0i:10.1007/S00213-002-1237-5/METRICS.

Oliveira-Lima, A.J.; Santos, R.; Hollais, A.W.; Gerardi-Junior, C.A.; Baldaia, M.A.; Wuo-Silva, R.; Yokoyama, T.S.;
Costa, J.L.; Malpezzi-Marinho, E.L.A.; Ribeiro-Barbosa, P.C.; et al. Effects of ayahuasca on the development of
ethanol-induced behavioral sensitization and on a post-sensitization treatment in mice. Physiol. Behav. 2015, 142,
28-36, d0i:10.1016/J.PHYSBEH.2015.01.032.

Pitol, D.L.; Siéssere, S.; Dos Santos, R.G.; Rosa, M.L.N.M.; Hallak, J.E.C.; Scalize, P.H.; Pereira, B.F.; Iyomasa,
M.M.; Semprini, M.; Riba, J.; et al. Ayahuasca Alters Structural Parameters of the Rat Aorta. J. Cardiovasc.
Pharmacol. 2015, 66, 58—62, d0i:10.1097/FJC.0000000000000243.

Serra, Y.A.; Barros-Santos, T.; Anjos-Santos, A.; Kisaki, N.D.; Jovita-Farias, C.; Leite, J.P.C.; Santana, M.C.E.;
Coimbra, J.P.S.A.; de Jesus, N.M.S.; Sulima, A.; et al. Role of 5-HT2A receptors in the effects of ayahuasca on
ethanol self-administration using a two-bottle choice paradigm in male mice. Psychopharmacology (Berl). 2022,
239, 1679—1687, d0i:10.1007/S00213-022-06104-W.

Frecska, E.; White, K.D.; Luna, L.E. Effects of ayahuasca on binocular rivalry with dichoptic stimulus alternation.
Psychopharmacology (Berl). 2004, 173, 79—87, d0i:10.1007/S00213-003-1701-X.

Frecska, E.; White, K.D.; Luna, L.E. Effects of the Amazonian psychoactive beverage Ayahuasca on binocular
rivalry: interhemispheric switching or interhemispheric fusion? J. Psychoactive Drugs 2003, 35, 367-374,
doi:10.1080/02791072.2003.10400019.

Kummrow, F.; Maselli, B.S.; Lanaro, R.; Costa, J.L.; Umbuzeiro, G.A.; Linardi, A. Mutagenicity of Ayahuasca and
Their Constituents to the Salmonella/Microsome Assay. Environ. Mol. Mutagen. 2019, 60, 269—276,
doi:10.1002/EM.22263.

Colaco, C.S.; Alves, S.S.; Nolli, L.M.; Pinheiro, W.O.; de Oliveira, D.G.R.; Santos, B.W.L.; Pic-Taylor, A.; Mortari,
M.R.; Caldas, E.D. Toxicity of ayahuasca after 28 days daily exposure and effects on monoamines and brain-derived
neurotrophic factor (BDNF) in brain of Wistar rats. Metab. Brain Dis. 2020, 35, 739—751, doi:10.1007/S11011-
020-00547-W/FIGURES/6.

Pic-Taylor, A.; da Motta, L.G.; de Morais, J.A.; Junior, W.M.; Santos, A. de F.A.; Campos, L.A.; Mortari, M.R.; von
Zuben, M.V.; Caldas, E.D. Behavioural and neurotoxic effects of ayahuasca infusion (Banisteriopsis caapi and
Psychotria viridis) in female  Wistar rat.  Behav. Processes 2015, 118, 102-110,
doi:10.1016/J.BEPROC.2015.05.004.

da Motta, L.G.; de Morais, J.A.; Tavares, A.C.A.M.; Vianna, L.M.S.; Mortari, M.R.; Amorim, R.F.B.; Carvalho, R.R.;
Paumgartten, F.J.R.; Pic-Taylor, A.; Caldas, E.D. Maternal and developmental toxicity of the hallucinogenic plant-
based beverage ayahuasca in rats. Reprod. Toxicol. 2018, 77, 143153, d0i:10.1016/J. REPROT0X.2018.03.002.
Simdo, A.Y.; Gongalves, J.; Gradillas, A.; Garcia, A.; Restolho, J.; Fernandez, N.; Rodilla, J.M.; Barroso, M.; Duarte,
A.P.; Cristovao, A.C.; et al. Evaluation of the Cytotoxicity of Ayahuasca Beverages. Molecules 2020, 25,
doi:10.3390/MOLECULES25235594.

Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.;
AKkl, E.A.; Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic
reviews. PLOS Med. 2021, 18, €1003583, doi:10.1371/JOURNAL.PMED.1003583.

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Altman, D.; Antes, G.; Atkins, D.; Barbour, V.; Barrowman, N.;
Berlin, J.A.; et al. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement.
PLOS Med. 2009, 6, €1000097, d0i:10.1371/JOURNAL.PMED.1000097.

Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; Estarli, M.;
Barrera, E.S.A.; et al. Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P)
2015 statement. Syst. Rev. 2015, 4, 148-160, d0i:10.1186/2046-4053-4-1.

64



Chapter 2

AIMS OF THE THESIS
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2.1 Aims and justification of the thesis theme

The uncontrolled use of substances around the world is a major concern. In general, the use
of illicit substances is often associated with high rates of mortality and morbidity. In recent years,
there has been a great trend in the demand for NPS, which basically consist of substances that
somehow manage to escape legislation and, therefore, end up not being fully controlled. However,
countries like Portugal have made efforts to establish legislation, particularly regarding the sale
(Decree-Law 54/2013 of April 17th).

Although there are reports of its use since antiquity, the demand for NPS of natural origin
has been also increasing. However, the demand for some NPS of natural origin is due not only to
their potential for recreational use, but also to their healing and medicinal properties. It should be
noted that religious motivations sometimes also boost the demand for some NPS.

In recent years, the concept of traditional medicine using natural compounds and plant
species has been rethought, although this practice existed since ancient times. In fact, although
medicine is currently in constant evolution, there is still a large part of the world's population that
does not have access to primary health care. Thus, part of the world's population is still dependent
on the use of medicinal plants to obtain treatments. The use of plants with medicinal properties is
in fact less expensive, but associated with this demand are also cultural reasons and cases where
conventional treatments do not guarantee success. Additionally, nowadays, there is a great demand
for everything that is considered “natural”, which also enhances the use of medicinal plants.

The use of plants with reported medicinal properties, which may often produce other
effects simultaneously, cannot always be considered safe. Currently, there is still a great lack of
knowledge, especially at the molecular level. Additionally, there is also a great lack of studies on
toxicity and the therapeutic properties associated with some products of natural origin, which are
also not fully understood. This is the case of ayahuasca, which despite being used for hundreds of
years, namely for healing purposes, has not been fully studied yet. In this particular case, most of
the existing studies were carried out on religious rituals in individuals with religious beliefs in this
drink, which may present a bias. Interestingly, there are also several clinical trials, but studies at
the molecular level in vitro and in vivo studies are limited. In this way, it becomes crucial to
develop analytical methodologies that allow the detection and quantification of the compounds
present in plant species, as well as the evaluation of their potential toxic effects and the study of
their behaviour at the molecular level. Clarifying these issues will lead to a safer use of ayahuasca

and a better understanding of its therapeutic potential. Thus, this doctoral thesis aims to:

1. Develop an analytical methodology to determine and quantify the main compounds
present samples in ayahuasca decoctions;

2. Understand the behavior of the main constituents of ayahuasca throughout the
digestive process in vitro;
Determine the phytochemical profile of ayahuasca decoction;
Evaluate in vitro the potential bioactive and therapeutic properties associated with

ayahuasca and its consumption:
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Determination of antioxidant properties;
Evaluation of anti-inflammatory activity;
Assessment of antimicrobial properties;
Evaluation of wound healing potential;

Evaluation of anticancer properties.
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3.1. Paper III- Comparative Study of Sample
Preparation Procedures to Determine the Main
Compounds in Ayahuasca Beverages by
Quechers and High-Performance Liquid
Chromatography Analysis

Abstract

Introduction: Ayahuasca is a psychoactive drink originally consumed by indigenous people of the
Amazon. The lack of regulation of this drink leads to uncontrolled consumption, and it is often
consumed in religious contexts.

Objective: The aim of this work is to compare three miniaturised extraction techniques for
extracting the main ayahuasca compounds from beverages.

Methodology: Three sample pretreatment techniques were evaluated (dispersive liquid—liquid
microextraction [DLLME], microextraction by packed sorbent [MEPS] and QuEChERS [Quick,
Easy, Cheap, Effective, Rugged and Safe]) for the simultaneous extraction of N,N-
dimethyltryptamine (DMT), tetrahydroharmine (THH), harmine, harmaline, harmol and harmalol
from ayahuasca beverage samples. Then, the most promising technique (QuEChERS) was chosen to
pre-concentrate the analytes, subsequently detected by high-performance liquid chromatography
coupled to a diode array detector (HPLC-DAD).

Results: The procedure was optimised, with the final conditions being 500 pL of extractor solvent,
85 mg of primary secondary amine (PSA) and 4 s of vortexing. The analytical method was
validated, showing to be linear between 0.16 and 10 ug/mL for B-carbolines and between 0.016 and
1 ug/mL for DMT, with coefficients of determination (R2) between 0.9968 and 0.9993. The limit of
detection (LOD) and lower limit of quantification (LLOQ) were 0.16 ug/mL for all compounds,
except for

DMT (0.016 pg/mL) and extraction efficiencies varied between 60.2% and 88.0%. Conclusion: The
analytical methodology proved to be accurate and precise, with good linearity, LODs and LLOQs.
This method has been fully validated and successfully applied to ayahuasca beverage samples.
Keywords: Ayahuasca, QuEChERS, MEPS, DLLME

3.1.1. Introducao

Ayahuasca is a decoction prepared from leaves of Psychotria viridis Ruiz & Pav. and
Banisteriopsis caapi (Spruce ex Griseb.) C. V. Morton, being a thick and brown oily liquid[1,2].

The active ingredient of this mixture is the alkaloid N,N-dimethyltryptamine (DMT), a
hallucinogenic compound that acts on serotonergic receptors (5-HT1A, 5-HT2A, and 5-HT2C)
[2,3]. The actions of DMT are made possible through the actions of the [-carbolines harmaline,

harmine, and tetrahydroharmine (THH), derived from B. caapi [2,4], since these components
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inhibit monoamine oxidase-A (MAO-A), an enzyme that degrades DMT in the digestive tract. The
synergy between DMT and (-carbolines results in hallucinogenic and visionary effects associated
with this decoction[2,5,6]. The effects of ayahuasca can last for about 4 hours, starting 30 to 60
minutes after ingestion and reaching maximum intensity between 60 and 120 minutes after[4].
This psychoactive beverage was originally used by indigenous people as a sacred drink for healing
purposes (spiritual, mental, and social) [1,4]. Later, the consumption of ayahuasca began to be used
ritualistically as a religious sacrament and to facilitate self-knowledge, giving rise to the religions of
the Barquinha, Unido do Vegetal and Santo Daime [1,2]. Currently, its consumption occurs all over
the world (Europe, United States and Oceania), being known by the most varied names: yage,
caapi, natem, mihi, dapa, daime and hoasca, among others [1,4].

The effects of taking ayahuasca may include physical symptoms as vomiting, diarrhea and
nausea [2]. However, this drink leads to changes in auditory, visual and somatosensory perception,
causing an altered state of consciousness with transpersonal experiences, visions, autobiographical
memories and introspective effects [2,3]. The expansion of consumption of this psychoactive drink
worldwide, as well as the report of its therapeutic potential, aroused much interest [7]. Thus, the
reported effects have led to a constant increase in demand for ayahuasca for psychotherapeutic,
self-realization and spiritual enlightenment purposes [7]. Nevertheless, the consumption of B.
caapi or P. viridis is not regulated, and it is inclusively legal practice for religious purposes in Brazil
and the United States of America [2,8]. The lack of regulation leads to uncontrolled consumption,
occurring in a religious context from one year to a lifetime, with a monthly consumption of two or
more times [2]. Therefore, it is important to control the safety regarding the regular consumption
of this drink [2].

Among the compounds present in ayahuasca, indole alkaloids are the most investigated,
not only for their structural diversity, but also for their potential beneficial effects [1]. A number of
analytical methodologies has been developed aiming the detection and quantification of DMT and
B-carboline alkaloids in samples of plasma [9—11], urine [12], hair [13]and blood [14], or in
ayahuasca preparations [14—20]. However, sample pre-treatment methodologies are not always
applied, and dilution and direct injection into the chromatographic equipment [12,14,17,18] is
usually the practice, especially for the analysis of ayahuasca preparations. Additionally, the use of
miniaturized techniques is also reduced in this type of samples, and, as far as we know,
methodologies for detecting ayahuasca constituents in preparations of the drink have not yet been
developed, namely by the Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) approach,
microextraction by packed sorbent (MEPS) or dispersive liquid-liquid microextraction (DLLME).
Adequate sample preparation is important for chromatographic analysis, having an important role
on analyte isolation [21].

MEPS functions as a miniaturized version of solid-phase extraction (SPE) [21]. Unlike SPE,
where the sorbent material is contained in a separate column, MEPS employs the syringe itself for
sorbent placement, and can be reused several times. Moreover, MEPS significantly reduces solvent
volume and allows for online coupling, enabling automation [22—25]. As for DLLME, it involves
introducing an organic solvent with an extracting function and a dispersing solvent into an aqueous

sample [26]. Following vigorous agitation, fine droplets form and disperse within the sample.
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Subsequent centrifugation allows the collected drop in the tube to be injected into the
chromatographic equipment [26]. The formation of droplets allows for a large contact area, making
extraction immediate [27,28]. Moreover, DLLME is a low-cost, ecological technique that uses very
simple and common instrumentation [28]. Concerning to QUEChERS, two phases are involved:: an
initial partitioning and an extract cleanup phase using dispersive solid phase extraction (d-SPE)
[29]. This methodology presents several advantages, since small volumes of sample and solvent are
required, being a fast, simple and direct technique [29]. Additionally, QUEChERS generally
presents a higher recovery rate, with better analytical performance, and a great versatility in the
application to the most varied analytes and samples [29].

In this study, three miniaturized extraction techniques (DLLME, MEPS, and QuEChERS)
were employed on four plant mixtures utilized in the preparation of ayahuasca decoctions, four
individual plants, and a commercial mixture. Among these techniques, QUEChERS demonstrated
superior efficacy in analyte extraction following a preliminary study and was therefore chosen for
subsequent optimization and validation for the quantification of harmine, DMT, harmaline,
harmol, harmalol, and THH in ayahuasca decoctions. This technique is usually not considered a
miniaturized approach; however, in the present study, it suits this classification, due to the low

amounts of solvents that were used (microliters).

3.1.2. Experimental

3.1.2.1. Reagents and Standards

The analytical standards of harmine, harmaline, THH, harmol, harmalol and DMT were
kindly provided by Nal von Minden, GmbH (Regensburg, Germany). Methanol (HPLC grade),
Isopropanol, Chloroform, Acetic acid, and Acetonitrile were obtained from Fischer Scientific
(Loughborough, UK). Formic acid and Internal Standard (IS) 3,4-dihydroxybenzylamine (DHBA)
were purchased from Sigma-Aldrich (Sintra, Portugal) and Ammonium hydroxide from Enzymatic
(Santo Antao do Tojal, Portugal). Deionized water was obtained from a Milli-Q System (Millipore,
Billerica, MA, USA). Primary Secondary Amine (PSA), Magnesium sulfate, and Sodium acetate
were purchased from Laborspirit (Sintra, Portugal).

Working solutions of harmol, harmalol, THH, harmine and harmaline were prepared by
dilution of the stock solutions (1 mg/mL) with methanol to the final concentration of 100 pg/mL
and 10 pg/mL. Concerning DMT, the concentration of the stock solution was 100 pg/mL, and then
serial dilutions were prepared, to the final concentrations of 10 pg/mL and 1 pg/mL (working
solutions). The concentration of IS was 100 pg/mL. All solutions were stored protected from light
at 4 °C.

3.1.2.2. Sample preparation

Plant samples were purchased from the Shayana Shop (https://www.shayanashop.com,

Amsterdam, The Netherlands) (accessed May 25, 2019). The decoctions were prepared based on a
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recipe provided by an ayahuasca consumer who was admitted to the emergency room with
symptoms of intoxication. In this way, 0.210 g of each of the plant samples (P. viridis, B. caapi, M.
hostilis, P. harmala and a commercial mixture) were weighed, and then ground in a mortar with a
few drops of water.

Afterwards, the contents were transferred to a Schott flask together with250 mL of
ultrapure water and then the flask was heated at 100 °C for 4 h. Four decoctions of mixtures of two
plants were also prepared (P. viridis and P. harmala; P. viridis and B. caapi; M. hostilis and P.
harmala; M. hostilis and B. caapi). After this time, the decoctions were cooled, filtered, frozen at —
80°C and lyophilized.

3.1.2.3. Sample pre-treatment

3.1.2.3.1. MEPS

The procedure was performed according to the study by Malaca et al. [30], with some
modifications. The MEPS C,s sorbent was initially conditioned with 250 pL of methanol (1 cycle)
followed by 250 uL of water (1 cycle). Subsequently, the sample, comprising 100 pL (including 50
uL of IS at 100 ug/mL), was loaded (10 cycles). A washing step was performed using 150 uL of
water (1 cycle) and 150 pL of a 5% methanol solution (1 cycle). Next, the elution of the sample
occurred with 100 pL of a solution containing acetonitrile with 2% ammonium hydroxide (4 cycles).
The resulting extract was evaporated to dryness using a stream of nitrogen, reconstituted in 150 uL
methanol, filtered through a 0.2 pm filter, and then injected into the HPLC-DAD system. To
reconstitute the sorbent, 100 pL of two solutions was used (1% formic acid in isopropanol:water

(10:90) and ammonium hydroxide in acetonitrile:methanol (1:1)) (4 cycles).

3.1.2.3.2. DLLME

The extraction procedure was performed by modifying the technique of Fernandez et al.
[30]. The sample (1 mL) was mixed with 1 mL of acetonitrile, 125 pL of chloroform and 50 pL of IS
at 100 pg/mL. Then, the mixture was submerged in a ultrasonic bath for 3 minutes, and then
centrifuged for 5 minutes at 4000 rpm. Finally, the drop deposited at the bottom of the tube was
aspirated and evaporated to dryness under a stream of nitrogen. The extract was reconstituted in

150 uL methanol, filtered with a 0.2 um filter and injected into the HPLC-DAD system.

3.1.2.3.3. QUEChERS

The QUEChERS procedure was performed as follows: 50 uL of IS (100 pg/mL) was mixed
with 1 mL of sample, 0.4 g of MgSO4, 0.1 g of NaC2H302 and 1% acetic acid in acetonitrile (1.5
mL). The mixture was vortexed for 10 seconds and then centrifuged for 2 minutes at 4400 rpm. The
resulting supernatant was collected, followed by the addition of 150 mg MgS0O4 and 25 mg of PSA.

After another 10-second vortex, the solution underwent centrifugation at 4400 rpm for 3 minutes.
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The supernatant was once again collected, subjected to evaporation under a nitrogen stream until
dry, reconstituted in 150 pL of methanol, filtered through a 0.2 um filter, and subsequently injected
into the HPLC-DAD system.

3.1.2.4. Instrumental and Chromatographic Conditions

The compounds present in the ayahuasca decoctions were quantified using a HPLC system
coupled to a diode array detector (DAD) (Agilent technologies Soquimica, Lisbon, Portugal).
Samples were kept in the sampler at 4°C and injected onto a YMC-Triart PFP analytical column (5
um, 4.6 i.d. x 150 mm) coupled to a Guard-c holder (4 x 10 mm) and a Triart PFP (5 um, 3 x 10
mm) pre-column, all from YMC Europe GMBH (Solitica, Lisbon, Portugal), maintained at 25 °C.
The mobile phase was composed of 0.1% formic acid in methanol in line A and 0.1% formic acid in
water in line B, at a flow rate of 1 mL/min. Fifty uL was injected, and the elution was performed in
gradient mode: 5% A (0—2 min), 50% A (2—50 min) and again, 5% A (50—60 min). harmol and

harmine were detected at 246 nm, harmalol and harmaline at 360 nm, THH and DMT at 278 nm.

3.1.2.5. Validation procedure

In order to validate the described method, guiding principles of the ANSI/ASB Standard 036 were
followed [32], and the studied parameters included selectivity; linearity and limits; intermediate,
intraday and inter-day precision and accuracy, and extraction efficiency. The linearity (n =5) was
determined between 0.016 and 1 pg/mL for DMT and 0.16 and 10 ug/mL for the remaining
analytes. The calibration curves were obtained by plotting the ratio of the peak area between each
analyte and the peak area of the IS against the analyte concentration. Accuracy results within 15%
(20% at the LLOQ), with a coefficient of determination (R2) equal to or higher than 0.99, and
coefficients of variation (CVs) not exceeding 15% (20% at the LLOQ) were accepted. The LLOQ was
defined as the minimum concentration that could be measured precisely and accurately, i.e.
presenting a relative error (RE) of less than 20% of the nominal concentration and coefficient of
variation of less than 20%. In order to define the limits of detection (LOD), three replicates of
enriched samples were analysed. The LOD was defined as the lowest concentrations where it was
possible to visualize a distinct peak, clearly discernible from the blank and with a signal-to-noise
ratio of at least 3. To evaluate the intraday precision and accuracy, on the same day, blank samples
spiked with the target analytes (minimum of three different concentration levels) were analysed in
triplicate. Within the same period, inter-day precision and accuracy were evaluated at seven
concentrations. Intermediate precision and accuracy were calculated with three quality controls
(QC) samples in triplicate at the concentrations 0.16, 0.63 and 5 ug/mL (0.016, 0.063 and 0.5
pg/mL for DMT) over the 3-day protocol. Two sets of samples in triplicate were prepared at the
concentrations 0.16, 0.63 and 5 ug/mL, in order to analyse extraction efficiency. Set one
represented peaks obtained by analysis of samples spiked before extraction, while set 2 consisted of

peaks obtained by after extraction spikes (representing 100% efficiency), with IS being added to
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both sets after extraction. The efficiency results were calculated by the ratio between the relative

peak areas of sample set 1 and sample set 2.

3.1.3. Results and Discussion

3.1.3.1. Extraction Procedure Selection

Initially, the best sample pre-treatment method was chosen. Thus, the three extraction
methods (QUEChERS, DLLME and MEPS) were tested on a sample of ayahuasca beverage, in order
to verify for which better areas were obtained. Analysing Figure I11.1.1, it is possible to verify that
for harmol and harmalol, there are high variations in the areas of the compounds after applying the
different extraction techniques, whereas for the remaining compounds, the QuUEChERS technique
clearly showed superior areas. Thus, this technique was chosen to proceed to the following stages of
the work.
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Figure III.1.1. Analyte peak areas obtained in each extraction procedure (n=3).

DLLME has been used to quantify DMT and B-carboline alkaloids in human plasma in a paper by
Silveira et al. [33], however none of the described sample treatment approaches was applied to

ayahuasca beverage samples.
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3.1.3.2. Optimization of the QuUEChERS extraction

In an initial phase of the optimization process, the DOE statistical tool MINITAB® was
used. This tool allows multivariate analysis of parameters that can significantly influence the
extraction procedure. Multifactor analysis is crucial in an optimization process, since its use allows
obtaining the best analyte recoveries, while maintaining the number of experiments at a minimum
[21]. Thus, a two-level, three-component (23) factorial design was performed to analyse the
relevant variables to the recovery of analytes and their main effects. The independent variables
consisted of extractor solvent volume, amount of PSA and vortex time. A total of eleven runs were
generated from this factorial design, covering all potential combinations of factor values. The
independent variables were systematically tested at high and low levels: the values chosen for the
extractor solvent volume were 0.5 mL and 2.5 mL, for the amount of PSA were 15 and 35 mg, and
for the vortex time 10 and 30 seconds. Each experiment was randomly conducted with a central
point in triplicate, aiming to minimize the impact of noise factors and systematic errors. The
obtained results are shown in Figures 2 and 3, which represent the main effects and Pareto charts

generated for each target analyte through the Design of Experiments (DOE) analysis.
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Looking at these Pareto charts, one can see that while DMT and THH were not affected

significantly by none of the chosen parameters, harmine and harmaline were affected by the

volume of solvent and amount of PSA, and by an interaction of these two factors. Regarding

harmol, only one interaction of the solvent volume and amount of PSA was statistically significant,

while for harmalol the same interaction and solvent volume also significantly influenced the

recovery.
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Figure III.1.3. Plots of main effects of the factors tested on each parameter of each analyte.
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Figure III.1.3 shows the graphs of main effects where the effect of each factor studied for

each studied analyte can be observed. Except for THH, a greater recovery was obtained using a

lower amount of PSA. Regarding the volume of solvent, a greater amount of analyte is obtained

with a greater volume of solvent, except for harmol whose recovery is favoured with a smaller

volume of extractor solvent. Finally, a shorter vortex time favoured the recovery of all analytes,
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except for harmine. Despite these results, it must be considered that none of these factors
significantly influenced the response obtained for DMT and THH. Likewise, the vortex time factor
also did not significantly influence the behaviour of the analytes. However, harmaline, harmol,
harmine and harmalol were significantly influenced by the volume of extractor solvent, by the
amount of PSA, or even by an interaction between these two variables. Thus, since four of the
analytes were significantly influenced by at least one of the variables tested, it was deemed

necessary to further optimize the method.
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Figure III.1.4. Results from RSM response optimizer for analytes.

With DOE optimization it was not possible to draw an adequate conclusion, and therefore
an experimental response surface (RSM) methodology was applied to all analytes. A new matrix
was constructed with the same variables. However, the number of experiments increased, and the
testing range was wider (volume of solvent varying between 0.5 mL and 7.2 mL, amount of PSA
between 5 mg and 108.8 mg and vortex time between 4 and 39 seconds). The response to the main
effects (Figure II1.1.4.) exhibited that the analytes showed a better response for the minimum
vortex time (4 seconds), although this variable was not significant. In addition, the recovery of the

analytes was maximum for the minimum volume of extractor solvent (500 uL) for all analytes,
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except for harmaline and harmalol. Finally, the amount of analyte was maximum when using 85
mg of PSA for DMT, harmine and harmol. Conversely, a better response was obtained with an
amount of PSA between 85 and 100 mg for THH and harmalol. Regarding harmaline, the response
was more favourable with only 50 mg of PSA.

The following sample pre-treatment procedure was established: 85 mg of PSA, 500 uL of

extracting solvent, and vortex for 4 seconds.

3.1.3.3. Method Validation Parameters

3.1.3.3.1. Linearity and Calibration Model

The analytical method was considered linear between 0.16 and 10 pg/mL for all B-
carbolines, for DMT it was linear in the range of 0.016 to 1 ug/mL, with the R2 between 0.9968 and
0.9993. The accuracy of the calibrators used (mean relative error (BIAS) between measured and
spiked values) remained within the range of + 15% (£ 20% for LLOQ) for all concentrations and
coefficients of variation (CV) below 15% indicating an acceptable precision. The data are shown in
Table III.1.1.

Table III.1.1. Linearity data (n = 5).

Linearity (mean + SD)
Linear Range LLOQ and
Compound (ug/mL) g sl (m) Int t () R2 (meane + SD) LOD
ope (Im nterce
H8 P P (ug/mL)
0.2651 + 0.0035 +
DMT 0.016-1 0. + 0.000 0.016
0.0065 0.0005 9993 4
0,1 + 0.0001 £
Harmalol 0.16 - 10 743 0.9982 + 0.0025 0.16
0.0159 0.0031
H 1 0.16 - 10 1.0293% ~0.0261 0.9978 + 0.00 0.16
armao . - . . .
0.1758 0.0206 997 35
0. 0680+ -0.0062+
THH 0.16 - 10 0.9985 + 0.0016 0.16
0.0067 0.0036
0.3941 + -0.0010+
Harmaline 0.16- 10 394 0.9968 + 0.0034 0.16
0.0575 0.0223
. 2.2773 + -0.0515 +
H 0.16 - 10 0.9978 + 0.002 0.16
armine 0.1989 0.0806 997 >

3.1.3.3.2. Limits of Detection and Quantification

Except for DMT, where the value was 0.016 ug/mL, the LLOQ and LOD obtained was 0.16
ug/mL for all compounds (Table III.1.1.). As a result, the LLOQs are satisfactory compared to other
published works where the same analytes were analysed. Thus, comparable or better results were
obtained for DMT [15,34-39], THH [15,35,37], harmine [15,35,37], harmaline [15,35,37] and
harmalol [37]. However, Eller et al. [38] reported lower LLOQs for harmine, harmaline and THH,
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but using however a much more sensitive equipment (UHPLC-MS/MS). Other works that used
liquid chromatography associated with tandem mass spectrometry, reported LLOQs of the same
order of magnitude or higher than those of the present study [17,40]. Analytical methods for the
detection of DMT and [-carbolines in biological samples were also described, namely for plasma
[9—11,33,41], hair [13], blood [14], sweat [42] and urine [43]. In these works, LOD and LLOQ values
are presented in the order of ng/mL or ng/mg, but once again the equipment used is much more
sensitive and almost always associated with mass spectrometry [11,13,14,33,41—44].

This technique proves to be very advantageous when comparing the limits obtained and
volume of solvent (microliters), amount of reagents and reduced preparation time. This
methodology is the first to quickly detect and quantify DMT and B-carboline alkaloids in ayahuasca
decoctions, using QUEChERS and liquid chromatography, presenting adequate LLOQs, perfectly

comparable to those published elsewhere.
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T
375 an
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an a5 a0 a6 50 5 mil

Figure IIl.1.5. Chromatograms of compounds at the LLOQ. 246 nm: harmol (retention time 37.2
min) and harmine (retention time 49.9 min); 278 nm: IS (retention time 6.8 min), DMT (retention
time 28.4 min) and THH (retention time 39.6 min) and 360 nm: harmalol (retention time 31.3) and
harmaline (retention time 48.5 min).
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3.1.3.3.3. Intra-Day, Inter-Day, and Intermediate Precision and

Accuracy

The evaluation of intra-day accuracy and precision was performed through the analysis of
three calibrators of known concentrations, within the linear range (n=7). The results obtained are
shown in Table III.1.2, where CVs for all studied concentrations were less than 15%, with a mean

relative error of + 13.2%.

Table III.1.2. Intra-day precision and accuracy.

Intra-day
Concentration Measured Concentration
Compound (ug/mL) (meanz SD) (ug/mL) v o) RE (%)
0.016 0.01 £ 0.00 2.44 -11.94
DMT 0.063 0.07 £0.00 2.04 13.22
0.5 0.53 + 0.02 3.80 5.43
0.16 0.16 £ 0.02 9.48 -0.52
Harmalol 0.63 0.69 £ 0.04 5.62 9.25
5 5.13 + 0.50 9.72 2.62
0.16 0.16 £ 0.01 5.33 1.65
Harmol 0.63 0.64 + 0.04 5.97 0.85
5 4.97 £ 0.12 2.51 -0.56
0.16 0.14 + 0.01 4.47 -10.51
THH 0.63 0.59 + 0.06 9.93 -6.82
5 4.74 £ 0.12 2.54 -5.22
0.16 0.16 £ 0.00 3.01 3.09
Harmaline 0.63 0.61 + 0.06 10.14 -3.41
5 4.98 + 0.15 3.09 -0.46
0.16 0.17 £ 0.00 2.68 8.97
Harmine 0.63 0.71 £ 0.02 2.59 12.40
5 5.15 +£ 0.28 5.39 2.94

Inter-day precision and accuracy were evaluated over five days for a total of seven
calibrators. All concentrations had CVs of less than 15%, with a mean relative error of + 16.3%. The

results obtained are shown in Table III.1.3.

Table III.1.3. Inter-day precision and accuracy.

Inter-day
Concentration Measured Concentration
Compound (ng/mL) (mean £ SD) (ug/mL) CV (%) RE (%)
0.016 0.02 + 0.00 15.18 -4.51
0.031 0.03 + 0.00 8.62 1.71
0.063 0.07 + 0.00 4.74 9.53
DMT 0.125 0.12 + 0.01 6.61 -1.90
0.25 0.25 + 0.00 0.80 -1.34
0.5 0.50 + 0.02 4.48 -0.25
1 1.00 £ 0.01 1.02 0.13
0.16 0.16 £ 0.02 15.43 2.85
0.31 0.32 + 0.01 2.63 2.88
0.63 0.63 £ 0.04 6.49 0.52
Harmalol 1.25 1.30 + 0.14 10.93 3.73
2.5 2.46 + 0.12 4.68 -1.51
5 4.82 £ 0.32 6.70 -3.60
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10 10.07 £ 0.13 1.25 0.66

0.16 0.15 + 0.02 10.16 -4.00

0.31 0.29 £+ 0.02 7.50 -6.33

0.63 0.60 £ 0.04 7.10 -4.36

Harmol 1.25 1.22 £ 0.11 9.11 -2.23
2.5 2.44 £ 0.10 4.08 -2.52

5 4.78 £ 0.41 8.62 -4.38

10 10.04 £ 0.12 1.20 0.40

0.16 0.17 £ 0.01 7.05 10.87

0.31 0.33 £ 0.03 8.26 5.83

0.63 0.66 + 0.03 5.27 5.49

THH 1.25 1.17 + 0.05 4.57 -6.53
2.5 2.38 + 0.15 6.19 -4.80

5 5.20 £+ 0.22 4.30 3.92

10 9.94 + 0.08 0.80 -0.56

0.16 0.18 £ 0.00 1.39 14.23

0.31 0.31+ 0.02 5.95 0.24

0.63 0.66 + 0.04 5.80 5.84

Harmaline 1.25 1.27 £ 0.14 10.76 1.78
2.5 2.47 + 0.13 5.08 -1.29

5 4.67 + 0.38 8.05 -6.52

10 10.12 £ 0.14 1.41 1.22

0.16 0.18 £ 0.01 5.44 16.29

0.31 0.34 + 0.01 2.58 12.10

0.63 0.70 £ 0.03 4.71 10.11

Harmine 1.25 1.28 + 0.14 11.11 7.48
2.5 2.45 + 0.17 6.87 0.34

5 4.77 £ 0.27 5.66 -3.25

10 10.12 + 0.12 1.16 -1.69

Table IIL.1.4. Intermediate precision and accuracy.

Intermediate
Concentration Measured Concentration
Compound (ug/mL) (mean % SD) (ug/mL) CV (%) RE (%)

0.016 0.02 + 0.00 10.84 3.36
DMT 0.063 0.07 £0.00 1.03 14.06
0.5 0.53 + 0.02 3.68 6.46

0.16 0.17 £ 0.01 6.06 8.96
Harmalol 0.63 0.72 + 0.02 2.39 13.79
5 5.49 £ 0.21 3.83 9.78
0.16 0.18 + 0.01 3.10 12.62
Harmol 0.63 0.70 + 0.04 5.11 11.70
5 5.51+ 0.38 6.92 10.14

0.16 0.17 + 0.02 10.29 4.89

THH 0.63 0.68 + 0.04 5.45 8.45

5 5.28 £ 0.44 8.43 553

0.16 0.18 £ 0.01 3.40 9.45
Harmaline 0.63 0.69 + 0.04 5.31 10.05
5 5.38 £ 0.49 9.07 7-59

0.16 0.17 + 0.02 13.36 0.5
Harmine 0.63 0.71 + 0.01 2.07 12.80
5 5.65 £ 0.10 1.70 12.97

Finally, for the evaluaion of the intermediate precision and accuracy, three QCs of known

concentrations were used (n=3). Solutions of 0.16, 0.63 and 5 pug/mL (0.016, 0.063 and 0.5 pug/mL
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for DMT) were analysed for five days, with CVs obtained being less than 13.4% with an imprecision
of + 14.1% (Table I11.1.4).

3.1.3.3.4. Extraction Efficiency

The extraction efficiency of the technique was measured using two sets of three samples,
prepared by adding analytes at concentrations of 0.16, 0.63 and 5 pg/mL (0.016, 0.06 and 0.5
pg/mL for DMT) to water. One of the sets was fortified before extraction and the other set was
fortified after extraction, corresponding to 100% recovery. The extraction efficiency was calculated
through the proportion between the relative peak areas of each sample of the first set to those of the

second set. Extraction efficiencies are shown in Table III.1.5.

Table II1.1.5. Extraction efficiency (%) of the target analytes (n = 3).

Compound Concentration Efficiency (mean
P (ng/mL) % + SD)
0.016 70.1+ 6.4
DMT 0.032 88.0 £ 12.8
0.5 78.5 + 5.0
0.16 68.5 £ 7.6
Harmalol 0.32 73.5+ 7.5
5 77.6 £ 3.5
0.16 75.8 £ 7.1
Harmol 0.32 81.4 £10.3
5 63.9 + 3.4
0.16 64.8 £ 3.8
THH 0.32 84.4+5.9
5 77-3£3.5
0.16 63.8 £ 9.8
Harmaline 0.32 79.3 + 7.00
5 67.4+7.5
0.16 60.2 + 9.2
Harmine 0.32 79.1 + 1.9
5 64.5 + 5.6

As far as we know, this is the only analytical methodology that uses the QuEChERS
technique in ayahuasca samples. In other methods where the quantification of analytes in
ayahuasca samples was performed either did not pre-treat the sample [17,34,35,38,40] or have
used approaches such as solid phase extraction (SPE) [15,37], solid-phase microextraction (SPME)
[36] and matrix solid phase dispersion (MSPD) [39]. The use of SPE as extraction technique
showed higher recoveries for DMT [15,37], THH [15,37], harmine [15,37] and harmaline [15,37].
However, the present study demonstrated a better extraction efficiency for harmalol (68.9-75.8%)
compared to SPE, where these values varied between 45 and 58.4% [37]. Gaujac et al. [36] obtained
better recoveries for DMT (71-109%) with the application of SPME; however, it is important to
mention that in that study only DMT was quantified. The same research group used MSPD as a
technique for extracting DMT, again showing better recoveries for only one compound [39].1t
should be noted that despite presenting lower recoveries, the QUEChERS technique is more
environmentally friendly compared to SPE, where larger volumes of organic solvents are used, and

more economical, since it is not necessary to purchase single-use cartridges [29]. In contrast,
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although the SPME technique is a miniaturized technique, and uses smaller volumes of solvents, it
requires the use of fibers, which, although reusable, are quite expensive [29]. The QuUEChERS
technique is a quick, simple, easy and economical approach, which does not require the acquisition
of specific material, making it very advantageous [29]. However, we must bear in mind that we are
dealing with a sample prepared with plant products, which may present variability in compounds
between samples of different origins. Additionally, it should be noted that extraction efficiency can
also be influenced by parameters such as sample viscosity or analyte solubility, which determines

the success of the sample filtration step.

3.1.3.4. Method Applicability

The developed methodology was successfully applied to four decoctions of individual plants
used in the preparation of ayahuasca, one decoction of a commercial mixture and four decoctions of

two mixtures of plants. The results are presented in Table IIL.1.6.

Table IIL.1.6. Concentrations of compounds found in authentic samples.

Sample Compound Concentration (ug/mL)
P. viridis DMT 31.13 + 4.78
Harmalol 0.02 £ 0.00
Harmol 0.08 + 0.00
. THH 1.22 + 0.11
B. caapi ;
Harmaline 0.11 + 0.01
Harmine 2.14 £ 0.33
Harmalol 1.20 + 0.11
Harmol 0.30 + 0.03
THH 1.98 £ 0.17
P. harmala _

Harmaline 17.30 £ 2.00
Harmine 13.13 + 1.66
M. hostilis DMT 15.00 + 1.78
DMT 3.33 + 0.05

Harmalol ND

Harmol ND

Commercial
. THH ND
Mixture
Harmaline 0.03 £ 0.00
Harmine 0.16 £ 0.02
DMT 3.43 £ 0.08
Harmalol 0.06 + 0.01
Harmol 0.07 + 0.00
P. viridis + B.
. THH 2.87 £ 0.32
caapi

Harmaline 1.45 £0.28
Harmine 2.46 + 0.05
DMT 3.81 £ 0.61
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P. viridis + P. Harmalol 0.21 + 0.03

harmala Harmol 0.09 + 0.00
THH 1.08 £ 0.08

Harmaline 3.44 + 0.66

Harmine 3.91 £ 0.43

DMT 15.43 + 0.48

Harmalol 0.19 + 0.00

M. hostilis + B. Harmol 0.41 + 0.02
. THH 10.66 + 0.32

caapt Harmaline 0.44 £ 0.01
Harmine 7.26 £ 0.19

DMT 5.32 £ 0.19

Harmalol 0.05 + 0.03

M. hostilis + P. Harmol 0.40 + 0.06
harmala THH 1.43 + 0.01
Harmaline 7.03 £ 0.24

Harmine 5.78 £ 0.23

Caption: ND: not detected

3.1.4. Conclusion

This study aims at the development and validation of a new analytical method to
simultaneously determine six constituents of ayahuasca. The QUEChERS technique was used and
fully optimized for sample pre-treatment. This procedure allowed the maximization of results,
leading to the achievement of lower LODs and LLOQs with a quick, simple, economical method.

The analytical methodology proved to be accurate and precise, being linear in the range of
0.16 to 10 pg/mL (0.016 to 1 pg/mL for DMT). It was possible to obtain LODs and LLOQs of 0.16
pg/mL (0.016 ug/mL for DMT). This method was fully validated and successfully applied to
ayahuasca beverage samples.

To the best of our knowledge, this is the first study where three sample pretreatment
techniques were compared and where QuEChERS were used for extracting ayahuasca constituents.
This analytical approach can be considered advantageous for analytical laboratories, since it is easy,

has low costs and allows the use of a reduced amount of organic solvents.
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3.2. Paper IV- In Vitro Study of the
Bioavailability and Bioaccessibility of the Main
Compounds Present in Ayahuasca Beverages

Abstract

Ayahuasca is a psychoactive beverage that contains the psychoactive compound N,N-
dimethyltryptamine and p-carboline alkaloids. This study aims at determining in vitro the
bioavailability and bioaccessibility of the main compounds present in decoctions of four individual
plants, in a commercial mixture and in four mixtures of two individual plants used in the
preparation of ayahuasca. The samples were subjected to an in vitro digestion process, and the
Caco-2 cell line was used as an absorption model. The integrity and permeability of the cell
monolayer were evaluated, as well as the cytotoxicity of the extracts. After digestion and cell
incubation, the compounds absorbed by the cell monolayer were quantified by high-performance
liquid chromatography coupled to a diode array detector. The results showed that compounds such
as N,N-dimethyltryptamine, harmine, harmaline, harmol, harmalol and tetrahydroharmine were
released from the matrix during the in vitro digestion process, becoming bioaccessible. Similarly,
some of these compounds, after being incubated with the cell monolayer, were absorbed, becoming
bioavailable. The extracts did not show cytotoxicity after cell incubation, and the integrity and

permeability of the cell monolayer were not compromised.
Keywords: Ayahuasca; bioavailability; bioaccessibility; PAMPA; HPLC-DAD

3.2.1. Introduction

Ayahuasca is a psychoactive beverage traditionally consumed in the Amazon Basin of South
America [1]. This word of Quechua origin, means “vine of the soul” or “vine of the dead” and is
composed of the terms “aya” and “wasca”, which means “spirit” and “vine”, respectively [2,3]. This
psychoactive beverage consists of a thick, oily and brownish decoction, which is prepared from the
leaves of Psychotria viridis (P. viridis) and scraps from the stem of Banisteriopsis caapi (B. caapi)
[4,5]. However, over the years, the preparation of ayahuasca has undergone variations [1,2,6].
Thus, some species of natural origin have been used in the preparation of the beverage, namely
Brunfelsia spp., Daturaolens, Malouetia tamarquina, Psychotria carthagenesis, Brugmansia
suaveolens, Tabernaemontana spp., or Nicotiana tabacum, replacing P. viridis, or Peganum
harmala, harmine freebase/HCl, Moclobemide and tetrahydroharmine freebase/HCI, replacing B.
caapi [6,7].

This psychoactive beverage was traditionally used by native healers for divine cults and in
the cure of psychological disorders, stimulation of visual creativity and creative thinking [1,6]. Its
hallucinogenic effects are due to the presence of N,N-dimethyltryptamine (DMT) (Figure I11.2.1)
from P. viridis, which behaves as an agonist of serotonin receptors (5-HT1A/2A/2C) [3]. When
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ingested alone, this compound is inactive, as it is rapidly metabolized by peripheral monoamine
oxidase A (MAO-A) [8]. However, in the presence of B-carbolinic alkaloids, such as harmaline,
harmine and tetrahydroharmine (THH), from B. caapi, DMT can access the central nervous
system, since these are temporary inhibitors of hepatic and intestinal MAO-A [2]. THH also acts as
a serotonin reuptake inhibitor, enhancing the effects of DMT [2,3]. The knowledge about this
synergy between compounds present in the two plants has been known by indigenous peoples for

about 3000 years [9].

CH;

NH // "~ch,

Figure III.2.1. Molecular structure of DMT.

Although ayahuasca has been consumed for centuries, in the last 25 years, its use has been
increasing in different parts of the world [10,11]. The consumption of ayahuasca in controlled
environments such as religious rituals and experimental procedures is not associated with
psychotic episodes [10]. However, the expansion of ayahuasca has raised some concerns about the
possible adverse effects associated with consumption, but also an interest in its potential
therapeutic effects [6,10].

Bioavailability and bioaccessibility are important concepts that make it possible to
understand the behaviour of some compounds in the body. Bioaccessibility consists of the amount
of a compound that is released from a matrix, being available to be absorbed, after ingestion and
consequent digestion [12]. On the other hand, bioavailability is defined as the fraction that reaches
the bloodstream and that, after metabolization and distribution, produces an effect [13]. In vitro
digestion is a procedure that has been used to determine the fraction of compounds that are
released from the matrix and become bioaccessible [14]. In vitro digestion models aim to mimic the
digestive process along the digestive tract (mouth, stomach and intestine), simulating physiological
conditions such as pH, salt concentration, digestion time, among others [15,16]. Regarding the
assessment of bioaccessibility, cell lines are frequently used, namely the line derived from a human
colon carcinoma Caco-2, due to its similar morphology with the cells of the small intestine [17]. In
addition, these cells have narrow intracellular junctions and express enzymes similar to those that
are present in the small intestine, allowing to mimic the transport mechanisms that occur therein
[18,19,20].

There are no studies concerning the fate of the active ingredients of ayahuasca formulations
after ingestion, namely concerning their absorption to the general circulation for distribution.
Therefore, with this study we aimed at evaluating the bioavailability and bioaccessibility of the
active compounds present in four individual plants, a commercial mixture and four plant mixtures,

used to prepare the Ayhauasca decoction. For that, an in vitro digestion process was used, as well
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as the parallel artificial membrane permeability assay (PAMPA) using Caco-2 cells, in order to
know better their path in the human body and part of the mechanisms regulating their passage to

the blood stream.
3.2.2. Results and Discussion

Considering the several potential bioactive properties of ayahuasca, four individual
decoctions of each plant used in the preparation of ayahuasca were prepared in this work, as well as
four decoctions of a mixture of plants (with two different plant materials, one source of DMT and
the other of [-carboline alkaloids). A decoction of a commercial mixture was also prepared. The
bioavailability and bioaccessibility of the main compounds present in ayahuasca was evaluated in

the nine samples.

3.2.2.1. Characterization of Main Compounds in Initial

Samples and after Digestive Process

DMT is present in some plants used in the preparation of ayahuasca beverages. Given the
use of plant samples containing this compound in religious rituals, it has received some attention
over the years due to its psychoactive effects [21]. Besides that, the access of this compound to the
bloodstream is dependent on the -carboline alkaloids [1,8,22,23]. Thus, an analytical method by
high performance liquid chromatography coupled to diode array detector (HPLC-DAD) was
developed, which allowed the quantification of the main active compounds present in the samples
of ayahuasca beverages (Table III.2.1). This analytical method was developed and validated in
accordance with the standards of the Food and Drug Administration [24]. Thus, it was linear
between 0.16 and 10.00 pg/mL for harmol, THH, harmaline and harmine, between 0.31 and 10.00
pg/mL for harmalol and between 0.031 and 1.00 pg/mL for DMT, with coefficients of
determination (R2) higher than 0.997. The intra- and inter-day precision revealed coefficients of
variation below 15% and the accuracy was within the range of +15%. The LOD and LLOQ obtained
were 0.31 ug/mL for all compounds, except for DMT (0.031 ug/mL).

All samples from a mixture of two plants showed substantial concentrations of DMT, with
the mixture of M. hostilis and B. caapi having the highest concentration, and the mixture of P.
viridis and B. caapi having the lowest concentration. Regarding the individual samples, both the P.
viridis and M. hostilis decoctions and the commercial mixture showed substantial amounts of
DMT. In contrast, in the decoctions of B. caapi and P. harmala, this compound was not detected.
Moreover, all mixtures presented considerable concentrations of p-carboline alkaloids, with the
mixture of M. hostilis and P. harmala presenting the highest amount. Regarding the individual
samples, these compounds were not detected in the decoctions of P. viridis and M. hostilis. On the
other hand, in the decoctions of B. caapi and P. harmala, all B-carboline alkaloids were detected,
with THH and harmol being in greater quantity in B. caapi and harmine, harmalol and harmaline

in greater quantity in P. harmala. Regarding the commercial mixture, it was possible to detect all
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B-carbolines, except for harmalol. Bensalem et al. [25] carried out the quantification of harmine,
harmaline, harmol and harmalol in samples of P. harmala, having verified that, similarly to what
was observed in the present study, the compound with the highest concentration was harmaline,
followed by harmine, harmalol and, the least concentrated, harmol. In addition, Avula et al. [26]
carried out the quantification of harmol, harmine, harmaline, among other compounds, using
ultra-performance liquid chromatography coupled to mass spectrometry and ultraviolet detector
(UPLC-UV-MS) and high-performance thin-layer chromatography (HPTLC). It was found that,
similarly to the results now obtained, harmine was found in a higher quantity than harmol, being
harmaline not detected [26]. Several studies were also carried out, with the aim of determining the
concentration of DMT and [-carbolines in ayahuasca samples. Pires et al. [27] used gas
chromatography equipment with nitrogen/phosphorous detector to quantify DMT, harmine,
harmaline and THH in eight samples of ayahuasca. Similar to what was observed in the present
work, the four compounds were detected in all samples [27]. Moreover, Souza et al. [28] analysed
38 ayahuasca samples using liquid chromatography coupled mass spectrometry in tandem (LC-
MS/MS) verified the presence of THH, DMT, harmine and harmaline. Recently, Chambers et al.
[29] quantified the DMT present in 6 samples of ayahuasca, obtaining values between 45.7 and
230.5 mg/L. It is important to point out that the concentrations of each compound in the
ayahuasca samples can be very variable. This fact can be due to a number of factors, namely the
variability of the proportion used by each user, as well as the different preparation methods
[27,28]. Additionally, the concentration of the compounds in each plant can also be very variable
[27]. According to Kaasik et al. [30], the average variations of concentrations of DMT, THH,
harmine and harmaline, can be, respectively, 26.2%, 29.8%, 41.5% and 2.5%. The samples used in

this study were acquired online, making it difficult to know their degree of purity.

Table III.2.1. Concentration of the main compounds of ayahuasca in different vegetal samples. The values
are expressed as mean (ug/mg extract) + SD.

Samples Compound Initial concentration
P. viridis DMT 6.50 + 0.01
THH 5.00 % 0.10
Harmol 0.14 + 0.00
B. caapi Harmine 10.00 + 0.28
Harmalol 0.05 = 0.00
Harmaline 4.68 £ 0.14
THH 3.05 £ 0.04
Harmol 0.02 + 0.00
P. harmala Harmine 12.00 £ 0.00
Harmalol 0.66 £ 0.01
Harmaline 17.00 £ 0.00
M. hostilis DMT 10.50 = 0.02
DMT 10.40 + 0.01

Commercial mixture
THH 2.09 £ 0.07
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Harmol 0.01 + 0.00
Harmine 0.02 + 0.00
Harmalol ND
Harmaline 0.37 + 0.02
DMT 4.50 £ 0.01
THH 2.50 + 0.07
P. viridis + B. caapi Harmol Q.01 = 9.50
Harmine 0.48 £ 0.00
Harmalol ND
Harmaline 0.07 + 0.00
DMT 6.50 £ 0.09
THH 0.63 = 0.05
P. viridis + P. Harmol 0.02 + 0.00
harmala Harmine 0.30 £ 0.01
Harmalol 0.08 + 0.00
Harmaline 0.48 + 0.01
DMT 8.00 £ 0.02
THH 1.90 £ 0.06
M. hostilis + B. caapi Harmol 003 £ 000
Harmine 0.82 £ 0.02
Harmalol 0.04 + 0.00
Harmaline 0.12 £ 0.00
DMT 8.50 + 0.01
THH 3.44 £ 0.05
M. hostilis + P. Harmol 0.06 £ 0.00
harmala Harmine 9.00 £ 0.00
Harmalol 0.36 + 0.00
Harmaline 13.5 £ 0.06

Caption: ND: not detected

After quantifying the main compounds present in samples of ayahuasca beverages, the

same compounds were quantified over the three stages of the in vitro digestion process (salivary,

gastric and duodenal). By observing the aliquots collected in each step, it is possible to verify that

there were colour variations throughout the process. Likewise, the concentrations of DMT and -

carboline alkaloids also varied between samples and, within the same sample, between digestion

steps (Table II1.2.2).

Table III.2.2. Concentration of the main compounds of ayahuasca in different digestion steps. The values are
expressed as mean (ug/mL) + SD.

Samples Compound Salivary Gastric Duodenal
P. viridis DMT 0.84 £ 0.60 7.77 £ 0.08 7.49 £ 0.19
. THH 0.83 + 0.00 0.78 £ 0.13 1.05 + 0.09
B. caapi
Harmol ND ND ND
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Harmine 1.56 £ 0.00 4.13 £ 0.03 1.98 £ 0.03
Harmalol ND ND ND
Harmaline 0.19 £ 0.00 0.33 £ 0.00 0.21 £ 0.00
THH 1.52 £ 0.09 1.66 £ 0.12 1.32 + 0.01
Harmol ND ND ND
P. harmala Harmine 18.38 + 0.18 19.52 + 0.05 10.02 £ 0.01
Harmalol 1.47 £ 0.04 1.54 + 0.02 1.03 £ 0.07
Harmaline 29.66 + 0.10 26.18 £ 0.14 22.88 + 0.26
M. hostilis DMT 9.55 + 0.03 8.96 £ 0.17 8.33 £ 0.00
DMT 4.28 £ 0.05 4.09 £ 0.02 3.38 £ 0.08
THH 0.95 £ 0.05 1.42 £ 0.00 0.50 + 0.03
Commercial Harmol ND ND ND
mixture Harmine ND ND ND
Harmalol 1.21 £ 0.00 1.02 £ 0.01 0.81 £ 0.01
Harmaline 1.29 £ 0.03 1.12 + 0.01 0.85 £ 0.00
DMT 2.37 £ 0.01 1.61 £ 0.05 2.00 £ 0.02
THH 3.33 £ 0.05 4.05 + 0.11 2.82 £ 0.02
P. viridis + B. Harmol 0.29 + 0.00 0.34 + 0.00 0.26 + 0.01
caapi Harmine 1.23 £ 0.03 3.09 + 0.22 1.80 £ 0.05
Harmalol 0.26 + 0.00 0.27 + 0.02 0.25 + 0.00
Harmaline 0.19 £ 0.01 0.40 + 0.00 0.26 £ 0.01
DMT 4.30 = 0.08 3.94 + 1.33 4.56 £ 0.15
THH ND ND ND
P. viridis + P. Harmol ND ND ND
harmala Harmine 1.64 + 0.01 6.70 + 0.12 3.05 + 0.10
Harmalol 0.37 + 0.01 0.38 £ 0.01 0.34 + 0.04
Harmaline 4.62 + 0.02 8.93 £ 0.04 4.05 + 0.05
DMT 0.07 + 0.04 5.52 + 0.09 7.36 £ 0.05
THH 2.89 + 0.21 2.37 £ 0.11 2.45 + 0.04
M. hostilis + B. Harmol 0.28 + 0.02 0.24 + 0.01 0.22 + 0.00
caapi Harmine 4.02 £ 0.04 10.34 £ 0.07 7.69 + 0.27
Harmalol ND ND ND
Harmaline 0.28 £ 0.01 0.42 + 0.01 0.29 £+ 0.01
DMT 9.65 + 0.12 4.76 £ 0.07 6.68 + 0.16
THH 0.89 + 0.01 ND ND
M. hostilis + P. Harmol ND ND ND
harmala Harmine 4.41 + 0.07 10.92 + 0.23 9.38 £ 0.05
Harmalol 0.60 = 0.03 0.87 £ 0.01 0.63 + 0.04
Harmaline 11.45 £ 0.20 16.96 + 0.11 12.08 + 0.02

Caption: ND: not detected

Analysing the results, it was possible to verify that the amount of DMT varies throughout
the in vitro digestion process. In general, the concentration of DMT at the end of the entire process

decreased in samples of M. hostilis, in the commercial mixture and in the mixtures of M. hostilis
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and B. caapi and M. hostilis and P. harmala. Conversely, there was an increase in DMT in the
sample of P. viridis, while in the mixtures of P. viridis and B. caapi and P. viridis and P. harmala
there were no noticeable changes. With respect to [-carbolines, there was a variation from
compound to compound. The concentration of harmol remained constant throughout the digestion
process of the sample of M. hostilis and B. caapi, increased in the mixture of P. viridis and B. caapi
and was not detected in the other samples. It was also not possible to detect harmalol during the
digestion of the samples of B. caapi and in the mixture of M. hostilis and B. caapi. In the other
samples where this compound was initially detected, its concentration decreased slightly.
Regarding THH, it was verified that its concentration increased in the samples of B. caapi and
decreased in the commercial mixture and in mixtures of P. viridis and B. caapi and M. hostilis and
P. harmala. A slight decrease of this compound was also observed in the sample of P. harmala and
in the mixture of M. hostilis and B. caapi. In the mixture of P. viridis and P. harmala this
compound was not detected. It was verified that the concentration of harmine increased, except in
the commercial mixture (not detected) and in P. harmala (decreased). The concentration of
harmaline remained constant in the mixture of M. hostilis and B. caapi and decreased in the
sample of P. harmala, in the commercial mixture and in the mixture of P. viridis and P. harmala.
In the samples of B. caapi, and in the mixtures of P. viridis and B. caapi and M. hostilis and P.
harmala, there was a slight increase in the concentration of harmaline. These variations in the
concentrations of B-carboline alkaloids may be due to the fact that these compounds degrade and

easily give rise to another -carboline (Figure III.2.2) [31].

NH —
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Harmalol Harmaline Tetrahydroharmine Harmine
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HsC H
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Figure III.2.2. Reactions between (3-carboline alkaloids.

So far, no bioaccessibility studies have been carried out on ayahuasca or plants used in its
preparation. Digestion studies including this type of samples have not been carried out so far, so it

is not possible to make a comparison.

3.2.2.2. Cell Culture

3.2.2.2.1. Evaluation of Cell Viability

The cytotoxicity of each sample was assessed using the MTT assay. In analysing the results,

it was verified that there was a slight decrease in cell viability in the samples of the digested
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commercial mixture and in the crude extract of B. caapi. The other samples showed no decrease in
cell viability (Table III.2.3). These results are in agreement with those obtained by Katchborian-
Neto et al. [32], which evaluated the cytotoxicity of ayahuasca samples in SH-SY5Y cells.
Additionally, three of the samples intensely increased cell viability within the first 48 h [32]. In
addition, Samoylenko et al. [33] evaluated the cytotoxicity of B. caapi extracts in six cell lines,

verifying that the extracts did not show cytotoxicity.

Table II1.2.3. Cell viability after exposure to extracts. The values are expressed as mean + SD.

Samples Cell viability (%)
P. viridis Crude 156.01 + 27.31
P. viridis Digested 128.85 + 9.03
B. caapi Crude 95.92 + 1.83

B. caapi Digested

113.66 + 11.59

P. harmala Crude

171.46 + 28.88

P. harmala Digested

117.62 + 3.59

M. hostilis Crude

148.28 + 14.18

M. hostilis Digested

96.04 + 12.23

Commercial mixture Crude

101.50 * 13.25

Commercial mixture Digested 79.52 + 0.93
P. viridis + B. caapi Crude 148.07 + 26.83
P. viridis + B. caapi Digested 103.74 + 3.43
P. viridis + P. harmala Crude 162.55 £ 15.63
P. viridis + P. harmala Digested 127.75 £ 9.97

M. hostilis + B. caapi Crude

126.61 £+ 16.39

M. hostilis + B. caapi Digested

118.50 £ 1.59

M. hostilis + P. harmala Crude

138.41 + 17.63

M. hostilis + P. harmala Digested 120.70 + 3.12

3.2.2.2.2. Evaluation of the Electrical Resistance of the Cell

Transendothelial Membrane

The integrity of the cell monolayer was evaluated by the TEER assay, before and after cell
incubation with the extracts (Table III.2.4). The TEER assay allows monitoring the integrity of cell
layers in in vitro assays, as well as possible changes in intercellular junctions, by evaluating
transendothelial electrical resistance [34]. Analysing the results of the TEER measurements before
incubation with the extracts, it was observed that the monolayer was intact, since the values were
above the 150-200 Q cm? range, minimum acceptable limit [35]. After incubation with the
extracts, a new TEER measurement was performed, with no significant differences between the
values of the first and second measurements. Additionally, the values of the second measurement

were also above the minimum acceptable limit. Therefore, the integrity of the cell monolayer was
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confirmed [35]. So far, there are no studies with ayahuasca samples where the TEER assay has been

performed.

Table III.2.4. TEER values obtained before and after incubation with the extracts. The values are expressed

as mean * SD. Statistically significant values were considered if p < 0.05 (¥).

TEER (Q cm?)
Samples
Before After p-Value
Control 990 + 31.11 1034 + 31.11 0.293
P. viridis Crude 1298 + 155.56 1628 + 207.94 0.239
P. viridis Digested 1518 + 93.34 2046 + 155.56 0.054
B. caapi Crude 1166 + 155.56 1408 + 110.73 0.146
B. caapi Digested 1232 + 134.42 1276 + 116.41 0.317
P. harmala Crude 1386 + 217.79 1408 + 124.45 0.913
P. harmala Digested 1188 + 186.68 1496 + 110.73 0.107
M. hostilis Crude 1254 + 155.56 1298 + 31.11 0.733
M. hostilis Digested 1584 + 177.82 1496 + 116.41 0.112
Commercial mixture Crude 1694 + 155.56 1716 + 232.83 0.754
Commercial mixture 0.643
. 1232 + 44.00 1232 + 25.40
Digested
P. viridis + B. caapi Crude 1364 + 186.68 1496 + 0.00 0.423
P. viridis + B. . 0.08
vt ,ls caapt 1166 + 93.34 1386 + 31.11 7
Digested
P. viridis + P. harmala 0.936
1415 £ 93.34 1408 £ 91.59
Crude
P. viridis + P. harmala 0.795
. 1100 * 141.44 1144 + 116.41
Digested
M. hostilis + B. caapi Crude 1232 + 76.21 1276 + 25.40 0.189
M. hostilis + B. i .61
s . i caapt 1188 + 248.90 1408 + 127.02 0-519
Digested
M. hostilis + P. harmala 0.127
1254 + 93.34 1430 + 31.11
Crude
M. hostilis + P. harmala 0.246
. 1232 + 177.82 1452 + 0.00
Digested

3.2.2.2.3. Evaluation of Cell Monolayer Permeability

Cell monolayer permeability was assessed by Lucifer Yellow permeability assay (Table
I11.2.5). The Lucifer Yellow permeability assay allows evaluating the permeability characteristics of
a cell monolayer, by measuring the passive diffusion of different molecules through it [36]. This
assay was performed after exposing the cells to extracts. Analysing the results, it was shown that
there were no significant changes in cell permeability, when compared to the control. These results
are in agreement with those obtained in the TEER assay, suggesting that there were no changes in
intracellular spaces, nor in cell barrier function and in membrane permeability [37,38]. Previous
studies also suggest that both TEER measurement and permeability are related, and that a

significant increase in the permeability is accompanied by a decrease in TEER values [37,38].
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Similarly to what was observed in the TEER assay, no studies were found where the Lucifer Yellow

permeability assay was performed with ayahuasca samples.

Table III.2.5. Percentage of permeability of Caco-2 cells after incubation with the extracts. The values are
expressed as mean + SD. Statistically significant values were considered if p < 0.05 (*).

Samples Permeability (%) p-Value
Control 16.94 £ 2.35 -
P. viridis Crude 19.59 + 3.00 0.281
P. viridis Digested 13.49 + 1.03 0.165
B. caapi Crude 16.79 + 0.14 0.879
B. caapi Digested 16.11 + 0.49 0.823
P. harmala Crude 15.01 + 0.46 0.462
P. harmala Digested 17.97 £ 1.37 0.523
M. hostilis Crude 14.38 £ 0.72 0.322
M. hostilis Digested 14.10 £ 0.41 0.267
Commercial mixture Crude 19.88 + 2.84 0.383
Commercial mixture Digested 16.13 + 1.83 0.865
P. viridis + B. caapi Crude 16.42 + 0.40 0.959
P. viridis + B. caapi Digested 16.03 + 1.50 0.463
P. viridis + P. harmala Crude 13.81 + 0.49 0.225
P. viridis + P. harmala 0.283
. 13.47 + 1.85
Digested
M. hostilis + B. caapi Crude 13.07 £ 1.89 0.139
M. hosti'lis + B. caapi 13.18 £ 0.16 0.074
Digested
M. hostilis + P. harmala 0.069
12.40 + 1.64
Crude
M. hostilis + P. harmala 0.058
. 11.65 + 1.79
Digested

3.2.2.2.4. Characterization of the Main Compounds after Cell

Incubation

The amount of compounds present in the collected aliquots after cell incubation of crude
and digested extracts were also quantified by HPLC-DAD (Table III.2.6 and Table III.2.7). It was
verified that DMT, harmine and harmaline are the compounds, from those present in the digested
extract, which cross the cell monolayer the most. Similarly, in the crude extract the same results
were observed. The concentration of these three compounds in all samples and for both extracts,
increased gradually in the basolateral compartment throughout the incubation period, except in the
digested extract in the mixture of P. viridis and B. caapi, where DMT increases after 2 h of
incubation, remaining approximately constant until 4 h of cell incubation. In general, in the
digested extract, all the compounds gradually increased during cell incubation, except for harmol
and harmalol, which were not detected during the entire process. Similarly, in the crude extract,

harmalol was not detected, but harmol was detected after 2 h of incubation in the P. harmala

100



sample. Moreover, as in what was observed in the digested extract, in the crude extract all
compounds gradually increased during cell incubation, except for the THH present in the mixture
of M. hostilis and B. caapi, which decreases slightly after 2 h of incubation, increasing again after 4
h.

Table III.2.6. Concentration of the main compounds of ayahuasca in the aliquots collected after the different
incubation times with the crude extract (Mean ug/mL Extract) + SD.

Time
Samples Compound
1h 2h 4h
P. viridis DMT 0.50 + 0.01 0.89 + 0.21 1.22 + 0.05
THH ND 0.66 + 0.02 0.59 £+ 0.06
Harmol ND ND ND
B. caapi Harmine 0.33 + 0.03 1.00 £ 0.01 1.35 + 0.03
Harmalol ND ND ND
Harmaline ND ND ND
THH ND ND 0.72 £ 0.12
Harmol ND 0.19 + 0.02 ND
P. harmala Harmine 2.09 + 0.02 4.41 + 0.23 5.90 + 0.04
Harmalol ND ND ND
Harmaline 3.65 £ 0.06 5.71 + 0.60 8.55 £ 0.17
M. hostilis DMT ND 1.18 £ 0.10 1.42 £ 0.06
DMT ND 0.55 + 0.04 0.73 + 0.04
THH ND ND ND
Commercial Harmol ND ND ND
mixture Harmine ND ND ND
Harmalol ND ND ND
Harmaline ND ND ND
DMT 0.16 £ 0.01 0.47 £ 0.06 0.63 £ 0.07
THH 0.65 + 0.02 0.78 £ 0.06 0.93 + 0.04
P. viridis + Harmol ND ND ND
B. caapi Harmine ND 0.42£0.06  0.76 + 0.04
Harmalol ND ND ND
Harmaline ND ND ND
DMT 0.33 £ 0.03 1.01 £ 0.16 1.10 £+ 0.07
THH ND ND ND
P. viridis + Harmol ND ND ND
P. harmala Harmine 0.35 + 0.02 0.39 + 0.01 0.78 £ 0.04
Harmalol ND ND ND
Harmaline 0.31 + 0.00 0.67 £ 0.09 0.76 £ 0.03
DMT 0.69 £ 0.07 1.67 £ 0.11 1.87 £ 0.04
M. hostilis + THH 0.74 + 0.08 0.53 + 0.03 0.65 + 0.07
B. caapi Harmol ND ND ND

Harmine 0.98 £ 0.11 1.64 + 0.11 2.42 + 0.08
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Harmalol ND ND ND

Harmaline ND ND ND
DMT 0.29 + 0.01 0.72 + 0.04 1.24 + 0.18
THH ND ND ND
M. hostilis + Harmol ND ND ND
P. harmala Harmine 0.47 + 0.02 1.07 + 0.10 1.63 + 0.27
Harmalol ND ND ND
Harmaline 0.55 + 0.08 1.07 £ 0.14 1.42 £ 0.22

Caption: ND: not detected

Table III.2.7. Concentration of the main compounds of ayahuasca in the aliquots collected after the different
incubation times with the digested extract (Mean ug/mL) + SD.

Time
Samples Compound
1h 2h 4h
P. viridis DMT 0.73 + 0.00 1.48 + 0.02 1.99 + 0.03
THH ND ND ND
Harmol ND ND ND
B. caapi Harmine ND ND 1.14 £ 0.03
Harmalol ND ND ND
Harmaline ND ND ND
THH ND ND ND
Harmol ND ND ND
P. harmala Harmine 1.83 + 0.01 3.08 + 0.09 4.19 + 0.03
Harmalol ND ND ND
Harmaline 3.81+£0.13 4.75 £ 0.12 5.63 £ 0.08
M. hostilis DMT ND 1.61 £ 0.07 1.90 £ 0.02
DMT ND 0.61 + 0.02 0.67 £ 0.02
THH ND ND ND
Commercial Harmol ND ND ND
mixture Harmine ND ND ND
Harmalol ND ND ND
Harmaline ND ND ND
DMT ND 0.50 £ 0.07 0.48 £ 0.01
THH ND ND ND
P. viridis + Harmol ND ND ND
B. caapi Harmine ND ND 0.70 £ 0.02
Harmalol ND ND ND
Harmaline ND ND ND
DMT ND 0.65 £ 0.00 0.86 + 0.03
L. THH ND ND ND
11: ;:Z:::Z l-; Harmol ND ND ND
Harmine ND 1.02 + 0.01 1.26 £ 0.03
Harmalol ND ND ND
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Harmaline 0.74 £ 0.00 0.99 £+ 0.01 1.26 + 0.01

DMT 0.78 + 0.01 1.74 + 0.01 2.11 + 0.02
THH ND ND ND
M. hostilis + Harmol ND ND ND
B. caapi Harmine 0.77 £ 0.00 1.96 £+ 0.01 2.54 + 0.64
Harmalol ND ND ND
Harmaline ND ND ND
DMT 0.60 £ 0.03 1.57 £ 0.06 1.86 + 0.02
THH ND ND ND
M. hostilis + Harmol ND ND ND
P. harmala Harmine 0.85 + 0.03 2.38 + 0.09 3.34 £ 0.04
Harmalol ND ND ND
Harmaline 1.10 £ 0.02 2.21 + 0.01 3.02 + 0.03

Caption: ND: not detected

In general, it was possible to observe that all the analysed compounds managed to cross the
cell monolayer, except harmalol and harmol. In the digested samples the bioavailability
percentages ranged between 8.30—28.9% for DMT, 0—29.63% for harmaline and 33.03-57.58% for
harmine. So far, no studies have been carried out on the bioavailability of ayahuasca, so it is not
possible to make comparisons with the present study. However, differences in [B-carboline
concentrations can be explained by the rapid mutual conversion of these compounds (Figure
III.2.2) [31]. Additionally, DMT easily crosses the barriers of the body, since it is a small and
hydrophobic molecule with a low molecular weight [21]. It was also observed that the amount of the
compounds decreased after crossing the cell monolayer, when compared to the values obtained
after in vitro digestion. This fact has already been verified in bioavailability studies with other
compounds of natural origin [39,40]. In a study that evaluated the bioavailability and
bioaccessibility of Prunus avium L., carried out by our research group, this same decrease in the

amount of compounds after crossing the Caco-2 cell monolayer was also verified [14].

3.2.3. Materials and Methods

3.2.3.1. Chemicals and Materials

The analytical standards DMT, harmine, harmaline, THH, harmol and harmalol were
kindly provided by Nal von Minden, GmbH (Regensburg, Germany). Lucifer Yellow, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and Roswell Park Memorial
Institute (RPMI) medium were obtained from Sigma-Aldrich (Sintra, Portugal). Methanol (HPLC
grade) was obtained from Fischer Chemical (Loughborough, UK). Formic acid and dimethyl
sulfoxide (99.9% of purity) were purchased from Sigma-Aldrich (Sintra, Portugal). Deionized water
was obtained from a Milli-Q System (Millipore, Billerica, MA, USA).
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3.2.3.2. Sample and Working Solutions Preparation

All vegetal samples were acquired online from Shayana Shop
(https://www.shayanashop.com, Amsterdam, The Netherlands) (accessed on 25 May 2019). The
decoctions of ayahuasca were prepared according to a traditional recipe kindly provided by Dr.
Nicolas Fernandez. Thus, 0.210 g of each of the five vegetal samples were weighed (P. viridis
(leaves), P. harmala (seeds), B. caapi (scraps from the stem), M. hostilis (root bark) and
commercial mixture) and were then milled in a mortar with a few drops of water. After that, 250
mL of ultra-pure water was added, and the mixture was transferred to a Schott flask. This
preparation was boiled at 100 °C for 4 h. Similarly, four decoctions were prepared where two of the
above vegetal samples were mixed (P. viridis and P. harmala; P. viridis and B. caapi; M. hostilis
and P. harmala; M. hostilis and B. caapi). After boiling, the samples were cooled, filtered, frozen at
-80 °C and freeze-dried. Individual stock solutions of DMT, hamine, harmaline, harmol and
harmalol were prepared at 1 mg/mL in methanol. Working solutions were prepared by serial

dilutions in methanol.

3.2.3.3. In Vitro Simulation of Human Digestion Process

The in vitro digestion assay was carried out as described in a previous work [14]. Initially,
salivary fluid (potassium chloride, monosodium phosphate, sodium sulphate, sodium chloride,
sodium bicarbonate, urea, a-amylase, mucin and uric acid), gastric fluid (sodium chloride,
monosodium phosphate, potassium chloride, calcium chloride, ammonium chloride, hydrochloric
acid, glucose, urea, pepsin, mucin and bovine serum albumin), duodenal fluid (sodium chloride,
sodium bicarbonate, potassium dihydrogen phosphate, potassium chloride, magnesium chloride,
hydrochloric acid, urea, calcium chloride dihydrate, bovine serum albumin, pancreatin and lipase)
and bile fluid (sodium chloride, sodium bicarbonate, potassium chloride, hydrochloric acid, urea,
calcium chloride dihydrate, bile and bovine serum albumin) were prepared. For the assay, each
freeze-dried decoction was dissolved in 100 mL of deionized water. To each of the nine samples, 6
mL of simulated salivary fluid (pH 6.8) was added, being this mixture was incubated at 37 °C for 5
min with orbital shaking at 9o rpm. Then, 12 mL of simulated gastric fluid (pH 1.3) was added,
followed by incubation in the same conditions for 2 h. After this time, 6 mL of simulated bile fluid
(pH 8.2), 12 mL of simulated duodenal fluid (pH 8.1) and 2 mL of sodium bicarbonate solution
(1M) was added. The solution was incubated again at 377 °C with orbital shaking at 9o rpm for 2 h.

Aliquots were collected at the end of each stage of the in vitro digestion process, which
were immediately cooled, then frozen at —80 °C for 30 min and later sonicated at 4 °C in an ice
bath for 30 min. Subsequently, the samples were filtered through a 0.22 um cellulose acetate pore
filter and subsequently analysed by high-performance liquid chromatography (HPLC).
Furthermore, an additional aliquot of the last stage of the in vitro digestion of each sample was
collected, which was also placed on ice, frozen at —80 °C and sonicated. Then, their pH was
measured and corrected, when necessary, to physiological pH. Subsequently, these aliquots were
used in the PAMPA assay.
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3.2.3.4. Cell Culture

The Caco-2 cell line (Database name: American Type Culture Collection (ATCC) Accession
numbers: HTB-37) [41] was cultured in RPMI medium supplemented with 1% antibiotic mixture
and 10% foetal bovine serum, at passages between 33 and 37. Subsequently, the cells were
incubated at 37 °C in a humidified atmosphere containing 5% CO2.

For the MTT assay, the cells were seeded in 96 multi-well plates (cat. number 734-2802
avantor, VWR, Amadora Portugal) at a cell density of 0.5 x 104. For the PAMPA assay, the cells
were seeded in culture inserts, placed in 12 multi-well plates (cat. number 734-2731 avantor,
Laborspirit, Santo Antao de Tojal, Portugal) at a cell density of 6 x 104, remaining for a period of 21
days in order to form a confluent monolayer. After that time, 500 pL of each of the nine samples
(digested and undigested) was added to the apical chamber, to be in contact with the cell monolayer
(P. viridis—0.278 mg/mL; B. caapi—0.062 mg/mL; P. harmala—o0.226 mg/mL; M. hostilis—0.382
mg/mL; commercial mixture—0.156 mg/mkL; P. viridis + B. caapi—0.203 mg/mL; P. viridis + P.
harmala—o0.344 mg/mL; M. hostilis + B. caapi—0.555 mg/mL e M. hostilis + P. harmala—o0.4
mg/mL). After 1, 2 and 4 h, 250 uL was collected in the basolateral chamber. The collected aliquots
were analysed by HPLC. All tests were performed in triplicate.

3.2.3.4.1. MTT Cell Viability Assay

The cytotoxicity of the samples was assessed by the MTT assay. For that, after the cells
became confluent, they were exposed to the samples (digested and undigested) 1, 2 and 4 h. RPMI
medium was used as a negative control. After incubation, the medium was removed and an MTT
solution was added. Then, the cells were incubated for 3 h. After that time, the MTT solution was
removed, and the formazan crystals formed were dissolved in dimethyl sulfoxide (DMSO), being

the absorbance measured using a microplate reader at 570 nm.

3.2.3.4.2. Transepithelial Electrical Resistance Assay

The integrity of the cell monolayer was evaluated by measuring the transepithelial electrical
resistance (TEER). Before the incubation of the cells’ monolayer with the extracts (digested and
undigested), the TEER was measured. Initially, the electrode of the transepithelial resistance meter
(EVOMz2, World Precision Instrument, Sarasora, FL, USA) was equilibrated with RPMI medium
and then was placed in each well to form an angle of 90°. The procedure was performed in triplicate
and the TEER was determined according to the following equation:

TEER value = (mean of the resistances of each well — mean of the resistance of blank) x

insert area (1)
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3.2.3.4.3. Lucifer Yellow Permeability Assay

The Lucifer Yellow Permeability Assay allows evaluating changes in the permeability
characteristics of the cell monolayer after passive passage of compounds. This test was performed
as described in a previous work [14]. Briefly, the RPMI medium of the chambers delimited by the
insert (apical and basolateral) was removed and replaced by 500 pL of the Lucifer Yellow solution
in the apical chamber and 1.5 mL of Hank’s balanced salt solution (HBSS) in the basolateral
chamber. After that, the multi-well was incubated for 1 h, and then 200 pL of each basolateral
chamber was pipetted to another culture plate, being the fluorescence measured at 485 nm
(excitation) and 535 nm (emission) using a spectrofluorometer. HBSS was used as a blank and a
Lucifer Yellow solution (0.1 mg/mL) was used as a positive control. The permeability percentage
was calculated as follows:

% permeability = (mean of fluorescence of each well — fluorescence of blank)/(fluorescence

of positive control — fluorescence of blank) x 100 (2)
3.2.3.5. Instrumental and Chromatographic Conditions

The quantification of main compounds present in ayahuasca beverages was performed on
an HPLC system coupled to a diode array detector (DAD) (Agilent technologies Soquimica, Lisbon,
Portugal). The mobile phase was composed of 0.1% formic acid in methanol (A) and 0.1% formic
acid in water (B). The elution was carried out in gradient mode and included 5% A (0—2 min), 50%
A (2—32 min) and again, 5% A (32—40 min). The flow rate was 1.5 mL/min, and the injection
volume was 50 pL. The stationary phase consisted of an YMC-Triart PFP (5 um, 4.6 i.d. x 150 mm)
analytical column coupled to a Guard-c holder (4 x 10 mm) and a Triart PFP (5 um, 3 x10 mm)
pre-column, all from YMC Europe GMBH (Solitica, Lisbon, Portugal), being maintained at 25 °C.
harmine and harmol were detected at 246 nm, DMT and THH at 278 nm and harmaline and

harmalol at 360 nm. The temperature of the sampler was set at 4 °C.
3.2.3.6. Statistical Analysis

The results are expressed as mean values with standard deviations (SD). The Student’s t-

test was employed and statistically significant values were considered when p < 0.05 (*).
3.2.4. Conclusions

During the in vitro digestion, the compounds were released from the matrix, becoming
bioaccessible. The concentration of -carboline alkaloids shows an appreciable transformation,
while the variation of DMT is smaller. After the in vitro digestion, the detected compounds could be
absorbed by the cell monolayer, becoming bioavailable but in lower concentrations. Likewise, the

compounds present in the extracts that did not undergo in vitro digestion also became bioavailable.
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So, it can be inferred that digestion is not essential to occur absorption at the intestine level. After
cell incubation with the extracts, it was verified that they were not cytotoxic, and the integrity and
the permeability of the cell monolayer remained unchanged, suggesting that the compounds did
not interfere with intercellular junctions. Further studies in which a more realistic approximation
of the intestinal matrix is used should be carried out in order to overcome possible flaws of the used

model.
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3.3. Paper V- Ayahuasca Beverages:
Phytochemical Analysis and Biological
Properties

Abstract

Ayahuasca is a psychoactive beverage, originally consumed by indigenous Amazon tribes, of which
consumption has been increasing worldwide. The aim of this study was to evaluate the
phytochemical profile, as well as the antioxidant, anti-inflammatory and antimicrobial properties of
decoctions of four individual plants, a commercial mixture and four mixtures of two individual
plants used in the ayahuasca preparation. For this purpose, a phytochemical characterization was
performed, determining the content of flavonoids, total phenolic compounds, and analyzing the
phenolic profile. Besides, 48 secondary metabolites were investigated by ultra-high performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-Q/TOF-MS) and
their concentration estimated with real standards when present. The antioxidant activity was
evaluated by both the B-carotene bleaching test and DPPH free radical scavenging assay, and the
anti-inflammatory activity was determined by a protein denaturation method. Finally, the
antimicrobial properties were evaluated using the disc diffusion assay, resazurin microtiter method,
anti-quorum sensing and anti-biofilm activity assays. The obtained results showed that, in general,
the samples have a high content of phenolic compounds and flavonoids with noticeable differences,
reflecting on remarkable antioxidant and anti-inflammatory activities. Significant antimicrobial
properties were also observed, with emphasis on the effect of B. caapi and P. harmala on
planktonic and biofilm cells of A. baumannii, inhibiting both the biofilm formation and the

production of violacein pigment.

Keywords: Ayahuasca; phytochemical characterization; antioxidant activity; anti-inflammatory

activity; antimicrobial properties

3.3.1. Introduction

Ayahuasca is a psychoactive beverage that has been consumed for centuries [1,2].
Originally, it was used by indigenous tribes in the Northwest Amazon for therapeutic purposes and
divine rituals; however, it has now expanded, being consumed worldwide [3,4,5]. The term
“ayahuasca” has Quechua origin and derives from the words “aya”, which means “spirit”, and
“huasca”, meaning “vine” [1,2,4,5,6]. The significance of this beverage, also known as yajé, daime,
vegetal, capi, nate, hoasca, natema, can be translated as “vine of the dead” or “vine of the soul”
[2,4,7,8]. Traditionally, ayahuasca consisted of a decoction prepared with the leaves of the
Psychotria viridis bush and scraps of the stem of the Banisteriopsis caapi vine. However, over the

years, several variations of this decoction have been developed [4,5]. Several analogues that can
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replace P. viridis are also known, namely Psychotria carthagenesis, Brugmansia suaveolens,
Nicotiana tabacum, Brunfelsia, spp., Daturaolens, Malouetia tamarquina, Tabernaemontana
spp., among others [1,9]. In the case of B. caapi, besides to analogs of natural origin (Peganum
harmala), there are also synthetic analogs (tetrahydroharmine freebase/HCIl, moclobemide and
harmine freebase/HCI) that can replace the use of the traditional plant [1,3,10,11].

The ayahuasca decoction contains [-carboline alkaloids such as harmine,
tetrahydroharmine (THH) and harmaline, which come from B. caapi, and the hallucinogenic
compound N,N-dimethyltryptamine (DMT) from P. viridis [12,13]. DMT is a serotonin 5-
HT1A/2A/2C receptors agonist that, when ingested alone, is metabolized by peripheral monoamine
oxidase-A (MAO-A), becoming harmless [14]. Nonetheless, when combined with the B-carboline
alkaloids, can access the circulation and the central nervous system, since they temporarily inhibit
MAO-A [12,14,15,16]. Additionally, THH also inhibits the reuptake of serotonin by increasing the
effects of DMT [17]. This compound is hydrophobic and presents a low molecular weight, allowing
it to quickly cross the blood-brain barrier. Furthermore, it is structurally similar to melatonin and
serotonin, with a tryptamine moiety which provides high affinity for neurological receptors and
triggers more robust behavioral responses [18].

In the last twenty-five years, the ayahuasca consumption has expanded worldwide (United
States of America, Europe, Africa and Asia) raising concerns about the possible negative effects of
its consumption, but also curiosity about the potential therapeutic effects described [13,17,19,20].

The increase of the antimicrobial resistance by pathogens is of major concern, since it leads
to an increase in morbidity and mortality, endangering public health [21,22]. Thus, antibiotics that
were used against pathogens are no longer effective, namely against Gram-positive bacteria such as
Staphylococcus aureus that developed resistance against methicillin [23,24]. Additionally, studies
performed on Gram-negative bacteria, such as Acinetobacter baumannii, Escherichia coli and
Pseudomonas aeruginosa, have shown the emergence of antibiotic resistance [25,26]. Thus, it is
crucial to search for new compounds with antimicrobial properties that allow the treatment of
infections by resistant pathogens [27]. Higher plants have classes of compounds that can be used as
sources of antibiotics, so it is important to evaluate the antimicrobial effects of those compounds in
order to identify new molecules with potential inhibitory properties of pathogenic microorganisms
[27,28].

The present work describes the phytochemical characterization of four individual plants, a
commercial mixture and four plant mixtures used in the preparation of the ayahuasca decoctions.
The antioxidant, anti-inflammatory and antimicrobial properties of those plant samples were also

evaluated.

3.3.2. Results and Discussion

The search for new plant-derived compounds with bioactive properties is crucial. Thus, and
considering the potential effects of ayahuasca, in this work, the biological activities of the plant
materials used in the preparation of this beverage, namely antioxidant, anti-inflammatory and

antimicrobial properties, were evaluated. In this sense, four decoctions of ayahuasca were prepared
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(with two different plant materials, one source of DMT and another of [-carboline alkaloids).
Besides, individual decoctions of each plant used in the preparation of ayahuasca were also

prepared. In addition, a commercial mixture was also purchased and evaluated.

3.3.2.1. Phytochemical Characterization and Phenolic Profile

Ayahuasca has been shown to have important beneficial health effects
[12,17,29,30,31,32,33,34,35]. Considering that there is a small number of phytochemical studies of
the decoctions prepared from the plants P. viridis, B. caapi, P. harmala and M. hostilis, in the
present study the determination of the content of flavonoids and total phenolics in these samples
was performed. Additionally, the phenolic profile of the samples was determined by ultra-high
performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC/ESI-
QTOF-MS).

Phenolic compounds are among the main secondary metabolites of plants, and it is possible
to find some of them in all plants [36,37,38]. These compounds have some interesting properties
from a clinical point of view [37,39]. In the present study, the total phenolics were determined
using the Folin-Ciocalteu colorimetric method (Table III.3.1). Although some studies describe
limitations of the Folin-Ciocalteu colorimetric method, it remains widely used for the
determination of total phenolics [40]. All samples showed substantial concentrations of total
phenolics, with M. hostilis, commercial mixture and the mixture of M. hostilis and B. caapi
showing the highest concentrations, and P. harmala the lowest content of total phenolics. Recently,
Hadadi et al. [41], developed a study where determined the content of total phenols, using the same

method, having also verified the presence of these compounds in extracts of P. harmala.

Table III.3.1. Total phenolic compounds and flavonoids content (mean + standard deviation)

Samples Phenolic Compounds Flavonoids
(mg GAE/g sample) (mg QE/g sample)

Commercial mixture 364.67 £ 7.66 10.29 + 0.68

P. viridis 210.67 £ 7.27 8.76 £ 0.94

B. caapi 114.67 + 2.44 3.91 + 0.28

M. hostilis 376.80 + 15.84 14.63 £ 1.36

P. harmala 78.27 + 5.75 25.92 £ 2.56

P. viridis + B. caapi 150.60 + 10.47 9.81 + 0.67

P. viridis + P. 132.13 £ 3.84 19.93 £ 0.95
harmala

M. hostilis + B. caapi 327.47 £ 9.94 6.85 + 0.23

M. hostilis + P. 196.13 £ 1.67 16.25 + 0.97
harmala

GAE—gallic acid equivalents; QE—quercetin equivalents.

Flavonoids have beneficial biological activities, namely anti-inflammatory, antimicrobial,
antioxidant, cytotoxic and anti-tumor activities [42,43]. In the present study, flavonoids were

determined by the aluminium chloride colorimetric method (Table III.3.1). All samples were found
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to have flavonoids in their composition, with P. harmala and the mixture of P. viridis and P.
harmala the samples having the highest flavonoid content. Contrariwise, the samples of B. caapi
and the mixture of B. caapi and M. hostilis showed the lowest levels of flavonoids.

The samples were then analyzed by liquid chromatography with high resolution mass
spectrometric detection in order to identify the compounds and to further complement the initial
phytochemical characterization. Thus, the identification of compounds was carried out by
comparing their retention times and accurate mass spectra provided by the UHPLC-QTOF-MS with
those of authentic standards when available. The phytochemical library of 48 standards (Appendix
A Figure II1.3.A1) was used to characterize the metabolites present in the methanolic extracts.
Thus, it was possible to verify that two groups of compounds were mainly present: hydroxybenzoic
acids and flavonoids. The concentration of the identified compounds was estimated by comparing
their peak areas in the chromatograms from the plant extracts with those of the corresponding
standard solutions freshly prepared and analyzed by duplicate in the same batch as samples. The
results are shown in Table III.3.2. In the sample of P. viridis it was possible to quantify two
hydroxybenzoic acids (protocatechuic acid, 4-hydroxybenzoic acid), two hydroxycinnamic acids
(chlorogenic acid and neochlorogenic acid) and six flavonoids ((+)-catechin, (-)-epicatechin,
quercetin-3-0-galactoside, quercetin-3-O-glucoside, quercetin-3-O-rutinoside and kaempferol-3-
O-rutinoside). These results are similar to those obtained by Ma et al. [44], where the phenolic
compounds of a sample of P. viridis were analyzed by liquid chromatography coupled to mass
spectrometry, being (+)-catechin and (-)-epicatechin detected. Additionally, five other compounds
were also detected (gallic acid, (+)-gallocatechin, dihydromyricetin, (+)-catechin-3-O-gallate and
myricitrin) that are not part of the library used in this work [44]. In the sample of P. harmala it was
only possible to quantify the hydroxybenzoic acids, protocatechuic, gentisic and salicylic acids. The
remaining compounds were either not detected, or are below the limit of quantification. Regarding
the sample of M. hostilis, protocatechuic, 4-hydroxybenzoic and salicylic acids, and the flavonoids
(+)-catechin and (-)-epicatechin were quantified. Regarding the B. caapi sample, the
hydroxybenzoic acids, protocatechuic and salicylic, and the flavonoids (+)-catechin, (-)-epicatechin,
quercetin-3-0O-glucoside, quercetin-3-O-rutinoside and phlorizin, were quantified. Finally, the
commercial mixture was also analyzed by the same analytical method, allowing the quantification
of three hydroxybenzoic acids (protocatechuic, 4-hydroxybenzoic and salicylic acids) and five
flavonoids ((+)-catechin, (-)-epicatechin, quercetin-3-O-galactoside, quercetin-3-O-glucoside and
quercetin-3-O-rutinoside). The chemical composition and the proportion of the identified
compounds are variable in the different analyzed samples. It is difficult to compare the results
obtained for the samples of B. caapi, M. hostilis, P. harmala and for the commercial mixture, since
most chromatographic studies focus on the detection of psychoactive compounds, such as DMT, or
B-carboline alkaloids [3,45,46,47,48,49,50]. Therefore, future research on these plant samples
should be focused on the phytochemical characterization and potential bioactive effects associated

with these compounds.
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Table IIL.3.2. Concentration of phenolic compounds (pg/g) in the methanol extracts from decoctions
samples.

Compound Commercial P.viridis B.caapi M. hostilis P.
mixture harmala
Hydroxybenzoic acids
protocatechuic acid 417.1 272.8 122.6 109.2 4.8
4-hydroxybenzoic acid 39.6 53.2 N.D. 4.3 <LOQ
gentisic acid <LOQ N.D. <LOQ N.D. 2.8
salicylic acid 1.5 <LOQ 9.1 0.25 3.8
Hydroxycinnamic acids
chlorogenic acid N.D. 42.1 N.D. N.D. N.D.
neochlorogenic acid N.D. 6.0 N.D. N.D. N.D.
Flavonoids-Flavanols
(+)-catechin 240.4 10.7 465.4 1.35 <LOQ
(-)-epicatechin 570.5 22.6 1112.0 4.6 <LOQ
quercetin-3-0O-galactoside N.D. N.D. N.D.
quercetin-3-O-glucoside 7 3.0% 14.4 N.D. N.D.
quercetin-3-O-rutinoside 18.7 47.4 6.3 N.D. <LOQ
kaempferol-3-O-glucoside N.D. N.D. <LOQ N.D. N.D.
kaempferol-3-O- N.D. 26.6 N.D. N.D. N.D.
rutinoside
Flavonoids-
dihydrochalcone
phlorizin <LOQ N.D. 1.0 <LOQ N.D.

N.D.—not detected; LOQ—limit of quantitation; LOQ—o0.006 pg/g (salicylic acid; quercetin-3-O-rutinoside);
0.010 pg/g (4-hydroxybenzoic acid; gentisic acid, (-)-epicatechin); 0.018 pg/g (kaempferol-3-O-rutinoside); 0.034 ug/g

(phlorizin); * mixture of both metabolites.

3.3.2.2. Antioxidant Activity

In this study, the antioxidant activity of the ayahuasca decoctions was evaluated in order to
identify new sources of antioxidants. Initially, the antioxidant activity of the extracts was evaluated
by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay and the results are
presented in Table III.3.3. This colorimetric assay is widely used because it is quick and easy,
consisting in the evaluation of the potential for free radical scavenging of the samples [51].
Observing the results, it is possible to verify that the samples of M. hostilis, the mixtures of M.
hostilis and B. caapi and M. hostilis and P. harmala, and the commercial mixture showed a “very
strong” antioxidant activity, because their antioxidant activity index (AAI) values were higher than
2.0 [52]. Otherwise, the sample of P. harmala presented values of AAI below 0.5, and, therefore,
“poor” antioxidant activity [52]. The remaining samples showed “strong” antioxidant activity [52].
These results may be related with the phenolic compounds present in the samples, given that the
ones with the better antioxidant activity (mixture of M. hostilis and B. caapi and a commercial
mixture) are also those with higher concentration of total phenolics (Table II1.3.1). To the best of

our knowledge, there are no previous studies where the antioxidant activity of P. viridis, B. caapi
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and M. hostilis was evaluated. Regarding the results obtained for P. harmala, these are very similar
to those obtained by other researchers, where the ICy, values are always greater than 100, resulting

in reduced antioxidant activity [53,54].

Table II1.3.3. Antioxidant properties of the samples (mean + standard deviation).

Samples DPPH Free Radical Scavenging Assay B-Carotene Bleaching
Test
ICs0 (mg/L) AAI Antioxidant Activity ICs50 (mg/L)
Commercial mixture 5.65 + 1.05 6.36 + 0.13 Very Strong 224.15 + 31.72
P. viridis 18.89 + 3.01 1.90 + 0.13 Strong 225.51 + 49.60
B. caapi 26.71 + 3.77 1.51 + 0.10 Strong 1497.88 + 148.52
M. hostilis 7.17 + 0.84 4.40 + 0.13 Very Strong 243.35 + 0.61
P. harmala 211.67 £ 20.41 0.14 £ 0.03 Poor 2713.16 + 649.32
P. viridis + B. caapi 20.71 + 3.46 1.98 + 0.13 Strong 237.52 + 31.94
P. viridis + P. harmala 20.74 + 5.62 1.29 + 0.04 Strong 322.55 + 12.10
M. hostilis + B. caapi 7.74 + 1.25 6.20 £+ 1.39 Very Strong 1069.59 + 65.74
M. hostilis + P. harmala 12.14 + 2.42 3.27 + 0.15 Very Strong 257.83 + 50.28
Positive gallic acid 2.23 + 0.02 22.77 + 0.25 Very Strong -
controls BHT - - - 20.33 £ 0.34

1C50—half maximal inhibitory concentration; AAI—antioxidant activity index; BHT—butylated hydroxytoluene.

The comparison of the results of the antioxidant activity of a determined sample is not
linear, since the mechanism of action is very complex and varies within matrices. Additionally, the
measurement of this activity depends on the method employed [27]. For these reasons, and in
order to better understand the antioxidant mechanism of ayahuasca decoctions, their antioxidant
activity was also evaluated by the B-carotene bleaching test (Table I11.3.3). This assay is widely used
in the evaluation of the antioxidant activity of samples of natural origin, since it allows the
evaluation of the ability of the samples to inhibit the lipid peroxidation [40,55]. In this test, the
antioxidant activity evaluation is undertaken by comparing two competitive chemical reactions
involving the potentially antioxidant compounds present in the samples and the antioxidant model
[B-carotene [56]. As it was observed in the DPPH assay, the P. harmala sample showed the highest
IC5, value and, consequently, the lowest antioxidant activity. Contrariwise, the samples with lower
ICso, and, therefore, greater antioxidant activity, were the commercial mixture and P. viridis.

In general, the results obtained allowed concluding that the ayahuasca is a good source of

bioactive compounds with the ability to scavenge free radicals and to inhibit the lipid peroxidation.

3.3.2.3. Anti-Inflammatory Activity

Protein denaturation is an important indicator of an inflammation process, since it occurs
during tissue damage, leading to the production of auto-antigens [57,58]. Thus, in this work, the
anti-inflammatory activity of the samples was studied, by assessing its capacity to inhibit protein
denaturation. Although this method is not a direct test, it is often used to assess the anti-
inflammatory potential of plant samples [59]. Observing the results (Table III.3.4) it is possible to
verify that the samples with the highest IC5, and, consequently, with the lowest anti-inflammatory
activity are P. viridis and B. caapi. The samples with the best anti-inflammatory activity are P.

harmala, M. hostilis, the mixture of M. hostilis and P. harmala and the commercial mixture. The
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results obtained for P. harmala are in agreement with the literature, since previous studies
corroborate its anti-inflammatory potential [60,61]. However, for the remaining samples, no

studies were found to compare the results.

Table II1.3.4. Anti-inflammatory activity results (mean + standard deviation).

Anti-Inflammatory

Sample Activity - ICso
(mg/L)
Commercial mixture 30.89 £ 1.24
P. viridis 168.92 + 25.49
B. caapi 163.75 + 23.84
M. hostilis 43.84 £ 0.46
P. harmala 37.38 £ 2.78
P. viridis + B. caapi 117.88 + 15.91
P.viridis + P. harmala N.D.
M. hostilis + B. caapi N.D.
M. hostilis + P. harmala 19.06 + 0.87
Positive control acetylsalicylic acid 0.80 + 0.09

N.D.: Not detected; ICso- half maximal inhibitory concentration
3.3.2.4. Antimicrobial Activity

Currently, the resistance to conventional drugs by pathogenic microorganisms is a major
concern, and the search for alternatives of natural origin has been growing [62]. Thus, in this work,
the potential antimicrobial activity of the ayahuasca decoctions was evaluated against four Gram-
positive and four Gram-negative bacteria. The tested strains were chosen because they are human
infective, being some of them well known for their pathogenicity and resistance to antibiotics.
Namely, L. monocytogenes and B. cereus, known foodborne pathogens, and E. faecalis, S. aureus,
E. coli, A. baumannii, P. aeruginosa and S. Typhimurium, responsible for several health-related
infections [63,64,65,66,67,68,69,70].

Initially, the disc diffusion assay was performed, with some samples presenting
antibacterial activity (Table III.3.5). Analyzing the results, it was verified that six samples inhibited
the bacterial growth in all strains. However, the commercial mixture was unable to inhibit the
growth of E. faecalis, and slightly inhibited the growth of L. monocytogenes and S. Typhimurium.
Additionally, the mixture of P. viridis and B. caapi was not able to inhibit the growth of L.
monocytogenes, S. Typhimurium, E. coli and E. faecalis. Regarding the mixture of P. viridis and P.
harmala, there was also a reduced inhibition in the growth of L. monocytogenes and absence of
growth inhibition of E. faecalis. The other samples showed remarkable antibacterial activity in all
the tested strains. The strain that was less susceptible to the samples was E. faecalis, with a range
of inhibition diameters between 6.00 mm and 10.13 mm. These results can be explained by the
ability of this microorganism to adapt to severe situations, namely environmental changes, salt
concentrations, extreme alkaline pH, or even to the deprivation of nutrition [71]. Otherwise, the
most promising results were observed for S. aureus and A. baumannii, with inhibition diameters

ranging between 20.39 mm and 13.27 mm and between 17.81 mm and 11.04 mm, respectively. It is
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also important to note that in this study it was possible to observe antimicrobial activity against

Gram-negative bacteria, which usually have greater resistance to samples of natural origin [72,73].

Table II1.3.5. Diameter of inhibition zones (mm) in disc diffusion assay (mean + standard deviation).

Strains
L. E. .
Samples S. aureus monocytogene  faecalis B. cereus E. coli S. P. .
(3 mg/disc) ATCC Z; g ATCC ATCC ATCC Typhimurium  aeruginosa baumannii
25023 LMG 16779 29212 11778 25022 ATCC 13311 ATCC 27853 LMG 1025
P. viridis l%'issi 8.19 + 1.68 9'5700:& 142'%%* 122.239:& 8.84 + 0.88 12.73 £1.65  12.65 £ 1.32
B. caapi 17(;.5(>29i 11.04 + 1.75 9'25?4* 17;;1%* 131‘.55(; * 11.01 + 0.29 8.14 £ 1.61 17.53 £ 0.33
P. harmala 142.%421 14.54 + 1.87 9(')?34* 1(:)'?35; 151..159; 16.93 + 0.88 9.09 £ 0.43  17.81+0.34
M. hostilis 193;?431 * 11.18 + 0.91 1(;'.1333 * 1412?* 131'.13%i 11.58 + 0.54 14.59 £ 0.25  14.66 + 0.70
Commercial 14.68 + 6.00 + 13.92 + 7.48 +
mixture 158 6.49 + 0.85 0.00 117 1.33 6.56 £ 0.98 9.73 + 0.30 11.8 + 0.69
P. vlcr:;;fi"' B. 132'%9; 6.00 + 0.00 6(')(_)8; 111':5’757 * 66?(?0* 6.00 + 0.00 10.34 £1.00  11.04 £ 0.77
L zg:g:‘sﬂzp' 131"27?; 6.68 +1.18 6(')(')801 122'.52271 11(;.5(_3631 11.36 + 2.81 10.57 £ 0.90 13.87 £ 0.36
M. hostilis + B. 20.39 + .09 + 14.12 + 11.00 +
(::fza;? 0%94 10.82 £ 1.57 90.5?9 42.14 1.84 11.71 £ 1.44 14.57 £1.18  15.00 + 1.22
M. hostilis + P. 17.94 + 8.55 £ 14.18 £ 12.68 +
hZf'm(llsla 7192‘; 7.44 + 1.26 1?152 41.77 110 12.12 £ 0.37 12.29 £ 2.23  15.06 + 0.53
DMSO
(15 6(')0(()); 6.00 + 0.00 6(')080i 6(')0(())0i 6(')0(())0i 6.00 + 0.00 6.00 + 0.00 6.00 + 0.00
Contr uL/disc) ) ’ ) )
ols tetracyclin
(50 3%'.2521 18.25 + 0.60 2%Z%i 3(())‘%2i 2?(’)'.25%i 28.45 £ 0.52 11.50 £ 0.58 25.63 £ 0.25
pg/disc)

DMSO-dimethyl sulfoxide.

After the initial screening of the antimicrobial potential of the samples, the minimum
inhibitory concentration (MIC) values were determined. For this, the resazurin microtiter assay was
performed (Table II.3.6). The strains that presented the lowest MIC and, therefore, were more
susceptible to the action of the samples, were B. cereus and A. baumannii, with values between
0.156 mg/mL and 5 mg/mL and between 0.625 mg/mL and 5 mg/mL, respectively. Similarly to
what was verified in the disc diffusion assay, the mixtures of P. viridis and B. caapi and P. viridis
and P. harmala showed the least promising results, with MIC values varying between 2.5 mg/mL
and >10 mg/mL. However, these samples and the commercial mixture showed considerable MIC
values against strains where no inhibition was observed in the disc diffusion assay. This result may
be related to the poor diffusion of the extracts in the agar plates [27]. The samples that, in general,
showed better MIC values, and consequently greater antimicrobial activity, were the ones of B.
caapi and P. harmala. In previous studies, the antimicrobial action of P. harmala extracts against
E. coli and S. Typhimurium was already reported [74]; however, the MIC values obtained in that
study (0.625 mg/mL) were lower than those obtained now (1.25 mg/mL for E. coli and 2.5 mg/mL
for S. Typhimurium). Bussmann et al. [75], also determined the MIC for B. caapi against S. aureus
and E. coli, but the values presented in that study (0.0625 mg/mL for E. coli and 1 mg/mL for S.
aureus) are lower than those now determined. Nevertheless, these comparisons must be made with
caution, since in the present study the samples consists of a decoction, whereas in the previous

studies, methanolic [74], and ethanolic [75], extracts were used, which allows a better extraction of
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potential bioactive compounds. Furthermore, the differences in susceptibility of the used strains

would also affect the results.

Table II1.3.6. Minimum inhibitory concentration (MIC) values (mg/mL) of samples (modal values).

Strains
S. E. B. .
Samples aureus L. faecalis  cereus E. coli .S' . p. A. baumannii
ATCC monocytogene ATCC ATCC ATCC  Typhimurium aeruginosa LMG 1025
25023 s LMG 16779 29212 11778 250922 ATCC 13311 ATCC 27853
P. viridis 5 10 10 0.156 >10 >10 >10 5
B. caapi 1.25 2.5 10 0.313 2.5 2.5 5 0.625
P. harmala 1.25 5 5 0.625 1.25 2.5 5 0.625
M. hostilis 2.5 10 2.5 0.156 5 >10 >10 0.625
Commercial mixture 2.5 5 2.5 0.313 10 10 10 2.5
P. viridis + B. caapi >10 10 >10 2.5 10 10 10 2.5
P. viridis + P. harmala >10 >10 10 2.5 10 >10 10 5
M. hostilis + B. caapi >10 >10 >10 2.5 5 10 5 1.25
M. hostilis + P. harmala 5 10 5 5 2.5 10 2.5 0.625
DMSO (%) >20 >20 >20 >20 >20 >20 >20 >20
Controls Tetracycline 0.06 0.06 0.06 0.06 0.06 0.24 0.06 0.24
(ug/mL)

DMSO-dimethyl sulfoxide.

Considering the antimicrobial activity demonstrated by the samples, their anti-quorum
sensing properties were also evaluated (Table III.3.7). For that, the biomonitor strain
Chromobacterium violaceum ATCC 12472 was used, which produces the pigment violacein and
uses signal molecules of N-acyl homoserine lactone in order to monitor population density [59].
Analyzing the results, it was observed that, with the exception of M. hostilis, all samples were able
to inhibit the production of violacein and, consequently, the quorum sensing. However, the samples
of B. caapi and P. harmala stand out, as they produced a diameter of inhibition violacein
production much higher than the other samples (13.26 mm and 13.16 mm, respectively). It should
be noted that the inhibition diameters of these two samples were greater than that of resveratrol,

used as a positive control.

Table II1.3.7. Anti-quorum sensing activity of the samples (mean + standard deviation).

Diameters of inhibition of the

Samples (3 mg/disc) violacein pigment production (mm)

Commercial mixture 4.31+ 0.23
P. viridis 2.44 + 0.05

B. caapi 13.26 + 1.50

M. hostilis 0.00 £ 0.00

P. harmala 13.16 + 0.04

P. viridis + B. caapi 3.60 £ 0.66
P. viridis + P. harmala 3.49 + 0.35
M. hostilis + B. caapi 3.11 + 0.28
M. hostilis + P. harmala 9.62 + 1.05
DMSO (15 pL/disc) 0.00 + 0.00
Resveratrol (5 pg/disc) 8.49 + 0.20

DMSO-dimethyl sulfoxide.

Over the years, the antimicrobial properties of some phenolic compounds, namely

protocatechuic acid [76], gentisic acid [77], catechin and epicatechin [78], and other flavonoids
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[36,79,80,81,82,83] were reported. A high amount of these phenolic compounds in plants can lead
to a more effective response in defense against pathogens [36,79,80,81,82,83]. Analyzing the Table
II1.3.1, it is possible to verify that P. harmala presents the highest flavonoid content. Thus, and
taking into account the antimicrobial activity previously described for flavonoids, the promising
results obtained with this sample may be related to this group of compounds. Similarly, the results
obtained for B. caapi can also be related to its phytochemical composition. Observing the Table
II1.3.2, it is possible to verify that B. caapi presents considerable values of protocatechuic acid,
catechin and epicatechin. As previously mentioned, the antimicrobial activity of catechin and
epicatechin has been described, and their action against pathogens is known.

A. baumannii is a pathogen responsible for multidrug-resistant nosocomial infections [84].
This microorganism is often associated with bloodstream infections and pneumonia associated
with ventilation, which can even be fatal [70,84]. Additionally, A. baumannii has a plastic genome,
which allows adaptation to adverse and stressful environments [70]. The virulence factors of this
pathogen are known, namely the ability to form biofilms [59]. Biofilms produced by bacteria are
highly resistant, as they are protected by the extracellular matrix [85]. In addition, the lower
susceptibility of Gram-negative bacteria to inhibition by plant extracts has been described [72,73].
Given the promising results of B. caapi and P. harmala, concerning the antibacterial and anti-
quorum sensing activities, their anti-biofilm activity against A. baumannii was further evaluated.
For that, biofilms formed in polystyrene coupons in the presence of the samples were observed by
SEM (Figure II1.3.1). Analyzing the Figure III.3.1a it is possible to verify that the biofilm of A.
baumannii presents a three-dimensional structure with several layers of cells connected to each
other. In contrast, when the biofilm was formed in the presence of B. caapi, the A. baumannii cells
appear in small number, with no connection between them and without the three-dimensional
structure (Figure IIL.3.1b). Observing Figure III.3.1c, it appears that the small number of A.
baumannii cells are partially destroyed when the biofilm grew in the presence of P. harmala. These
results suggest that P. harmala and B. caapi present anti-biofilm activity against A. baumannii.
Together with the results obtained in the anti-quorum sensing test, these data allow to infer that
these samples are able to inhibit biofilm formation, not only by inhibiting the bacterial growth, but
also by inhibiting the cells adhesion to the surface [86].

(a) (b) (c)

Figure II1.3.1. Scanning electron microscopy (SEM) images of Acinetobacter baumannii biofilms formed in
the presence of two samples of ayahuasca decoctions: (a) A. baumannii LMG 1025 biofilm (control); (b) A.
baumannii LMG 1025 biofilm formed in the presence of B. caapi (0.5 x MIC); (¢) A. baumannii LMG 1025
biofilm formed in the presence of P. harmala (0.5 x MIC). MIC—minimum inhibitory concentration;
magnification 5000x.
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3.3.3. Materials and Methods

3.3.3.1. Sample Preparation

The vegetal samples of P. viridis, B. caapi, M. hostilis and P. harmala, as well as the
commercial mixture (without information about its composition) were acquired online from the
Shayana Shop (https://www.shayanashop.com, Amsterdam, The Netherlands). The decoctions of
ayahuasca were prepared according to a recipe kindly provided by Dr. Nicolas Fernandez (Facultad
de Farmacia y Bioquimica, Universidad de Buenos Aires, Buenos Aires, Argentina). Five decoctions
of each individual plant samples were prepared. For this purpose, 0.210 g of each vegetal sample
were milled in a mortar with a few drops of water. This preparation was transferred to a Schott
flask and 250 mL of ultra-pure water were added. The Schott flasks were boiled at 100 °C for 4 h.
Similarly, four decoctions were prepared where two of the above vegetal samples were mixed (P.
viridis and B. caapi; P. viridis and P. harmala; M. hostilis and B. caapi; M. hostilis and P.
harmala). Therefore, in each mixture there is a source of DMT and a source of B-carboline
alkaloids, according to works previously developed by our research group [87]. Finally, the samples

were cooled, filtered, frozen at —80 °C and freeze-dried.
3.3.3.2. Phytochemical Characterization and Phenolic Profile

3.3.3.2.1. Total Phenolic Compounds Determination

The total phenolic compounds were determined by the Folin—Ciocalteu colorimetric
method [27]. For that, the samples were dissolved in methanol (50 mg/mL) and, subsequently, 50
uL of these solutions, or gallic acid (standard phenolic compound), were mixed with 450 pL of
distilled water. Then, 2.5 mL of 0.2 N Folin—Ciocalteu reagent were added, the samples were left to
stand for 5 min and, after that time, 2 mL of Na,CO; (75 g/L) were added. The reaction mixtures
were incubated at 30 °C for 9o min. Subsequently, the total phenolic content was determined by
colorimetry (765 nm), using a standard curve prepared with methanolic solutions of gallic acid (y =
0.001x; R2 = 0.9845). The tests were carried out in triplicate, and the results were expressed as

gallic acid equivalents (mg GAE/g sample) [40].
3.3.3.2.2. Flavonoids Determination

The flavonoid content was determined by the aluminium chloride colorimetric method,
following a previously described methodology, using quercetin as standard [27]. Thus, to 500 pL of
each methanolic sample (50 mg/mL), 1.5 mL of methanol, 100 pL of aluminium chloride (10%,
w/v), 100 uL of potassium acetate (1 M) and 2.8 mL of distilled water were added. This mixture was
incubated for 30 min at room temperature. Subsequently, the flavonoid content was determined by

colorimetry (415 nm), using a calibration curve prepared with methanolic solutions of quercetin (y
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= 0.0146%; R2 = 0.9964). The tests were performed in triplicate and the results were expressed as

quercetin equivalents (mg QE/g of sample).

3.3.3.2.3. Determination of the Phytochemical Profile by
UHPLC/ESI-QTOF-MS

The identification of secondary metabolites present in the vegetal samples was performed
following a methodology previously developed by the Center of Metabolomics and Bioanalysis
(CEMBIO) based on analysis by UHPLC/ESI-QTOF-MS [88,89]. For that, a methanolic extraction
was performed as follows: 300 uL of methanol was added to 30 mg lyophilized powder sample. The
mixture was vortexed for 2 min, sonicated for 15 min and centrifuged at 10,000x g for 5 min at 4
°C. The supernatants were then collected and transferred to a Chromacol vial (Thermo Fisher
Scientific, Madrid, Spain) for LC/MS analysis. The whole procedure was performed by duplicate.
Then, samples were analyzed on a 1290 Infinity series UHPLC system coupled with an electrospray
ionization source (ESI) with Jet Stream technology to a 6545 iFunnel QTOF/MS system (Agilent
Technologies, Waldbronn, Germany). For the separation, a volume of 2 pL was injected in a
reversed-phase column (Zorbax Eclipse XDB-C18 4.6 x 50 mm, 1.8 um, Agilent Technologies) at 40
°C. The flow rate was 0.5 mL/min with a mobile phase consisting of solvent A: 0.1% formic acid in
ultrapure water, and solvent B: methanol. Gradient elution consisted of 2% B (0—6 min), 2—50% B
(6—10 min), 50—95% B (11—-18 min), 95% B for 2 min (18—20 min), and returned to starting
conditions 2% B in one minute (20—21 min) to finally keep the re-equilibration with a total analysis
time of 25 min. Detector was operated in full scan mode (m/z 50 to 1500), at a scan rate of 1 scan/s
both in positive and negative EST mode. Accurate mass measurement was assured through an
automated calibrator delivery system that continuously introduced a reference solution, containing
masses of m/z 121.0509 (protonated purine) and m/z 922.0098 (protonated HP-921) in positive
ESI mode; whereas m/z 119.0363 (proton abstracted purine) and m/z 966.0007 (formate adduct of
HP-921) in negative ESI mode. The capillary voltage was + 4000 V for positive and negative
ionization mode. The source temperature was 225 °C. The nebulizer and gas flow rate were 35 psig
and 11 L/min respectively, fragmentor voltage to 75 V and a radiofrequency voltage in the octopole
(OCT RF Vpp) of 750 V.

For the study, Mass Hunter Workstation Software LC/MS Data Acquisition version B.07.00
(Agilent Technologies) was used for control and acquisition of all data obtained with UHPLC/MS-
QTOF.

3.3.3.3. Evaluation of Antioxidant Activity

3.3.3.3.1. DPPH Scavenging Assay

The antioxidant activity of the samples was determined by the radical scavenging activity

method using the 2,2-diphenyl-1-picryhydrazyl (DPPH) free radical [52]. Briefly, to the methanolic
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solutions of the samples at different concentrations (100 uL), three methanolic solutions of DPPH
(3.9 mL) were added at concentrations of 0.2, 0.1242 and 0.08 mM. The control was prepared by
mixing methanol (100 pL) with 3.9 mL of each DPPH solution. The reaction mixtures were
incubated at room temperature for 9o min and in the absence of light. After that, the absorbances
were measured at 517 nm. The radical scavenging activity was calculated using the following
formula:

1%= ((Abso — Abs1)/Abso) x 100 (1)

where Abso corresponds to the control absorbance and Abs1 was the absorbance in the presence of
the test samples at different concentrations. The IC;, was calculated graphically, using a linear
calibration curve, plotting the sample concentrations in relation to the corresponding percentage of
inhibition. The antioxidant activity was expressed as the antioxidant activity index (AAI), calculated
as follows: AAI = (final concentration of DPPH in the control sample)/(ICso) [52]. The AAI allowed
to classify the antioxidant activity of the samples as: Poor (AAI < 0.5), moderate (0.5 < AAI < 1.0),
strong (1.0 < AAI < 2.0) or very strong (AAI > 2.0) [52]. All tests were performed in duplicate and

gallic acid was used as control.

3.3.3.3.2. B-Carotene Bleaching Test

A solution of B-carotene was prepared by dissolving 20 mg in 1 mL of chloroform. To 500
uL of this solution, 180 uL of linoleic acid, 400 mg of Tween 40 and 1 mL of chloroform were
added. Then, the chloroform was evaporated on a rotary vacuum evaporator for 5 min at 45 °C.
Subsequently, 100 mL of distilled water saturated with oxygen were slowly added to the mixture,
which was then vigorously stirred to form an emulsion. After that, 2.5 mL of this emulsion were
mixed with 300 uL of the extracts in methanol at different concentrations. A control was prepared
by adding 2.5 mL of emulsion to 300 pL of methanol. The tubes were shaken and placed in a water
bath at 50 °C for 1 h. After this time, the absorbances of the samples were measured at 470 nm,
using an emulsion without B-carotene as blank. The measurements were performed in triplicate at
0 h (initial time) and at 1 h (final time). The antioxidant activity was measured in terms of the
percentage of inhibition of $-carotene oxidation by:

% Inhibition = (Abst=lsample — AbSt=!control) / (ADS=Ccontrol — AbSt=1control) (2)

where Abst=! was the absorbance of the sample or control at the final incubation time and Abst=°

was the absorbance in the control at initial incubation time [27]. Butylated hydroxytoluene (BHT)

was employed as standard antioxidant compound.

3.3.3.4. Anti-Inflammatory Activity

The determination of anti-inflammatory activity was performed by assessing the ability of
the samples to inhibit protein denaturation [59]. Thus, a 1% (w/v) solution of bovine serum

albumin (BSA) in phosphate buffer solution (PBS) was prepared, with the pH adjusted to 6.8 using
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glacial acetic acid. Then, 9oo pL of this solution was added to 100 pL of the samples previously
diluted in dimethyl sulfoxide (DMSO) in tubes preheated to 37 °C. Then, the tubes were incubated
at 72 °C for 10 min and after that time they were placed on ice for 10 min. A control consisting of
distilled water was prepared. Finally, absorbance measurements were performed in triplicate using
a microplate reader (BIO-RAD, Hercules, CA, USA) at 620 nm. The percentage of inhibition of
protein denaturation was calculated using the following equation:

%1 = 100 — ((AbSsample X 100)/(AbScontrol)) (3)

where Abscontrol is the absorbance of the control and Abssample is the absorbance of each sample [59].

Acetylsalicylic acid was used as positive control.

3.3.3.5. Determination of Antimicrobial Activity

The antimicrobial activity of ayahuasca decoctions was evaluated against four Gram-
positive bacterial species (Staphylococcus aureus ATCC 25923, Bacillus cereus ATCC 11778,
Listeria monocytogenes LMG 16779 and Enterococcus faecalis ATCC 29212) and four Gram-
negative (Acinetobacter baumannii LMG 1025, Pseudomonas aeruginosa ATCC 27853,
Escherichia coli ATCC 25922 and Salmonella Typhimurium ATCC 13311). Stock cultures were kept
at 20% glycerol at —80 °C. All strains were subcultured 24 h before the antimicrobial tests on Brain

Heart Infusion Agar (BHI-A) plates.
3.3.3.5.1. Disc Diffusion Assay

The antimicrobial activity of each extract was determined using the disc diffusion assay
following the M2-A8 method, described by Clinical Laboratory and Standards Institute (CLSI). The
inoculum was prepared by suspending the bacterial species in sterile saline solution to 0.5
McFarland units (about 1 to 2 x 108 colony-forming units/mL (CFU/mL)). Then, discs (6 mm in
diameter) were impregnated with 15 pL of each sample (3 mg/disc). Negative controls were
prepared with DMSO (15 pL/disc) and positive controls were prepared with tetracycline (30
pg/disc). The discs were placed on the inoculated agar plates, which were then incubated for 24 h at
37 °C. After this time, the inhibition zones were checked, and the diameters were measured using a

digital pachymeter. All experiments were carried out in triplicate [90].
3.3.3.5.2. Resazurin Microtiter Method

The values of the minimum inhibitory concentrations (MIC) of the samples were
determined using the resazurin microtiter assay [86]. Initially, the extracts were prepared in
Miieller—-Hinton Broth (MHB) at a concentration of 20 mg/mL, for strains E. faecalis and L.
monocytogenes the culture medium used was Tryptic Soy Broth (TSB). A 96-well plate was marked
and a volume of 100 uL of sample was pipetted into the first row of the plate. To all other wells, 50

uL of MHB or TSB were added, and serial twofold dilutions were performed. Then, 10 uL of
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resazurin indicator solution (0.1% diluted in MHB or TSB) were added. After that, 30 uL. of MHB or
TSB were added and, finally, 10 uL of bacterial suspension (0.5 McFarland units) were added to
each well. The tests were performed in triplicate and tetracycline was used as a positive control. The
plates were incubated for 18 h at 37 °C. The color change to colorless or pink was evaluated visually
and registered as positive, with MIC being considered as the lowest concentration where the color

change occurred [86].
3.3.3.5.3. Anti-Quorum Sensing Properties: Solid Diffusion Assay

The anti-quorum sensing properties were evaluated using the biomonitor strain
Chromobacterium violaceum ATCC 12472. The bacterial suspension was obtained by overnight
aerobic growth in Luria-Bertani (LB) culture medium (250 rpm, 30 °C). Then, the bacterial
suspension was adjusted to an ODesonm Of 1 and subsequently seeded on LB agar plates.
Subsequently, discs were impregnated with each sample (3 mg/disc), placed on the plates and
incubated for 24 h at 37 °C. After the incubation period, the anti-quorum sensing properties were
evaluated by inhibiting the production of the violacein pigment around the disc, and the inhibition
diameters were measured using a digital pachymeter. DMSO (15 pL/disc) was used as a negative

control and resveratrol (5 pug/disc) as a positive control. The tests were performed in triplicate [59].
3.3.3.5.4. Anti-Biofilm Activity

The anti-biofilm activity of the B. caapi and P. harmala decoctions was evaluated by
scanning electron microscopy (SEM) for A. baumannii LMG 1025. Initially, A. baumannii LMG
1025 was grown overnight in LB (250 rpm, 37 °C). The A. baumannii LMG 1025 biofilms were
formed in polystyrene coupons placed in 12-well plates. Thus, 500 pL of the bacterial suspension
(ODgoonm of 0.02) and 500 pL of the samples dissolved in LB at a concentration of 0.5x MIC were
placed in each well. The growth control consisted in 500 pL of LB with 500 uL of the bacterial
suspension. The plates were incubated for 24 h at 37 °C. Then, the biofilms were washed twice with
sterile saline solution and fixed with 2.5% glutaraldehyde (v/v) for 4 h at 4 °C. Subsequently, the
samples were washed with PBS and the dehydration was carried out in a series of ethanol for 20
min each (30, 50, 70, 80, 90% (v/v) and absolute). The samples were then left to dry overnight in a
desiccator. Finally, the biofilms were coated with gold and observed by SEM of variable pressure
(S-3400N; Hitachi, Tokyo, Japan), using a voltage of 20.0 kV, emission of 100.0 pA and
magnification of 5000x [59,86].

3.3.4. Conclusions

This work allowed a more deepened knowledge of the phytochemical composition of
samples of ayahuasca and the plant species used in the preparation of this psychoactive beverage.

The ability of the samples to inhibit the lipid peroxidation and the capability to scavenge free
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radicals were demonstrated, indicating the antioxidant properties of these samples. The anti-
inflammatory properties by the ability to inhibit protein denaturation were also evaluated. In
addition, the antimicrobial activity of the samples was tested, together with the anti-quorum
sensing and anti-biofilm potential against A. baumannii of B. caapi and P. harmala samples. The
whole set of results obtained allowed a better knowledge of ayahuasca decoctions; however, future
work is necessary to fully understand the mechanisms by which the samples exert the observed
effects. It should be noted that, as far as we know, this is the first work where the antimicrobial
properties of P. viridis, M. hostilis and the commercial mixture were studied. It should also be
noted that, in most studies where the biological properties of these samples were analyzed,
extraction steps were carried out with organic solvents, whereas in the present study, water was

used as solvent to mimic ayahuasca beverages.

Appendix A
Polyphenol Class Polyphenol sub-class (Family) NAME COMPOUND COMMON NAME
Phenolic acids Hydroxy benzoic acids 4-hydroxybenzoic acid 4A-hydroxybenzoic acid

Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Phenolic acids
Other polyphenols
Other polyphenols
Monosaccharides
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Flavonoids
Ellagitannins
Benzopyrones
Alkaloids
Alkaloids
Alkaloids
Acids

Acids

Hydroxy benzoic acids
Hydroxy benzoic acids
Hydroxy benzoic acids
Hydroxy benzoic acids
Hydroxy benzoic acids
Hydroxy benzoic acids
Hydroxy cinnamic acids
Hydroxy cinnamic acids
Hydroxy cinnamic acids
Hydroxy cinnamic acids
Hydroxycoumarins
Other polyphenols
Monosaccharide
Dihydrochalcones
Dihydrochalcones
Flavanones

Flavanones

Flavanones

Flavanones

Flavones

Flavones

Flavonals

Flavonols

Flavonals

Flavonols

Flavonols

Flavonols

Flavonals

Flavonals

Flavonols

Flavanols

Flavanols
Anthocyanines
Anthocyanines
Anthocyanidin
Anthocyanines
Anthocyanines
Anthocyanines
Anthocyanines
Anthocyanines
Ellagitannins
Benzopyrones
Glycoalkaloid
Jasmonate
Protoberberine

Acids (tricarboxilic acid)
Benzoic acid

3,4,5-trihydroxybenzoic acid
2,5-dihydroxybenzoic acid
3,4-dihydroxybenzoic acid
2-Hydroxybenzoic acid
4-hydroxy-3,5-dimethoxybenzoic acid
4-hydroxy-3-methoxybenzoic acid
3,4-dihydroxycinnamic acid
4-hydroxycinnamic acid
3-(3,4-dihydroxycinnamoyl)quinate
4-hydroxy-3-methoxycinnamic acid
6,7-dihydroxicoumarin
1,2-dihydroxybenzene
aldopentose

dihydronaringenin
phloretin-2"-B-D-glucopyranoside
naringenin (aglycone)

naringin

hesperetin (aglycone)

hesperidin

digitoflavone
5,7-dihydroxyflavone

kaempferol (aglycone)
kaempferol 3-0-glucoside
kaempferol 3-O-rutinoside
3,5,7,2' 4'-pentahydroxyflavone
quercetin (aglycone)
quercetin-3-0-glucoside
quercetin-3-O-rhamnoside
quercetin-3-0O-rutinoside
quercetin-3-0-galactoside
(-)-epicatechin

(+)-catechin
cyanidin-3-O-arabinoside
cyanidin-3-O-glucoside

malvidin

malvidin-3-galactoside
pelargonidin

peonidin 3-0-glucoside
delphinidin {(aglycone)
delphinidin-3-O-rutinoside
ellagic acid

coumarin

glycoalkaloid

jasmonate

protoberberine

citric acid

cinnamic acid

gallic acid

gentisic acid
protocatechuic acid
salicylic acid

syringic acid

vanillic acid

caffeic acid
p-coumaric acid
chlorogenic acid
ferulic acid

aesculetin

catechol

D-xylose

phloretin (aglycon)
phloridzin

naringenin (aglycone)
naringin

hesperetin (aglycone)
hesperidin

luteolin (aglycone)
chrysin (aglycone)
kaempferol {aglycone)
kaempferol 3-0-glucoside
nicotiflorin

morin (aglycone)
quercetin (aglycone)
isoquercitrin

quercitrin

rutin

hyperosid
(-)-epicatechin
(+)-catechin
cyanidin-3-O-arabinoside
chrysanthemin
malvidin (aglycone)
primulin

pelargonidin (aglycone)
peonidin 3-0O-glucoside
delphinidin (aglycone)
delphinidin-3-O-rutinoside
ellagic acid

coumarin

solanine

jasmonic acid
berberine

citric acid

cinnamic acid

Figure III.3.A1. Library of phytochemical compounds used in the analysis by UHPLC-Q/TOF-MS.
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3.4. Paper VI- Evaluation of the In Vitro
Wound-Healing Potential of Ayahuasca

Abstract

Ayahuasca is an Amazonian drink, which contains (-carboline alkaloids and N,N-
dimethyltryptamine. The aim of this study was to evaluate the healing potential of decoctions of a
commercial mixture, four individual plants and four mixtures of two plants used in the ayahuasca
preparation. Thus, the cytotoxic potential of the samples was evaluated and a wound-healing assay
was performed with a NHDF cell line. Subsequently, a parallel artificial membrane permeability
assay was also performed, to verify if any psychoactive compound could be absorbed by skin
fibroblasts. The integrity and permeability of the cell layer were also evaluated, using the
transepithelial electrical resistance assay and Lucifer yellow permeability assay, respectively. The
compounds absorbed by the cell layer were quantified by high-performance liquid chromatography
coupled to a diode array detector. The results showed that only one sample showed cytotoxicity and
all the others promoted the migration of skin fibroblasts. Additionally, it was also verified that -
carbolynic alkaloids and N,N-dimethyltriptamine were not absorbed by the cell layer, and in
general, did not interfere with its permeability and integrity. To the best of our knowledge, this is

the first study where ayahuasca’s wound-healing potential was evaluated.

Keywords: ayahuasca; wound-healing activity; PAMPA assay; HPLC-DAD
3.4.1. Introduction

Ayahuasca is a psychoactive beverage, originally prepared from the stems of Banisteriopsis
caapi (B. caapi) and leaves of Psychotria viridis (P. viridis), although there are currently other
variations [1,2]. Also known as Hoasca, Caapi, Yajé/Yagé, or Daime, among other names, it may
have a variable composition, and more than one hundred different plants used in its preparation
have been documented [1,3]. The active compounds present in this beverage are N,N-
dimethyltryptamine (DMT) from P. viridis and B-carbolines from B. caapi [4,5]. DMT is a
tryptamine with psychoactive action, which acts as an agonist of serotonergic receptors 2A
(5HT2AR) and non-opioid intracellular receptor sigma 1 (SIGMAR1), exerting effects comparable
to those of psilocybin, mescaline or LSD [6]. This psychoactive compound is not bioavailable when
ingested orally, since it is rapidly metabolised by peripheral monoaminoxidase-A (MAO-A) [6].
However, B-carbolinic alkaloids, namely harmine, harmaline and tetrahydroharmine (THH), have
inhibiting effects on MAO-A, so the co-administration of these compounds with DMT prevents
their degradation [1,7]. Thus, the psychoactive compound accesses the bloodstream and later the
central nervous system, exerting its psychoactive effects [8]. Additionally, THH acts as an inhibitor

of serotonin reuptake, enhancing the effects of DMT [9].
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Ayahuasca users describe effects as changes in hearing, visual sensations, space and time
awareness or even emotional and cognitive changes [1,4,10]. Spiritual experiences, such as
connections with mythical or religious entities, are also often reported [4]. From the physical point
of view, it is common to experience effects such as nausea, diarrhea or vomiting [6]. Ayahuasca has
been used traditionally for over a thousand years for medicinal and spiritual purposes by
indigenous peoples of the Amazon [4,11]. However, in recent decades, several studies have pointed
to psychological benefits, namely in the treatment of depression, anxiety, drug dependence or
obsessive-compulsive disorder [8,12,13,14,15]. Other more subtle effects, such as improvement in
assertiveness, trust, optimism, maturity, or decreased neuroticism, have also been associated with
ayahuasca consumption [13,16,17]. Recently, the anti-inflammatory and antimicrobial activities of
ayahuasca extracts have also been verified [2].

Ayahuasca consumption has been increasing in recent decades all over the world [7].
Despite all the beneficial effects reported, and there is evidence that the consumption of this
substance in a controlled environment is not associated with such consequences as psychotic
outbreaks, this increase in demand for the decoction has led to questions about the possible
negative effects associated with its consumption; however, it has also led to interest in its potential
therapeutic effects [2].

The particular case of wounds represents a major challenge for health, as there is a high
resource expenditure involved in trying to improve people’s well-being [18]. Thus, several studies
have been carried out in an attempt to find compounds of natural origin that allow wound healing
[18,19,20]. Goulart da Silva et al. [21] describe in their review the potential anti-inflammatory
properties of ayahuasca and its implications in neurological and psychiatric diseases. The authors
mention that this is probably linked to its anti-neuroinflammatory action, mainly attributed to
dimethyltryptamines (N,N-dimethyltryptamine and 5-methoxy-N,N-dimethyltryptamine), which
act as systemic regulators of inflammation and immune homeostasis, but also to sigma-1 receptors.
The study of Dakic et al. [22] corroborates this potential. The authors suggest that the compound
modulates anti-neuroinflammatory response through the nuclear factor of activated T cells and
nuclear factor kappa B pathways, which are downregulated through the toll-like receptor and G
protein-coupled receptors. These anti-inflammatory effects are consistent with reported results in
which the inflammatory release of cytokines and chemokines was blocked [21].

Additionally, the antioxidant activity of ayahuasca was documented in previous studies, as
well as the presence of phenolic compounds and flavonoids, which are associated with this activity,
since they promote the scavenging of free radicals [2,18].

Furthermore, its anti-inflammatory and antimicrobial properties suggest the potential of
ayahuasca in wound healing.

In this context, this work aimed to evaluate in vitro the healing activity of four individual
plants, a commercial mixture and four plants generally used in the preparation of ayahuasca
decoctions, using normal human dermal fibroblasts (NHDF) through a scraping test. The potential
cytotoxicity of the extracts and the eventual skin absorption of the psychoactive compounds were
also evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltezolium bromide (MTT) and parallel
membrane permeability assay (PAMPA), respectively.
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3.4.2. Results and Discussion

The demand for natural products with potential bioactive properties has increased. In
previous works, ayahuasca has been shown to have some therapeutic benefits, namely antioxidant,
antimicrobial and anti-inflammatory properties [2]. Thus, in this work, one decoction was prepared
from a commercial mixture, four from individual plants used in the preparation of ayahuasca, and
four from a mixture of plants (with two different plant materials, one a source of -carboline
alkaloids and the other a source of DMT). Wound-healing potential was assessed in all nine

samples.
3.4.2.1. Evaluation of Cell Viability

The cytotoxicity of all samples was evaluated at concentrations of 250 and 500 mg/L. The
MTT assay was used for this purpose. This is a method employed used in the detection of cellular
alterations at the metabolic level [23]. This assay consists of the conversion, by action of a
mitochondrial reductase, of the yellow dye [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] into the purple dye formazan [9,23]. After analysing the results, it was found that the P.
harmala sample, at both concentrations, showed a high decrease in cell viability, so this sample
was eliminated in the subsequent phase of this study (Table III.4.1). All other samples showed no
decrease in cell viability. To our knowledge, no studies have evaluated the cytotoxicity of ayahuasca
samples on human skin fibroblasts, so it is not possible to establish a comparison. However, in a
study that evaluated the cytotoxicity of B. caapi extracts in six cell lines, no cytotoxicity was
observed [24]. In another study by Katchborian-Neto et al. [25], where the cytotoxicity of
ayahuasca samples in SH-SY5Y cells was evaluated, it was found that there was no decrease in cell
viability. On the other hand, studies where cancer cells were exposed to ayahuasca samples showed

a decrease in cell viability [26,27].

Table III.4.1. Cell viability after exposure to extracts. The values are expressed as mean + SD.

Cell viability (%)

Samples 250 mg/L 500 mg/L
P. viridis 150.24 + 0.18 130.22 + 0.08
B. caapi 91.72 £ 0.17 134.80 + 0.09
P. harmala 38.07+0.03 24.91 + 0.001

M. hostilis 95.38 £ 0.11 121.79 + 0.00
Commercial mixture 77.86 £ 0.11 98.35 + 0.01
P. viridis + B. caapi 110.25 + 0.08 229.85 + 0.07
P. viridis + P. harmala 74.11 £ 0.06 174.54 £ 0.02
M. hostilis + B. caapi 111.89 + 0.12 160.62 + 0.03
M. hostilis + P. harmala 136.19 £ 0.03 132.42 + 0.09
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3.4.2.2. Evaluation of the In Vitro Wound-Healing Activity

Natural products have an important capacity in the reconstruction of skin lesions, as they
lead to the proliferation of fibroblasts. Plant extracts have been reported to contain cell adhesion
molecules, growth factors, and signalling molecules, which aid in the regeneration process and
consequent wound healing [28].

In the present study, the healing potential of 8 decoctions used in the preparation of
ayahuasca was evaluated, using the wound scratch test. The evolution of the scratch created was
monitored using microscopic images (Table I11.4.2) and the distance between the margins of the
lesion was calculated (Table III.4.3). Analysing the images that showed the evolution of the
distance between the margins of the lesion and comparing them with the control samples, it was
possible to verify that, in general, all the samples showed a great decrease in the lesion, and after 24
h of incubation, the samples of M. hostilis + P. harmala at 500 mg/L and P. viridis + B. caapi at
250 mg/L showed the best results. However, analysing the evolution of the distance calculated,
only the sample of the commercial mixture at 250 mg/L after 2 h of incubation did not show a
significant decrease. All other samples at different evaluation times, as well as the commercial
mixture at 250 mg/L at the other times (8 h, 12 h and 24 h) showed a significant decrease in lesion
margins compared to the control.

These results are indicative of the healing activity of the samples tested. It is possible to
observe in the images of Table III.4.2 the migration of the fibroblasts incubated with the samples at
different concentrations. In these images, it was possible to verify that the lesions closed over time,
which was in accordance with the distance calculated between the margins of the lesion. As far as
we know, to date there are no studies where the healing potential of ayahuasca has been evaluated,
and it is not possible to compare the results now obtained. However, these results can be explained
by the antioxidant and anti-inflammatory activity previously studied in these samples [2], since it is
reported that antioxidant activity and healing properties coexist in plant extracts [28]. Wound
healing consists of the reconstruction of the lesion, involving several interactions between epithelial
cells, growth factors, cytokines and chemokines. It has been reported that natural products, namely
plant extracts, are involved in the proliferation of fibroblasts and keratinocytes, and may contain
cell adhesion molecules, growth factors and cell signalling molecules, which can promote lesion
reconstruction [28]. This in vitro assay, which, unlike conventional assays used to determine the
healing properties of plant material, was non-invasive, allowed the screening of several samples
with antibacterial, anti-inflammatory and antioxidant properties, which are important in wound

healing [2,20].
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Table III.4.2. Microscopic images obtained from the scratch wound-healing assay with the samples of

ayahuasca (magnification: 100x). The margins of the scratch appear in red.

Representative Image of the Cells at the Initial Moment (0 h)

Control

P. viridis 250 mg/L

P. viridis 500 mg/L

B. caapi 250 mg/L

B. caapi 500 mg/L

M. hostilis 500 mg/L. [ M. hostilis 250 mg/L

250 mg/L

Commercial mixture
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Table II1.4.3. Calculated mean difference between the distance of the injury of the negative control and the

samples.

p- g p- p-
Samples oh 2h value 8h p-Value 12h value 24h value

Control 3.79 - 3.13 - 2.93 - 2.65 -
P. viridis 250
mg/L
P. viridis 500
mg/L
B. caapi 250
mg/L
B. caapi 500
mg/L
M. hostilis 250
mg/L
M. hostilis 500
mg/L
Commercial
mixture 250 3.79 1 2.05 <0.001 1.39 <0.001  0.49 <0.001
mg/L
Commercial
mixture 500 3.14  <0.001 1.85 <0.001 1.11 <0.001  0.69 <0.001
mg/L
P. viridis + B.
caapi 250 mg/L. 3-8
P. viridis + B.
caapi 500 2.73  <0.001 1.5 <0.001 1.29 <0.001  0.63 <0.001
mg/L
P. viridis + P.
harmala 250 1.95  <0.001 1.44 <0.001 1.26 <0.001 0.37 <0.001
mg/mL
P. viridis + P.
harmala 500 2.15 <0.001 1.98 <0.001 1.34 <0.001 0.8 <0.001
mg/L
M. hostilis + B.
caapi 250 mg/L
M. hostilis + B.
caapi 500 1.72  <0.001 1.38 <0.001 1.2 <0.001  0.33 <0.001
mg/L
M. hostilis + P.
harmala 250 2.83 <0.001 1.71 <0.001 1.07 <0.001 0.3 <0.001
mg/L
M. hostilis + P.
harmala 500 2.73  <0.001 2 <0.001 1.47 <0.001 0.2 <0.001
mg/L

2.36 <0.001 2.06 <0.001 1.5 <0.001 0.53 <0.001

2.97 <0.001 2 <0.001 1.64 <0.001 0.54 <0.001

3.23  <0.001 1.71 <0.001 1.42 <0.001 0.75 <0.001

3.08 <0.001 2.24 <0.001 1.42 <0.001 1 <0.001

414 <0.001  2.43 <0.001 1.49 <0.001 0.81 <0.001

2.43  <0.001 2.07 <0.001 1.76 <0.001 0.4 <0.001

2.1 0.001 1.38 <0.001 1.23 <0.001 0.25 <0.001

2.08 <o0.001 1.65 <0.001 1.38 <0.001 0.47 <0.001

Ayahuasca has psychoactive compounds in its constitution, and since the samples showed
healing potential, we evaluated whether compounds such as DMT, harmine, harmaline, harmol,
harmalol and THH can cross the NHDF cell layer, being absorbed and becoming accessible to the
bloodstream. For this, a PAMPA assay was performed, and parameters such as permeability and

cell layer integrity were also evaluated.
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3.4.2.3. Evaluation of the Electrical Resistance of the Cell

Transendothelial Membrane

The integrity of the cell layer was assessed using the TEER assay, the results being shown in
Table I11.4.4. This assay, which is able to assess changes in intercellular junctions and monitor the
integrity of the cell monolayer, was performed before and after incubation with the extracts [29].
After incubation with the extracts, a new TEER measurement was performed, where it was possible
to verify that during cell incubation with the sample P. viridis + P. harmala at 500 mg/L there were
significant changes in the integrity of the cell monolayer. In all other samples there was no
significant change in cell layer integrity. To date, there are no studies with ayahuasca samples
where the TEER assay was performed on NHDF cells. However, in another study carried out by our
research group, where the TEER assay was performed in intestinal adenocarcinoma cells, after
incubation with ayahuasca samples, no significant changes were observed in the integrity of the

cells, however the concentrations of the samples used were much lower [9].

Table II1.4.4. TEER values obtained before and after incubation with the extracts. The values are expressed

as mean + SD. Statistically significant values were considered if p < 0.05.

TEER (Q cm?)
Samples
Before After p-Value
Control 924 + 124.45 1166 + 217.79 0.306
P. viridis 250 mg/L 1166 + 31.11 1056 + 62.23 0.155
P. viridis 500 mg/L 1122 + 155.56 1188 + 248.90 0.781
B. caapi 250 mg/L 1309 + 140.01 1100 * 124.45 0.255
B. caapi 500 mg/L 1023 £ 202.23 1430 £ 93.34 0.123
M. hostilis 250 mg/L 1342 + 93.34 1320 + 124.45 0.860
M. hostilis 500 mg/L 869 + 171.12 968 + 186.68 0.636
Commercial mixture 250 mg/L 1265 + 233.35 1056 + 0.00 0.333
Commercial mixture 500 mg/L 836 + 62.23 1144 £ 124.45 0.089
P. viridis + B. caapi 250 mg/L 858 £ 31.11 1254 + 217.79 0.126
P. viridis + B. caapi 500 mg/L 1078 + 217.79 1386 + 31.11 0.186
P. viridis + P. harmala 250 mg/L 1254 + 31.11 1298 + 31.11 0.293
P. viridis + P. harmala 500 mg/L 1056 + 62.23 1298 + 31.11 0.039
M. hostilis + B. caapi 250 mg/L 979 +202.23 1342 + 155.56 0.182
M. hostilis + B. caapi 500 mg/L 1331 + 202.23 1276 + 124.45 0.774
M. hostilis + P. harmala 250 mg/L 924 +186.68 1056 + 0.00 0.403
M. hostilis + P. harmala 500 mg/L 968 +124.45 1210 * 155.56 0.228

3.4.2.4. Evaluation of Cell Monolayer Permeability

Cell layer permeability was evaluated by the Lucifer yellow permeability assay, the results

being shown in Table III.4.5. This assay was used to assess the permeability of a cell monolayer by
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measuring the passive diffusion of specific molecules, as is the case with Lucifer yellow [30].
Analysing the results, it was possible to verify that, compared to the control, significant changes
only occurred when the cells were incubated with the P. viridis + P. harmala sample at 500 mg/L.
Studies suggest that permeability and TEER measurement are inversely related; that is, a decrease
in TEER values is accompanied by an increase in permeability [31,32]. Comparing the results
obtained in this assay with the results obtained in the TEER assay, we verified that they were in
agreement. These results suggest that, with the exception of the sample of P. viridis + P. harmala
at 500 mg/L, there were no changes in cell barrier function or intracellular spaces, and
consequently, in membrane permeability [31,32]. So far, there are no studies with samples of
ayahuasca where this assay has been carried out in NHDF cells, so it is not possible to establish a
comparison. However, as previously mentioned, our research group carried out a study in which
the Lucifer yellow permeability assay was performed on intestinal adenocarcinoma cells, and after
incubation with ayahuasca samples, no significant changes were observed in the permeability of the

cells [9]. However, it should be noted that the concentrations of the samples used were much lower

[9].

Table II1.4.5. Percentage of permeability of NHDF cells after incubation with the extracts. The values are

expressed as mean + SD. Statistically significant values were considered if p < 0.05.

Samples Permeability (%) p-Value
Control 13.55 + 0.51 _

P. viridis 250 mg/L 14.69 + 3.04 0.652
P. viridis 500 mg/L 13.75 £ 2.49 0.922
B. caapi 250 mg/L 13.40 + 2.65 0.947
B. caapi 500 mg/L 13.41 £ 2.76 0.951
M. hostilis 250 mg/L 15.46 + 2.98 0.465
M. hostilis 500 mg/L 14.40 £2.74 0.709
Commercial mixture 250 mg/L 13.80 + 2.74 0.910
Commercial mixture 500 mg/L 12.33 £ 0.73 0.193
P. viridis + B. caapi 250 mg/L 12.69 £ 0.29 0.174
P. viridis + B. caapi 500 mg/L 12.51 + 2.46 0.617
P. viridis + P. harmala 250 mg/L 11.33 +1.29 0.151
P. viridis + P. harmala 500 mg/L 11.29 + 0.38 0.037
M. hostilis + B. caapi 250 mg/L 12.51 + 2.55 0.628
M. hostilis + B. caapi 500 mg/L 13.66 + 0.05 0.789
M. hostilis + P. harmala 250 mg/L 14.52 £ 1.45 0.467
M. hostilis + P. harmala 500 mg/L 13.85 + 0.12 0.501
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3.4.2.5. Characterisation of the Main Compounds after Cell

Incubation

After performing the PAMPA assay, aliquots were collected from the basolateral part of
each well and the amounts of the compounds present in the aliquots were quantified by HPLC-
DAD. This analytical method, previously developed and validated, proved to be linear between 0.16
and 10.00 pg/mL for harmol, THH, harmaline and harmine; between 0.31 and 10.00 pg/mL for
harmalol and between 0.031 and 1.00 pg/mL for DMT, with coefficients of determination higher
than 0.997. The intra- and interday precision revealed coefficients of variation below 15%, and the
accuracy was within the range of +15%. The limits of quantification and detection obtained were
0.31 ug/mL for all compounds, except for DMT, where these values were 0.031 pg/mL [9]. When
the analytical method was developed, the concentrations of the aforementioned compounds present
in the ayahuasca decoctions were also determined. The concentrations of DMT ranged from 4.50 to
10.50 ug/mg extract (6.50 pug/mg in P. viridis, 10.50 pg/mg in M. hostilis, 10.40 pg/mg in the
commercial mixture, 4.50 ug/mg in the mixture of P. viridis + B. caapi, 6.50 ug/mg in the mixture
of P. viridis + P. harmala, 8.00 pug/mg in the mixture of M. hostilis + B. caapi and 8.50 pg/mg in
the mixture of M. hostilis + P. harmala.

Concerning p-carbolines, harmine concentrations ranged between 0.02 and 12.00 pg/mg
extract (10.00 ug/mg for B. caapi, 12.00 pg/mg for P.harmala, 0.02 ug/mg for the commercial
mixture, 0.48 pg/mg for the mixture of P. viridis + B. caapi, 0.30 ug/mg for the mixture of P.
viridis + P. harmala, 0.82 pg/mg for the mixture of M. hostilis + B. caapi and 9.00 ug/mg for the
mixture of M. hostilis + P. harmala); harmaline concentrations ranged from 0.07 to 17.00 ug/mg
extract (4.68 pg/mg for B. caapi, 17.00 pg/mg for P. harmala, 0.37 ng/mg for the commercial
mixture, 0.07 ug/mg for the mixture of P. viridis + B. caapi, 0.48 ug/mg for the mixture of P.
viridis + P. harmala, 0.12 pg/mg for the mixture of M. hostilis + B. caapi and 13.5 ug/ mg for the
M. hostilis + P. harmala mixture).

For THH, the concentrations ranged between 0.63 and 5.00 pg/mg extract (5.00 pg/mg for
B. caapi, 3.05 ug/mg for P. harmala, 2.09 ug/mg for the commercial mixture, 2.50 ug/mg for the
mixture of P. viridis + B. caapi, 0.63 ug/mg for the mixture of P. viridis + P. harmala, 1.90 pg/mg
for the mixture of M. hostilis + B. caapi and 3.44 ug/mg for the mixture of M. hostilis + P.
harmala).
harmol was also detected in extracts of samples of B. caapi (0.14 ug/mg), P. harmala (0.02
ug/mg), commercial mixture (0.01 pug/mg), P. viridis + B. caapi (0.01 pug/mg), P. viridis + P.
harmala (0.02 pg/mg), M. hostilis + B. caapi (0.03 ug/mg), M. hostilis + P. harmala (0.06 pg/mg)
and hamalol in the samples of B. caapi (0.05 pug/mg), P. harmala (0.66 pug/mg), P. viridis + P.
harmala (0.08 pug/mg), M. hostilis + B. caapi (0.04 ug/ mg) and M. hostilis + P. harmala (0.36
ug/mg). These results are also presented in the study y Gongalves et al. [9]. Regarding the aliquots
collected in the present study when performing the PAMPA test, it was possible to verify that DMT,
harmine, harmaline, THH, harmol and harmalol were not detected. To the best of our knowledge,
PAMPA assays with ayahuasca have not been previously performed in NHDF cells. However, in a

study carried out by our research team, where this same assay was performed in Caco2 cells, the

138



presence of these compounds was verified [9]. It should be noted that in that work, an in vitro
digestion was carried out, which may have facilitated the passage of the compounds [9].
Additionally, during that process, the DMT and B-carbolines present in the initial extracts were

metabolised in compounds of smaller size, which more easily crossed the cell layer [9].

3.4.3. Materials and Methods

3.4.3.1. Chemicals and Materials

The analytical standards of DMT, harmine, THH, harmaline, harmalol and harmol were
kindly provided by Nal von Minden, GmbH (Regensburg, Germany). Roswell Park Memorial
Institute (RPMI) medium, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
and Lucifer yellow were obtained from Sigma-Aldrich (Sintra, Portugal). Formic acid and dimethyl
sulfoxide (99.9% of purity) were purchased from Sigma-Aldrich (Sintra, Portugal). Methanol
(HPLC grade) was obtained from Fischer Chemical (Loughborough, UK). Deionised water was
obtained from a Milli-Q System (Millipore, Billerica, MA, USA).

3.4.3.2. Sample and Work Solutions Preparation

Individual stock solutions of harmaline, harmol, harmalol, harmine and DMT were
prepared at 1 mg/mL in methanol, and the working solutions were prepared from these by serial
dilutions in methanol.

The  vegetal samples  were acquired online  from Shayana Shop
(https://www.shayanashop.com, Amsterdam, The Netherlands) (accessed on 25 May 2019).
Ayahuasca decoctions were prepared according to a traditional recipe, provided by a consumer who
was admitted to the emergency department with symptoms of intoxication. Thus, 0.210 g of each of
the four plant samples—leaves of P. viridis, stem remains of B. caapi, root bark of M. hostilis and
seeds of P. harmala—and the commercial mixture were weighed and then milled in a mortar with
some water drops. After that, 250 mL of ultrapure water were added and the mixture was
transferred to a flask and boiled for 4 h [2,9,27]. The four decoctions of the plant mixtures were
prepared in the same way, with two of the above plant samples being mixed for each (P. viridis and
P. harmala; P. viridis and B. caapi; M. hostilis and P. harmala; M. hostilis and B. caapi). After 4 h,
the samples were cooled, filtered, frozen at —80 °C and lyophilised.

For application in cell culture, all lyophilised samples were prepared in RPMI medium at
two concentrations (250 and 500 mg/L). These concentrations were used in other studies by our
research group, in which antioxidant and anti-inflammatory properties were evaluated in other

samples [2,18,20].
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3.4.3.3. Cell Culture

The normal human dermal fibroblast (NHDF) cell line was cultured in RPMI medium
supplemented with 0.01 M HEPES, 0.02 M L-glutamine, 0.001 M sodium pyruvate, 1% antibiotic
mixture and 10% of foetal bovine serum, and then incubated at 37 °C in a humidified atmosphere
containing 5% CO2. Cells were used between passages 23 and 28.

For the wound-healing and PAMPA assay, the cells were seeded in culture inserts placed in
12 multi-well plates (at a cell density of 6 x 104). On the other hand, for the MTT assay, the cells

were seeded in 96 multi-well plates at a cell density of 0.5 x 104.

3.4.3.3.1. Cytotoxicity

The cytotoxicity of the samples was evaluated by the cell viability assay using the MTT
method. Thus, after the cells reached confluence in 96-well plates, they were exposed to the
samples for 24 h. The negative control consisted of RPMI medium. After the incubation time, the
medium from all the wells was removed and replaced with an MTT solution (0.5 mg/mL). Then,
the cells were incubated at 37 °C for 3 h. After that, the MTT solution was removed and the
formazan crystals were dissolved in dimethylsulfoxide (DMSO), the absorbance being measured at

570 nm in a microplate reader. All the assays were performed in triplicate.

3.4.3.3.2. Wound-Healing Assay

The assay was carried out in accordance with previously developed studies [18,19,20]. For
this purpose, the selected samples were submitted to the wound scratch assay to assess their
healing activity. Thus, after the NHDF cells reached confluence, the RPMI medium was removed,
and a scratch was created by scraping in a straight line with a p200 micropipette tip. Then,
reference points were marked on the microplate, so that the same point was always visualised. The
wells were washed with PBS and after that, samples were added to the cells, using RPMI medium as
a negative control. After that, the plates were placed under a phase contrast microscope and images
were acquired at the initial time (t = 0 h). Then the cells were incubated at 37 °C with the samples
and new images were taken after 2, 8, 12 and 24 h. The distances between the lesion margins were
evaluated using a digital image analysis tool (IC Measure software version 2.0.0.161, The Imaging

Source, Bremen, Germany). All assays were performed in triplicate.
3.4.3.3.3. Parallel Artificial Membrane Permeability Assay
The potential crossing of psychoactive compounds by NHDF cells was evaluated using the
PAMPA assay. Thus, after a confluent monolayer was formed, the samples were placed in contact

with it by adding 500 uL of each sample to the apical chamber. The cells were incubated at 37 °C

and after 2, 8, 12 and 24 h aliquots of 250 uL were collected from the basolateral chamber.
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Subsequently, the collected aliquots were analysed by high performance liquid chromatography

coupled to diode array detector (HPLC-DAD). All assays were performed in triplicate.
3.4.3.3.4. Transepithelial Electrical Resistance Assay

Cell monolayer integrity, as well as tight junction changes, were assessed by measuring
transepithelial electrical resistance (TEER). Thus, before and after the PAMPA assay, TEER was
measured using a transepithelial resistance meter electrode (EVOM2, World Precision Instrument,
Sarasora, FL, USA). Thus, the electrode was equilibrated with culture medium and then placed in
each well, making a 90° angle. The longest part remained in the basolateral chamber, while the
shortest part remained in the apical chamber. The assay was performed in triplicate and the TEER
value was determined according to the following equation:

TEER value = (mean of the resistances of each well-mean of the resistance of blank) x insert area

(1
3.4.3.3.5. Lucifer Yellow Permeability Assay

Cell monolayer permeability changes were evaluated by the Lucifer yellow permeability
assay. Thus, after performing the PAMPA assay, the medium of the apical and basolateral
compartments was removed and replaced with 500 uL of Lucifer yellow solution (0.1 mg/mL) in
the apical chamber and 1.5 mL of Hank’s balanced salt solution (HBSS) in the basolateral chamber.
Cells were incubated at 37 °C for 1 h. After this, 200 pL were collected from each basolateral
chamber and transferred to a 96-well plate. A Lucifer yellow (0.1 mg/mL) solution was used as a
positive control and HBSS buffer was used as a blank. Then fluorescence was measured at 485 nm
(excitation) and 535 nm (emission) using a spectrofluorometer. The permeability percentage was
calculated as follows:

% permeability = (mean of fluorescence of each well-fluorescence of blank)/(fluorescence of

positive control-fluorescence of blank) x 100  (2)

3.4.3.4. Instrumental and Chromatographic Conditions

The quantification of DMT, harmine, harmaline, THH, harmol and harmalol was
performed in an HPLC-DAD (Agilent Technologies, Soquimica, Lisbon, Portugal). The injection
volume was 50 uL and the flow rate was 1.5 mL/min. The stationary phase consisted of a YMC-
Triart PFP analytical column (5 m, 4.6 i.d. x 150 mm) coupled to a Guard-c support (4 x 10 mm)
and a Triart PFP pre-column (5 m, 3 x 10 mm), all from YMC Europe GMBH (Solitica, Lisbon,
Portugal). The oven temperature was maintained at 25 °C. The mobile phase consisted of 0.1%
formic acid in methanol in line A, and 0.1% formic acid in water in line B. Elution was performed in

gradient mode and included 5% A (0—2 min), 50% A (2—32 min) and again, 5% A (32—40 min).
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Finally, harmaline and harmalol were detected at 360 nm, DMT and THH at 278 nm and harmine

and harmol at 246 nm. The sampler temperature was set at 4 °C.
3.4.3.5. Statistical Analysis

The results were expressed as mean values with standard deviations (SD). The Student’s t-

test was employed, and statistically significant values were considered when p < 0.05 (*).
3.4.4. Conclusions

Ayahuasca samples showed a great healing potential, which can be seen in the microscopic
images collected. After performing the PAMPA assay with the extracts, it was also possible to verify
that they did not show cytotoxicity, and the integrity of the cell monolayer remained unchanged,
except for one sample, as well as its permeability. This suggests that most samples did not interfere
with intercellular junctions. It should be noted that the present study is the first work where these
tests were carried out simultaneously, and additionally, it was an in vitro test; therefore,

conclusions must be drawn with caution.
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3.5. Paper VII- The role of Ayahuasca in
colorectal adenocarcinoma cell survival,
proliferation and oxidative stress

Abstract

The psychedelic beverage ayahuasca is originally obtained by Banisteriopsis caapi (B. caapi) (BC)
and Psychotria viridis (P. viridis) (PV). However, sometimes these plant species are replaced by
others that mimic the original effects, such as Mimosa hostilis (M. hostillis) (MH) and Peganum
harmala (P. harmala) (PH). Its worldwide consumption and the number of studies on its potential
therapeutic effects has increased. This study aimed to evaluate the anticancer properties of
ayahuasca in human colorectal adenocarcinoma cells. Thus, the maximum inhibitory concentration
(ICs0) of decoctions of MH, PH and a mixture of these (MHPH) was determined. The activities of
caspases 3 and 9 were evaluated, and the cell proliferation index was determined through
immunocytochemical analysis (Ki-67). Two fluorescent probes were used to evaluate the
production of oxidative stress and the activity of the antioxidant enzymes superoxide dismutase
(SOD) and glutathione peroxidase (GPx) was also evaluated. It was demonstrated that exposure to
the extracts significantly induced apoptosis in Caco-2 cells, while decreasing cell proliferation. MH
and MHPH samples significantly reduced oxidative stress and significantly increased glutathione
peroxidase activity. No significant differences were found in SOD activity. Overall, it was

demonstrated that the decoctions have a potential anticancer activity in Caco-2 cells.

Keywords: Ayahuasca; Caco2; Viability; Apoptosis; Oxidative stress; Cellular Proliferation
3.5.1. Introduction

Ayahuasca is a hallucinogenic beverage from South America [1]. Traditionally, it was used
by indigenous tribes in the Amazon for medicinal purposes and divine rituals [2]. The term
ayahuasca is made up of the terms “aya” and “wasca” and means “vine of the dead” or “vine of the
soul” [1,3]. This psychoactive beverage is obtained by boiling scrapings stem of Banisteriopsis
caapi (Spruce ex Griseb.) C. V. Morton (B. caapi) (BC) and leaves of Psychotria viridis Ruiz & Pav.
(P. viridis) (PV) resulting in a brownish, thick and oily drink [3]. Many interations of this
preparation have developed over time, and at this point, certain equivalents that can take the place
of PV are known (Malouetia tamaquarina A.DC., Brugmansia suaveolens (Willd.) Sweet,
Psychotria carthagenensis Jacq., Nicotiana tabacum L., among others) and BC (Peganum
harmala L. (PH), tetrahydroharmine and harmine [1,4].

The hallucinogenic character of ayahuasca is due to the presence of N,N-
Dimethyltryptamine (DMT) from PV [5]. This compound is a serotonin receptor (5-HT1A/2A/2C)

agonist, which when ingested alone is harmless, as it is metabolized by peripheral MAO-A [5].
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However, this beverage also contains (-carboline alkaloids (harmine, tetrahydroharmine (THH)
and harmaline) that come from BC [1,5]. This class of compounds is able to temporarily inhibit
MAO-A, allowing DMT to access the bloodstream and subsequently the central nervous system [1].
Additionally, THH also inhibits serotonin reuptake enhancing the effects of DMT [6].

The rise in popularity of this psychoactive drink is also due to the fact that it is often seen as
a natural remedy used for millennia to cure various ailments [7]. In spite of being used in
traditional medicine, it is also consumed recreationally all over the world, representing a concern,
since the laws that regulate this consumption are ambiguous and very variable [5,8].

Ayahuasca consumption is characterized by a set of physical symptoms, such as vomiting,
nausea and diarrhoea, but also psychological effects such as changes in the perception of time and
space, visual, auditory and cognitive effects [2,5]. However, several studies described the use of
ayahuasca in the treatment of psychological problems such as depression, anxiety, addiction and
psychological disorders [5]. Additionally, other studies have reported the ayahuasca antimicrobial,
anti-inflammatory, and healing properties [9,10]. Furthermore, there is a great demand for
ayahuasca as an alternative medicine for several diseases, including cancer, and its potential as a
possible treatment for some types of cancer has been described [11].

Medical reports or clinical data about the potential of ayahuasca in treating cancer are
almost non-existent [11]. However, isolated pieces of research work have suggested it could be
interesting to be exploited in cancer therapy. A study available in the literature revealed that a liver
cancer patient undergoing surgery to remove part of the organ achieved regression of
carcinoembryonic antigens and remained in remission for five years after replacing the
recommended chemotherapy with religious ayahuasca sessions [11]. Two other cases of prostate
and ovarian cancer patients revealed significant improvements in the levels of prostate-specific
antigen and CEA-125, respectively, after treatment with ayahuasca [12]. Favourable results from
taking ayahuasca were also described in patients diagnosed with uterine [13] and breast [14]
cancers. The present evidence, though scarce, strongly incites curiosity about investigating the
anticancer role of ayahuasca and how it is propitiated from a mechanistic perspective.

Colorectal cancer is one of the main causes of death in the world, despite being studied for
years [12]. In the previous decade, colon cancer accounted for 8.5% of all deaths worldwide and
9.7% of all cancer cases [13]. Sometimes, the cancer recurs demonstrating that the available
treatments are incomplete and may not be durable in the long term [14]. Therefore, finding new
therapies or treatment adjuvants remains a scientific and clinical challenge. This study aimed to
assess the impact of Ayahuasca decoctions on the modulation of several characteristics of colorectal

cancer cells, namely, cell viability, apoptosis, cell proliferation and oxidative stress.

3.5.2. Results and discussion

In previous studies carried out by our research group, the main compounds present in the
commercial mixture also used here in the preparation of ayahuasca extracts were determine [6,9].
After preparing the extracts, as described below, they were subjected to analysis by ultra-high
performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC/ESI-
QTOF-MS) [9]. Briefly, after comparison with a phytochemical library of 48 standards, it was
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possible to quantify protocatechuic acid, 4-hydroxybenzoic acid, salicylic acid, (+)-catechin, (-)-
epicatechin, quercetin-3-O-galactoside, quercetin-3- O-glucoside and quercetin-3-O-rutinoside [9].
In other studies, the main constituents of ayahuasca were characterized by high-performance liquid
chromatography with diode-array detection (HPLC-DAD) [6] and gas chromatography coupled to
mass spectrometry [15]. After preparing the commercial mixture, it was possible to quantify DMT,
THH, harmine, harmaline and harmol [6]. However, it is important to highlight that in other
extracts the concentrations of each compound in each ayahuasca sample can vary greatly,
depending on the proportion used by each consumer, the preparation methods, the different
concentrations of the compound between the plants, as well as its purity [6]. The toxicity of the
extracts from the ayahuasca decoctions used herein was also evaluated in Caco-2 cell line, in
another study carried out by our research group [6]. The results showed that the extracts did not

present cytotoxicity.

3.5.2.1. Determination of The Half-maximal Inhibitory

Concentration (ICso)

The human colorectal adenocarcinoma Caco-2 cell line was chosen as our study model.
Besides the cancer-like phenotype, this cell line is widely used to mimic the intestinal mucosa
barrier in absorption studies [16], gaining great pertinence in the present work as Ayahuasca is
consumed as a beverage. The IC50 values for all Ayahuasca extracts in Caco-2 cells were
determined by using the MTT assay and are shown in Table III.5.1.

Table III.5.1. ICso values of ayahuasca extracts in Caco-2 cells after treatment for 24 h.

Sample ICs0 (ng/mL) + SD
PV 715.62 £ 0.05
BC 558.42 £ 0.08
PH 338.99 £ 0.05
MH 553.58 £ 0.02
Commercial Mixture 365.42 + 0.02
PVBC 623.54 + 0.07
PVPH 375.97 £ 0.02
MHBC 366.17 £ 0.05
MHPH 276.97 £ 0.05

Legend: PVBC (P. viridis and B. caapt); PVPH (P. viridis and P. harmala); MHBC (M. hostilis and B.
caapi); MHPH (M. hostilis and P. harmala).

By evaluating the data, it was able to verify that the extract that presented a lower ICg,
value, and therefore, requires a lower concentration to decrease the viability of Caco-2 cells, was the
MHPH (IC50=276.97 pg/mL). The PH, commercial mixture, MHBC and PVPH extracts followed,
with ICs, values in the range of 300 pug / mL, and the MH and BC extracts with ICs, values in the
order of 500 pg / mL. The extracts with higher IC,, values were PVBC and PV with ICs, values of
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623.54 1g / mL and 715.62 pg / mL, respectively. As far as we know, there are no studies
determining the ICs;, values of Ayahuasca extracts in Caco-2 cells. Katchborian-Neto et al. [17]
evaluated the citotoxicity in cardioyocytes (CCsp), these authors verifying values greater than 200
pg/mL for DMT and Ayahuasca (P. viridis and B. Caapt).

Considering the obtained results, the sample that presented the lowest IC5, value was
MHPH, therefore it was selected to pursue the work. In the same way, the two samples that
constitute the previous mixture (MH and PH) were also chosen to carry out the following assays, in
order to understand the influence of each of these extracts on the results obtained for the MHPH

sample.

3.5.2.2. Ayahuasca Extracts Affected Apoptosis in Caco-2 Cells

Apoptotic programmed cell death is a critical biological process in maintaining tissue
homeostasis, and serving as a natural barrier to cancer development. Thus, impaired apoptotic
responses significantly contribute to tumour progression and treatment resistance [18]. Herein,
apoptosis was determined by measuring the activity of the executioner caspase-3, a target player in
apoptotic cell death at the crossroad of the intrinsic and extrinsic apoptotic pathways [19] (Figure
II1.5.1.). Observing the results presented in Figure II1.5.1., it was possible to see that, in general,
Ayahuasca extracts increased caspase-3 activity in Caco-2 cell line. After exposing cells to PH and
MHPH extracts, caspase-3 activity increased significantly, in comparison to the control group (2.87
+ 0.35 and 2.73 + 0.12-fold increase, respectively, p <0.05, Figure II.5.1.A). Regarding the MH
extract, the results showed a more pronounced effect increasing caspase-3 activity (3.46 + 0.73-fold
increase, p < 0.01, Figure I11.5.1.A).

In many cell line models, measuring caspase-3 activity has been utilized as a means of
determining the rate of apoptosis. [19—21]. Therefore, the results obtained clearly demonstrate the
ability of Ayahuasca extracts to induce apoptosis in Caco-2 cells, which is in accordance with the
existing literature. In a study developed by Shabani et al. [22], where the triggering of apoptosis in
the MDA-MB-231 breast cancer cell line was evaluated by PH extract, an increase in the induction
of apoptosis through the intrinsic pathway was observed. Another study in breast cancer cell lines
(MDA-MB-231 and MCF-7) also demonstrated an increase in apoptosis induced by harmine
present in PH [23]. Li et al. [24] evaluated the induction of apoptosis in human gastric cancer cells,
caused by harmine present in PH, and found an increase in the induction of apoptosis. Similar
results were verified by Zhang et al. [25] and by Wang et al. [26]. Similarly, it was found that the
same compound induced apoptosis in B16F-10 melanoma cells [27], in human colorectal carcinoma
SW620 cells [28] and in non-small cell lung cancer (NSCLC) cells [29]. Otherwise, harmaline,
present in PH, was responsible for arresting the cell cycle and inducing apoptosis in the
glioblastoma cell line [30]. Other studies were carried out, where only the anticancer effects of
synthetic or isolated p-carbolines were evaluated. It was found that harmine, harmaline, harmol or
harmalol were able to increase the rate of apoptosis in human liver carcinoma cells [31,32], two

lung tumour cell lines [33] and kidney adenocarcinoma cells [34].
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As far as our knowledge, no research was done to assess how MH extracts affect cancer cell
apoptosis. On the other hand, it is possible to verify that this extract causes a significant increase in
caspase-3 activity based on the results shown in Figure I11.5.1.A. Thus, we can infer that the MH

extract will be the most promising extract in inducing apoptosis in Caco-2 cells.
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Figure II1.5.1. Caspase-3 (A) and caspase-9 (B) activity in Caco-2 cells behind the treatment with 276.97 ug
/ mL MH, PH and MHPH extracts for 24 h (n = 3). When compared to the control group, the error bars show
the mean + S.E.M. p <0.05 (*), p <0.01 (**), p<0.01 (##). (ANOVA p values: p <0.05 (*), p <0.01 (**),
P <0.001 (***), or p< 0.0001 (****)) (C) Intrinsic and extrinsic pathways of apoptosis. Two dif-ferent
mechanisms can cause apoptosis.: the receptor-mediated (extrinsic) and the mitochondrial (intrinsic). The
death receptors triggering the extrinsic pathway (e.g. Fas and tumour necrosis factor receptor, TNFR) are
located at the plasma membrane and activated by their ligands (Fas-L and TNF, respectively), prompting the
activation of the initiator caspase-8. The intrinsic route is triggered by several apoptotic stimuli that increase
the ratio of proapoptotic (e.g. Bax)/anti-apoptotic (e.g. Bcl-2, Bcl-xL) mitochondrial proteins, causing the
mitochondria to release cytochrome c. In the cytoplasm, cytochrome-c, pro-caspase-9 and the protease
activating factor (Apaf-1) form the apoptosome, activating the initiator caspase-9. Pro-caspase-3 is where both
routes converge that, after cleavage, becomes the active effector caspase-3, determining an end and

irreversible point of apoptosis.
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In order to understand which of the apoptotic pathways are being activated (intrinsic or
extrinsic) in response to Ayahuasca extracts treatment, the activity of caspase-9 was determined.
This is the initiator caspase associated with the activation of the intrinsic (mitochondrial) pathway
of apoptosis (Figure I11.5.1.C) [35]. Currently, the intrinsic apoptotic pathway is widely implicated
as a barrier to the carcinogenic process [18]. Observing the results presented in Figure III.5.1.B, it
was possible to verify that there was a significant increase in Caco-2 cells’ caspase-9 activity,
following exposure to PH and MH extracts (p < 0.05 and p < 0.01, respectively, Figure I11.5.1.B).
Thus, the results obtained suggest that apoptosis in cells exposed to PH and MH extracts occurred
due to activation of the intrinsic pathway. These results are in accordance with the available
scientific literature, showing that PH extracts are capable of inducing apoptosis in cancer cells, by
activating the intrinsic pathway [22,28,36]. In a study developed by Elansary et al. [36], the
activation capacity of caspase-9 was evaluated in cancer cells treated with PH extract compared to
control. An increase in caspase-9 activity was found in T lymphocyte lineage (Jurkat), bladder
cancer (T24), colorectal adenocarcinoma (HT-29), breast cancer (MCF-7) and HeLa cells [36].
Other study, developed by Liu et al. [28], found that harmine, present in PH extracts, was also
capable of activating caspase-9 in SW620 cells. Otherwise, no studies were found evaluating the
effect of MH on caspase-9 activity.

Exposing Caco-2 cells to the MHPH extract, despite increasing the activity of caspase-3, did
not alter caspase-9 activity, indicating that the apoptotic process may also be driven by the
activation of the extrinsic pathway (Figure II1.5.1.C). To our knowledge, no studies were performed
evaluating the effect of the MHPH mixture on caspase-9 activation in Caco-2 cells, and further
research is needed to disclose the involvement of membrane cell death receptors (extrinsic

pathway) triggering apoptosis.

3.5.2.3. Ayahuasca Extracts Affected Cellular Proliferation in

Caco-2 Cells

Uncontrolled cell proliferation is one of the most recognized hallmarks of cancer [18].
Through Ki-67 immunofluorescence investigations, the proliferation index of Caco-2 cells treated
with Ayahuasca extracts was determined. It was established the number of Ki-67 positive cells there
were in relation to all cells (Figure III.5.2). Ki-67 is widely used as a cell proliferation marker, as it
is found in the nuclei of cells in a proliferative process at any stage of the cell division cycle [37].

Contrariwise, it is absent in cells that are not proliferating [37].
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Figure IIL.5.2. Proliferation index of Caco-2 cells after treatment with 276.97 ug / mL MH, PH and MHPH
extracts for 24 h determined by Ki-67 immunofluorescence analysis (n = 3). (A) Proportion of cells that are
positive for Ki-67 compared to all cells. The fold variation between the treated and untreated control groups is
used to express the results. Mean + S.E.M. is shown by error bars; *** p < 0.001. (ANOVA p values: p < 0.05
(*), p<0.01 (**), p<0.001 (***), or p < 0.0001(****)) (B) Confocal microscopy photos of the control and
treated groups that are representative of the Ki-67 labelling (red). Images were captured at a magnification of
630x using the Zeiss LSM 710 laser scanning confocal microscope. Hoechst 33342 is used to stain the nuclei
(blue).
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Ki-67 proliferation index of Caco-2 cells was significantly reduced in all treated groups
compared to the control (Figure I11.5.2.A). It was possible to verify that cells treated with the MH
extract showed a greater reduction in the number of Ki-67 labelled cells (Figure I11.5.2.A and 2B)
and, therefore, a greater reduction in cell proliferation index (p < 0.001). The cell proliferation
index of treated cells with MHPH and PH extracts was significantly lower than that of untreated
cells (p < 0.001 for both groups). So far, there are no studies evaluating the influence of MH
extracts on proliferation of cancer cells; however, some studies with PH extracts were developed.
Wang et al. [38] verified that PH demonstrated antiproliferative effects in human lung cancer cells
(A549). Other studies have shown similar results in gastric cancer cells [25,26], breast cancer cell
lines (MDA-MB-231 and MCF-7) [23], oesophageal squamous cell carcinoma [39], NSCLC [29,40],
glioblastoma [30], carcinoma (Med-mek and UCP-Med) and sarcoma (UCP-Med and Sp2/0-Agi4)

[41,42] and human colorectal carcinoma (SW620) [28].

3.5.2.4. Ayahuasca Extracts Affected Oxidative Damage and
Activity of Antioxidant Enzymes in Caco-2 Cells

Lipids are the main macromolecules in the constitution of cell membranes and are highly
sensitive to oxidative stress [35]. Damage to the structure and function of the lipid bilayer can
compromise cell integrity [43], and this is one of the reasons why reactive oxygen species (ROS)
have been considered in cancer therapy [44]. On the contrary, chronic increased levels of ROS are
associated with the onset and development of cancer [45]. Therefore, as we have previously
characterized the phytochemical profile of Ayahuasca extracts [9] confirming its composition
enriched in several compounds with antioxidant properties (Figure III.5.3.), we decided to

investigated  their effect in  modulating oxidative stress in  Caco-2  cells.
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Figure II1.5.3. Chemical structure of the active compounds present in ayahuasca extracts. Protocatechuic

acid (A), 4-hydroxybenzoic acid (B), salicylic acid (C), (+)-catechin (D), (-)-epicatechin (E), gentilic acid (F).

152



In this study, ROS levels were determined by two different methods, with concordant
results obtained. Results presented in Figure III.5.4. show that the MH and MHPH extracts
significantly reduced oxidative stress, as indicated by the diminished ROS levels (DCFDA, both p
< 0.0001; DHE, p < 0.0001 and p < 0.001, respectively). On the other hand, no significant changes
were observed with the PH extract. So far, there were no studies evaluating ROS levels in cancer
cells after treatment with Ayahuasca. However, there are several studies where the phytochemical
profile of these extracts was evaluated, being found that compounds with antioxidant properties are
part of their composition, which help to combat oxidative damage [9,36]. At first sight, these results
appear controversial as a reduction of ROS levels may be considered a cell survival stimulus rather
than an anti-tumoral one. However, it is important to enforce that chronic excessive cellular
oxidative stress is widely perceived as a key factor in cancer development [46,47]. Thus, the ability
of Ayahuasca extracts to reduce ROS levels may represent another possible anti-cancer mechanism

tha tdeserves further investigation.
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Figure IIL.5.4. Cellular ROS production in Caco-2 cells after treatment with 276.97 ug/mL MH, PH and
MHPH extracts for 24 h measured using dichlorofluorescein diacetate (DCFDA, A) or dihydroethidium (DHE,
B) (n = 3). The fold variation between the treated and untreated control groups is used to express the results.
The mean + S.E.M., p < 0.05 (#), p<0.01 (##), p <0.001 (###), p <0.05 (¥), p<0.01 (**), p < 0.001 (**%),
and p < 0.0001 (***¥) are indicated by the error bars (ANOVA p values: p < 0.05 (¥), p < 0.01 (**), p < 0.001

(***), or p < 0.0001 (***¥)).
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Figure IIL.5.5. Activity of glutathione peroxidase (GPx, A) and superoxide dismutase (SOD, B) in Caco-2
cells behind the treatment with 276.97 ug / mL MH, PH and MHPH extracts for 24 h (n = 3). Enzyme activity
is normalized to protein content. When compared to the control group, the error bars show the mean + S.E.M.,
P <0.05 (#), p<0.001 (###), p<0.05 (¥), , and p < 0.0001 (****) (ANOVA p values: p < 0.05 (*), p<0.01

(*¥), p < 0.001 (**¥), or p < 0.0001 (***¥)).

Another feature of cancer cells is the upregulated expression of antioxidant defence
enzymes to maintain ROS levels within ranges that allow for avoiding cell death [48]. However, low
levels of antioxidant enzymes have also been reported in certain types of cancer (e.g. bladder,
cervical, breast), and mostly depending on the stage of disease [49—51]. GPx and SOD enzymes play
an important role in the defence against oxidative stress [35]. When evaluating GPx activity (Figure
III.5.5.A) there was a significant increase after exposure to the MH and MHPH extracts (p < 0.05
and p <0.0001, respectively) and a non-significant increase in the PH sample. However, no
significant differences were found in the evaluation of SOD activity (Figure III.5.5.B). These results
indicated that the tested Ayahuasca extracts have a good potential for minimizing oxidative damage
in Caco-2 cells by increasing the activity of the GPx enzyme, though not affecting the SOD activity.
In fact, Bourogaa et al. [52] evaluated the protective effects of the PH extract in the chronic
treatment with ethanol. After treatment with PH extract, GPx activity increased [52]. The same
results were verified for SOD activity [52]. These results can be justified by the antioxidant activity

of the PH extract, which may be involved in an inhibition effect on damage caused by ROS, leading
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to an increase in endogenous antioxidant activity [52]. In addition to the antioxidant activity
attributed to the PH extract, it may also be involved in the scavenging of free radicals and inhibition
of lipid peroxidation [52]. However, so far, no research has been done with MH samples, evaluating
the activity of antioxidant enzymes.

Ayahuasca decoctions (MH, PH and MHPH) were able to induce apoptosis and reduce the
viability and proliferative activity of Caco-2 cells. Additionally, it was demonstrated that oxidative
stress levels decreased in the presence of extracts, and despite no significant differences were
detected in SOD activity, the results of GPx activity suggest that the extracts can trigger a defence
response against oxidative stress. A study previously carried out by our research group evaluated
the phytochemical profile of these Ayahuasca extracts [9]. It was found that several compounds
with antioxidant properties, such as protocatechuic acid, 4-hydroxybenzoic acid, salicylic acid, (+)-
catechin[53], (-)-epicatechin [54], gentisic acid acid [55] are part of its composition. Therefore, it is
likely to assume that these compounds may be involved in combating oxidative damage [9,36]

justifying the results obtained herein .
3.5.3. Material and Methods

3.5.5.1. Plant Material and Preparation of Extracts

On May 25, 2019, we obtained vegetable samples via the internet from Shayana Shop
(https://www.shayanashop.com, Amsterdam, The Netherlands). "World Flora Online"
(www.worldfloraonline.org) was used to verify the full names of botanical plants. The five vegetal
samples (commercial mixture, PV leaves, BC stem scraps, PH seeds, and MH root bark) were
weighed in order to prepare ayahuasca decoctions. Following that, the plant material was milled in
a mortar with a few drops of water before being moved and mixed with 250 mL of ultrapure water
in a Schott flask. The mixture was then brought to a boil for 4 h at 100 °C. Similarly, four decoctions
were prepared by mixing two of the selected plants (PV and PH (PVPH); PV and BC (PVBC); MH
and PH (MHPH) MH and BC (MHBC)). Following filtration, the samples were frozen at 8o °C and

then placed in the freeze dryer until they were completely freeze-dried.
3.5.3.2. Cell Culture and Treatment

Caco-2 cells were purchased from the American Type Culture Collection (ATCC) (Accession
number: HTB-37) and maintained in Roswell Park Memorial Institute (RPMI) 1640 culture
medium (Sigma-Aldrich, Sintra, Portugal), supplemented with 10% foetal bovine serum (FBS) and
1% antibiotic mixture (Sigma-Aldrich), at 37°C in an air incubator with a humidified atmosphere of
5% CO.. For analysis of the effects of ayahuasca extracts on cell viability, Caco-2 cells were cultured
in 96-well plates (cat. number 734-2802 Avantor, VWR, Amadora Portugal) with 1, 50, 250, 500,
750 and 1000 pg / mL of extract, prepared in culture medium, for 24 h. Apoptosis, cell proliferation

(96-well plates) and oxidative stress (96-well plates) were assessed using extracts at 276.97 ug / mL
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(concentration corresponding to the IC;, of the MHPH sample) for a treatment time of 24 h. For all

assays RPMI medium was used as a negative control.
3.5.3.3. Cell Viability Assay

The MTT assay was used to analyse cell viability. This method consists in the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into its insoluble formazan (Sigma-
Aldrich). Cells were exposed to MTT until formazan crystals were obtained (3 to 4 hours), which
were thereafter dissolved with 200 uL of dimethyl sulfoxide (DMSO). The absorbance at 570 nm
was measured using the xMark™ microplate absorption spectrophotometer (Bio-Rad Laboratories,

Hercules, CA). All experiments were performed in three independent assays [6].
3.5.3.4. Protein Extraction

By homogenizing the Caco-2 cells in the appropriate volume of radioimmunoprecipitation
(RIPA) buffer—150 mM NacCl, 1% Nonidet-P40 substitute, 0.5% Nadeoxycholate, 0.1% SDS, 50 mM
Tris pH 8.0, and 1 mM EDTA—supplemented with 10% PMSF and 1% protease inhibitor cocktail
(Sigma-Aldrich), the total protein was extracted from the cells. The homogenates of cells were
centrifuged at 14000 rpm for 20 min at 4°C after being on ice for 20 min and shaken periodically.
Using the bicinchoninic acid (BCA) test (Thermo Fisher Scientific, Rockford, USA), the total

protein content of the supernatant was determined [35].
3.5.3.5. Caspase-3 and Caspase-9 Activity Assays

The activity of Caspase-3 and Caspase-9 was determined using the Caspase-3 Assay Kit
(Sigma-Aldrich) and Caspase-9 Colorimetric Assay Kit (Sigma-Aldrich), respectively. By
quantifying the release of the p-nitroaniline chromophore group (pNA) through cleavage of their
respective substrates (Ac-DEVD-pNA and LEHD-pNA, respectively), the activities were ascertained
spectrophotometrically. Consequently, an appropriate volume of reaction buffer (25 mM HEPES,
pH 7.5, 0.1% 3-[(3-cholamidopropyl) dimethylammonium]-1-propanesulfonate, 10% sucrose, and
10 mM dithiothreitol (DTT) containing 200 mM of substrate) was incubated with 3 uL of total
protein extracts at 37°C overnight. An xMark™ microplate absorption spectrophotometer (Bio-Rad
Laboratories, Hercules, CA) was used to measure the release of pNA at 405 nm. Caspases 3 and 9
activity was estimated by extrapolating the amount of released pNA using a standard free pNA

curve [35].
3.5.3.6. Ki-67 Fluorescent Immunocytochemistry

After 10 min of paraformaldehyde (4%) fixation, Caco-2 cells were permeabilized for 5 min

using Triton (1%) solution. Following this, cells were incubated for 1 h at room temperature in
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phosphate buffer saline (PBS) with 0.1% Tween 20® (PBST) and 20% FBS as a blocking phase.
Following a washing step, the cells were treated for 1 h at room temperature with the primary
rabbit anti-Ki-67 antibody (1:50, no. 16667, Abcam, Cambridge, UK). Following that, cells were
treated for another hour at room temperature with Alexa fluor 546 goat anti-rabbit IgG secondary
antibody (1:500, Invitrogen). The specificity of the immunostaining was evaluated by excluding the
primary antibody and staining the cell nuclei for 10 min with Hoechst 33342 (5 pg / mL,
Invitrogen). Following a wash, Dako fluorescent mounting media (Dako, Glostrup, Denmark) was
used to fix the coverslips on the slide. Images were acquired using a Zeiss LSM 710 confocal laser
scanning microscope (Carl Zeiss, Gottingen, Germany), and the proliferation index was estimated
by counting the number of Ki-67-positive cells and Hoechst-stained nuclei in 10 randomly selected
fields for each section at 63x magnification. The ratio between the number of Ki-67-stained cells

and the total number of nuclei was calculated [35].

3.5.3.7. Cellular Reactive Oxygen Species (ROS) Level

Measurements

The ROS level was determined using two fluorescent probes: DCFDA (Sigma-Aldrich) and
DHE, which measures cytosolic superoxide (Sigma-Aldrich). DCFDA is oxidized by ROS and
transformed into fluorescent 2',7'-dichlorofluorescein, which is the basis for the DCFDA assay.
Following 24 h exposure to Ayahuasca extracts, culture medium was removed, and cells were
treated for 1 h at 37 °C with 50 uM DCFDA prepared in the culture medium. The emitted
fluorescence was read in a spectrofluorometer (SpetroMax GeminiEM; Molecular Devices) at 485
(excitation) and 535 nm (emission) [56]. On the other hand, red fluorescent ethidium bromide is
created when superoxide (O,~) dehydrogenates blue fluorescent DHE. Likewise, cells were treated
with 100 pM DHE in culture media at 37°C for 20 min after being exposed to the stimuli for 24 h. A
spectrofluorometer (SpetroMax GeminiEM) was used to measure the produced fluorescence

(excitation 515 nm; emission 605 nm) [57].
3.5.3.8. Glutathione Peroxidase Assay

Using a commercial kit (Calbiochem, Darmstadt, Germany), GPx activity was assessed in
accordance with the manufacturer's instructions. The method focuses on the oxidation of
glutathione (GSH) to oxidized glutathione (GSSG), which occurs at a temperature of 25°C and is
catalyzed by GPx. The actions of glutathione reductase (GR) and NADPH convert GSSG back into
GSH. The absorbance at 340 nm (xMarkTM Microplate Absorbance Spectrophotometer (Bio-
Rad)), which is proportional to GPx activity, decreases when NADPH is oxidized to NADP+ [35].
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3.5.3.9. Superoxide Dismutase Assay

The commercial SOD Assay Kit-WST (Sigma-Aldrich) was used to measure SOD activity in
accordance with the manufacturer's instructions. Briefly, the reduction of the WST-1 substrate
(tetrazolium salt) with a superoxide anion results in the production of a water-soluble formazan
colour. The activity of xanthine oxidase (inhibited by SOD) is linearly related to the rate of
formazan production. The xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad) was used
to measure the formazan production at 450 nm in relation to the amount of superoxide anion and
the reduction reaction at 37°C. The percent inhibition rate of the reaction corresponds to the SOD

activity [35].
3.5.3.10. Statistical Analysis

The statistical analyses were all carried out with GraphPad Prism8. Tukey's test was
conducted after the results of the Student's t test or ANOVA to determine the statistical significance
of the various groups. If p < 0.05(*), p < 0.01(**), p < 0.001(***), or p <0.0001(****), there were

significant differences. Every experimental result is displayed as mean + S.E.M.
3.5.4. Conclusion

Ayahuasca decoctions were able to induce apoptosis and reduce the viability and
proliferative activity of Caco-2 cells. Oxidative stress levels decreased in the presence of Ayahuasca
extracts and, although no significant differences were observed in SOD activity, the results of GPx
activity suggest that extracts can trigger a defence response against oxidative damage. The current
findings have added to our understanding of the biological effects of Ayahuasca extracts,
demonstrating the anticancer properties of this natural product. Moreover, this study opens new
research lines to further explore the potential of Ayahuasca extracts as anticancer agents by in-
depth studies, namely in vivo assays and clinical trials. Future studies should fully address the
molecular mechanisms through which ayahuasca extracts exert their tumour suppressor effects by
evaluating tumour-specific markers precursors of disease. Moreover, the anticancer potential of

ayahuasca over other cell lines should be envisaged.

3.5.5. References

1. Houle, S.K.D.; Evans, D.; Carter, C.A.; Schlagenhauf, P. Ayahuasca and the traveller: A scoping review of risks and
possible benefits. Travel Med. Infect. Dis. 2021, 44, d0i:10.1016/J. TMAID.2021.102206.

2. Goncalves, J.; Luis, A.; Gallardo, E.; Duarte, A.P. A Systematic Review on the Therapeutic Effects of Ayahuasca.
Plants 2023, 12, 2573, doi:10.3390/PLANTS12132573/S1.

3. Palhano-Fontes, F.; Soares, B.L.; Galvao-Coelho, N.L.; Arcoverde, E.; Araujo, D.B. Ayahuasca for the Treatment of
Depression. Curr. Top. Behav. Neurosci. 2022, 56, 113—124, d0i:10.1007/7854_2021_277/COVER.

158



4. Simao; Gongalves; Duarte; Barroso; Crist6vao; Gallardo Toxicological Aspects and Determination of the Main

Components of Ayahuasca: A Critical Review. Medicines 2019, 6, 106, doi:10.3390/medicines6040106.

5. Maia, L.O.; Daldegan-Bueno, D.; Wiefiner, I.; Araujo, D.B.; Téfoli, L.F. Ayahuasca’s therapeutic potential: What
we know - and what not. Eur. Neuropsychopharmacol. 2023, 66, 45—61, doi:10.1016/J. EURONEURO.2022.10.008.

6. Goncalves, J.; Castilho, M.; Rosado, T.; Luis, A.; Restolho, J.; Fernindez, N.; Gallardo, E.; Duarte, A.P. In Vitro
Study of the Bioavailability and Bioaccessibility of the Main Compounds Present in Ayahuasca Beverages. Molecules 2021,
26, doi:10.3390/MOLECULES26185555.

7. Barabasz-Gembczyk, A.; Kucia, K. Ayahuasca - potential therapeutic properties in psychiatry. Research review.

Psychiatr. Pol. 2020, 54, 381-389, doi:10.12740/PP/103364.

8. Gongalves, J.; Luis, A.; Gallardo, E.; Duarte, A.P. Psychoactive Substances of Natural Origin: Toxicological
Aspects, Therapeutic Properties and Analysis in Biological Samples. Molecules 2021, 26, 1397.

9. Goncalves, J.; Luis, A.; Gradillas, A.; Garcia, A.; Restolho, J.; Fernandez, N.; Domingues, F.; Gallardo, E.; Duarte,
A.P. Ayahuasca Beverages: Phytochemical Analysis and Biological Properties. Antibiot. 2020, Vol. 9, Page 731 2020, 9, 731,
doi:10.3390/ANTIBIOTICS9110731.

10. Goncalves, J.; Luis, A.; Gallardo, E.; Duarte, A.P. Evaluation of the In Vitro Wound-Healing Potential of
Ayahuasca. Mol. 2022, Vol. 27, Page 5760 2022, 27, 5760, doi:10.3390/MOLECULES27185760.

11. Schenberg, E.E. Ayahuasca and cancer treatment. SAGE open Med. 2013, 1, 205031211350838,
doi:10.1177/2050312113508389.

12. Gupta, R.; Bhatt, L.K.; Johnston, T.P.; Prabhavalkar, K.S. Colon cancer stem cells: Potential target for the

treatment of colorectal cancer. Cancer Biol. Ther. 2019, 20, 1068, d0i:10.1080/15384047.2019.1599660.

13. Arnold, M.; Sierra, M.S.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global patterns and trends in

colorectal cancer incidence and mortality. Gut 2017, 66, 683—691, d0i:10.1136/GUTJNL-2015-310912/-/DC1.

14. Han, L.; Shi, S.; Gong, T.; Zhang, Z.; Sun, X. Cancer stem cells: therapeutic implications and perspectives in

cancer therapy. Acta Pharm. Sin. B 2013, 3, 65—75, d0i:10.1016/J.APSB.2013.02.006.

15. Simdo, A.Y.; Gongalves, J.; Caramelo, D.; Rosado, T.; Barroso, M.; Restolho, J.; Fernidndez, N.; Rodilla, J.; Duarte,
A.P.; Cristovao, 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, d0i:10.1007/S42452-020-2296-0/TABLES/6.

16. Van Breemen, R.B.; Li, Y. Caco-2 cell permeability assays to measure drug absorption. Expert Opin. Drug Metab.
Toxicol. 2005, 1, 175—185, d0i:10.1517/17425255.1.2.175.

17. Katchborian-Neto, A.; Santos, M.F.C.; Vilas-Boas, D.F.; dos Santos, E.G.; Veloso, M.P.; Bueno, P.C.P.; Caldas, I.S.;
Soares, M.G.; Dias, D.F.; Chagas-Paula, D.A. Immunological Modulation and Control of Parasitaemia by Ayahuasca
Compounds: Therapeutic Potential for Chagas’s Disease. Chem. Biodivers. 2022, 19, 2022004009,
doi:10.1002/CBDV.202200409.

18. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674,
do0i:10.1016/J.CELL.2011.02.013/ATTACHMENT/68024D79-3A9C-46C4-930B-640934F11E2E/MMC1.PDF.

19. Porter, A.G.; Jianicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999 62 1999, 6, 99—104,
doi:10.1038/sj.cdd.4400476.

159



20. Cardoso, H.J.; Figueira, M.L.; Vaz, C. V.; Carvalho, T.M.A.; Bras, L.A.; Madureira, P.A.; Oliveira, P.J.; Sardao, V.A.;
Socorro, S. Glutaminolysis is a metabolic route essential for survival and growth of prostate cancer cells and a target of 5a-

dihydrotestosterone regulation. Cell. Oncol. (Dordr). 2021, 44, 385—-403, d0i:10.1007/S13402-020-00575-9.

21. Cardoso, H.J.; Vaz, C. V.; Carvalho, T.M.A.; Figueira, M.L.; Socorro, S. Tyrosine kinase inhibitor imatinib
modulates the viability and apoptosis of castrate-resistant prostate cancer cells dependently on the glycolytic environment.
Life Sci. 2019, 218, 274—283, d0i:10.1016/J.LFS.2018.12.055.

22, Hashemi Sheikh Shabani, S.; Seyed Hasan Tehrani, S.; Rabiei, Z.; Tahmasebi Enferadi, S.; Vannozzi, G.P.
Peganum harmala L.’s anti-growth effect on a breast cancer cell line. Biotechnol. reports (Amsterdam, Netherlands) 2015, 8,

138-143, d0i:10.1016/J.BTRE.2015.08.007.

23. Yao, P.; Yao, P.; Ku, X.; Yang, J. Harmine suppresses the malignant phenotypes and PI3K activity in breast cancer.

Anticancer. Drugs 2023, 34, 373—383, doi:10.1097/CAD.0000000000001462.

24. Li, C.; Wang, Y.; Wang, C.; Yi, X.; Li, M.; He, X. Anticancer activities of harmine by inducing a pro-death
autophagy and  apoptosis in  human  gastric cancer cells. Phytomedicine 2017, 28, 10-18,
doi:10.1016/J.PHYMED.2017.02.008.

25. Zhang, H.; Sun, K.; Ding, J.; Xu, H.; Zhu, L.; Zhang, K.; Li, X.; Sun, W. Harmine induces apoptosis and inhibits
tumor cell proliferation, migration and invasion through down-regulation of cyclooxygenase-2 expression in gastric cancer.

Phytomedicine 2014, 21, 348-355, d0i:10.1016/J.PHYMED.2013.09.007.

26. Wang, Y.; Wang, C.; Jiang, C.; Zeng, H.; He, X. Novel mechanism of harmaline on inducing G2/M cell cycle arrest
and apoptosis by up-regulating Fas/FasL in SGC-7901 cells. Sci. Rep. 2015, 5, doi:10.1038/SREP18613.

27. Hamsa, T.P.; Kuttan, G. Harmine activates intrinsic and extrinsic pathways of apoptosis in B16F-10 melanoma.

Chin. Med. 2011, 6, d0i:10.1186/1749-8546-6-11.

28. Liu, J.; Li, Q.; Liu, Z.; Lin, L.; Zhang, X.; Cao, M.; Jiang, J. Harmine induces cell cycle arrest and mitochondrial
pathway-mediated cellular apoptosis in SW620 cells via inhibition of the Akt and ERK signaling pathways. Oncol. Rep.
2016, 35, 3363—3370, d0i:10.3892/0R.2016.4695.

29. Shen, J.; Wang, B.; Zhang, T.; Zhu, N.; Wang, Z.; Jin, J.; He, Y.; Hu, M. Suppression of Non-Small Cell Lung
Cancer Growth and Metastasis by a Novel Small Molecular Activator of RECK. Cell. Physiol. Biochem. 2018, 45, 1807-1817,
doi:10.1159/000487872.

30. Vahedi, M.M.; Shahini, A.; Mottahedi, M.; Garousi, S.; Shariat Razavi, S.A.; pouyamanesh, G.; Afshari, A.R.;
Ferns, G.A.; Bahrami, A. Harmaline exerts potentially anti-cancer effects on U-87 human malignant glioblastoma cells in

vitro. Mol. Biol. Rep. 2023, 50, 4357—4366, d0i:10.1007/S11033-023-08354-Z.

31. Xu, B.; Li, M.; Yu, Y.; He, J.; Hu, S.; Pan, M.; Lu, S.; Liao, K.; Pan, Z.; Zhou, Y.; et al. Effects of harmaline on cell
growth of human liver cancer through the p53/p21 and Fas/FasL signaling pathways. Oncol. Lett. 2018, 15, 1931,
doi:10.3892/0L.2017.7495.

32. Sarkar, S.; Bhattacharjee, P.; Bhadra, K. DNA binding and apoptotic induction ability of harmalol in HepG2:

Biophysical and biochemical approaches. Chem. Biol. Interact. 2016, 258, 142—152, d0i:10.1016/J.CB1.2016.08.024.
33. Roy, S.; Mohammad, T.; Gupta, P.; Dahiya, R.; Parveen, S.; Lugman, S.; Hasan, G.M.; Hassan, M.I. Discovery of

Harmaline as a Potent Inhibitor of Sphingosine Kinase-1: A Chemopreventive Role in Lung Cancer. ACS Omega 2020, 5,
21550—21560, d0i:10.1021/ACSOMEGA.0C02165/ASSET/IMAGES/MEDIUM/AO0C02165_Mo007.GIF.

160



34-. Ghosh, T.; Sarkar, S.; Bhattacharjee, P.; Jana, G.C.; Hossain, M.; Pandya, P.; Bhadra, K. In vitro relationship
between serum protein binding to beta-carboline alkaloids: a comparative cytotoxic, spectroscopic and calorimetric assays.

J. Biomol. Struct. Dyn. 2020, 38, 1103—1118, d0i:10.1080/07391102.2019.1595727.

35. Silva, G.R.; Vaz, C. V.; Cataldo, B.; Ferreira, S.; Cardoso, H.J.; Duarte, A.P.; Socorro, S. Sweet Cherry Extract
Targets the Hallmarks of Cancer in Prostate Cells: Diminished Viability, Increased Apoptosis and Suppressed Glycolytic
Metabolism. Nutr. Cancer 2020, 72, 917—931, doi:10.1080/01635581.2019.1661502.

36. Elansary, H.O.; Szopa, A.; Kubica, P.; Ekiert, H.; Al-Mana, F.A.; El-Shafei, A.A. Polyphenols of Frangula alnus and
Peganum harmala Leaves and Associated Biological Activities. Plants (Basel, Switzerland) 2020, 9, 1-15,
doi:10.3390/PLANTS9091086.

37. Gerdes, J.; Lemke, H.; Baisch, H.; Wacker, H.H.; Schwab, U.; Stein, H. Cell cycle analysis of a cell proliferation-
associated human nuclear antigen defined by the monoclonal antibody Ki-67. J. Immunol. 1984, 133, 1710—1715,
doi:10.4049/JIMMUNOL.133.4.1710.

38. Wang, C.; Zhang, Z.; Wang, Y.; He, X. Cytotoxic Constituents and Mechanism from Peganum harmala. Chem.
Biodivers. 2016, 13, 961—968, doi:10.1002/CBDV.201500384.

39. Zhang, Y.; Shi, X.; Xie, X.; Laster, K.V.; Pang, M.; Liu, K.; Hwang, J.; Kim, D.J. Harmaline isolated from Peganum
harmala suppresses growth of esophageal squamous cell carcinoma through targeting mTOR. Phyther. Res. 2021, 35, 6377—
6388, doi:10.1002/PTR.7289.

40. Hamsa, T.P.; Kuttan, G. Studies on Anti-metastatic and Anti-invasive Effects of Harmine Using Highly Metastatic
Murine  Bi16F-10 Melanoma  Cells. J.  Environ. Pathol. Toxicol. =~ Oncol. 2011, 30, 123-137,
doi:10.1615/JENVIRONPATHOLTOXICOLONCOL.V30.12.40.

41. Lamchouri, F.; Settaf, A.; Cherrah, Y.; Zemzami, M.; Lyoussi, B.; Zaid, A.; Atif, N.; Hassar, M. Antitumour
principles from Peganum harmala seeds. Therapie 1999, 54, 753—758.

42. Lamchouri, F.; Settaf, A.; Cherrah, Y.; Hassar, M.; Zemzami, M.; Atif, N.; Nadori, E.B.; Zaid, A.; Lyoussi, B. In
vitro cell-toxicity of Peganum harmala alkaloids on cancerous cell-lines. Fitoterapia 2000, 71, 50—54, d0i:10.1016/S0367-

326X(99)00117-3.

43. Halliwell, B.; Chirico, S.; Crawford, M.A.; Bjerve, K.S.; Gey, K.F. Lipid peroxidation: its mechanism, measurement,
and significance. Am. J. Clin. Nutr. 1993, 57, d0i:10.1093/AJCN/57.5.715S.

44. Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in
cancer therapy: the bright side of the moon. Exp. Mol. Med. 2020, 52, 192, d0i:10.1038/S12276-020-0384-2.

45. Klaunig, J.E.; Kamendulis, L.M.; Hocevar, B.A. Oxidative Stress and Oxidative Damage in Carcinogenesis.

http://dx.doi.org/10.1177/0192623309356453 2009, 38, 96—109, doi:10.1177/0192623309356453.

46. Azmanova, M.; Pitto-Barry, A. Oxidative Stress in Cancer Therapy: Friend or Enemy? ChemBioChem 2022, 23,
€202100641, doi:10.1002/CBIC.202100641.

47. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167,
doi:10.1016/J.CCELL.2020.06.001.

48. Xing, F.; Hu, Q.; Qin, Y.; Xu, J.; Zhang, B.; Yu, X.; Wang, W. The Relationship of Redox With Hallmarks of
Cancer: The Importance of Homeostasis and Context. Front. Oncol. 2022, 12, d0i:10.3389/FONC.2022.862743.

161



49. Gupta, R.K.; Patel, A.K.; Kumari, R.; Chugh, S.; Shrivastav, C.; Mehra, S.; Sharma, A.N. Interactions between
oxidative stress, lipid profile and antioxidants in breast cancer: a case control study. Asian Pac. J. Cancer Prev. 2012, 13,

6295—-6298, doi:10.7314/APJCP.2012.13.12.6295.

50. Badjatia, N.; Satyam, A.; Singh, P.; Seth, A.; Sharma, A. Altered antioxidant status and lipid peroxidation in Indian
patients with urothelial bladder carcinoma. Urol. Oncol. 2010, 28, 360—367, d0i:10.1016/J.UROLONC.2008.12.010.

51. Balasubramaniyan, N.; Subramanian, S.; Govindasamy, S. Status of antioxidant systems in human carcinoma of

uterine cervix. Cancer Lett. 1994, 87, 187—192, d0i:10.1016/0304-3835(94)90221-6.

52. Bourogaa, E.; Jarraya, R.M.; Damak, M.; Elfeki, A. Hepatoprotective activity of Peganum harmala against ethanol-
induced liver damages in rats. Arch. Physiol. Biochem. 2015, 121, 62—67, d0i:10.3109/13813455.2015.1016974.

53. Van Hung, P. Phenolic Compounds of Cereals and Their Antioxidant Capacity. Crit. Rev. Food Sci. Nutr. 2016, 56,
25—35, d0i:10.1080/10408398.2012.708909.

54. Ruiz-Riaguas, A.; Ferndndez-de Cérdova, M.L.; Llorent-Martinez, E.J. Phenolic profile and antioxidant activity of
Euonymus japonicus Thunb. Nat. Prod. Res. 2022, 36, 3445—3449, d0i:10.1080/14786419.2020.1855641.

55. Khatib, M. Al; Costa, J.; Spinelli, D.; Capecchi, E.; Saladino, R.; Baratto, M.C.; Pogni, R. Homogentisic Acid and
Gentisic Acid Biosynthesized Pyomelanin Mimics: Structural Characterization and Antioxidant Activity. Int. J. Mol. Sci.

2021, 22, 1-13, doi:10.3390/1JMS22041739.

56. Wojtala, A.; Bonora, M.; Malinska, D.; Pinton, P.; Duszynski, J.; Wieckowski, M.R. Methods to monitor ROS
production by fluorescence microscopy and fluorometry. Methods Enzymol. 2014, 542, 243—262, doi:10.1016/B978-0-12-

416618-9.00013-3.
57. Rocha, S.M.; Saraiva, T.; Cristovao, A.C.; Ferreira, R.; Santos, T.; Esteves, M.; Saraiva, C.; Je, G.; Cortes, L.;

Valero, J.; et al. Histamine induces microglia activation and dopaminergic neuronal toxicity via H1 receptor activation. J.

Neuroinflammation 2016, 13, doi:10.1186/S12974-016-0600-0.

162



3.6. Paper VIII- The role of ayahuasca in cell
viability and oxidative stress in gastric
adenocarcinoma cell line

Abstract

Ayahuasca, a psychoactive beverage native to the Amazon, originally derived from Banisteriopsis
caapi stem scrapings and Psychotria viridis leaves, exhibits hallucinogenic properties due to N,N-
dimethyltryptamine. When combined with (-carbolines, it enters the bloodstream and central
nervous system, inhibiting monoamine oxidase-A. Over time, therapeutic effects have been
associated to ayahuasca consumption. This study assessed the impact of extracts from three plant
decoctions used in ayahuasca preparation on the gastric adenocarcinoma cell line (AGS). MTT
reduction assays selected B. caapi, Mimosa hostilis, and Peganum harmala samples as most
effective. Lactate dehydrogenase activity evaluated membrane integrity loss, while oxidative stress
induction was measured using dihydroethidium and 2',7'-dichlorodihydrofluorescein diacetate
probes. Results revealed apoptosis induction in AGS cells, with all three samples significantly

reducing oxidative stress.

Keywords: ayahuasca, AGS, apoptosis, oxidative stress
3.6.1. Introduction

Ayahuasca, a psychoactive beverage native to the Amazon, originally derived from
Banisteriopsis caapi stem scrapings and Psychotria viridis leaves, exhibits hallucinogenic
properties due to N,N-dimethyltryptamine. When combined with [-carbolines, it enters the
bloodstream and central nervous system, inhibiting monoamine oxidase-A. Over time, therapeutic
effects have been associated to ayahuasca consumption. This study assessed the impact of extracts
from three plant decoctions used in ayahuasca preparation on the gastric adenocarcinoma cell line
(AGS). MTT reduction assays selected B. caapi, Mimosa hostilis, and Peganum harmala samples
as most effective. Lactate dehydrogenase activity evaluated membrane integrity loss, while
oxidative  stress  induction was measured using dihydroethidium and 2',7'-
dichlorodihydrofluorescein diacetate probes. Results revealed apoptosis induction in AGS cells,

with all three samples significantly reducing oxidative stress.
3.6.2. Results and Discussion

The materials and methods are described in the supplementary material (Supplementary

information). Table III.6.1. summarizes the results of the 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (MTT) reduction assay. P. harmala had the lowest 1C5,, followed by
B. caapi and M. hostilis, indicating their potency in reducing AGS cell viability at lower

concentrations. Thus, these samples were chosen to pursue the work.

Table IIIL.6.1. IC5o values of ayahuasca extracts after 24h of incubation with AGS cells.

Sample ICs0 (ng/mL) +
SD

P. viridis 419.35 + 0.04

B. caapi 245.02 + 0.02

P. harmala

122.76 £ 0.02

M. hostilis 275.55 + 0.06
P. viridis + B. caapi 283.65 £ 0.05
P. viridis + P. harmala 379.12 + 0.01
M. hostilis + B. caapi 385.68 £ 0.02
M. hostilis + P. harmala 477.27 £ 0.01

Membrane integrity was assessed by measuring LDH activity released into the medium, as
depicted in Figure II1.6.1. Overall, there was a noticeable rise in released LDH activity, suggesting
an apoptosis/necrosis increase in cells after exposure to the three extracts, however only in the P.
harmala sample was this increase statistically significant. To our knowledge, there are no studies
where LDH activity has been evaluated after exposure to these extracts. Several studies have
assessed the induction of apoptosis, compromising the integrity of the cell membrane, after
exposure to P. harmala extracts e.g. [9—13], P. harmala also triggered necrosis in gastric cancer
cells and in tumour-bearing mice [14]. However, the effects of B. caapi and M. hostilis extracts on

inducing necrosis and apoptosis has not been explored before.
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Figure III.6.1. LDH released by AGS cells after treatment with extracts at concentrations corresponding to
ICso values obtained in the MTT assay (n=4). Error bars indicate mean + SD. p < 0.05(*), p < 0.01(**) when
compared with control.
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Reactive oxygen species (ROS) levels were assessed using two methods, as illustrated in
Figures I11.6.2. and II1.6.3.
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Figure II1.6.2. Cellular ROS production induced after treatment with ICso values extracts for 24 h, measured
using DCFDA. Results are expressed as fold variation relatively to the control untreated group. Error bars
indicate mean + SD. p < 0.05(*), p < 0.01(**) and p < 0.001(**¥).

All extracts demonstrated the ability to significantly decrease oxidative stress in both

assays. Increased ROS levels are often associated with the development of cancer [15,16].
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Figure II1.6.3. Cellular ROS production induced after treatment with ICso values extracts for 24 h, measured
using DHE. Results are expressed as fold variation relatively to the control untreated group. Error bars
indicate mean + SD. p < 0.0001(***¥),

However, the assessment of ROS levels in cancer cell lines post-exposure to P. harmala, M.
hostilis and B. caapi extracts has not been investigated. In gastric cancer, ROS generated by NOX4
stimulate cell proliferation by inducing GLI1 expression [17]. Additionally, we must consider that
ROS and oxidative stress compromise lipids, which are the main macromolecules present in the

constitution of cell membranes [16]. These macromolecules are highly sensitive to states of
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oxidative stress and the damage that may be caused to them can compromise the integrity of cells
[18](Figure II1.6.4). Thus, ROS have been considered in cancer therapy [19]. However, increased
levels of ROS are also associated with cancer development [15]. Thus, the observed reduction in
basal ROS may contribute to the anticancer effects of the extracts. Nevertheless, alternative
mechanisms cannot be discarded. Previous studies identified antioxidant compounds in the
extracts used in the present study, suggesting their role in combating oxidative damage [5,20]. P.
harmala extract contained protocatechuic acid, 4-hydroxybenzoic acid, gentilic acid, salicylic acid,
(+)-catechin, (-)-epicatechin, and quercetin-3-O-retinoside. B. caapi extract featured
protocatechuic acid, salicylic acid, (+)-catechin, (-)-epicatechin, quercetin-3-O-glucoside,
quercetin-3-O-rutinoside, and phlorizin. M. hostilis extract included protocatechuic, 4-
hydroxybenzoic, and salicylic acids, along with two flavonoids ((+)-catechin and (-)-epicatechin)
[5]. Studies suggest these components play crucial roles in reducing ROS, which might justify the

results observed in the present study. [3,4,21,22].

Ayahuasca
Compounds

External
Factors

Figure II1.6.4. Mechanism of action of ayahuasca in reducing oxidative damage. ROS produced by external
factors and mitochondria are inhibited by the compounds present in ayahuasca. Consequently, lipid damage
and other damages that can cause cancer development are inhibited.
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3.6.3 Materials and Methods

3.6.3.1. Plant material preparation

Vegetal samples were acquired online from Shayana Shop (https://www.shayanashop.com,
Amsterdam, The Netherlands) (accessed on 25t May 2019). Ayahuasca decoctions were prepared
individually by weighing and milleding 0.210 g of P. viridis, B. caapi, P. harmala, or M. hostilis
with water. After that, the mixture was transferred to a Schott flask, 250 mL of ultrapure water
were added, and the preparation was boiled at 100°C for 4 h. Similarly, four decoctions were
prepared where two of the above plant samples were mixed (P. viridis and B. caapi; P. viridis and
P. harmala; M. hostilis and B. caapi; M. hostilis and P. harmala). Afterwards, the resulting

extracts were filtered, frozen at 80°C and lyophilized.
3.6.3.2. Cell culture and treatment

Gastric adenocarcinoma (AGS) cells were purchased from the American Type Culture
Collection (ATCC) (LGC Standards S.L.U., Spain) and maintained in Dulbecco's Modified Eagle
Medium (DMEM) with GlutaMAX (Gibco Laboratories; Lenexa, KS), supplemented with 10% foetal
bovine serum and 1% antibiotic mixture (Penicillin-Streptomycin and Antibiotic Antimycotic)
(Sigma-Aldrich, Sintra, Portugal), at 37 °C in an incubator with a humidified atmosphere
containing 5% CO.. For cell viability assays, the AGS cells were cultured in 96-well plates (cat.
number 734-2802 Avantor, VWR, Amadora Portugal) with 1, 50, 250, 500, 750 and 1000 pg/mL of
extract solution for 24 h and the IC;, for each extract calculated. To evaluate the effects of
ayahuasca extract on oxidative stress, the cells were cultured in 96-well plates and the extracts were

incubated for 24 h at the concentration corresponding to the IC,.
3.6.3.3. MTT Reduction Assay

Formed formazan crystals, resulting from MTT reduction (Sigma-Aldrich, Sintra,
Portugal), were dissolved and homogenized in 200 pL of dimethyl sulfoxide (DMSO). Absorbance
was measured at 570 nm using an xMarkTM microplate absorption spectrophotometer (Bio-Rad

Laboratories, Hercules, CA). All experiments were conducted in three independent assays.
3.6.3.4. Lactate desidrogenase (LDH) assay

After incubating samples with the plant extracts, culture medium aliquots were collected to
assess LDH activity. Measurement occurred at room temperature using a commercial kit
(CyQUANT™ LDH Cytotoxicity Assay Kit, Thermo Fisher Scientific, Alfagene, Portugal) as per the
manufacturer's instructions. The assay was conducted in four independent trials, and LDH activity

was calculated using a follow equation:
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% Cytotoxicity = ((Abs sample — Blank)/(Abs control — Blank)) x 100

The blank consisted in phosphate buffered saline (PBS).
3.6.3.5. Cellular Reactive Oxygen Species (ROS) levels

ROS levels were assessed using fluorescent probes, DHE and DCFDA. Cells were stimulated
for 24 h with plant extracts, then incubated for 20 min with 100 uM DHE at 37 °C and red
fluorescence was measured (excitation 515 nm; emission 605 nm). The DCFDA assay involved
exposing cells to ayahuasca extracts for 24 h, followed by a 1-hour incubation with 50 uM DCFDA
at 37 °C, measuring fluorescence at 485 (excitation) and 535 nm (emission). Assays were conducted

in four independent trials.
3.6.3.6. Statistical Analysis

The statistical significance of the different groups was assessed using the Student's t test or
ANOVA, followed by the Tukey test. Significant differences were considered when p < 0.05(%),

p < 0.01(*¥), p < 0.001(***) or p < 0.0001(****). All experimental data are shown as mean + SD.
3.6.4. Conclusion

Ayahuasca extracts from P. harmala, B. caapi, and M. hostilis induced cytotoxicity in AGS
cells, evidenced by membrane damage and reduced viability. Notably, the extracts significantly
reduced oxidative stress, possibly due to their phytochemical composition. These results provide an

initial insight into ayahuasca's biological effects on AGS cells.
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4.1. Summarizing discussion

The consumption of substances of natural origin has been increasing over the years, both
for recreational and medicinal use. Regarding recreational use, the search for new sensations and
experiences is what motivates most consumers. There are several reasons that triggers the search
for new alternative natural therapies. The lack of access to hospital treatments is one of the main
motivations; however, the search for more natural treatments or the lack of effectiveness in the
conventional ones is also one of the main reasons for the search. Ayahuasca is one of the natural
products used for both purposes. Additionally, there are religious and spiritual beliefs that motivate
its use.

The bioactive properties of ayahuasca have been reported since ancient times. However,
there is a great lack of studies that prove the benefits associated with its use. The lack of
understanding of the mechanisms of action and the lack of studies that allow an evaluation and of
the therapeutic and bioactive properties associated with the consumption of ayahuasca, therefore
becomes crucial. It is also extremely important to understand the phytochemical composition and
respective properties of ayahuasca extracts, to which consumers have access, as well as the
development of analytical methods that allow this characterization.

Therefore, initially a review of plant species, which are used recreationally, medicinally, or
religiously, given their properties was conducted. It wasnoticed that one of the main concerns about
these products is the weak legislation that regulates their consumption or their constituents. The
analytical methods available for the detection and quantification of the constituents of that plant
species were also reviewed. It was verified that there are developed methodologies; however, they
mostly use classic extraction techniques, where higher volumes of organic solvents are used. The
use of miniaturized techniques has not proven to be very common for detecting this type of
compounds. Subsequently, a systematic review was carried out on the therapeutic properties
associated with the consumption of ayahuasca. It was evident that most studies reviewed, focused
on the use of ayahuasca as a treatment for psychological/psychiatric disorders. Most of the
available studies are clinical trials or studies that use individuals with beliefs in religions based on
ayahuasca or who consume this drink recurrently and, therefore, may present biased results. Other
studies consist of placebo-controlled clinical trials and therefore present more reliable results.
However, it is curious that the number of existing in vitro and in vivo tests is quite small compared
to those using volunteers.

One of the objectives of this thesis was the development of an analytical method that would
allow identifying and quantifying the main constituents of ayahuasca decoctions. Three
miniaturized sample cleaning techniques were tested to eliminate impurities and pre-concentrate
the analytes, so that their detection is better. This step is extremely important, as it allows to reduce
simultaneously the amount of sample and organic solvent used. For the first time, a comparative
study was carried out between three miniaturized techniques, choosing QUEChERS as the most
promising technique for extracting the compounds present in ayahuasca decoctions. Using the
response surface approach helped to perform this optimization more quickly and with reliable

results. Although the equipment used was not coupled to a more sensitive detector, as is the case of

173



the mass spectrometry detector, the method proved to be linear in the range of concentrations
tested, selective, precise, and accurate. Additionally, the extraction method showed very acceptable
recoveries.

Despite the worldwide use of ayahuasca, the behavior of ayahuasca constituents throughout
the digestive process is not fully understood. Therefore, one of the objectives of this thesis was also
related to understanding the behavior of the main compounds of this decoction throughout a
simulated digestion process divided into three stages: salivary, gastric, and duodenal. This process
made it possible to verify the variation in concentrations of ayahuasca compounds between stages
of digestion. Through in vitro simulation of the intestinal wall, using the Caco-2 cell line, it was also
found that the compounds crossed the cell monolayer, becoming bioavailable. The study also
allowed us to verify that the constituents of ayahuasca do not interfere with either the integrity or
the permeability of the cell monolayer.

One of the objectives of this thesis was to characterize at a phytochemical level the
ayahuasca decoctions, determining some classes of compounds that are commonly associated with
the biological properties of plants, namely phenolics and flavonoids. Thus, the determination of
phenolic compounds in the extracts, carried out using the Folin-Ciocalteu reagent method, revealed
that all samples presented high concentrations of total phenols. Similarly, they were shown to have
flavonoids in their constitution, when determined using the aluminium chloride colorimetric
method. The analysis by UHPLC-Q/TOF-MS allowed to realize that the phenolic compounds in the
samples are made up of two groups of compounds: hydroxybenzoic acids and flavonoids. Although
these compounds are associated with certain beneficial effects, the biological activity of compounds
of natural origin is normally due to the joint action of their different constituents, and there may be
synergistic reactions, additive or potentiating effects.

The determination of bioactive and therapeutic properties was also a objective of this
thesis. Determining the antioxidant activity can sometimes be difficult, as this process is complex
and depends on several factors. Thus, the antioxidant activity of the extracts under study was
evaluated using the DPPH and the [-carotene/linoleic acid system methods. The first method
allowed to verify that most samples presented very strong or strong antioxidant activity and only
the P. harmala sample presented poor antioxidant activity. These results are in agreement with the
content of phenolic compounds in each plant, given that the samples have the highest antioxidant
activity. Likewise, the [-carotene/linoleic acid system also allowed to verify that this same sample
presented the highest ICs, value and, consequently, the lowest antioxidant activity. In contrast, the
commercial mixture, and the P. viridis sample showed the highest antioxidant activity.

The determination of anti-inflammatory activity was carried out by determining the ability
to inhibit protein denaturation, which is an important indicator of an inflammation process, as this
effect can occur when tissue is damaged. The results revealed that the samples with the best anti-
inflammatory activity are P. harmala, M. hostilis, the mixture of M. hostilis + P. harmala and the
commercial mixture. The anti-inflammatory potential of the P. harmala sample had already been
described before in the literature.

The search for therapies of natural origin has been increasing and with this interest comes

the need to evaluate possible therapeutic potentials, particularly at the microbiological level. Thus,
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from the analysis of the results of the antimicrobial activity obtained by the disk diffusion method,
it was found that six of the samples inhibited bacterial growth in all strains (P. viridis, B. caapi, P.
harmala, M. hostilis, M. hostilis + B. caapi and M. hostilis + P. harmala) and the two strains most
susceptible to inhibition were S. aureus and A. baumannii. The MIC values were also determined
using the agar dilution method and it was concluded that the strains for which the lowest MIC
values were observed and, therefore, more susceptible to the action of the samples, were B. cereus
and A. baumannii. On the other hand, the samples that showed the best MIC values and the highest
antimicrobial activity were the B. caapi and P. harmala samples. The anti-quorum sensing
properties of the samples were also evaluated, using the Chromobacterium violaceum strain. The
B. caapi and P. harmala samples were the samples with the most promising results. The anti-
biofilm activity of the B. caapi and P. harmala samples was evaluated in the A. baumannii strain,
and it was found that the samples presented anti-biofilm activity against this strain.

Given the promising properties obtained in the evaluation of antioxidant, anti-
inflammatory and antimicrobial activities, the healing potential of ayahuasca decoctions was also
evaluated in vitro. Through the MTT cytotoxicity test, it was possible to rule out the use of P.
harmala extract, since at the tested concentrations it showed cytotoxicity. The evaluated extracts
showed good wound healing potential, with emphasis on the mixtures of P. viridis + B. caapi and
M. hostilis + P. harmala, where a greater evolution of the simulated in vitro injury was verified.
Additionally, the psychoactive compound DMT and [-carbolines were not absorbed through the
simulated skin barrier in a PAMPA trial. These results may be related to the phytochemical
composition of the extracts, namely phenolic compounds, particularly flavonoids.

Finally, the anticancer properties of the extracts were also evaluated in vitro. After
determining the IC;, in Caco-2 cells, it was found that the samples of M. hostilis, P. harmala and
the mixture of M. hostilis + P. harmala were those that presented a lower value, therefore being the
most promising. Caspase-3 activity was evaluated, and the cell proliferation index was determined
through immunocytochemical analysis of the cell proliferation marker Ki-67, revealing a reduction
in cell proliferation and a pro-apoptotic effect. The extracts also demonstrated the ability to reduce
oxidative stress, assessed using two fluorescent probes: 2',7'-dichlorodihydrofluorescein diacetate
and dihydroethidium. The activity of antioxidant enzymes was also evaluated. The activity of
Superoxide Dismutase did not change significantly; however, the obtained results by evaluating the
activity of Glutathione Peroxidase suggest that the extracts lead to the triggering of a defense
response against oxidative stress.

The anticancer properties of the extracts were also evaluated in AGS cells. After
determining the ICs,, it was found that the samples of P. harmala, B. caapi and M. hostilis were
those that presented the most promising values. Thus, the ability to induce apoptosis was evaluated
by indirect measurement of Lactate dehydrogenase, and a pro-apoptotic effect was verified in the
three extracts. Finally, the induction of oxidative stress was evaluated using two fluorescent probes:
2',7'-dichlorodihydrofluorescein diacetate and dihydroethidium. A reduction in oxidative stress was
observed after incubation with the three extracts tested.

Overall, this work contributed to a better understanding of the bioactive and therapeutic

properties of ayahuasca decoctions. Extracts of B. caapi and P. harmala demonstrated the most
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promising antimicrobial activity, while mixtures of P. viridis + B. caapi and M. hostilis + P.
harmala showed the best healing potential. Regarding the anticancer activity, it was found that
extracts of M. hostilis, P. harmala and the mixture of M. hostilis + P. harmala presented the best
results in Caco-2 cells. Otherwise, in AGS cells, extracts from P. harmala, B. caapi and M. hostilis
showed the most promising results in terms of anticancer activity. The bioactive properties of some
of these extracts were studied for the first time in this work. Determining the phytochemical profile
of ayahuasca extracts was also crucial to understanding some properties presented by the extracts.
The work carried out in this thesis allowed to verify that ayahuasca extracts are an important source
of bioactive compounds, which could be used as alternatives to the existing therapies. Carrying out
this study also allowed to understand the antioxidant and anti-inflammatory potential of the

compounds present in the studied extracts, namely polyphenols.
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5.1. Conclusions and future perspectives

The interest in ayahuasca has been increasing over the years, both for recreational and
religious use, and for therapeutic use. Over the years, several health benefits associated with
ayahuasca consumption have been highlighted and the number of studies has also been increasing.
However, contrary to what would be expected, most of these studies consist of clinical trials or
observational studies, which use volunteers or regular consumers of ayahuasca. Most trials focus on
the treatment of illnesses or psychological imbalances; however, other promising results in
different areas point to ayahuasca as a potential alternative therapy.

The development of analytical methods that allow the detection and quantification of the
main ayahuasca compounds is increasingly important. The use of miniaturized extraction
techniques is not yet widely used in ayahuasca samples. In the present work was possible to
compare for the first time three miniaturized extraction techniques on ayahuasca decoctions. The
QuEChERS technique proved to be the most efficient in extracting the main ayahuasca compounds.
The analytical method developed in HPLC-DAD proved to be precise and accurate for a linearity
range between 0.16 and 10 pg/mL (0.016 and 1 pg/mL for DMT), with LOD and LLOQ of 0.16
pug/mkL (0.016 pg/ mL for DMT).

The bioavailability and bioaccessibility of ayahuasca decoctions were evaluated in vitro. -
Carbolines and DMT were released from the matrix, becoming bioaccessible. After digestion,
ayahuasca compounds became bioavailable, as they were able to cross the simulated intestinal
barrier in vitro. However, compounds that were not subjected to the digestive process were able to
become bioavailable as well.

The ayahuasca samples were characterized regarding some classes of secondary
metabolites, namely phenolics and flavonoids. The M. hostilis sample presented the highest content
of total phenols, while the P. harmala sample presented more flavonoids. The ability of the samples
to scavenge free radicals and inhibit lipid peroxidation were demonstrated, indicating the
antioxidant properties of these samples. The samples of M. hostilis, the mixtures of M. hostilis and
B. caapi and M. hostilis and P. harmala were the ones that showed the best antioxidant activity by
the DPPH method, while the commercial mixture and P. viridis samples showed the best ability to
inhibit lipid peroxidation. Additionally, the samples showed anti-inflammatory capacity through
the ability to inhibit protein denaturation. The same samples also demonstrated antimicrobial
properties, anti-quorum sensing and anti-biofilm potential, highlighting the role of the B. caapi
and P. harmala samples against A. baumannii.

Furthermore, ayahuasca decoctions shown to have great potential for wound healing.
Performing the scratch assay allowed verifying in vitro the migration of fibroblasts after incubation
with the extracts. It should be noted that samples of P. viridis and B. caapi and M. hostilis and P.
harmala showed the best healing potential. It is also worth noting that the skin absorption of the
hallucinogenic compound DMT and B-carbolines was also evaluated, and it was noted that these
compounds did not cross the skin barrier.

When evaluating the anticancer activity of the samples, it was found that decoctions of P.

harmala, M. hostilis and the mixture of M. hostilis and P. harmala could reduce the viability and
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cell proliferation of Caco-2 cells, also having a pro-apoptotic effect. The extracts also demonstrated
the ability to decrease the oxidative stress, and although no significant differences were found in
SOD activity, the results of GPx activity suggest that the extracts lead to the triggering of a defence
response against oxidative stress.

P. harmala, B. caapi and M. hostilis samples also demonstrated anticancer properties in
AGS cells. The extracts showed a pro-apoptotic effect, as well as a reduction in oxidative stress.

In light of the aforementioned findings, this research has significantly advanced our
understanding of the biological properties associated with different ayahuasca decoctions, thereby
emphasizing the potential for its application as an alternative therapeutic approach. Otherwise, the
development of new analytical methodologies associated with promising miniaturized extraction
techniques in the purification of the main constituents of ayahuasca was also achieved.

However, it is crucial to acknowledge that despite the promising results, the studies
conducted are currently in the preliminary stage and predominantly encompass in vitro tests.
Consequently, we must interpret these findings with caution. Therefore, it would be prudent to
continue with more comprehensive investigations.

Expanding upon the insights gained in this research, it becomes imperative to investigate
its applicability in the advancement of alternative therapies or even new topical drugs with healing,
anti-inflammatory and antimicrobial properties. Given the knowledge acquired with this work, it
would also be interesting to develop alternative therapies or even new topical drugs with healing,

anti-inflammatory and antimicrobial properties.
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