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Toxicological effects of 25H-NBOMe and 25H-NBOH recreational drugs on zebrafish embryos and larvae at the
end of 96 h exposure period were demonstrated. 25H-NBOH and 25H-NBOMe caused high embryo mortality at
80 and 100 pug mL ™!, respectively. According to the decrease in the concentration tested, lethality decreased
while non-lethal effects were predominant up to 10 and 50 ug mL~ ' of 25H-NBOH and 25H-NBOMe, respec-
tively, including spine malformation, egg hatching delay, body malformation, otolith malformation, pericardial
edema, and blood clotting. We can disclose that these drugs have an affinity for DNA in vitro using biophysical
spectroscopic assays and molecular modeling methods. The experiments demonstrated that 25H-NBOH and
25H-NBOMe bind to the unclassical major groove of ctDNA with a binding constant of 27.00 x 10* M~!

and 5.27 X 10* M1, respectively. Furthermore, these interactions lead to conformational changes in the
DNA structure. Therefore, the results observed in the zebrafish embryos and DNA may be correlated.

Introduction

The zebrafish (Danio rerio) model organism is progressively used
for measuring drug toxicity and/or safety, and abundant studies have
endorsed that mammalian, and zebrafish toxicity profiles are strikingly
comparable (Cassar et al., 2020; Dai et al., 2014; Keshari et al., 2016;
Ko et al., 2009; McGrath and Li, 2008; Stewart et al., 2011). In addi-
tion, zebrafish have high genetic homology to humans, genetic
tractability, low cost, and hence usefulness in high-throughput analy-
ses (Cassar et al., 2020; Stewart et al., 2013). These non-traditional
model organisms have effectively demonstrated complex processes
involved in drug abuse responses (Mathur and Guo, 2010; Stewart
et al, 2011). Neurobehavioral studies specifically established or
accepted for zebrafish provide useful methods to explore reinforcing
properties of drugs and to study drug use related phenomena, includ-
ing sensitization, tolerance, withdrawal, drug-seeking, extinction, and
relapse (Braida et al., 2007; Cachat et al., 2010; Kily et al., 2008;
Petzold et al., 2009). However, the use of zebrafish as a model to
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evaluate the potential toxicity of recreational drugs is still little
explored. For instance, exposure to ketamine (50-90 pg mL™Y) for
24 h resulted in morphological and behavioral changes in zebrafish,
with higher embryo mortality, skeletal deformities, and a reduction in
body length. Malformation levels were higher in the groups exposed
to the drug than the control, observing a higher incidence of the dis-
tended thoracic region and trunk abnormalities such as lordosis or
kyphosis (Félix et al, 2017). In another study, cocaine
(10-20 mg L™') exposure resulted in a decreased telencephalic area
in a dose-dependent fashion in embryonic brains of zebrafish and an ele-
vated heart rate 37% above untreated fish (Mersereau et al., 2016). In
this sense, the zebrafish model may not only serve as a valuable tool
for screening for drug use and their abuse-related responses but also
for the toxicity of drug abuse effects, especially in the case of new psy-
choactive substances (NPS) NBOMes/NBOHs in which practically non-
existent data are reported regarding these later possible effects.
Recreational drugs are legal and illegal substances used without a
medical reason to induce an altered state of consciousness for pleasure
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(Miller et al., 2015; Ropero-Miller and Goldberger, 1998). However,
these drugs are dangerous in any situation and may have devastating
effects that include acute toxicity reactions and death (Andreasen
et al.,, 2015; Morini et al., 2017; Ropero-Miller and Goldberger,
1998; Vale, 2012). The growing recreational consumption of NPS
not only undeniably signifies an unprecedented challenge in the field
of drug addiction but also a fast-rising problem from social, cultural,
legal, health, and political perspectives (Bersani et al., 2014; Corazza
et al, 2013; Larson and Bammer, 1996). For instance, prior to
2010, essentially no history of the human use of NPS known as
NBOMes/NBOHs (Fig. 1) had been recorded (Andreasen et al.,
2015); however, after their introduction, these substances have been
associated with intoxication and fatal incidents (Andreasen et al.,
2015; Kristofic et al., 2016; Kueppers and Cooke, 2015; Lawn et al.,
2014; Lowe et al., 2015; Morini et al., 2017; Poklis et al., 2014;
Wood et al., 2015).

25H-NBOH and 25H-NBOMe are substituted phenethylamines
bearing methoxy groups on the 2 and 5 positions of the A ring and a
hydroxyl (NBOH) or methoxy group (NBOMe) in position 1’ in the B
ring (Fig. 1). The hallucinogenic effects of these substances are due
to their agonistic effects on serotonin 5-HT,5 receptors (5-HT2aR).
Indeed, some of these reactional drugs possess the highest agonistic
effects to 5-HT5R, which means that very low doses are needed to
achieve the powerful hallucinogenic effects compared with lysergic
acid diethylamide (LSD) or ecstasy (Cassar et al., 2020; Lowe et al.,
2015). NBOMes/NBOHs are often marketed as “legal” LSD and some-
times misidentified as ecstasy (Corazza et al., 2013; Ninnemann and
Stuart, 2013). Thus, this poses a significant safety concern when users
think they are taking LSD and/or ecstasy but are essentially ingesting
NBOMes/NBOHs because the symptoms can prove to be more severe
and need an advanced level of attention from medical professionals
(Lowe et al., 2015). In fact, unlike NBOMes/NBOHs, LSD and ecstasy
are rarely directly attributable to death. Moreover, knowledge about
the toxicology of LSD or ecstasy, or even cocaine, is well established
(Alvarenga et al., 2010; Barenys et al., 2009; Dishotsky et al., 1971;
Jih-Heng and Lih-Fang, 1998; Nichols and Grob, 2018; Polifka and
Friedman, 1991), while very limited or practically non-existent data
are reported for NBOMes/NBOHs (Arantes et al., 2017; de Barros
et al., 2021a; Machado et al., 2020). 25I-NBOMe was detected, after
death, in blood (from 0.04 to 0.95 nM), urine (6.69 nM), vitreous
humor (0.23 nM); 25C-NBOMe was detected in blood (1.49 nM) and
urine (6.85 nM), and 25B-NBOMe detected in blood samples
(4.18 nM) (Andreasen et al., 2015; Kueppers and Cooke, 2015;
Lowe et al., 2015; Morini et al., 2017; Poklis et al., 2014; Shanks
et al., 2015; Tang et al., 2014). However, little has been studied about
the toxicity of these substances, and their possible effects on
pregnancy.

Based on the potential of zebrafish to assess the toxicity of recre-
ational drugs and the lack of reports on such effects induced by
NBOMes and NBOHSs, herein we describe the 25H-NBOH and 25H-
NBOMe toxicity on the zebrafish model. It is important to point out
that the results with zebrafish often turned out to differ with respect
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Fig. 1. Representative chemical structure of 25H-NBOH and 2H-NBOMe
recreational drugs.
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to concentration and efficacy, in this way the doses used in this study
and elsewhere may be different and have different effects. Finally, we
have also performed molecular modeling studies and biophysical inter-
action in vitro of the above-mentioned recreational drugs with the Calf
thymus DNA (model), which is characterized as a biological target
related to toxicity effects.

Material and methods
In vivo assays with zebrafish embryos

Zebrafish embryos

The zebrafish (Danio rerio) embryos were provided by the zebrafish
facility established at the Department of Molecular Biology, Federal
University of Paraiba (Jodo Pessoa, Brazil). Zebrafish adults (wild-
type strain) were kept at 26 = 1 °C under a 14:10 h (light:dark) pho-
toperiod. The water quality was maintained by activated-carbon filtra-
tion, conductivity at 750 = 50 pS, and dissolved oxygen above 95%
saturation. Fishes were fed daily with commercial food (Tropical Gran
Discus, Sarandi, Brazil) and Artemia sp. nauplii and monitored for
abnormal behavior or disease development.

An egg trap was placed overnight in a tank containing male and
female specimens (1:1 ratio) one day before testing to obtain embryos.
One hour after beginning the light cycle, eggs were collected with a
Pasteur pipette and rinsed with E3 medium (5 mM NaCl, 0.17 mM
KCl, 0.33 mM CaCl,, and 0.33 mM MgSO,) for subsequent selection
of embryos by using a stereomicroscope (80 x magnification). Viable
fertilized eggs were selected for embryotoxicity assays. The Ethics
Commission approved all experiments conducted with zebrafish in this
study in Animal Use in Research (CEUA 4460140920) of the Federal
University of Paraiba.

Acute toxicity test using zebrafish embryos

The Fish Embryo Acute Toxicity (FET) test was independently con-
ducted with 25H-NBOH and 25H-NBOMe according to the OECD's
guideline number 236 (OECD, 2013) with modifications. Zebrafish
embryos up to 3 h post-fertilization (hpf) of age were exposed to five
crescent concentrations of 25H-NBOH (5, 10, 20, 40, and 80 pg mL ™ 1)
and 25H-NBOMe (5, 20, 50, 70, and 100 pg mL™'). Each
concentration tested was prepared in a 96-well plate containing 20
fertilized eggs (1 embryo per well) exposed to the test sample, and 4
embryos were exposed only to E3 medium (internal controls). An
additional plate containing embryos exposed to E3 medium was also
assayed. The exposure was performed for 96 h, and the embryos were
analyzed every 24 h for the apical endpoints: egg coagulation; lack of
somite formation, lack of detachment of the tail-bud from the yolk sac;
and lack of heartbeat. The embryo/larva was considered dead in the
presence of any of these endpoints. The number of deaths was used
to calculate the LCsy (median lethal concentration). Additionally,
sublethal effects were also recorded daily: eye malformation, otolith
malformation; mouth malformation; spine malformation; body
pigmentation; egg hatching delay, yolk sac edema, body malformation,
pericardial edema; head edema; blood clotting; and undersize. The
exposures were under static conditions (without renovation of the
test sample or E3 medium). Observations were performed in a
stereomicroscope (80 X magnification) and photographed (Zeiss).
Surviving larvae were euthanized after 96 h with eugenol and properly
discarded.

Statistical analysis

The median lethal concentration (LCso) values were calculated by
probit regression analysis (Finney, 1971). A one-way ANOVA com-
pleted with Tukey's posthoc comparison determined differences to
independently compare each exposure group to the control group.
The p < 0.05 was considered statistically significant.
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In vitro interaction assays of ctDNA and 25H-NBOH/25H-NBOMe

Reagents and solutions

All reagents used were chemically pure. The solutions were pre-
pared with ultrapure water with a specific resistivity of 18.2
MQ X cm from a Milli-Q® purification system (Millipore, Bedford,
MA, USA). The ctDNA solution was prepared by dissolving an appro-
priate amount of sodium salt of DNA Calf thymus type I (Sigma Aldrich,
USA) in Tris-HCl buffer (10 mM, pH = 7.40, 100 mM of NaCl); the
solution was left under magnetic stirring for 24 h, followed by
30 min in an ultrasonic bath (Quimis model Q335D, Brazil). The
ctDNA concentration was determined by absorbance at 260 nm using
molar extinction coefficient e560 = 6600 M~ 'cm ™ '. The ctDNA solu-
tion's purity was determined by the absorbance ratio at 260 and
280 nm (As60/A2g0), Wwhere a value between 1.8 and 1.9 indicates that
the ctDNA solution was sufficiently free of proteins (Savariz et al.,
2014). The stock solution of ligands 25H-NBOH and 25H-NBOMe
was prepared by dissolving 10 mg of each substance in 4 mL of DMSO;
the subsequent dilution was prepared in the Tris-HCl buffer. The potas-
sium iodide solution was prepared in ultrapure water to a final concen-
tration of 0.3 M of KI and 5 mM Na,S,05. The green methyl (MG)
probe solution was prepared by dissolving 10 mg of MG in 5 mL of
ultrapure water and then extracted with chloroform (5 X 5 mL) to
remove traces of the violet methyl impurity (Prieto et al., 2014). The
concentration of the impurity-free solution was determined by the
absorbance at 631 nm using the molar extinction coefficient of
85300 M~ 'em ™! (Kim and Nordén, 1993). For the 'H NMR experi-
ment, 5 mM phosphate buffer pH 7.40 prepared in D,O (99.9%) was
used. The ligands' stock solutions were prepared in DMSO ds and
diluted in the buffer so that the maximum concentration of DMSO dg
was not more than 20% (v/v). Sodium trimethylsilyl propionate at
2.5 mM (TMSP, Cambridge Isotope Laboratories) was used as an inter-
nal standard for chemical displacement for a final volume of 600 pL.

UV-vis absorption measurements

The molecular absorption measurements were performed in a scan-
ning spectrophotometer Micronal (AJX-6100PC, Brazil) with double-
beam equipped quartz cuvettes of 10 mm optical path. The absorbance
signal of ligands (20 pM) was evaluated in the absence and presence of
ctDNA (20 uM), as well as the absorbance of the ctDNA free (20 uM).
The spectrophotometric measurement was performed in the 200-
340 nm range. In the melting temperature assay, the absorbance of
the ctDNA solution (20 uM) in the absence and presence of ligands
(20 and 100 uM) was monitored at 260 nm, slowly heated from 25
to 100 °C using a heating system model SP12/200ED (SPlabor, Brazil).

Molecular fluorescence studies

Molecular fluorescence measurements were performed on a Shi-
madzu spectrofluorometer (model 5301PC, Japan) equipped with a
Xenon lamp (150 W) using quartz cuvettes of a 10 mm optical path.
Spectrofluorometric titrations were performed by maintaining the con-
centration of ligands at 7.5 uM, increasing amounts of ctDNA
(0-250 uM). The titration was carried out at three different tempera-
tures (23, 30, and 37 °C) to determine the binding and thermodynam-
ics parameters. The influence of ionic strength was determined by
spectrofluorimetric titration at different NaCl concentrations (0, 25,
50, 100, and 200 mM). Mathematical corrections were made when
necessary to correct the inner filter effect. Titrations using potassium
iodide (KI) and the DNA probes DAPI, Hoechst (HO), ethidium bro-
mide (EB), acridine orange (AO), thiazole orange (TO), berberine
(BB), and methyl green (MG) were used to determine the preferential
binding mode. The ligands in the KI assay were titrated with increas-
ing concentrations of KI (0, 5, 10, 25, 50, 75, and 120 uM) in the
absence and presence of two excesses of ctDNA (50 and 100 pM).
The emission spectra in experiments with DAPI, HO, EB, AO, TO,
and BB were obtained by fixing the probe concentration (2 pM) and
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ctDNA (10 pM); finally, the titration with 25H-NBOH or 25H-
NBOMe (0-120 pM) was performed. The spectra were obtained from
excitation at specific wavelength for each probe: DAPI (A.x = 358 nm,
Aem = 455 nm), Hoescht (Ax = 353 nm, Ae, = 452 nm), ethidium
bromide (Aex = 525 nm, Aeyy, = 592 nm), acridine orange (Aex =
490 nm, Ao, = 524 nm), thiazole orange (Aex = 500 nm, Aey =
526 nm), and berberine (Aexy = 356 nm, Ae, = 525 nm). In the MG
experiment, the ligands (7.5 uM) were titrated with increasing concen-
trations of ctDNA in the absence and presence of methyl green (0, 10,
and 20 pM). All spectra were recorded from 280 to 450 nm by exciting
at 260 nm (slit 5 and 10 nm for excitation and emission).

Circular dichroism studies

The circular dichroism spectra measurements were performed on a
Jasco spectropolarimeter (model J-815, Japan) equipped with a
Peltier-type temperature adjustment system in a quartz cuvette
0.1 mm optical path. The measurements were made in the UV region
in the range of 190-240 nm at 25 °C in the presence of N5 (99.99%).
The ctDNA (100 uM) was titrated in increments of ligands (100, 200,
and 300 uM). Each spectrum corresponds to the average of four scans

at 50 nm min .

NMR studies

The 'H NMR spectra were obtained on a Bruker Avance 600 MHz
spectrometer equipped with a 5 mm indirect detection probe
(Santana et al., 2019). The spectra were calibrated with internal stan-
dard TPMS. The ligand concentration was fixed (1 mM), and the spec-
tra were recorded in the absence and presence of ctDNA (0.01 and
0.04 mM) using 32 scans.

Molecular modeling

For the molecular modeling studies, the co-crystallized structure of
the dodecameric DNA was taken from the Protein Data Bank (PDB id:
1G3X) (Malinina et al., 2002). The studied drugs 25H-NBOH and 25H-
NBOMe were built using MarvinSketch® software program
(Csizmadia, 1999), and the protonation states for each compound at
pH 7.4 were considered. The compounds' geometries were optimized
in the gas-phase using the semi-empirical method AM1 (Austin
Model), and the angle and length of the connection were corrected
by using ORCA® software (Neese, 2012). Molecular docking was per-
formed using GOLD® software (Verdonk et al., 2003) to study the
interactions of 25H-NBOH and 25H-NBOMe. Hydrogens atoms were
added and water molecules were removed for the DNA structure. All
of the DNA structure was selected (70 f\), and the ligands were docked
using the Astex Statistical Potential (ASP) algorithm (Lozano Untiveros
et al., 2019; Passos et al., 2020; Santana et al., 2019). Finally, the opti-
mal binding poses were selected for analysis and were chosen as the
initial conformation for molecular dynamics (MD) simulations per-
formed at 100 ns using the GROMACS® software program (Braga
et al., 2019; Roque Marques et al., 2019). The interaction poses were
visualized by using the UCSF Chimera software program. The RMSD
values during the simulation were calculated employing GROMACS®,
and RMSD plots were generated using the Xmgrace® software pro-
gram (Braga et al., 2019).

Results and discussion
In vivo assays with zebrafish embryos

25H-NBOH and 25H-NBOMe used in this work were previously
prepared by our research group, according to de Barros et al.
(2021b). Fig. 2 shows an overview of the effects of compounds tested
on zebrafish embryos and larvae at the end of a 96 h exposure period.
Both samples caused high embryo mortality at the highest concentra-
tions tested (80 and 100 pg mL~' of 25H-NBOH and 25H-NBOMe,
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Fig. 2. A general overview of (A) 25H-NBOH and (B) 25H-NBOMe cumulative effects on zebrafish embryos and larvae (n = 20 / concentration) after 96 h of
exposure. No effect: morphological characteristics similar to the control organisms; Non-lethal effect: the presence of sublethal endpoints; Mortality: the presence

of lethality endpoints.

respectively) (Fig. 2A-B). The embryos and larvae showed no morpho-
logical changes at lower concentrations (Fig. 3A-C). Coagulation was
the only endpoint of lethality observed for both samples (Fig. 3D-E).
According to the decrease in the concentration tested, lethality
decreased while non-lethal effects were predominant up to 10 and
50 ug mL~! of 25H-NBOH and 25H-NBOMe, respectively. The non-
lethal effects observed were spine malformation, egg hatching delay,
and body malformation for both samples, while otolith malformation,
pericardial edema, and blood clotting were only found for 25H-
NBOMe (Fig. 3).

Table 1 shows the embryotoxicity assay results in zebrafish
embryos exposed to increasing concentrations of 25H-NBOH and
25H-NBOMe. The compounds showed specific toxicity profiles to zeb-
rafish embryos. 25H-NBOH was more lethal (LCso 43 ug mL™!) than
25H-NBOMe (LCs, 84 pg mL~1). However, both samples' lethality end-
points could only be verified in high concentrations, as previously dis-
cussed. Therefore, this contrasts with the sublethal endpoints that
appeared in lower concentrations, and again 25H-NBOH was the most
toxic sample (Table 1). The lower LOAEL (Lowest-observed-adverse-
effect level) value for 25H-NBOH was 10 ug mL ™! for the spine malfor-
mation endpoint (Fig. 3h), while for 25H-NBOMe it was 50 ug mL ™!
for spine malformation and blood clotting (Fig. 3i-j). Although the
samples only display lethal effects in higher concentrations, their sub-
lethal effects, most accounting for teratogenicity, were quite relevant
in lower concentrations, mainly for the 25H-NBOH sample.
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Several studies in which zebrafish embryos were exposed to differ-
ent substances, malformation, oxidative stress, and DNA damage were
observed (He et al., 2014; Li et al., 2020; Zhang et al., 2020, 2017). In
addition, the literature suggests that many licit and illicit drugs such as
cocaine, ecstasy, MDMA, opioids, benzodiazepine, and carba-
mazepine, sertraline, can induce DNA damage (Alvarenga et al.,
2010; Barenys et al., 2009; Parolini et al., 2017; Subedi et al., 2021).
-Alvarez-Alarcén et al., 2021 recently reported that the 25C-NBOMe,
a chloro phenethylamine derivative, promoted alterations in the motor
response stimulus as well as abnormal development in zebrafish,
suggesting a teratogenic effect. There is the possibility that the effects
observed in zebrafish embryos and larvae in this study were at least in
part due to an overactivation of the receptors that are products of
orthologous gene expression of human 5-HT receptors.

Regarding the occurrence of 5SHT2A receptors, it was reported that
zebrafish larvae with 5 dpf (days post-fertilization) present htr2ab
[orthologous to human HTR2A (5-hydroxytryptamine receptor 2A)]
expression (0.194 RPKM) very close to that determined in the head
of adult females (0.215 RPKM) (BioProject: PRJEB1986, https://
www.ncbi.nlm.nih.gov/gene/559806). Xing et al. (2015) showed
even earlier the expression of htr2ab in embryos with only 2 dpf. In
turn, Sourbron et al. (2016) showed that zebrafish larvae (7 dpf)
express the orthologues of all human 5-HT receptor subtypes, includ-
ing htr2ab that was effectively activated by a specific agonist and
caused behavioral changes. As for the toxic effects of 25H-NBOMe
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Fig. 3. Lethal and non-lethal effects were observed in zebrafish embryos and larvae (n = 20 / concentration) after exposure to increasing 25H-NBOH or 25H-
NBOMe concentrations. (A), (B) and (C) Control organisms with normal development after 24, 48, and 96 h exposed only to E3 medium; (D) and (E) 24 h-old
embryos coagulated exposed to 80 and 100 ug mL~* of 25H-NBOH and 25H-NBOMe, respectively; (F) and (G) 48 h-old embryos with body malformation exposed
to 80 and 100 pg mL~! of 25H-NBOH and 25H-NBOMe, respectively; (H) and (I) 96 h-old hatched larva with spine malformation (sm) exposed to 10 and
50 pg mL~! of 25H-NBOH and 25H-NBOMe, respectively; (J) 48 h-old embryo with blood clotting (bc) exposed to 50 pg mL~! of 25H-NBOMe; (K) 96 h-old
embryo with pericardial edema (pe) and hatching delay exposed to 100 ug mL ™! of 25H-NBOMe.

Table 1
Effects of 25H-NBOH and 25H-NBOMe on developmental parameters of
zebrafish early stages after 96 h of exposure.

Embryotoxicological endpoints 25H-NBOH 25H-NBOMe
Otolith malformation > 100

Spine malformation 10° 50"

Egg hatching delay 20" 70"

Body malformation 80" 100
Pericardial edema - 100"

Blood clotting - 50"
Mortality (LCso)® 43 (31-60) 84 (56-123)

# Values are LOAEL (Lowest-observed-adverse-effect level) in pg mL~L
b No effects or less than 20% of embryos affected on the endpoint analysed.
© LCsg values are in mg L™ ! followed by 95% CI between brackets.

and 25H-NBOH on zebrafish, Kawahara et al. (2017) showed that 25B-
NBOMe altered the survival rate, locomotion, and induced changes in
the spine of larvae with 2 dpf after treatment with 0.005, 0.5, or
5 pg mL™?! for 2 days. Treatment with 5-HT2A receptor antagonists
prevented 25B-NBOMe-induced hypo-locomotion, death, and muscle
injury. Recently, Alvarez-Alarcén et al. (2021) demonstrated that
exposure of dechorionated zebrafish embryos to 25C-NBOMe for
96 h resulted in an LCso of 10.76 pg mL™ " and a series of sublethal
effects that included alterations in pigmentation patterns, growth
and development rates, heart rhythm, and peripheral circulation,
and ocular development. Besides these alterations, the authors
reported the formation of pericardial and perivitelline edemas, defor-
mation in the yolk and its elongation, and changes in the body's curva-
ture. Finally, the acute toxicity test of ayahuasca drink (it contains
DMT which has an affinity for serotonin receptors, mainly the 5-
HT2A receptor) was performed on zebrafish embryos, at a concentra-
tion of 0 to 1000 pg mL™! over 96 h of exposure. The LCs, of aya-
huasca in zebrafish was determined to be 236.3 pg mL™~!. Ayahuasca
exposure caused significant developmental anomalies in zebrafish
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embryos, mainly at the highest concentration tested, including hatch-
ing delay, loss of equilibrium, edema, and accumulation of red blood
cells (Andrade et al., 2018). To the best of our knowledge, our study
is the first to assess the toxic effects of NBOHs on zebrafish embryos.

As with other chemically related hallucinogens, 25H-NBOMe and
25H-NBOH could bind to serotonin receptors and, by mechanisms
not yet known, trigger acute toxic effects in zebrafish embryos and lar-
vae at the concentrations tested. A few studies demonstrate that sub-
stances of the NBOMe and NBOH class are metabolized in
cytochrome P450, undergoing reactions such as N-alkylation, hydrox-
ylation, and O-demethylation (Caspar et al., 2018; Nielsen et al.,
2017). Since the present study demonstrated toxicity for 25H-
NBOMe and 25H-NBOH, our results encourage further studies focused
on absorption, metabolization, and elimination of NBOMes and
NBOHs and their by-products in well-established experimental models
in rodents, for example. It is known that many psychostimulants can
cross the placenta and cause several adverse effects on fetal develop-
ment (Ross et al., 2015). However, we did not find specific studies
on the ability of NBOMes and NBOHs and/or their metabolites to cross
the placental barrier. This is a gap that deserves more attention in fur-
ther studies. In addition, our recent study has shown that other sub-
stances in this class, 25I-NBOH and 25I-NBOMe, are able to interact
with the HSA biomacromolecule (de Barros et al., 2021a). Thus, we
decided to study whether 25H-NBOH and 25H-NBOMe drugs have
an affinity for DNA in vitro studies.

In vitro assays of DNA and 25H-NBOH/25H-NBOMe interaction

The interaction between the 25H-NBOH and 25H-NBOMe drugs
with ctDNA (Calf thymus) was evaluated using UV-vis, molecular flu-
orescence, circular dichroism, and NMR techniques, as well as molec-
ular theoretical studies. The ability to interact with DNA was assessed
for both drugs since they showed toxicity against zebrafish in vivo
assays.
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Evaluating the drug interaction employing fluorescence spectroscopy

In evaluating the interaction between the drugs and ctDNA, it was
observed that the ligands present an emission peak at 326 nm
(hex = 260 nm), and 25H-NBOMe presents a higher fluorescence
intensity when compared to 25H-NBOH (Fig. 4A and Sla). Due to
the drugs' intrinsic fluorescence, an interaction study was carried out
by titrating them with ctDNA, and it was observed that there was a
gradual decrease in the fluorescence intensity with the increase of
nucleic acid concentration in the system (Fig. 4A and S1a). This phe-
nomenon is related to the decrease in the free concentration of drugs
in solution, resulting from the macromolecule interaction (Parveen
et al., 2017).

The process of decreasing the intrinsic fluorescence of a fluo-
rophore in the presence of a ligand is called quenching (static and
dynamic). Static quenching refers to forming a non-fluorescent com-
plex in the ground state, while dynamic quenching is a process in
which the quencher diffuses, colliding with the fluorophore in the
excited state without complex formation. The quenching processes
can be distinguished by analyzing fluorescence data at different tem-
peratures (Tao et al., 2015; Yang et al., 2017). Thus, we determined
the quenching constant of these drugs by plotting the ratio of fluores-
cence intensity (Fo/F) in the presence and absence of ctDNA as a func-
tion of increasing ctDNA concentrations (Fig. 4B and S1b), according
to the following equation:

Fo

2= 1+ Kev[Q] = 1+ kgwo[Q)

()

In which: Fy and F are fluorescence intensities in the absence and
presence of ctDNA, respectively, kq is the diffusional bimolecular
quenching rate constant, Kgy is the Stern-Volmer constant, [Q] the con-
centration of the species which acts as the quencher (ctDNA), and 7 is
the average lifetime, typically 10~ s (Silva et al., 2018).

It is possible to differentiate the quenching process in the interac-
tion process of 25H-NBOH and 25H-NBOMe with ctDNA based on
Ksy values at different temperatures (Table 2). Dynamic quenching
depends upon diffusion; thus, the higher temperature leads to larger
diffusion coefficients, and the Kgy increases with increasing tempera-
ture. However, the opposite is observed for static quenching since
the increase in temperature decreases the stability of the complex
ligand-DNA form (Yang et al., 2017). Therefore, the fluorescence
quenching mechanism of 25H-NBOH and 25H-NBOMe interaction
with ctDNA may be controlled by static quenching and complex forma-
tion in the ground state. The constant k, was also used to characterize
the quenching mechanism. When k, is less than 2.0 x 10" M ™' s~ 1,
the quenching is preferentially dynamic, whereas static quenching is
expected for higher kq values (Cui et al., 2015). The k, values range
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from 0.75 to 2.80 x 10> M~ ! s, being higher than the limiting dif-
fusional constant. Therefore, static quenching is dominant, in agree-
ment with the results of Kgy values (Table 2).

The non-covalent binding constant (K;,) and the number of binding
sites (n) between the ligands and ctDNA were determined by spec-
trofluorometric titration:

Fo —F
logOT = log(Ky) + nlog[Q]

@)

The interaction magnitude for the evaluated compounds has
defined K, values ranging from 90.47 to 27.00 x 10* M~! (25H-
NBOH) and 3.21 to 5.27 x 10* M~! (25H-NBOMe). The value of n
was close to the unit, indicating that the interaction stoichiometry is
1:1 (Fig. 4C and Slc, Table 2). The difference in the magnitude of
K, observed for the two substances shows that 25H-NBOH has a
greater affinity for DNA, and possibly the forces involved in the inter-
action between the two drugs and macromolecule are different. This
higher affinity may also be related to the higher toxicity observed
for 25H-NBOH in vivo studies against zebrafish.

We calculated the interaction's thermodynamic parameters to
understand the difference in the observed K, values and relate them
to different forces in the interaction process. The forces involved in
the interaction process can include hydrogen bonds, van der Waals
forces, hydrophobic and electrostatic interactions. Thermodynamic
parameters such as the variation of free energy (AG), enthalpy (AH),
and entropy (AS) are essential to determine the preferred type of
forces which guide the interaction process. These parameters can be
calculated using the K;, values at different temperatures from Van't
Hoff and Gibbs free energy equations:

OX
)

The variation of Gibbs free energy (AG) was negative for both
drugs, so the interaction process occurs spontaneously (Table 2). How-
ever, different signs were observed for the AH and AS values. In 1981,
Ross and Subramanian characterized the signal and magnitude of the
thermodynamic parameters associated with the interaction process'
different forces. They determined that both positive AH and AS values
are associated with interactions which preferably occur by hydropho-
bic forces, while negative AH and AS values are related to hydrogen
bonds and van der Waals forces (Ross and Subramanian, 1981). Thus,
the interaction between 25H-NBOH and ctDNA preferably occurs
through hydrogen bonds and van der Waals forces, whereas 25H-
NBOMe preferentially interacts by hydrophobic forces. This difference

AS

ll'l(Kb) = ——X R

. ()
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Fig. 4. (A) Fluorescence spectra of 25H-NBOH (7.5 uM) in the absence and presence of ctDNA (0-250 uM; pH 7.4, Aey = 260 nm, Aep, = 326 nm); (B)
Stern—Volmer plots for the fluorescence quenching of 25H-NBOH by ctDNA at three different temperatures; (C) Double logarithmic curve of ctDNA quenching the
fluorescence of 25H-NBOH (D) Van't Hoff curve for the 25H-NBOH-ctDNA interaction process.
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Table 2
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The quenching constants (Kgy), binding constants (K},), number of ligand sites (n), and relative thermodynamic parameters for the interaction of 25H-NBOH and 25H-

NBOMe with ctDNA at different temperatures.

Ligand T (°C) Binding parameters Thermodynamics parameters
Kev 10*M™) k(102 M7's™) r K, (10*M™)  r n AH (kJmol™) ASUK 'mol™")  AG (kJmol™")

25H-NBOH 23 2.80 + 0.02 2.80 0.9893 90.47 + 0.01 0.9920 1.41 —33.95

30 2.57 + 0.01 2.57 0.9948 61.69 * 0.01 0.9975 1.39 —65.70 —107.26 —33.20

37 2.36 = 0.01 2.36 0.9913 27.00 = 0.01 0.9969 1.29 —32.45
25H-NBOMe 23 0.85 + 0.02 0.85 0.9967 3.21 + 0.01 0.9987 1.16 —25.57

30 0.77 + 0.04 0.77 0.9881 4.29 + 0.01 0.9944 1.21 +27.05 +177.76 —26.81

37 0.75 = 0.02 0.75 0.9964 5.27 = 0.01 0.9947 1.23 —28.10

in the forces involved in the interaction may result from structural dif-
ferences in the drugs. 25H-NBOH has a hydroxyl group, a site capable
of donating and receiving hydrogen bonding, and stronger interactions
than hydrophobic forces; therefore, 25H-NBOH has greater ctDNA
affinity, thereby justifying the higher Kj,.

Interaction studies of ctDNA with 25H-NBOH/25H-NBOMe by UV-vis

UV-vis absorption spectroscopy is one of the most straightforward
and widely used techniques in assessing DNA stability and the process
of interaction with ligands. Molecular absorption spectra for 25H-
NBOH in the absence and presence of ctDNA are shown in Fig. S2.
25H-NBOH and ctDNA present maximum absorption wavelengths
close to 258 nm; however, by adding nucleic acid to the compound
solution, a displacement to longer wavelengths (AA = 8 nm) charac-
terizing a hypsochromic effect occurs. These results confirm the inter-
action between ligand and macromolecule (Savariz et al., 2014). Thus,
in general, when the ligand interacts with DNA and forms a complex,
changes in the absorbance values and the band position may occur due
to electronic transitions n — n* and & — =* of the ligand and = — n* of
the DNA. The spectral evaluation found that the 25H-NBOH-ctDNA
complex absorbance value at the maximal wavelength (Acomplex) Was
different from the sum of the free 25H-NBOH and free ctDNA absor-
bance values (Ajigana + Acona), €videncing that there was no additive
effect of the Beer law (Savariz et al., 2014).

Furthermore, the spectrum resulting from the subtraction of the
supramolecular complex spectrum (25H-NBOH-ctDNA) and the free
ctDNA spectrum did not overlap the free ligand spectrum, confirming
the interaction between the compound and ctDNA (Table S1). The
results obtained for the 25H-NBOMe and ctDNA system were similar
to those obtained for the 25H-NBOH (Fig. S2b and Table S1). Finally,
this result indicates that the ligand and nucleic acid complex formation
occurred in the ground state, confirming that the preferred quenching
mechanism is static.

Evaluation of the ligand-ctDNA non-covalent binding mode

Ligands traditionally interact with DNA in three ways: between
nitrogen base pairs (intercalation), major or minor groove, and electro-
static binding (Kashanian et al., 2012). The non-covalent binding
mode between 25H-NBOH and 25H-NBOMe with ctDNA was evalu-
ated through ionic strength effect, potassium iodide (KI), melting
point, and competition assays using DNA probes with well-
establishing interaction mode.

Ionic strength effect

DNA is an anionic polymer due to phosphate groups in its structure
(Bi et al., 2015). The estimated pKa for 25H-NBOH and 25H-NBOMe
are 10.38 and 9.11, respectively, and at physiological pH (7.40). The
compounds consequently present a positive charge in the solution,
and they can interact with the external phosphate backbone of nucleic
acid electrostatically. The ionic strength effect on the interaction
between 25H-NBOH and 25H-NBOMe with ctDNA was evaluated by
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adding different NaCl concentrations due to the weakening of the
electrostatic attraction between small molecules and the DNA surface
adding Na™ (Chuan et al., 2005). The results showed that the addition
of NaCl had little effect on the K;, (Fig. S3), suggesting that the electro-
static binding of 25H-NBOH and 25H-NBOMe to ctDNA could be
neglected.

Potassium iodide assay (KI)

Potassium iodide assay can be used to study non-covalent DNA
binding modes since iodide ions cause quenching in the fluorescent
compound if they are accessible. When a ligand interacts via intercala-
tion, the DNA double helix protects the compound from the quencher's
action, and thus the magnitude of the Kgy value is less than the free
ligand (Huo et al., 2012). The Stern-Volmer constant values in the
absence and presence of the ctDNA were used as a comparison param-
eter. The Kgy was calculated according to Eq. (1), in which [Q] is the KI
concentration (Fig. 5A and S4a).

The ligands' Ksy values were slightly lower in the presence of
ctDNA, being 1.20 and 1.16 timeless for 25H-NBOH and 25H-
NBOMe, respectively, comparing free ligands and in the presence of
ctDNA. These results suggest that the ligands do not bind to DNA via
intercalation mode and are therefore not protected by nitrogenous
bases, as Kgy values for intercalated drug molecules within DNA base
pairs are expected to be 5-7 times less compared to the free-drug
(Kundu and Chattopadhyay, 2017). Thus, the probable interaction
mode between the 25H-NBOH and 25H-NBOMe drugs with DNA binds
in the groove.

Thermal denaturation studies

Determining the melting temperature (Ty,) of DNA is an important
technique that can elucidate small compounds' binding mode to the
double strand of DNA. T, is the temperature at which half of the
DNA in a solution converts into a single-stranded form, and changes
in the Ty, value can reflect changes in the DNA's stability. Intercalation
of small molecules in the duplex increases their stability and, in turn,
increases the melting temperature by about 5-8 °C. On the other hand,
the non-intercalative compounds cause no evident variation in Ty,
(Ahmad et al., 2016). Thus, the Ty, of ctDNA was determined by mon-
itoring ctDNA absorbance (260 nm) in the absence and presence of
25H-NBOH or 25H-NBOMe at different temperatures. The single-
stranded fraction (fs) was calculated by:

fom g
\f — 410

(5)

In which: A is the absorbance at T temperature, while Ay and Ay are
the absorbances at the initial and final temperatures. The T,
(fss = 0.5) of ctDNA was 85.3 °C (Fig. 5B and S4b); however, there
was a decrease in this value upon the addition of 25H-NBOH and
25H-NBOMe. The T,, in the presence of 20 and 100 uM of 25H-
NBOH was 83.2 °C (AT = -2.1) and 67 °C (AT = -18.3), respectively,
whereas there was also a decrease in T, for 25H-NBOMe in the same
concentration, but to a lesser magnitude, being 80.7 °C (AT = -4.6)
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Fig. 5. (A) Stern-Volmer plots for the quenching of 25H-NBOH by KI in the absence and presence of ctDNA. (B) Melting curves of ctDNA in the absence and
presence of 25H-NBOH at pH 7.4. (C) Binding constant values (K;,) of 25H-NBOH interaction with ctDNA in the absence and presence of MG.

and 77.9 °C (AT = -7.4). The literature indicates that reduction in Ty,
is characteristic of molecules capable of establishing hydrogen bonds
with nucleotides (Bathaie et al., 2010), so the decreased T,, results
may be associated with the fact that both substances have groups cap-
able of forming a hydrogen bond. The greater magnitude of the
decrease observed for 25H-NBOH may be associated with the presence
of the structure's hydroxyl group. Finally, it was evident that there was
atypical behavior concerning the evaluated compounds and the inter-
action mode with DNA.

Competitive displacement assay

In the literature, a displacement experiment of fluorescent probes
with a well-established binding mode was carried out to confirm the
non-covalent binding mode. Thus, ethidium bromide (EB), acridine
orange (AO), thiazole orange (TO), and berberine (BB) probes were
used for the intercalative binding mode, while DAPI and Hoechst
(HO) were used for the minor groove binding mode (Tao et al.,
2016). These probes show high fluorescence intensity upon binding
to DNA, and the capacity of 25H-NBOH and 25H-NBOMe to replace
them from their binding sites was evaluated, causing a decrease in
the fluorescence intensity. As previous experiments suggested that
the binding mode is not by intercalation, it was already expected that
the ligands would not displace the EB, AO, TO, and BB (Fig. S5). How-
ever, no reductions in fluorescence intensity was observed for DAPI or
HO probes, showing that the binding mode of 25H-NBOH and 25H-
NBOMe with DNA does not occur by intercalation or in the minor
groove.

The results suggest that 25H-NBOH and 25H-NBOMe possibly bind
to DNA by a major groove; however, commercial probes and a well-
established binding mode for a major groove were not commonly
found. Few studies in the literature show that the methyl green
(MG) dye has an affinity for the DNA major groove, so it was used
to confirm our binding mode hypothesis (Kim and Nordén, 1993;
Prieto et al., 2014). Due to the low fluoresce intensity complex (MG-
DNA), MG was used as a competitor of the binding site and not as a
fluorescent probe. Thus, it was evaluated how the presence of MG in
the titration of 25H-NBOH and 25H-NBOMe with ctDNA would affect
the binding constant's values. A decrease in the Kj, value by 60 and
80% were obtained for 25H-NBOH and 25H-NBOMe, respectively
(Fig. 5C and S4c). These results suggest that the interaction between
drugs and ctDNA is unfavorable in the presence of MG, probably due
to competition for the same binding site; thus, based on our results,
the 25H-NBOH and 25H-NBOMe drugs non-classically interact in the
major DNA groove.
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Circular dichroism spectral studies (CD)

Circular dichroism (CD) was used to monitor possible conforma-
tional changes in the DNA structure. Two characteristic B-DNA bands
are observed in CD spectra of ctDNA in the absence and presence of
25H-NBOH or 25H-NBOMe (Fig. 6), a negative band at 245 nm asso-
ciated with the double helix structure in the right direction, and the
band at 275 nm refers to the stacking of nitrogenous bases (Yang
et al., 2017).

Conformational changes in DNA structure can be assessed by
increasing or decreasing the intensity of these bands. The intercalation
of small compounds usually changes the DNA CD spectra, enhancing
both CD bands' intensities. However, ligand groove binding displays
low or no perturbation in absorption bands (Xie et al., 2015). Corrob-
orating with the major groove binding mode, the interaction of 25H-
NBOH and 25H-NBOMe with ctDNA did not cause drastic changes in
the absorption bands on CD spectra. No significant change in band
intensity at 245 nm (Fig. 6) shows that the drug interaction does not
affect the double helix structure in the right direction. However, a
decrease in the intensity of the positive band at 275 nm was observed.
This result suggests an increase in the base stacking degree of ctDNA,
inducing a conformational change of ctDNA to a more compact struc-
ture (Wang and Yang, 2009).

NMR studies

NMR is a powerful technique for probing and understanding bind-
ing between a small molecule and macromolecules by monitoring the
ligand or macromolecule (Yang et al., 2017). However, monitoring
macromolecule chemical shifts are challenging to analyze without
isotope-labeling, making the study of the ligands more appreciable
since it provides more simplified and resolved NMR spectra. In partic-
ular, "H NMR spectra could help determine the binding epitope, which
characterizes the ligand's hydrogens closer to the macromolecule upon
binding (Figueiredo and Marsaioli, 2007; Viegas et al., 2011). Interca-
lation, partially intercalated binding, and groove binding types of
ligand-DNA interaction modes are differentiated by "H NMR signals
based on changing line widths and chemical shifts. Thus, the interca-
lation of ligands into base pairs of DNA results in complete line broad-
ening of the "H NMR signal, while line broadening and an up-field shift
are observed in partially intercalated molecules (Sartorius and
Schneider, 1997). However, strong line broadening and up-field shift
of the '"H NMR signal is not observed for molecules that bind to
DNA grooves (Yang et al., 2017).

The binding epitope was determined from the variation of the
chemical shift of the hydrogen signals of the ligands in the absence
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Fig. 6. CD spectra of ctDNA in the presence of increasing amounts of (A) 25H-NBOH and (B) 25H-NBOMe at pH 7.4 and 25 °C.

and presence of ctDNA, and the AS (A5 = &fee ligand — Ocomplex) Was
subsequently calculated. Variations in the hydrogen signals' chemical
shift were observed for all excesses of ctDNA, with positive values of
AS, indicating a downfield in the NMR signals (Tables S2 and S3)
and a little line broadening signals. "H NMR spectra of the ligands in
the absence and presence of DNA were recorded (Figs. S6 and S7).
For 25H-NBOH and 25H-NBOMe (Fig. 7), the signals referring to the
H8', H9, and H10 hydrogens were downfield in the presence of the
ctDNA; these hydrogens are neighbors to the amino group, showing
that the presence of this group influences the interaction with DNA.
The signs of the aromatic hydrogens of ring B (3', 4, 5 and 6’) of
the 25H-NBOH showed a more pronounced downfield compared to
25H-NBOMe (Tables S2 and S3), which may be the result of the pres-
ence of the hydroxyl group in 25H-NBOH which influences the inter-
action process with DNA. The slight line broadening of the signals
and the lack of upfield of the NMR signals are consistent for molecules
that interact in the DNA groove (Yang et al., 2017).

Molecular modeling (MD) interaction studies

Docking and MD simulations were carried out to obtain detailed
information about the interactions of 25H-NBOH and 25H-NBOMe
with DNA to corroborate spectroscopic results. It was initially
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observed from the docking studies that both drugs presented affinity
to the major DNA groove (Fig. 8A and D). Then, both the complexes
obtained after docking procedures were subjected to an MD simula-
tion to understand the mechanism of interactions with DNA better,
and after 100 ns, we observed that both drugs remained in a major
groove (Fig. 8B and 8E). Hence, it can be concluded that in silico
studies corroborated with competitive displacement assay, in which
both ligands showed a reduction in the Kj, values, probably due to
competition with the MG probe. The Root Mean Square Deviation
(RMSD) plots of the DNA backbone during the MD simulations
(Fig. 8C and F), the averages for 25H-NBOH-DNA and 25H-
NBOMe-DNA complexes ranged from 0.1 to 0.3 nm. Finally, both
MD simulations showed that the ligand-DNA complexes remained
stable until the end, corroborating with the higher DNA affinity of
the drugs observed in experimental data.

The most prevalent conformations during MD simulations for 25H-
NBOH and 25H-NBOMe were archived (Fig S8). It was observed that
the amino group acts as a hydrogen donor in conventional H-bond
interactions with the guanine 4 (DG4) and adenine 18 (DA18) base
pairs for 25H-NBOH and 25H-NBOMe, respectively. Moreover, two
other hydrogen bond interactions were observed for the 25H-NBOH
drug between free hydroxyl and methoxy groups with cytosine bases
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Fig. 7. Proposed 25H-NBOH and 25H-NBOMe epitopes based on '"H NMR chemical variation (A§) in the presence of HSA.
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Fig. 8. Representation of the best docking conformations for (A) 25H-NBOH and (D) 25H-NBOMe; (B) and (E) drugs complexed with DNA after MD simulations;
(C) and (F) show the RMSD plot for the DNA backbone during each MD simulation.

3 (DC3) and 21 (DC21). These additional interactions follow this com-
pound's spectroscopic results and might explain their greater affinity
for ctDNA, higher K;, value, and in vivo toxicity than the methylated
analog.

Conclusion

In this work, the zebrafish embryos model showed that the 25H-
NBOH and 25H-NBOMe are highly toxic in vivo, causing embryo mal-
formation and lethal effects (LCso < 83 pg mL™1). We also evaluated
the interaction of these drugs with ctDNA exploring biophysical strate-
gies since the toxic effects observed in vivo may be related to the inter-
action of drugs with DNA. Therefore, 25H-NBOH and 25H-NBOMe are
capable of non-classically interacting in the major DNA groove. The
spectroscopic studies showed that 25H-NBOH preferably interacts by
van der Waals forces and hydrogen bonds. The ability of these sub-
stances to bind to DNA can integrate the mechanisms of toxicity and
be related to the adverse effects observed in zebrafish. Since the zebra-
fish embryo model has risen as a gold standard in developmental tox-
icity studies, high homology genome with the human and the
conservation of toxicity pathways, it is to be assumed that the toxic
effects of the studied hallucinogens may be represented in other verte-
brates, including in humans. However, it is too early to state that a
man who uses 25H-NBOMe and 25H-NBOH may have his liver, for
example, damaged by the toxic effects of these substances or that a
pregnant woman will have adverse effects on the embryo or fetus in
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development. Absorption, metabolization, and elimination studies of
these substances and their metabolites at realistic concentrations in
cell culture models and vertebrates (zebrafish larvae and rodents) still
need to be carried out better to understand the risks and toxicity mech-
anisms of these hallucinogens.
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