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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka The NBOMe (N-2-methoxybenzyl-phenethylamines) family of compounds are synthetic hallucinogens derived

from the 2C series. Although this family of compounds has been responsible for multiple cases of acute toxicity

Keywords: and several deaths around the world, to date there are few studies. These compounds act as potent 5-HTza re-
ESE‘N;?IMe ceptor agonists, including the hallucinogen 25C-NBOMe (2-(4-chloro-2,5-dimethoxyphenyl)-N-[(2-methox-
ebrafis.

yphenyl)methyl]ethanamine). In this study, we first evaluated the toxicity of 25C-NBOMe in two animal models:
Artemia salina and zebrafish using the lethality test of Meyer et al. (1982) modified for Artemia salina and the Fish
Embryo Toxicity test (FET) for zebrafish (Danio rerio). Subsequently, we determined the behavioral and
morphological effects using different concentrations of the 25C-NBOMe. As a result, we found that this substance
is highly toxic according to lethality tests in both animal models. We also observe that this hallucinogen induces
alterations in swimming and motility patterns in Artemia salina. Similarly, there were alterations in the motor
response to a stimulus, as well as abnormal development in the zebrafish. The developmental effects of zebrafish
suggest a teratogenic potential for 25C-NBOMe. Therefore, these findings are correlated with side effects, such as
motor response abnormalities and muscle deterioration, clinically reported for consumers of this recreational
drug. Finally, although recent studies are addressing the neurotoxicity and cardiotoxicity of 25C-NBOMe in cell
cultures, to the best of our knowledge, this is the first in vivo report for 25C-NBOMe related to toxicological
parameters and their global effects on development. Therefore, it could represent an advance in the study of the
substance that contributes to the understanding of the effects on behavior and development in humans.

Artemia salina
Teratogenic effects
Toxicity

1. Introduction

Hallucinogens of the NBOMe family were initially synthesized for
research purposes to study the 5-HT9p receptor. However, their intro-
duction to recreational use has made evident different negative and
adverse effects including in some cases, death [1]. This family of hal-
lucinogens consists mainly of 25C-NBOMe, 25I-NBOMe, and
25B-NBOMe. Since June 2012 several fatal and non-fatal intoxication
cases caused by the NBOMe family have been reported [2]. By the year
2017 at least 10 deaths of this substance consumers were recorded. In

* Corresponding author.

Colombia, an informative alert was issued in 2013 about a new sub-
stance sold fraudulently as lysergic acid diethylamide (LSD) which was
being commercialized in a paper stamp. Up to date, three deaths and
significant growth in their consumption have been reported in the
country [3]. Unlike LSD, NBOMe hallucinogens can cause death. Addi-
tionally, since they are distributed in unknown concentrations, they
could be more harmful than LSD.

Some aspects of the toxic effect of 25B-NBOMe like survival rate and
the muscle effects have been evaluated but no study has been made for
any other derivatives [4]. Specifically, 25C-NBOMe is under
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investigation due to adverse reactions attributed to it, such as sublingual
numbness, levitation perception, involuntary motor activity, psyche-
delic effects, rhabdomyolysis, cardiac function problems, and, in some
cases, death. However, the underlying cellular mechanisms for these
effects are unknown as well as the long-lasting side effects reported from
consumers of this substance [2].

Pharmacologically, 25C-NBOMe acts as a potent 5-HTy4 receptor
agonist, due to an N-benzyl substitution which increases its affinity.
Computational modeling studies indicate that the benzyl ring is stabi-
lized by aromatic stacking with the amino acid Phenylalanine-339
(Phe339) in the transmembrane domain 6 (TM6), increasing the affin-
ity for the receptor [5]. Additionally, the presence of the methoxy group
and chlorine (Cl) on the benzyl ring enhances the activity of the com-
pound and increases lipophilicity respectively, allowing greater mobility
in the Central Nervous System (CNS) [6].

The 5-HT9a receptor (coupled to G proteins) performs functions in
the CNS as a mediator in cognitive processes, memory, hormone secre-
tion, and affective disorders. Thus, it is also associated with the primary
effects of various hallucinogenic drugs [7]. The final action of the
agonist is mediated by the activation of the G protein receptor signaling
cascade which is conserved among vertebrates [8].

After the appearance of 25C-NBOMe as a drug of consumption,
different studies have been developed in which the effect of this mole-
cule has been determined at the cardiological and neurological level.
Among these studies, it has been found that 25C-NBOMe affects the
viability of cell lines used to determine neurotoxicity [9]. Similarly, it
was determined that 25C-NBOMe has cardiotoxic effects in rats [10].
Thus, the use of different animal models, considered standard for toxi-
cology like Artemia salina and zebrafish, is necessary for understanding
the effects of 25C-NBOMe. Artemia salina is widely used for toxicological
evaluations allowing to categorize in discrete toxicity levels any sub-
stance. On the other side, FET has been established as a standard for
substance evaluation allowing to determined lethality and teratoge-
nicity in a vertebrate embryo. Furthermore, FET could be used as an
accessible and inexpensive biological test to evaluate the adverse effects
of different chemicals on the nervous system [11].

Moreover, the use of zebrafish as a model in research has increased
due to its high reproductive capacity, small size, external fertilization,
rapid development, and short life cycle, which allows studying its em-
bryonic development [11]. Also, zebrafish has been widely used as a
model due to 70 % genome homology with genome human. Thus, it
preserves neuroanatomical and neurochemical pathways in its brain
suitable for psychoactive substances studies [12]. For example, the
blood-brain barrier acquires functionality during embryonic develop-
ment in both zebrafish and humans [13]. On the other hand, although
the zebrafish heart is a two-chambered organ, it recapitulates the human
heart and general cardiac function. At the same time, it leads to similar
electrocardiographic patterns as humans. Due to this similarity between
the two species, the zebrafish has been adopted as a model for neuro-
logical and cardiac physiology [14]. However, it is important to keep in
mind specific differences between these species.

Therefore, our study was aimed to determine the Median Lethal
Concentration (LCsp) of the hallucinogen 25C-NBOMe and to evaluate
the possible effects caused by exposure to this substance using two in
vivo animal models. This is the first research reporting LCsg values for
one member of the NBOMe family. Finally, it represents an advance in
the study of the substance 25C-NBOMe in in vivo models that contribute
to the knowledge of the effects on behavior, morphology, and devel-
opment. Thus, it can be used to extrapolate its effects on humans and
generate public health alerts regarding the consumption of this sub-
stance, as well as provide protocols to medical personnel for proper
management in cases of overdose.
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2. Materials and methods
2.1. Chemical substances

25C-NBOMe HCI was purchased from LIPOMED (Lot 1564.1B1.1).
Dimethyl sulfoxide (DMSO 99 % Alpha Aesar) was used as the solvent
for the stock solutions of the hallucinogen.

2.2. Animals

The use of the animals was approved by the Institutional Committee
for the Care and Use of Laboratory Animals (CICUAL) of the Universidad
de los Andes (C. FUA 17.004) and it complies with the ARRIVE Guide-
lines [15]. Parental fish housing was done according to the Guide for the
Care and Use of Laboratory Animals [16]. Briefly, they had a light/dark
cycle 14/10 h, oxygen supplement of 8 ppm, conductivity between 600
and 800 pS/cm, pH in a range of 7.3-7.6, temperature between 26 and
29°C in a commercial water recirculation system Aquaneering Inc.
Their diet consisted of Artemia salina, copepods, and Tetramin Tropical
Flakes, twice a day. Procedures for obtaining embryos (POE_15-006),
feeding (POE_15-007) and euthanasia (POE_15-004) have been
approved by the CICUAL.

2.3. Animal models

2.3.1. Artemia salina

Artemia salina cysts obtained from Brine Shrimp Direct (USA) were
subjected to decapsulation in a plastic container with 15 mL of a 5 %
sodium hypochlorite solution (NaClO). Rinsing with tap water was
carried out for eliminating the excess of NaClO. For the Artemia salina
culture, 25 g of Instant Ocean Sea Salt® were weighed and dissolved in
1L of Reverse Osmosis (RO) water. This solution together with the
decapsulated cysts was transferred to a container with illumination,
constant aeration, and temperature control employing a thermostat at
28.5 °C for its hatching [17,18]. For the toxicological tests, individuals
were used between 24-36 h post-eclosion (hpe).

2.3.2. Zebrafish

Pairs of wild-line adult zebrafish (AB, TAB-5, and TL) were mated,
and their embryos were collected in egg water solution at 28.5 °C.
Embryos were dechorionated by 10 h post-fertilization (hpf) using
physical means (stainless steel forceps and needles) to be subsequently
and homogeneously exposed to different concentrations of 25C-NBOMe.

2.4. Preparation of substance 25C-NBOMe

The substance was dissolved in a 15 % DMSO aqueous solution. The
amount of solvent was considered in order to obtain substance con-
centrations of 0.75, 1, 1.5, 2, 3,6, 9, 12, 15, 18, 24 and 30 pg/mL for the
Artemia salina model and 0.75, 1, 1.5, 2, 3,6,9,12, 15 and 18 pg/mL for
the zebrafish model. For all solutions, the maximum final concentration
of DMSO was less than 1 % v/v (0.028 — 0.86 %) in saline solution
(Artemia salina) or egg water (zebrafish). It is important to note that we
use egg water and DMSO as negative control and vehicle control,
respectively. We do not use any other members of the NBOMe family in
our experiments. To determine the 25C-NBOMe concentrations, we pre-
tested a wide range of concentrations using different orders of magni-
tude. Based on this, we evaluate concentrations spaced by a constant
factor no greater than 2 in Artemia salina, to obtain a more limited range
of concentrations to evaluate in zebrafish and thus find the LCsq value.

2.5. Lethality test with animal models
2.5.1. Artemia salina

The lethality test with Artemia salina was done according to the
method described by Meyer et al. (1982) with minor modifications [19].
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Briefly, a total of 144 nauplii of 24 hpe were used per experiment. Six
nauplii were put into each well in a 24-multiwell plate (a total of three
wells for each concentration). For the tests, there were two control
groups, one with saline solution (2.5 % w/v) and the other with 1 %
DMSO vehicle control. Each solution was added to a final volume of
0.5 mL per well. Subsequently, the plate was incubated at 28.5 °C. For
each concentration analyzed, five tests were carried out with three
replicas. Monitoring was done every 24 h (24 and 48 h post-immersion
-hpi-) to determine the number of live nauplii per well. The estimation of
LCso was determined for the Artemia salina at 48 hpi, using Probit
analysis performed by the STATGRAPHICS Centurion XVI software. The
values were determined with a confidence limit of 95 %.

2.5.2. Zebrafish

For the determination of the LCsy in zebrafish we used the Test
Guidelines for the Chemicals - Fish Embryo Toxicity Test (FET) for
zebrafish (Danio rerio) proposed by Organisation for Economic Co-
operation and Development (OECD - July 26, 2013) and the previous
study of Kawahara et al. [4,20].

Briefly, a total of 216 fish embryos of 10 hpf were used per experi-
ment. Six fish embryos were put into one well (a total of three wells for
each concentration) and were treated with 25C-NBOMe. All experiments
were repeated three times, for a total of 54 embryos per concentration
treatment. For the tests, there were two control groups, one with egg
water and the other with 1% DMSO. Each solution was added to a final
volume of 0.5 mL per well. Subsequently, the plate was incubated at
28.5 °C. Monitoring was done every 24 h (24, 48, 72, and 96 h post-
immersion -hpi-) to determine the number of live fish embryos per
well. Similarly, an embryo viability group (n = 10) in egg water was
used. The estimation of LCsy was determined for zebrafish at 96 hpi,
employing Probit analysis performed with STATGRAPHICS Centurion
XVI software. The values were determined with a confidence limit of 95
%.

2.6. Behavioral analysis in Artemia salina

To evaluate the effect of hallucinogen 25C-NBOMe on the behavior
of the animal model, the following qualitative parameters were
considered: swimming pattern, reduction in swimming speed, move-
ment of two antennas without displacement, and movement of one an-
tenna without displacement. These parameters were monitored every
24 h for each concentration of 25C-NBOMe. For the behavioral analysis
of the Artemia salina model, a descriptive analysis was carried out to
determine the percentage of affected individuals in each category
(swimming pattern, reduction in swimming speed, movement of two
antennas without displacement, and movement of one antenna without
displacement) for the different concentrations of 25C-NBOMe at 24 and
48 hpi.

2.7. Analysis of motor response and morphology of zebrafish embryos

Each zebrafish embryo exposed to 25C-NBOMe was monitored every
24 h for four days. To evaluate substance effects on motion pattern and
general morphology, we use the following parameters: response to
touch, pigmentation, growth and development, the formation of peri-
cardial edema, changes in circulation and heart rate patterns, alterations
in ocular development, body curvature, and yolk deformation. Response
to touch was done using thick hair fiber on the caudal region of the
embryo. An average of 10 larvae without morphological defects was
tested per concentration of 25C-NBOMe. Photographic records of the
embryos were obtained using a Leica MZ10 F Modular Stereomicro-
scope, with a magnification of 1.6 x . Representative images were
processed with Adobe Illustrator 2017® using background removal,
adjustment of position, and multi-image assembly. These parameters
were qualitative evaluations compared to not treated fish, which were
observed through light stereomicroscopy.
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2.8. Morphometric analysis

To determine the effect of 25C-NBOMe on the growth and develop-
ment of previously exposed zebrafish embryos, the length of the trunk
and the area of the pericardial edema were measured, obtaining average
values. For the length of the trunk, nine larvae treated were randomly
selected from each one of the previously described concentrations,
measuring a total of 108 zebrafish larvae. This measurement was carried
out from the first segment of the sarcomere (previous part) to the end of
the last sarcomere segment. The pericardial area was calculated by
circling the pericardial space. Both parameters were recorded at 72 hpi
(82 hpf) using the ImageJ program (NCBI). The values were obtained in
pixels and converted to millimeters (mm) for the trunk length and
squares millimeters (mmz) for the pericardial area.

2.9. Statistical analysis for zebrafish assays

The percentage of affected fish for each parameter was determined in
the endpoint at 96 hpi (106 hpf) in each concentration. Morphological
changes were determined using binary choice (presence/absent) based
on Fraysse et al. (2006), using logistic regression [21]. To determine if
there was any effect of 25C-NBOMe on trunk length and morphological
parameters a Multivariate Analysis of Variance (MANOVA) was per-
formed and significant differences between concentrations were deter-
mined using LSD tests for multiple comparisons. The statistical analyses
were performed employing the STATGRAPHICS Centurion XVI program
with a 95 % confidence limit.

3. Results
3.1. Determination of the LC50 in the Artemia salina model

By exposing the Artemia salina nauplii of 24 hpe at different con-
centrations of the hallucinogen 25C-NBOMe, an LCsq value of 20.14 pg/
mL was determined at 48 hpi. We observed an increase in mortality with
higher concentrations of 25C-NBOMe. At the highest concentration
tested (30 pg/mL), a mortality rate of 82 % was observed (p < 0.05).

3.2. Determination of the LC50 in the zebrafish model

Zebrafish embryos dechorionated by 10 hpf were exposed to
different concentrations of the 25C-NBOMe, resulted in an LCsq value of
10.76 pg/mL determined at 96 hpi. For the highest concentration tested
(18 pg/mL), the maximum mortality of 67 % was observed in the animal
model (p < 0.05).

3.3. Behavioral analysis in Artemia salina

Exposure to 25C-NBOMe induces swimming behavior anomalies. At
the highest range of 25C-NBOMe concentrations (18—30 pg/mL), the
most frequently observed swimming behavior at 48 hpi was two an-
tennas without displacement, affecting between 50-100 % of the
population.

It was observed that at 24 hpi in the lower concentrations up to 6 pug/
mL of 25C-NBOMe characteristic swimming prevailed, comparable to
DMSO 1% vehicle control. For the concentrations of 9-18 pg/mL, there
was a reduction in the swim speed in more than 50 % of the treated
Artemia salina. In concentrations of 24 and 30 pg/mL, the movement
behavior of two antennas without displacement for 16 % of the bio-
model was presented. At 48 hpi, the characteristic swimming was
maintained until the concentration of 1.5 pg/mL of the hallucinogen. At
concentrations of 2-6 pg/mL, the swim speed was reduced in 50 % of the
population. In concentrations of 9-30 pg/mL, an increase in the move-
ment behavior of two antennas without displacement was observed until
reaching the total immobilization of the individuals evaluated (Fig. 1).
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Behavioral changes in Artemia salina
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Fig. 1. The hallucinogen 25C-NBOMe
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3.4. Analysis of motor response in zebrafish

Zebrafish embryos exposed to different concentrations of 25C-
NBOMe show response to touch alterations. No response to touch was
observed starting at 6 pg/mL being the predominant effect at 72 hpi
(p < 0.05) (Fig. 2). The analysis of this effect showed that with
increasing concentrations of 25C-NBOMe, there is a decrease in the
motor response.

3.5. General effects 25C-NBOMe on zebrafish development

Developmental alterations were observed such as changes in
pigmentation patterns, growth and development rates, heart rhythm and
peripheral circulation, and ocular development. In addition to these
alterations, we observed, the formation of pericardial and perivitelline
edemas, deformation in the yolk and its elongation, and changes in the
curvature of the body (Fig. 3).

3.6. Specific effects on the zebrafish growth and development rates

The effects on the growth and development rates of zebrafish were
established by morphometric analysis. We determined that the average
length of the larvae of the control group was 3.4 mm, while for the
larvae exposed to concentrations of 9 and 18 pg/mL of 25C-NBOMe the
lengths were 3.19 and 2.92 mm, respectively (p < 0.05). From the
above, a decrease in the length of the trunk was evident.

Regarding pigmentation patterns, a reduction of these in the body
cavity, yolk, and yolk extension was observed. This effect was significant
mainly in concentrations of 2, 12, and 18 pg/mL (p = 0.0300, 0.0201

|I||
LT S R

25C-NBOMe (ug/ml)

- e N N
s o s o
° ° ° °

Fish without motor response (%)
@
3

W

~ o ~v
K

w I ann
s o o
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s s

& §

m24hpi =48 hpi =72 hpi W96 hpi

Fig. 2. The hallucinogen 25C-NBOMe affects the motor response in
zebrafish. Percentage of fish that do not present a motor response to a stimulus
after exposure of 25C-NBOMe as a function of time (hpi). The column color
indicates evaluation time (hpi). An average of 10 larvae without morphological
defects were tested per concentration of 25C-NBOMe. The error bars represent
the sample standard deviation. Asterisks mark significant differences relative to
controls in concentrations of 12, 15 and 18 pg/mL of 25C-NBOMe (p < 0.05).
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and 0.0209, respectively), related to the vehicle DMSO 1% (Fig. 4).

When exposing the zebrafish embryos at 25C-NBOMe concentrations
between 1 and 18 pg/mL, pericardial and/or perivitelline edema were
observed. These effects were more frequent at concentrations of 12 and
18 pg/mL (p = 0.0311 and 0.0438, respectively) compared to the 1%
DMSO control (Fig. 5a). Associated with this, the formation of a small
and elongated heart with reduced heart rate and alterations in blood
circulation was evident (Fig. 5b).

Another observed effect was the optic fissure closure alterations in
zebrafish embryos, generating a "Pacman" effect, where ocular depig-
mentation was usually present (Fig. 6a and b).

Additionally, it was determined that 25C-NBOMe causes lordosis in a
percentage higher than 50 % of the fish exposed to concentrations be-
tween 1 and 18 pg/mlL. This structural defect was significant in the
concentrations of 1, 1.5, 2, 6, 12, 15 and 18 pg/mL (p = 0.0383, 0.0423,
0.0260, 0.0258, 0.0294, 0.0417 and 0.0383, respectively) when
compared with the vehicle of DMSO 1% (Fig. 7a). It is important to note
that this alteration corresponds to the most predominant morphological
effect of the study (Fig. 7b).

Finally, the 25C-NBOMe substance causes a significant decrease in
the yolk extension in the exposed embryos at concentrations of 6, 12,
and 18 pg/mL at 24 hpi (p = 0.0037, 0.0121, 0.0048, respectively)
related to the control DMSO 1 % (Fig. 8).

It is important to highlight that our results show a concentration-
dependent lethality correlation. However, for morphological and
behavioral effects, this concentration-dependency is not observed. All
described effects are commonly known as toxicity indicators and have
also been found in other investigations with other chemical compounds.
Hermsen et al. (2011) developed a quantitative scoring system based on
the evaluation of the different characteristics during the development of
the zebrafish, as well as its teratogenicity [22].

4. Discussion

The animal models of Artemia salina and zebrafish allow us to eval-
uate morphological, physiological, and behavioral changes, due to the
ease of studying the brain and nervous system in its early development.
This makes them excellent models to investigate chemical exposure and
neurotoxicity [23]. Artemia salina is a marine crustacean that has a great
capacity for osmoregulation, which contributes to a great resistance
against the toxicological effects of different compounds [24]. On the
other hand, the nervous system in the Artemia salina is characterized by
the presence of monoaminergic neurons in the outer medulla and
different areas of the brain [25]. To limit the concentrations to be
evaluated in the zebrafish animal model, the Artemia salina model was
used. Although the 5-HTyp receptor gene has been duplicated in a
teleost, it retains its functions as observed in mammals. It shows similar
expression patterns in smooth muscle fibers, skeletal muscle, endothelial
cells, frontal cortex, basal ganglia, and the synaptic cleft [4], [26].
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Fig. 3. The hallucinogen 25C-NBOMe induces morphological changes in zebrafish. Images of most common defects observed in zebrafish embryos exposed to
concentrations of 1.5, 3, 12, 15 and 18 pg/mL at 24 hpi (34 hpf), 48 hpi (58 hpf), 72 hpi (82 hpf) and 96 hpi (106 hpf). Asterisk indicates that for 15 pg/mL of 25C-

NBOMe at 96 hpi, no photographic record was obtained. Scale bar =1.0 mm.
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Fig. 4. The hallucinogen 25C-NBOMe delays pigmentation pattern in
zebrafish. Quantification of the effect of 25C-NBOMe on pigmentation patterns
in affected larvae. The error bars represent the data standard deviation. As-
terisks mark significant differences in concentrations of 2, 12 and 18 pg/ mL of
25C-NBOMe (p = 0.0300, 0.0201 and 0.0209) relative to controls.
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4.1. Effect of 25C-NBOMe on the Artemia salina model

Our data shows that 25C-NBOMe induces a decrease in the survival
of Artemia salina as the concentration and time of exposure increases. We
determined that for 25C-NBOMe, the LCsy value was 20.14 pg/mL
considered as highly toxic (Level II: LC59 10—100 pg/mL), according to
previous toxicological criteria [27,28]. The above indicates a high
lethality. We also show that 25C-NBOMe produces alterations in the
swimming speed of the Artemia salina model. This agrees with that
published by Manfra et al. (2016), who determined that alterations on

swimming speed can be used as an expression of acute toxicity and
toxicological stress [29]. Thus, it is the most frequently used behavioral
measurement to assess the physiological state of an aquatic organism.

Similarly, regarding the swimming patterns and antennae move-
ment, our data showed aberrant and discontinuous swimming as well as
immobility under treatment with 25C-NBOMe. Some of these alterations
have been described previously when the Artemia salina, has been
exposed to different concentrations of copper sulfate pentahydrate
(CuS0O4 e 5 Hy0) and sodium dodecy! sulfate (SDS) [29]. Therefore, our
data suggest high toxicity not only by LCsy value but also by the
behavioral tests.

4.2. Effect of 25C-NBOMe on the zebrafish animal model

Our data in zebrafish embryos exposed to 25C-NBOMe show an LCsgq
value of 10.76 pg/mL. Studies with other NBOMe family members have
shown a reduction in the survival rate of approximately 40 %, for the
concentration of 0.5 pg/mL for 25B-NBOMe [4]. However, this exposure
was only done starting at 4 dpf by Kawahara et al. (2017). Furthermore,
using the exposure protocol described previously with 25C-NBOMe, we
found no mortality (Data not shown). This difference between NBOMe
family members could be explained according to the affinities (Ki) of
these molecules for the 5-HT94 receptor. It also could be related to the
halogens present in each structure (bromine and chlorine for
25B-NBOMe and 25C-NBOMe, respectively). The above was described
by Rickli et al. (2015) who determined that the substance 25B-NBOMe
has a higher affinity value (0.0005 + 0.0000 uM), compared with the
hallucinogen 25C-NBOMe (0.0007 + 0.0002 pM) [30].

Regarding the effects on the nervous system, our data show that 25C-
NBOMe, an agonist of the serotonergic receptors 5-HT3p, produces
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Fig. 5. 25C-NBOMe causes heart defects and circulatory problems in
zebrafish. a Effect of 25C-NBOMe on the appearance of pericardial and peri-
vitelline edemas, and alteration in circulation in zebrafish. The error bars
represent the data standard deviation. Asterisks show significant differences in
the concentrations of 12 and 18 pg/mL of 25C-NBOMe (p = 0.0311 and
0.0438) relative to controls. b Pericardial and perivitelline edemas (blue line)
observed in zebrafish exposed to concentrations of 12 and 18 pg/mL of 25C-
NBOMe at 72 hpi (p = 0,0041 and 0.0254). Scale bar =1.0 mm (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

motor alterations. Zebrafish embryos exposed to the substance did not
respond to touch but frequently showed a spiral swimming pattern
(parameter not quantified). This behavior was explained by Neelkantan
et al. (2013) who highlighted the zebrafish as an ideal model for the
study of motor and behavioral alterations, which are possibly caused by
the affectation of the monoaminergic neurotransmission system [31].
Similarly, Kyzar et al. (2012) conducted studies using mescaline, a
phenylethylamine that acts as an agonist of the serotonergic receptors
5-HT1a,2a,8/c, showing that this substance produces anxiolytic effects in
the treated fish which subsequently reacted with erratic movements
[32]. Additionally, studies by Xu et al. (2019) showed that 25C-NBOMe
affects the viability of SH-SY5Y, PC12, and SN4741 cell lines, which are
models used to assess neurotoxicity. On the other hand, they made a
comparison with methamphetamines showing that 25C-NBOMe is 50
times more potent in the SH-SY5Y line [9]. This could suggest that the
behavior observed by us may be due to an effect of 25C-NBOMe on cells
of the central nervous system.
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Tmm

Fig. 6. 25C-NBOMe causes eye morphogenesis defects. a Normal ocular
development in control fish at 60 hpf. b Fish with alteration in the closure of the
optic fissure (arrowhead) at 60 hpf exposed to 9 pg/mL of 25C-NBOMe. Scale
bar =1.0 mm.

Our results also showed that 25C-NBOMe causes a decrease or
absence of pigmentation in the zebrafish. The melanocytes begin to
produce melanin and become visible by 24 hpf, establishing the main
pattern of pigmentation by 48 hpf [33]. However, in the present study,
we observed that in certain concentrations this pattern was only
completed by 84 hpf (72 hpi). These changes may be caused by a
disruption in the melanocytes development, impairment in the migra-
tion of the neural crest cells, blockage in the synthesis of melanin, or
global developmental delay [34]. Lee et al. (2011) studied the effect of
some agonists on different serotonin receptors, including the 5-HToa
receptor, and they determined that serotonin induces the process of
melanogenesis, morphological changes, and migration in cells via the
5-HTp receptor [35]. This could explain the effects on the pigmentation
of zebrafish embryos due to the substance 25C-NBOMe affects this re-
ceptor. Even more, Stewart et al. (2013) showed that the serotonin
signaling pathway is associated with the dispersion and aggregation of
melanophores in several vertebrate species [36].

On the other hand, all these effects on the zebrafish may reflect
serotonergic toxicity and conditions associated with the serotonin syn-
drome. This syndrome besides the alteration in pigmentation includes
structural changes in skeletal muscle consistent with rhabdomyolysis
and autonomic hyperactivity. In humans, it also includes mental status
changes. In agreement with Kawahara et al. (2017) the NBOMe com-
pounds, which are serotonergic drugs, could induce effects associated
with this syndrome caused mainly by excessive activation of serotonin
receptors [4].

Although no tests were performed related to alterations in muscle
structures, we observed a difference in trunk length, body curvature, and
yolk formation in embryos exposed to 25C-NBOMe. According to Nagel
R., (2002), the reduction in trunk length by exposure to various sub-
stances indicate toxicity and teratogenicity [37]. Therefore, our results
are consistent with the effects previously described, also related to
developmental lags due to the exposure to toxics. Similarly, B. Fraysse
et al. (2006) evidenced a reduction in the length of the embryo when the
fish were subjected to concentrations of propranolol (32 mg/L), mala-
thion (2 mg/L), and cadmium (1.5 mg/L) [21]. Regarding the alter-
ations in the body curvature, these are consistent with irregularities of
the myosepta and rhabdomyolysis, which are part of the neuromuscular
abnormalities of the serotonin syndrome, caused by the excessive re-
uptake of serotonin and activation of 5-HT; receptors [4,38]. Likewise,
Sfakianakis et al. (2015) mentioned that the majority of reported de-
formities in fish occur in the vertebral column or the notochord, on
which many tissues depend. Based on this, they stated that toxic sub-
stances that alter the development and differentiation of the notochord
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Fig. 8. The hallucinogen 25C-NBOMe induces yolk deformation in
zebrafish. Percentage of fish displaying yolk deformation at 24 hpi per con-
centration. The error bars represent the data standard deviation. The asterisk
shows the significant difference between the vehicle and the concentrations of
6, 12, and 18 pg/mL (p = 0.0037, 0.0121, 0.0048), relative to controls.

can generate muscle abnormalities, skeletal deformities, and uncon-
trolled muscle spasms [39]. Furthermore, changes in body curvature are
also associated with yolk deformation. Nagel R., (2002) suggests that the
deformation of yolk in embryos is an effect previous to the appearance of
lordosis being indicative of a teratogenic effect [37]. Fraysse et al.
(2006) also associated yolk deformation with an alteration of blood
flow, which is related to the decrease in heart rate [21]. Similarly, Kabir
et al. (2020) determined the incidence of arsenic on the embryonic
development of zebrafish. At high levels of this substance, an increase in
mortality was evidenced, as well as physiological abnormalities in early
development, prolonged hatching time, abnormalities in the cardio-
vascular systems, and decreased growth [40]. In the present work, we
demonstrated that a high proportion of embryos exposed to the sub-
stance had effects on the yolk extension triggering lordosis and circu-
lation alterations.
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Similarly, we observed a decrease in the circulation of the caudal
blood, the formation of edema, and lower heart rate in most embryos
exposed to 25C-NBOMe. Billiard et al. (1999) found that decreased
blood flow may be associated with pericardial edema [41]. On the other
hand, Chen J., (2013) suggested that these alterations correspond to
cardiotoxic responses presented when exposing zebrafish embryos of 72
hpf to toxic substances [42]. Likewise, zebrafish embryos exposed to
severe changes in their environment during critical periods of heart
development can trigger responses that end up in heart failure, edema,
and circulatory collapse. Fraysse et al. (2006) determined that the
pericardial area increased as the concentration of the toxicants used in
their study increased and that a reduction in the frequency of the
heartbeat decreased the size of the heart [21]. Finally, Yoon et al. (2019)
showed that 25C-NBOMe and 25D-NBOMe have cardiotoxic effects on in
vitro and in vivo models, especially on heart rate, suggesting cardiotox-
icity [10]. The foregoing is in accordance with our results concerning a
decrease in circulation and heart rate.

About the alterations in ocular development like the failure in the
optic fissure closure upon exposure to 25C-NBOMe, Weiss et al. (2012)
suggested that an interruption in the closure of the optic fissure in
Imo2"?7% mutant embryos at 48 hpf, is due to the formation of cephalic
edema resulting in altered cell proliferation or cell death in the retina
[43]. Thus, it may cause eye abnormal morphogenesis. Another possible
cause of this optic defect may be related to an alteration in the neuro-
transmitters and their receptors present in the vertebrate retina during
the early stages of development, which contribute to the signaling,
proliferation, and differentiation of progenitor cells. Martins et al.
(2008) highlighted in their review several studies in which genetic
manipulations were performed to demonstrate that signaling through
the 5-HTyp receptors controls cell proliferation and cell death in the
development of the Xenopus retina [44]. On the other hand, Weiss et al.
(2012) determined that an abnormal increase in blood vessels passing
through the optic fissure interfere with her closure and because sero-
tonin controls processes associated with vasoconstriction, a change in its
normal concentration may affect the contraction of the blood vessels
that pass through the eye, causing an effect on its closing [43,45]. In the
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case of the 25C-NBOMe substance, because it is an agonist of seroto-
nergic receptors, it could cause an alteration in the optic fissure closure
we have observed.

Finally, the non-dependence between morphological effects and
concentrations of 25C-NBOMe in the zebrafish model could be due to the
desensitization of the 5-HT4 receptor. It has been shown that this re-
ceptor can be internalized and degraded by the prolonged action of
agonists and antagonists generating this effect [46,47]. On the other
hand, Renieri et al. (2017) found that when treating zebrafish with high
concentrations of cadmium, there was no dose-dependent response
concerning survival and effects. This was related to the hormesis phe-
nomena, concluding that exposure to high doses inhibits toxic effects,
due to a modification in the uptake of the substance [48].

5. Conclusions

In this study, we showed that the in vivo models allow the evaluation
of the toxicity and effect of hallucinogens, due to their susceptibility to
the effect of neurotoxic substances. We determined LCsq values for two
animal models confirming that 25C-NBOMe is highly toxic and also
causes teratogenic effects on the development of zebrafish embryos.
Altogether our findings contribute to the understanding of the effects
caused by the substance 25C-NBOMe in two different organisms and
could be related to results observed in studies with cell lines, in which it
was determined that this substance is neurotoxic and cardiotoxic. Thus,
it could be the foundation for new studies associated with the assessment
of the cellular effects of 25C-NBOMe in humans. Our data would be the
starting point to generate public health alerts and prevention policies
highlighting the risk of 25C-NBOMe consumption, particularly for
reproductively active or pregnant women.

Funding

This work was supported by the Universidad de los Andes Assistant
Professor Fund (FAPA)P14.160422.007/01 and Vice Presidency for
Research & Creation publication fund at the Universidad de los Andes It
will support any publication fees to ZG-A.

Compliance with ethical standards

All applicable international, national, and institutional guidelines for
the care and use of animals were followed. Procedures for obtaining
embryos (POE_15-006), feeding (POE_15-007), and euthanasia (POE_15-
004) have been approved by the Institutional Committee for the Care
and Use of Laboratory Animals (CICUAL- UNIANDES). The use of ani-
mals was approved in April 2017 by the C. FUA 17.004.

CRediT authorship contribution statement

Natalie Alvarez-Alarcén: Conceptualization, Methodology, Formal
analysis, Investigation, Writing - original draft, Visualization. Jhon
Jairo Osorio-Méndez: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Writing - original draft, Visualization. Adis Ayala-
Fajardo: Conceptualization, Methodology, Writing - review & editing,
Supervision. William F. Garzon-Méndez: Conceptualization, Re-
sources, Writing - review & editing. Zayra V. Garavito-Aguilar:
Conceptualization, Methodology, Resources, Writing - review & editing,
Visualization, Supervision, Project administration, Funding acquisition.

Declaration of Competing Interest
The authors declare no conflict of interest.
Acknowledgements

We would like to thank the different research groups for their

322

Toxicology Reports 8 (2021) 315-323

contributions to the development of this study. We thank Luisa Matiz for
her collaboration in the image processing and figure assembly. Finally,
we want to thank the veterinary medical service of the Universidad de
los Andes for their guidance and support.

References

[1] J. Suzuki, et al., Toxicities associated with NBOMe ingestion-a novel class of potent
hallucinogens: a review of the literature, Psychosomatics 56 (2) (2015) 129-139,
https://doi.org/10.1016/j.psym.2014.11.002.

F.S. Bersani, et al., 25C-NBOMe: preliminary data on pharmacology, psychoactive
effects, and toxicity of a new potent and dangerous hallucinogenic drug, Biomed.
Res. Int. 2014 (2014), https://doi.org/10.1155/2014/734749.

R. Aguirre, NBOMe, la droga que tiene en alerta al pais, Medellin, Jan. 08, 2018.
G. Kawahara, H. Maeda, R. Kikura-Hanajiri, K. ichi Yoshida, Y.K. Hayashi, The
psychoactive drug 25B-NBOMe recapitulates rhabdomyolysis in zebrafish larvae,
Forensic Toxicol. 35 (2) (2017) 369-375, https://doi.org/10.1007/s11419-017-
0366-9.

M.R. Braden, J.C. Parrish, J.C. Naylor, D.E. Nichols, Molecular interaction of
serotonin 5-HT2A receptor residues Phe339 (6.51) and Phe340 (6.52) with
superpotent N-Benzyl phenethylamine agonists, Mol. Pharmacol. 70 (6) (2006)
1956-1964, https://doi.org/10.1124/mol.106.028720.delics.

D.E. Nichols, Structure-activity relationships of serotonin 5-HT2A agonists, Wiley
Interdiscip. Rev. Membr. Transp. Signal. 1 (5) (2012) 559-579, https://doi.org/
10.1002/wmts.42.

D.E. Nichols, S.P. Frescas, B.R. Chemel, K.S. Rehder, D. Zhong, A.H. Lewin, High
specific activity tritium-labeled N-(2-methoxybenzyl)-2,5-dimethoxy-4-
iodophenethylamine (INBMeO): a high-affinity 5-HT2A receptor-selective agonist
radioligand, Bioorg. Med. Chem. Lett. 16 (11) (2008) 6116-6123, https://doi.org/
10.1016/j.bmc.2008.04.050.

R. Malagon, M. Fernandez, O. Acevedo, Modelo molecular tedrico del receptor
serotoninérgico SHT2A acoplado a proteina G, Univ. Sci. 17 (2012) 119-139.

P. Xu, et al., 25C-NBOMe, a novel designer psychedelic, induces neurotoxicity 50
times more potent than methamphetamine in vitro, Neurotox. Res. 35 (4) (2019)
993-998, https://doi.org/10.1007/s12640-019-0012-x.

K.S. Yoon, et al., 2-(2,5-Dimethoxy-4-methylphenyl)-N-(2-methoxybenzyl)
ethanamine (25D-NBOMe) and N-(2-methoxybenzyl)-2,5-dimethoxy-4-
chlorophenethylamine (25C-NBOMe) induce adverse cardiac effects in vitro and in
vivo, Toxicol. Lett. 304 (November 2018) (2019) 50-57, https://doi.org/10.1016/
j.toxlet.2019.01.004.

R. Vargas, J. Ponce-Canchihuamdn, Emerging various environmental threats to
brain and overview of surveillance system with zebrafish model, Toxicol. Rep. 4
(May) (2017) 467-473, https://doi.org/10.1016/j.toxrep.2017.08.002.

F.R. Khan, S.S. Alhewairini, Zebrafish (Danio rerio) as a Model Organism,
IntechOpen, 2018, pp. 1-9.

N.M. O’Brown, S.J. Pfau, C. Gu, Bridging barriers: a comparative look at the blood-
brain barrier across organisms, Genes Dev. 32 (7-8) (2018) 466-478, https://doi.
org/10.1101/gad.309823.117.

P. Nemtsas, E. Wettwer, T. Christ, G. Weidinger, U. Ravens, Adult zebrafish heart
as a model for human heart? An electrophysiological study, J. Mol. Cell. Cardiol.
48 (1) (2010) 161-171, https://doi.org/10.1016/j.yjmcc.2009.08.034.

C. Kilkenny, W.J. Browne, 1.C. Cuthill, M. Emerson, D.G. Altman, The ARRIVE
guideline, PLoS Biol. 8 (6) (2010) 1-2, https://doi.org/10.1371/journal.
pbio.1000412.

Janet C. Garber, R. Wayne Barbee, Joseph T. Bielitzki, Leigh Ann Clayton, John
C. Donovan, Dennis F. Kohn, Neil S. Lipman, Paul Locke, John Melcher, Fred

W. Quimby, Patricia V. Turner, Geoffrey A. Wood, Hanno Wiirbel, Guide for the
Care and Use of Laboratory Animals, 8th ed., 2011.

G. Streisinger, A Guide for the Laboratory Use of Zebrafish Danio* (Brachydanio)
Rerio, 5th ed., 2007. Oregon.

ZIRC, Artemia Decapsulation, 2019. http://www.zebrafish.org/documents/p
rotocols/pdf/Fish_Feeding/Live_Food/Artemia/Artemia_Decapsulation.pdf.

B. Meyer, N. Ferrigni, J. Putnam, L. Jacobsen, D. Nichols, J. McLaughlin, Brine
shrimp: a convenient general bioassay for active plant constituents, Planta Med. 45
(05) (1982) 31-34, https://doi.org/10.1055/5-2007-9712.36.

Organisation for Economic Co-operation and Development, Test no. 236: Fish
Embryo Acute Toxicity (FET) Test, OECD, 2013.

B. Fraysse, R. Mons, J. Garric, Development of a zebrafish 4-day embryo-larval
bioassay to assess toxicity of chemicals, Ecotoxicol. Environ. Saf. 63 (2) (2006)
253-267, https://doi.org/10.1016/j.ecoenv.2004.10.015.

S.A.B. Hermsen, E.J. van den Brandhof, L.T.M. van der Ven, A.H. Piersma, Relative
embryotoxicity of two classes of chemicals in a modified zebrafish embryotoxicity
test and comparison with their in vivo potencies, Toxicol. In Vitro 25 (3) (2011)
745-753, https://doi.org/10.1016/j.tiv.2011.01.005.

Y. Nishimura, et al., Zebrafish as a systems toxicology model for developmental
neurotoxicity testing, Congenit. Anom. (Kyoto) 55 (1) (2015) 1-16, https://doi.
org/10.1111/cga.12079.

L. Migliore, C. Civitareale, G. Brambilla, G. Dojmi Di Delupis, Toxicity of several
important agricultural antibiotics to artemia, Wat. Res. 31 (7) (1997) 1801-1806.
R. Elofsson, N. Klemm, Monoamine-containing neurons in the optic ganglia of
crustaceans and insects, Zeitschrift fii r Zellforsch. und Mikroskopische Anat. 133
(4) (1972) 475-499, https://doi.org/10.1007/BF00307130.

K. Horzmann, J. Freeman, Zebrafish get connected: investigating
neurotransmission targets and alterations in chemical toxicity, Toxics 4 (3) (2016).

[2]

[3]
[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]


https://doi.org/10.1016/j.psym.2014.11.002
https://doi.org/10.1155/2014/734749
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0015
https://doi.org/10.1007/s11419-017-0366-9
https://doi.org/10.1007/s11419-017-0366-9
https://doi.org/10.1124/mol.106.028720.delics
https://doi.org/10.1002/wmts.42
https://doi.org/10.1002/wmts.42
https://doi.org/10.1016/j.bmc.2008.04.050
https://doi.org/10.1016/j.bmc.2008.04.050
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0040
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0040
https://doi.org/10.1007/s12640-019-0012-x
https://doi.org/10.1016/j.toxlet.2019.01.004
https://doi.org/10.1016/j.toxlet.2019.01.004
https://doi.org/10.1016/j.toxrep.2017.08.002
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0060
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0060
https://doi.org/10.1101/gad.309823.117
https://doi.org/10.1101/gad.309823.117
https://doi.org/10.1016/j.yjmcc.2009.08.034
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1371/journal.pbio.1000412
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0080
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0080
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0080
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0080
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0085
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0085
http://www.zebrafish.org/documents/protocols/pdf/Fish_Feeding/Live_Food/Artemia/Artemia_Decapsulation.pdf
http://www.zebrafish.org/documents/protocols/pdf/Fish_Feeding/Live_Food/Artemia/Artemia_Decapsulation.pdf
https://doi.org/10.1055/s-2007-971236
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0100
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0100
https://doi.org/10.1016/j.ecoenv.2004.10.015
https://doi.org/10.1016/j.tiv.2011.01.005
https://doi.org/10.1111/cga.12079
https://doi.org/10.1111/cga.12079
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0120
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0120
https://doi.org/10.1007/BF00307130
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0130
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0130

N. Alvarez-Alarcén et al.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

C. Clarkson, et al., In vitro antiplasmodial activity of medicinal plants native to or
naturalised in South Africa, J. Ethnopharmacol. 92 (2-3) (2004) 177-191, https://
doi.org/10.1016/j.jep.2004.02.011.

L. Sanchez, A. Neira, Bioensayo General de la letalidad en Artemia salina, a las
fracciones del extracto etandlico de Psidium guajava. L y Psidium guineense. Sw,
Cult. Cient. (2005) 40-45.

L. Manfra, S. Canepa, V. Piazza, M. Faimali, Lethal and sublethal endpoints
observed for Artemia exposed to two reference toxicants and an ecotoxicological
concern organic compound, Ecotoxicol. Environ. Saf. 123 (2016) 60-64, https://
doi.org/10.1016/j.ecoenv.2015.08.017.

A. Rickli, D. Luethi, J. Reinisch, D. Buchy, M.C. Hoener, M.E. Liechti, Receptor
interaction profiles of novel N-2-methoxybenzyl (NBOMe) derivatives of 2,5-
dimethoxy-substituted phenethylamines (2C drugs), Neuropharmacology 99
(June) (2015) 546-553, https://doi.org/10.1016/j.neuropharm.2015.08.034.

N. Neelkantan, et al., Perspectives on zebrafish models of hallucinogenic drugs and
related psychotropic compounds, ACS Chem. Neurosci. 4 (8) (2013) 1137-1150,
https://doi.org/10.1021/cn400090q.

E.J. Kyzar, et al., Effects of hallucinogenic agents mescaline and phencyclidine on
zebrafish behavior and physiology, Prog. Neuro-Psychopharmacol. Biol. Psychiatry
37 (1) (2012) 194-202, hitps://doi.org/10.1016/j.pnpbp.2012.01.003.

R.N. Kelsh, Genetics and evolution of pigment patterns in fish, Pigment Cell Res. 17
(4) (2004) 326-336, https://doi.org/10.1111/1.1600-0749.2004.00174.x.

L. Chen, X. Ren, F. Liang, S. Li, H. Zhong, S. Lin, Characterization of two novel
small molecules targeting melanocyte development in zebrafish embryogenesis,
Pigment Cell Melanoma Res. 25 (4) (2012) 446-453, https://doi.org/10.1111/
j.1755-148X.2012.01007.x.

H.J. Lee, M.K. Park, S.Y. Kim, H.Y. Park Choo, A.Y. Lee, C.H. Lee, Serotonin
induces melanogenesis via serotonin receptor 2A, Br. J. Dermatol. 165 (6) (2011)
1344-1348, https://doi.org/10.1111/j.1365-2133.2011.10490.x.

A.M. Stewart, J. Cachat, S. Gaikwad, K.S.L. Robinson, M. Gebhardt, A.V. Kalueff,
Perspectives on experimental models of serotonin syndrome in zebrafish,
Neurochem. Int. 62 (6) (2013) 893-902, https://doi.org/10.1016/j.
neuint.2013.02.018.

R. Nagel, DarT: the embryo test with the Zebrafish Danio rerio-a general model in
ecotoxicology and toxicology, ALTEX 19 (Suppl. 1) (2002) 38-48, https://doi.org/
10.1007/513311-013-0218-1, no. 1.

323

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Toxicology Reports 8 (2021) 315-323

J.R. Nance, A.L. Mammen, Diagnostic evaluation of rhabdomyolysis, Muscle Nerve
(2015) 2-76, https://doi.org/10.1002/mus.24606.

D.G. Sfakianakis, E. Renieri, M. Kentouri, A.M. Tsatsakis, Effect of heavy metals on
fish larvae deformities: a review, Environ. Res. 137 (2015) 246-255, https://doi.
org/10.1016/j.envres.2014.12.014.

T. Kabir, et al., Arsenic hampered embryonic development: an in vivo study using
local Bangladeshi Danio rerio model, Toxicol. Rep. 7 (January) (2020) 155-161,
https://doi.org/10.1016/j.toxrep.2019.12.009.

S.M. Billiard, K. Querbach, P.V. Hodson, Toxicity of retene to early life stages of
two freshwater fish species, Environ. Toxicol. Chem. 18 (9) (1999) 2070-2077,
https://doi.org/10.1002/etc.5620180927.

J. Chen, Impaired cardiovascular function caused by different stressors elicits a
common pathological and transcriptional response in zebrafish embryos, Zebrafish
10 (3) (2013) 389-400, https://doi.org/10.1089/zeb.2013.0875.

0. Weiss, R. Kaufman, N. Michaeli, A. Inbal, Abnormal vasculature interferes with
optic fissure closure in Imo2 mutant zebrafish embryos, Dev. Biol. 369 (2) (2012)
191-198, https://doi.org/10.1016/j.ydbio.2012.06.029.

R.A.P. Martins, R.A. Pearson, Control of cell proliferation by neurotransmitters in
the developing vertebrate retina, Brain Res. 1192 (2008) 37-60, https://doi.org/
10.1016/j.brainres.2007.04.076.

S. Watts, S. Morrison, R. Davis, S. Barman, Serotonin and blood pressure
regulation, Pharmacol. Rev. 64 (2) (2012) 359-388, https://doi.org/10.1124/
pr.111.004697.

B.L. Roth, et al., 5-hydroxytryptamine2A (5-HT2A) receptor desensitization can
ocurr without down-regulation, J. Pharmacol. Exp. Ther. 275 (3) (1995)
1638-1646.

M. Yamauchi, T. Miyara, T. Matsushima, T. Imanishi, Desensitization of 5-HT2A
receptor function by chronic administration of selective serotonin reuptake
inhibitors, Brain Res. 1067 (1) (2006) 164-169, https://doi.org/10.1016/j.
brainres.2005.10.075.

E.A. Renieri, et al., Nonlinear responses to waterborne cadmium exposure in
zebrafish. An in vivo study, Environ. Res. 157 (May) (2017) 173-181, https://doi.
org/10.1016/j.envres.2017.05.021.


https://doi.org/10.1016/j.jep.2004.02.011
https://doi.org/10.1016/j.jep.2004.02.011
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0140
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0140
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0140
https://doi.org/10.1016/j.ecoenv.2015.08.017
https://doi.org/10.1016/j.ecoenv.2015.08.017
https://doi.org/10.1016/j.neuropharm.2015.08.034
https://doi.org/10.1021/cn400090q
https://doi.org/10.1016/j.pnpbp.2012.01.003
https://doi.org/10.1111/j.1600-0749.2004.00174.x
https://doi.org/10.1111/j.1755-148X.2012.01007.x
https://doi.org/10.1111/j.1755-148X.2012.01007.x
https://doi.org/10.1111/j.1365-2133.2011.10490.x
https://doi.org/10.1016/j.neuint.2013.02.018
https://doi.org/10.1016/j.neuint.2013.02.018
https://doi.org/10.1007/s13311-013-0218-1
https://doi.org/10.1007/s13311-013-0218-1
https://doi.org/10.1002/mus.24606
https://doi.org/10.1016/j.envres.2014.12.014
https://doi.org/10.1016/j.envres.2014.12.014
https://doi.org/10.1016/j.toxrep.2019.12.009
https://doi.org/10.1002/etc.5620180927
https://doi.org/10.1089/zeb.2013.0875
https://doi.org/10.1016/j.ydbio.2012.06.029
https://doi.org/10.1016/j.brainres.2007.04.076
https://doi.org/10.1016/j.brainres.2007.04.076
https://doi.org/10.1124/pr.111.004697
https://doi.org/10.1124/pr.111.004697
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0230
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0230
http://refhub.elsevier.com/S2214-7500(21)00010-X/sbref0230
https://doi.org/10.1016/j.brainres.2005.10.075
https://doi.org/10.1016/j.brainres.2005.10.075
https://doi.org/10.1016/j.envres.2017.05.021
https://doi.org/10.1016/j.envres.2017.05.021

	Zebrafish and Artemia salina in vivo evaluation of the recreational 25C-NBOMe drug demonstrates its high toxicity
	1 Introduction
	2 Materials and methods
	2.1 Chemical substances
	2.2 Animals
	2.3 Animal models
	2.3.1 Artemia salina
	2.3.2 Zebrafish

	2.4 Preparation of substance 25C-NBOMe
	2.5 Lethality test with animal models
	2.5.1 Artemia salina
	2.5.2 Zebrafish

	2.6 Behavioral analysis in Artemia salina
	2.7 Analysis of motor response and morphology of zebrafish embryos
	2.8 Morphometric analysis
	2.9 Statistical analysis for zebrafish assays

	3 Results
	3.1 Determination of the LC50 in the Artemia salina model
	3.2 Determination of the LC50 in the zebrafish model
	3.3 Behavioral analysis in Artemia salina
	3.4 Analysis of motor response in zebrafish
	3.5 General effects 25C-NBOMe on zebrafish development
	3.6 Specific effects on the zebrafish growth and development rates

	4 Discussion
	4.1 Effect of 25C-NBOMe on the Artemia salina model
	4.2 Effect of 25C-NBOMe on the zebrafish animal model

	5 Conclusions
	Funding
	Compliance with ethical standards
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


