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ARTICLE INFO ABSTRACT

Handling Editor: L.H. Lash New psychoactive substances (NPS) have emerged as a significant public health concern, with synthetic

cannabinoid receptor agonists (SCRAs) and ketamine derivatives being among the most frequently detected

Keywords: compounds in the forensic context worldwide. The Fish Embryo Acute Toxicity (FET) and Maximum Tolerated
I;el‘)"’ Igﬁhoam"e substances Concentration (MTC) tests are used to evaluate the acute toxicity of chemicals. In this study, we used these assays
ebrafis.

to evaluate the acute toxicity of three NPS in zebrafish embryos and larvae: the SCRA MDMB-4en-PINACA and
the ketamine derivatives deschloroketamine (DCK) and 2-fluorodeschloroketamine (2F-DCK). Our findings
demonstrated that MDMB-4en-PINACA induced severe developmental abnormalities, including pericardial
edema and yolk edema, along with high embryo mortality (10 uM), characterized by endpoints such as coag-
ulation, lack of heartbeat, and lack of somite formation. In contrast, DCK and 2F-DCK exhibited low embryo
mortality even at higher concentrations. In larval stages, MDMB-4en-PINACA presented 8 % larvae mortality
(10 uM) at eight days post-fertilization (dpf), whereas ketamine derivatives led to 100 % mortality at 2000 pM in
the MTC test at eight dpf. The LCso was calculated for the FET test with MDMB-4en-PINACA, and MTC test for
both DCK and 2F-DCK. Additionally, our results support the absence of N-methyl-D-aspartate (NMDA) receptors
in the early life stages of zebrafish described in previous studies and highlight the significance of ketamine
derivatives intoxications when the NMDA receptor is expressed. Notably, MDMB-4en-PINACA exhibited signif-
icantly higher toxicity, with an LCso of approximately 26 times lower than that of the ketamine derivatives.
These results are particularly relevant given the increasing global prevalence of NPS-related intoxications and
fatalities. Using zebrafish as an in vivo model for toxicological research provides an efficient approach for
screening the acute effects of emerging compounds such as NPS.

Fish embryo acute toxicity
Maximum tolerated concentration

1. Introduction

The New Psychoactive Substances (NPS) constitute a heterogeneous
group of emergent compounds largely consumed within social contexts.
The wide variety of substances is generally produced by structural
modifications of drugs aiming not only to mimic their psychoactive ef-
fects but also to evade international drug control agencies, remaining as
a legal alternative to illicit drugs [1,2]. As reported by the United Na-
tions Office on Drugs and Crime (UNODC) in 2023, over 1200 NPS were

notified by the Early Warning Advisory (EWA) considering 141 coun-
tries and territories worldwide. The European Monitoring Centre for
Drugs and Drug Addiction (EMCDDA) monitored around 930 NPS by the
end of 2022, only in Europe [2,3]. Nowadays, the most common classes
of NPS are synthetic cathinones, synthetic cannabinoid receptor agonists
(SCRA), and synthetic opioids. However, other classes such as phene-
thylamines, tryptamines, arylcycloalkylamines, benzodiazepines, and
piperazines also deserve attention. Since they are mostly composed of
new molecules, the health risks are generally unknown and, in most
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cases, NPS are even more powerful than the classic precursor drug [2,4].
Some NPS can also be included into the broader category of chemicals
that may pose adverse health effects while only scarce data is available.
These substances are referred to as Chemicals of Emerging Concern
(CECs) [5,6].

Synthetic cannabinoid receptor agonists (SCRA) are compounds that
bind to cannabinoid receptors (CB; and CBj) and mimic the effects of
delta-9-tetrahydrocannabinol (A°-THC). They are mostly commercial-
ized by spraying on herbal plant material for smoking use [4,7]. Many
SCRA are potent CB; agonists, leading to more intense THC-like symp-
toms such as increased heart rate, vomiting, agitation, confusion, and
hallucinations. This class of NPS is described as a high potency group
and can even lead to death [7]. MDMB-4en-PINACA stands out as one of
the most potent SCRA. This substance was first reported in 2018 in
Slovenia as a yellow powder material [8,9]. In 2020, the EMCDDA
classified this substance under intensive monitoring due to the increase
in the frequency of its identification in Europe and the related risks
associated with its consumption. As described by The Center for Forensic
Science Research & Education (CFSRE), this designer drug represents
the most identified SCRA in the United States between 2020 and 2023
[10]. In Brazil, MDMB-4en-PINACA was the second most detected drug
in infused paper samples seized between 2019 and 2020 [11].

Ketamine derivatives, together with analogs of phencyclidine, are
molecules classified as arylcyclohexylamines or phencyclidine-type
substances, being mainly dissociative or stimulant drugs [7,12]. Stim-
ulants act by altering the actions of dopamine, norepinephrine, and/or
serotonin, mimicking the effects of traditional drugs such as cocaine,
amphetamine, and ecstasy. Dissociative drugs, in turn, modulate the
effects on the N-methyl-D-aspartate (NMDA) receptors in the brain,
deceiving the perception of time, motions, colors, sound, and even self
[12]. Among ketamine derivatives, two substances can be highlighted:
deschloroketamine (DCK) and 2-fluorodeschloroketamine (2F-DCK).
DCK was originally produced for clinical purposes intending to treat
infections and immunological disfunctions [13]. In 2015, DCK was
detected in seized powders in Italy, characterizing its use as recreational
drug since then [14]. 2F-DCK was synthesized in 2014 [15] and it was
first notified in Spain two years later [16]. Other reports described
2F-DCK detection in seized material, biological samples, and wastewater
[17].

The use of zebrafish toxicological assays has increased in recent years
due to several advantages over other in vivo models. Zebrafish offer
small body size, minimal drug consumption, high reproductive rates,
optical transparency (embryos and larvae), external and rapid embryo
development, genetic similarity to humans, low cost, and the potential
for high-throughput analyses [18-20]. Additionally, zebrafish have
been proven valuable for studying complex responses to drugs of abuse,
including sensitization, tolerance, withdrawal, drug seeking, extinction,
and relapse [21-23]. Beyond these advantages, zebrafish provides sig-
nificant understanding both for environmental and human health risks,
aligning with the One Health perspective [24,25]. Human exposure to
NPS, whether voluntary or involuntary, offers significant risks for
human health, highlighting the need for improved monitoring and
regulatory strategies [26]. Furthermore, many NPS and/or their me-
tabolites can enter aquatic ecosystems primarily through wastewater
contamination [27-29], representing risks not only to aquatic organisms
but also to humans via water sources and the food chain.

The Fish Embryo Acute Toxicity (FET) test is described in the Test
Guideline (TG) 236 from the Organization for Economic Co-operation
and Development (OECD) to assess the acute toxicity of chemical sub-
stances using embryonic stages of zebrafish. The test consists of exposing
newly fertilized eggs to the targeted substance for 96 h. At 24-hours, up
to four key observations can be recorded, including indicators of
lethality such as coagulation of fertilized eggs, lack of somite formation,
lack of detachment of the tail-bud from the yolk sac, and lack of
heartbeat. If a positive outcome is observed for at least one of the four
endpoints, the mean lethal concentration (LCso) can be determined [30,
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31]. The FET test has been successfully applied to evaluate different
compounds, including NPS such as 25H-NBOMe and 25H-NBOH [32],
meta-chlorophenylpiperazine (mCPP) [33], fentanyl and other synthetic
opioids [34], etazene [35], and 5F-APINAC [18].

In contrast to the protocoled FET test, the Maximum Tolerated
Concentration (MTC) test is not standardized but is well-described in the
literature. In the MTC test, zebrafish larvae are exposed to the targeted
substance and evaluated every 24 hours until the end of the experiment.
The test aims to identify concentrations at which signs of acute toxicity,
such as locomotor impairment (hypoactivity, absence/decrease of touch
response, shaking and loss of posture), deformations, lack/decrease of
heartbeat, or death are observed. The MTC is defined as the highest
concentration tested in which no signs of toxicity are noticed [36,37].
Similar to the FET test, the MTC has been utilized to assess different
substances, including NPS [37-40].

To evaluate and compare the acute toxicity of three NPS belonging to
the SCRA (MDMB-4en-PINACA) and ketamine derivative (DCK and 2F-
DCK) classes, both embryonic and larval stages of zebrafish were
employed and subjected to the FET and the MTC tests. To our knowl-
edge, this is the first study to systematically assess and directly compare
the acute toxicity of these NPS across different zebrafish developmental
stages, providing novel insights into their differential toxicological ef-
fects. Although the metabolism of MDMB-4en-PINACA has been previ-
ously investigated in adult zebrafish [41], no prior study has evaluated
its acute toxicity in early life stages. Similarly, although ketamine de-
rivatives such as esketamine, deschloro-N-ethyl-ketamine, fluo-
ro-N-ethyl-ketamine, and bromoketamine have been studied in
zebrafish to evaluate their effects on behavior, gene transcription
pathways, and metabolism [42,43], no research to date has explored the
toxicity of DCK and 2F-DCK using this model.

2. Materials and methods
2.1. Standards and reagents

Reference materials of MDMB-4en-PINACA, deschloroketamine
(DCK), and 2-fluorodeschloroketamine (2F-DCK) were obtained from
Cayman Chemical (Ann Arbor, MI, USA). Methanol (MeOH) and 3,4-
dichloroaniline were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ultrapure water was provided by a Milli-Q RG system from the
company Millipore (Burlington, MA, USA). Red sea-salt was purchased
from Red Sea Fish (Houston, TX, USA) and prepared by diluting 1.7 g in
1 L of ultrapure water, producing the reconstituted water (RW).

2.2. Drug preparation

For each drug, the evaluated range consisted of five different con-
centrations. The range for MDMB-4en-PINACA was 0.001-10 uM. For
DCK and 2F-DCK, two concentration ranges were tested. The initial
range (1-500 uM) was selected based on literature data for ketamine-
like compounds [44-46] but proved ineffective for DCK and 2F-DCK
since no lethality was noticed. Therefore, a second phase was conduct-
ed with higher concentrations (100-2000 uM), including overlapping
concentrations to enable comparison between experiments.

Stock solutions were prepared in methanol at concentrations of
27.98 uM (10 pg/mL) for MDMB-4en-PINACA, 4919.32 uM (1000 pg/
mL) for DCK, and 4519.37 uM (1000 pg/mL) for 2F-DCK. Additionally,
working solutions were also prepared in methanol for each substance.
Each stock and working solution, as well as the final tests concentra-
tions, are shown in Supplementary Table 1.

2.3. Animal husbandry
Adult wild-type zebrafish were obtained from the Zebrafish Labo-

ratory and Husbandry at the School of Medical Sciences (Universidade
Estadual de Campinas — UNICAMP) and were maintained in tanks



L.C. Rodrigues et al.

(30-50 L) filled with non-chlorinated water that was mechanically and
chemically filtered. The fish density was two to three animals per liter.
They were fed commercial fish food (Tetramin, Tetra, Blacksburg, VA,
USA) three times per day, supplemented with brine shrimp once a day.
Photoperiod cycles consisted of 14:10 hours (light:dark) and the tem-
perature was set at 26 + 2 °C. Fertilized eggs were collected after natural
spawning, and embryos and larvae were housed in Petri dishes con-
taining RW until the day of exposure. All experiments described in this
study were reviewed and approved by the Ethical Committee for Animal
Research for the Universidade Estadual de Campinas (6096-1/2022 and
6096-1(A)/2023).

2.4. Drug exposure

On each experiment day, before drug exposure, 100 pL of each
working solution was aliquoted in 2 mL polypropylene tubes and dried
under nitrogen flow at 30 °C until dryness in a TurboVap® Evaporator
(Biotage, Uppsala, Sweden). The dried content was then resuspended
with 100 pL of RW and these final solutions were used for drug exposure
in zebrafish embryos and larvae, by adding it to 100 pL of RW.

2.5. Fish embryo acute toxicity (FET) test

To evaluate the acute toxicity of NPS during embryonic develop-
ment, the FET test was performed following the OECD TG 236 recom-
mendations, namely the early exposure of zebrafish embryos to the test
substances. Zebrafish embryos were collected right after natural
spawning and transferred to Petri dishes. Using a stereoscopic micro-
scope (Nikon, Minato, Tokyo, Japan), fertilized eggs and up to 16-cell
stage development were selected for the experiment. Exposures
occurred on embryos (n = 20) aged between zero and four days post-
fertilization (dpf). For ketamine derivatives, two different drug ranges
were used. The first exposures were performed by adding 100 uL of DCK
or 2F-DCK at 2, 20, 200, 500, and 1000 uM to wells containing 100 pL of
RW, yielding final concentrations of 1, 10, 100, 250, and 500 uM. The
second exposure employed higher concentrations, in which 100 pL of
DCK or 2F-DCK was added in concentrations of 200, 500, 1000, 2000,
and 4000 uM to wells containing 100 uL of RW, yielding final concen-
trations of 100, 250, 500, 1000, and 2000 uM. For MDMB-4en-PINACA,
the exposure was performed by adding 100 pL of the drug at 0.002, 0.02,
0.2, 2, and 20 uM to wells containing 100 pL of RW, yielding final
concentrations of 0.001, 0.01, 0.1, 1, and 10 pM. Each experiment
included a negative control group (n = 20) where 200 uL of RW was
added to the wells, and a positive control group (n = 20) where 100 L of
RW and 100 pL of 3,4-dichloroaniline (8 mg/L) were added to the wells.
All the exposures were done in 96-well plates with one embryo per well,
an adaptation from the OECD TG 236 guideline. Hence, at least one
endpoint (egg coagulation, lack of heartbeat, lack of somite formation,
and lack of detachment of the tail-bud from the yolk sac) was recorded
as an indicator of lethality. Other changes were also observed as in-
dicators of sublethal effects. The LCsy for each drug was determined
based on the number of deceased embryos.

2.6. Maximum tolerated concentration (MTC) test

For larval experiments, the MTC test was performed. Zebrafish em-
bryos were collected right after natural spawning and maintained in
Petri dishes until five dpf. Then, larvae were observed in the microscope
and those with normal development were selected. Exposure occurred
with larvae (n = 12) between five and nine dpf, at the same doses tested
in FET. For ketamine derivatives, the MTC was performed only with the
higher range used in FET. Also, negative (n = 12) and positive (n = 12)
control groups were used, and the experiments were done in 96-well
plates with one larva per well.

For its evaluation, signs of acute locomotor impairment (hypo-
activity, absence/decrease of touch response, shaking, and loss of
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posture), deformations, lack/decrease of heartbeat, and death were
registered. To minimize handling-related stress and potential con-
founding effects on behavioral responses, evaluations were conducted at
six and eight dpf, avoiding excessive manipulation. Additionally, since
some toxicological effects develop gradually rather than acutely within
24-hour intervals, this approach allowed the capture of cumulative ef-
fects while ensuring an efficient experimental design.

Parameters such as locomotor impairment, deformations, heartbeat
alterations, and mortality were assessed through visual inspection using
the stereoscopic microscope. Each larva was observed for at least
30 seconds under the same conditions to ensure consistency across
experimental groups. Locomotor impairment was evaluated based on
the presence of hypoactivity (reduced spontaneous movement), shaking
(irregular body tremors), and loss of posture (inability to maintain a
stable position). The touch response test was performed by applying a
mechanical stimulus to the caudal region of each larva using a fine
micropipette tip, achieving three types of response: (i) increase (exag-
gerated or erratic movement following the stimulus), decrease (delayed
or weakened reaction), and absence (no movement). All observations
were initially made by one individual and subsequently confirmed by
another.

The number of dead larvae was used to calculate the LCsq for each
drug. Both FET and MTC observations were performed at the stereo-
scopic microscope. At the end of each procedure, all the surviving larvae
were euthanized by transferring them into a mixture containing ice:
water (5:1, m/m) for 10 minutes.

2.7. Statistical analysis

To calculate LCs for the studied drugs in each experiment, version
5.0 GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA)
software was used. LCsy values were calculated by probit regression
analysis. A one-way ANOVA completed with Tukey’s posthoc compari-
son determined differences to independently compare the exposure to
the control group, using p < 0.05 as the parameter for statistical sig-
nificance [32].

3. Results
3.1. Fish embryo acute toxicity (FET) test

The FET evaluation was independently performed for MDMB-4en-
PINACA, DCK, and 2F-DCK. For each drug, twenty embryos per con-
centration were tested, along with negative and positive control groups.
MDMB-4en-PINACA caused a high embryo mortality rate (30 %) at
10 uM, with observed endpoints including coagulation, lack of heart-
beat, and lack of somite formation. Sublethal effects were observed
across all concentrations, including varying degrees of tail detachment
(one dpf), scoliosis (three dpf), lordosis (three and four dpf), pericardial
edema (two and three dpf), and yolk edema (three dpf). Furthermore,
MDMB-4en-PINACA demonstrated a positive correlation between
exposure concentration and lethal effects. For DCK and 2F-DCK, two
ranges were evaluated, since the lowest one did not produce substantial
modifications in zebrafish embryos (data not shown). The two ketamine
derivatives exhibited low embryo mortality at the higher concentration
range compared to MDMB-4en-PINACA, not exceeding 20 % for DCK
and 10 % for 2F-DCK, respectively. The endpoints observed included
embryo coagulation, lack of heartbeat, and lack of somite formation.
The sublethal effects observed included varying degrees of lack of tail
detachment (one dpf), lordosis (three dpf), kyphosis (three dpf), scoli-
osis (three dpf), lack of pigmentation (two, three, and four dpf), egg-
hatching delay (four dpf), blood clotting (two, three, and four dpf),
and pericardial edema (two, three, and four dpf). Fig. 1 shows a
graphical representation of the observed effects of the three NPS on
zebrafish embryos at the end of the evaluation period - four dpf. Fig. 2
displays graphical representations of the embryo mortality progression
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Fig. 1. Lethal and sublethal effects and absence of effects observed for the MDMB-4en-PINACA (A), deschloroketamine (DCK) (B), and 2-fluorodeschloroketamine
(2F-DCK) (C) for zebrafish embryos at the end of the evaluated period - four dpf. PC positive control.

A 100% B 100% c 100%
X 5% X 75% X 75%
- —O0uM - —O0 uM - —O0uM
5 —0.001 pM 5 —100 pM 5 —100 pM
- E 50% —0.01 uM g 50% —250 uM g 50% —250 pM
L ) —0.1uM ° —500 pM 3 —500 pM
R g —1uM g —1000 uM g —1000 uM
& 2% S —tomm & 2% —2000 M & 2 —2000 M
— —FPC —— —pPc —PC
e —
0% 0% _— 0%
1dpf  2dpf  3dpf  4dpf 1dpf  2dpf  3dpf 4 dpf 1dpf  2dpf 3dpf  4dpf
Days post-fertilization (dpf) Days post-fertilization (dpf) Days post-fertilization (dpf)
A 100% B 100% C  100%
3 75% 5% 5%
; —O0 uM ;; —O0 uM ;; —O0 uM
5 —0.001 uM @ —100 uM § —100 pM
O E 50% —0.01uM E 50% —250 uM S 50% —250 pM
E E —0.1pM E —500 uM £ —500 pM
g —1uM g —1000 uM g —1000 uM
S 25% —10 uM 8 25% —2000 pM 8 25% —2000 pM
—PC —PC —PC
0% 4 0% 0%
6 dpf 8 dpf 6 dpf 8 dpf 6 dpf 8 dpf
Days post-fertilization (dpf) Days post-fertilization (dpf) Days post-fertilization (dpf)

Fig. 2. Embryo and larvae mortality progression for the Fish Embryo Acute Toxicity (FET) (upper box) and Maximum Tolerated Concentration (MTC) (lower box)
tests for the MDMB-4en-PINACA (A), deschloroketamine (DCK) (B), and 2-fluorodeschloroketamine (2F-DCK) (C). PC positive control.

for the FET test. Fig. 3 provides a visual representation of some of the
endpoints and sublethal effects observed in zebrafish embryos during
the four days of exposure.

3.2. Maximum tolerated concentration (MTC) test

Like the FET, the MTC test was performed for each drug separately.
MTC was conducted with twelve larvae per drug concentration, as well
as for negative and positive control groups. Surprisingly, MDMB-4en-
PINACA presented only 8 % of larvae mortality at the highest concen-
tration (10 pM) after eight dpf. Regarding this concentration, at six dpf,
hypoactivity (83 %) was the only important effect noticed. On the other
hand, for ketamine derivatives MTC, 100 % of the larvae died in 2000
uM after eight dpf. For DCK at six dpf, a positive correlation between
drug concentration and hyperactivity was evident, as well as a decrease
in touch response. At eight dpf, touch response showed an inverse cor-
relation with drug concentration until the highest one, where all the
larvae died. For 2F-DCK, at six dpf, we noticed that the loss of posture
became more pronounced as the concentration increased, with effects

detected at 500, 1000, and 2000 uM. Shaking behavior was noticed at
1000 uM for 58 % of the larvae. Also, 100 % of the larvae showed a
reduced touch response at 1000 uM and 100 % showed an absence of
touch response in 2000 uM. At eight dpf, 75 % of the larvae exposed to
1000 uM showed decrease in heartbeat rate and 100 % showed absence
of touch response in this concentration. The larval mortality progression
over both days of evaluation is graphically displayed in Fig. 2. Fig. 4
shows all the effects observed for the three NPS tested with zebrafish
larvae at evaluated periods (six and eight dpf) and Fig. 5 contains the
information related to touch response.

3.3. Mean lethal concentration calculation (LCsg)

For the experiments in which the mortality was higher than 30 % in
at least one of the concentrations tested, the LCsy was calculated.
Consequently, data are available for the FET test with MDMB-4en-
PINACA, MTC test with DCK, and MTC test with 2F-DCK. Other exper-
iments did not achieve substantial mortality. Fig. 6 contains the LCsq
plots for each of the tests cited.
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Fig. 3. Illustrative images of the endpoints and sublethal effects observed in zebrafish embryos during four days of exposure with MDMB-4en-PINACA (A),
deschloroketamine (DCK) (B), and 2-fluorodeschloroketamine (2F-DCK) (C) at one (1), two (2), three (3), and four (4) days post-fertilization (dpf). The effects were:
A2 —lack of heartbeat and degrees of lack of tail detachment; A3 —lack of heartbeat and lack of somite formation; A4 —lack of heartbeat and lack of somite formation;
B2 - pericardial edema and lack of pigmentation; B3 — pericardial edema and blood clotting; B4 — scoliosis; C1 — coagulation; C3 — lack of heartbeat and pericardial
edema; C4 - pericardial edema and blood clotting; D1, D2, and D4 corresponds to the negative control, with normal development at 24 h, 48 h, and 96 h,

respectively.

4. Discussion

The cannabinoid mechanism of action is intimately related to the
endocannabinoid system, a complex endogenous arrangement of struc-
tures comprising endocannabinoid substances, enzymes of synthesis and
degradation, and cannabinoid receptors. The two principal cannabinoid
receptors are CB; and CB,. In humans, CB; is mostly expressed in the
Central Nervous System (CNS) and the CBy is primarily expressed in the
immune and hematopoietic systems [47,48]. The CB; receptor is the
main site of action for the SCRA, including the MDMB-4en-PINACA [9].
Baldwin (1993) demonstrated that the CB; receptor belongs to the
G-protein coupled receptor (GPCR) family, specifically the rhodopsin
family. These structures are well known for their conformational
changes after agonists binding, triggering plenty of cellular responses
[49]. Several amino acid residues also play a critical role in the main-
tenance, structure, and functions of these receptors [50]. Lam et al.
(2006) demonstrated that many amino acid residues in CB; receptors are
conserved across zebrafish developmental stages, supporting the ho-
mology of this receptor between humans and zebrafish [50]. Further-
more, they showed that CB; expression is consistently detected in
specific regions of the zebrafish embryonic and adult CNS, namely the
dorsal telencephalon, pretectum, torus longitudinalis, and periven-
tricular hypothalamus [50].

Among the SCRA, MDMB-4en-PINACA stands out for its high

potency in activating CB; receptor, sharing some similarities with the
psychoactive constituents of Cannabis [51,52]. Gu et al. (2022) studied
the effects of the MDMB-4en-PINACA in the metabolism of adult
zebrafish, but the study did not consider the toxic effects of this sub-
stance [53]. Our study, on the other hand, was able to elucidate some
morphological and behavioral effects of this SCRA in embryos and
larvae of zebrafish. For the embryo evaluation, several sublethal effects
such as lack of tail detachment, lordosis, pericardial edema, yolk edema,
and egg hatching delay were observed between zero and four dpf, as
well as lethal endpoints that led to a 30 % mortality rate at the highest
concentration. The presence of these effects could emphasize not only
the presence of CB; receptors in zebrafish embryos but also the severity
of MDMB-4en-PINACA toxicity in early life stages. However, the toxicity
profile differed when considering zebrafish larvae. Sublethal effects and
lethal endpoints were also observed but to a lesser extent. Hypoactivity
was the most frequent sublethal effect, observed at 10 uM but only at six
dpf.

These results lead us to hypothesize that, for example, the process of
developmental alteration caused by MDMB-4en-PINACA ends at five dpf
as do many teratogens that cause morphological defects when added to
the embryo, but not to the larvae, once initial development has been
completed [54-56]. Another plausible hypothesis is that, as the larva
develops, it is likely that the biotransformation capacity also improves,
which may explain the absence of pronounced effects observed with this
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Fig. 4. Lethal and sublethal effects and absence of effects observed for the MDMB-4en-PINACA, deschloroketamine (DCK), and 2-fluorodeschloroketamine (2F-DCK)
for zebrafish larvae at six and eight days post-fertilization (dpf).
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Fig. 5. Touch response observed for the MDMB-4en-PINACA, deschloroketamine (DCK), and 2-fluorodeschloroketamine (2F-DCK) for zebrafish larvae at six and
eight days post-fertilization (dpf).

drug in five dpf larvae. Hoyberghs et al. (2024) compared the metabo- metabolic activity in larvae compared to embryos. Similarly, Le Fol et al.
lites of anti-epileptics drugs in zebrafish, analyzing both one dpf em- investigated the biotransformation of estrogenic contaminants in four
bryos and five dpf larvae [57]. Their findings demonstrated increased dpf zebrafish larvae and adults, reporting a quantitatively more
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Fig. 6. Mean Lethal Concentration Calculation (LCsp) for Fish Embryo Acute Toxicity (FET) test with MDMB-4en-PINACA (A), Maximum Tolerated Concentration
(MTC) test with deschloroketamine (DCK) (B), and MTC with 2-fluorodeschloroketamine (2F-DCK) (C).

extensive metabolism in adults than in larvae [58].

It is plausible that MDMB-4en-PINACA has been fully metabolized,
resulting in products that do not exhibit significant toxicity to cause
notable effects. This hypothesis suggests that the reduction in observed
effects in the larvae may be more related to the metabolization process
rather than activity at CB; receptors. In fact, as reported by Gu et al.
(2022), 22 metabolites were identified after exposing adult zebrafish to
1 ug/mL MDMB-4en-PINACA for 24 h showing that this model is highly
capable of metabolizing this substance [53]. Several other studies
demonstrate the metabolism of other SCRA by zebrafish [18,19,37,40,
53,59,60].

Ketamine, a nonbarbiturate dissociative anesthetic, is considered a
noncompetitive NMDA receptor antagonist. By its dissociative action, as
well as the partial agonism of opiate p-receptors, ketamine is well used
in clinical procedures as an anesthetic and for managing pain [61].
Regarding the NMDA antagonistic action, ketamine can control symp-
toms of depression and suicidal ideation. Several endogenous effects are
observed by ketamine use, such as elevated levels of glutamate and
brain-derived neurotrophic factor (BDNF) in the brain. Notably, keta-
mine could interact with sigma receptors as well as cholinergic, opioid,
and monoaminergic systems [61,62]. The human NMDA receptor sub-
units are encoded by seven genes: GRIN1, four GRIN2, and two GRIN3.
These genes encode, respectively, GluN1, GluN2A-D, and GluN3A-B. All
known NMDA receptors are obligatory heterotetramers sets of subunits
that form a central ion channel pore with a striking resemblance to an
inverted potassium channel, being composed of two copies of GIuN1 and
GIluN2 [63-65].

Cox et al. (2005) studied the presence of NMDA receptor subunits in
zebrafish embryos and larvae, showing that the subtypes NMDAR1 and

Table 1

NMDAR?2 are present after one dpf, through the detection of their genes
(NR, or glutamate ionotropic receptor N-methyl-D-aspartate — GRIN)
[66]. Information regarding GRIN gene expression in zebrafish embryos,
larvae, and adults has already been described in The Zebrafish Infor-
mation Network (ZFIN), which was consulted in March 2024. GRINAA is
the earliest gene expressed in the zygote stage, followed by GRIN2AA in
the cleavage stage. During the blastula period, in addition to GRINAA
and GRIN2AA, the expression of GRINIA begins but is not sustained in
the gastrula stage, when GRINAA, GRINAB, GRIN2AA, GRIN2AB, and
GRIN2DA are expressed. At the segmentation stage, GRIN1A is expressed
again, as well as GRINAA, GRINAB, GRIN1B, GRIN2AA, GRIN2AB,
GRIN2DA, and GRIN2DB. At hatching time, the genes expressed are
GRINAA, GRINAB, GRIN1A, GRIN1B, GRIN2AA, GRIN2AB, GRIN2BB,
GRIN2DA, and GRIN2DB. Regarding larval stage, GRINAA, GRINAB,
GRIN1A, GRIN1B, GRIN2AA, GRIN2AB, GRIN2BA, GRIN2BB, GRIN2CB,
CRIN2DA, and GRIN2DB are expressed. Surprisingly, at the juvenile
stage, only GRIN2BB expression was described, whereas in adulthood,
only GRINIA and GRIN1B were detected. Information related to each
gene expression and the stages of zebrafish development are displayed in
Table 1 [67].

Since DCK and 2F-DCK are ketamine derivatives from the p-keto-
arylcyclohexamines subclass, they are expected to share the same
mechanism of action as ketamine, acting as NMDA receptor antagonists,
but with greater potency than most NPS [68]. Studies have shown that
some effects of these drugs in humans comprise neurological and car-
diovascular disorders, consciousness impairment, agitation, abnormal
behavior, potentially leading to fatal outcomes [69,70]. Moreover, Kim
et al. studied the effects of DCK in mice demonstrating not only increased
locomotor activation and stereotypy but also rewarding and positive

NMDA genes expression in zebrafish stages of life [67]. Zebrafish stages such as blastula, segmentation, pharyngula, hatching, and larval (highlighted in light gray) are
those that expresses at least one variation of GRIN1 and one of GRINZ2, possibly leading to the expression of proteins such as GluN1 and GluN2A-D, which are essential

for NMDA receptor expression.

Gene Stage of expression
Zygote  Cleavage Blastula Gastrula Segmen-tation Pharyn- Hatching Larval Juvenile Adult
gula
0-0.74  0.75-2.24 2.25-5.24 5.25-10.32 10.33-23.99 24-47.99 48-71.99 72 hpf - 29.99 30-89.99 90-730
hpf hpf hpf hpf hpf hpf hpf dpf dpf dpf
GRIN1A X X X X X X
GRIN1B X X X X
GRIN2AA X X X X X X
GRIN2AB X X X X X
GRIN2BA X
GRIN2BB X X X
GRIN2CB X
GRIN2DA X X X X X
GRIN2DB X X X
grin3a X

hpf hours post-fertilization; dpf days post-fertilization.
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reinforcing effects, similar to ketamine [71]. Despite the remarkable
importance of these drugs, there are no available data in the literature
regarding their exposure in the zebrafish model.

Our embryo evaluation results support the findings of Cox et al
(2005) showing the absence of the NMDA receptors until one dpf in
zebrafish since fewer effects were observed during this period and also
the possibility of DCK and 2F-DCK acting at these receptors. Addition-
ally, regarding the potential of NMDA receptors expression at the blas-
tula stage, no significant effects were observed, corroborating the fact
that this receptor is continuously expressed only after the segmentation
stage.

After one dpf, the expression of NMDA receptors initiates, and,
subsequently, we observed an increase in both, sublethal and lethal ef-
fects, even in low frequency. In the larvae study, the toxicity profile was
different. Several sublethal effects such as loss of posture, shaking
behavior, and reduced response to touch were observed. Additionally,
lethal endpoints were also noticed, resulting in 100 % mortality for both
drugs after eight dpf. Some of these effects could be compared to those
reported in humans and could emphasize not only the toxicity of keta-
mine derivatives in advanced life stages of zebrafish but also that the
uncompleted development of NMDA receptors in embryos may have
influenced the less toxic effects noticed in early life stages.

Based on the results obtained in this study, we estimated the LCs for
MDMB-4en-PINACA in zebrafish embryos and for DCK and 2F-DCK in
zebrafish larvae. Although both ketamine derivates led to 100 % mor-
tality in zebrafish larvae, there was a considerable difference in the
ranges evaluated. The LCsy for MDMB-4en-PINACA was approximately
26 times lower than for the ketamine derivatives, once again, high-
lighting the severity of intoxications caused by this drug as well as by
SCRA. However, LCsy comparisons between different tests should be
interpreted cautiously, as they may reflect differences in experimental
design including exposure duration, developmental stage, and evaluated
endpoints.

Furthermore, with the MTC studies, it is also possible to establish a
safe concentration to work with each of these three drugs. This is defined
as the highest drug concentration without significant effects observed
during each time evaluated. For six dpf, 1 uM, 2000 pM, and 1000 uM
for MDMB-4en-PINACA, DCK, and 2F-DCK, respectively. At eight dpf,
10 uM, 1000 uM, and 500 uM for MDMB-4en-PINACA, DCK, and 2F-
DCK, respectively. Further studies must be developed considering the
metabolic evaluation of these drugs and also the toxicity of their me-
tabolites in zebrafish embryos and larvae. Also, molecular clarifications
of the data here discussed could be a reliable tool to fully comprehend
the mechanism of action of these NPS.

By using zebrafish for the investigation of NPS and applying the FET
and MTC assays, we present a practical, cost-effective, ethical, and high-
throughput approach for toxicity screening. Both the methodologies
employed in our study aligns with the 3Rs principle (Replacement,
Reduction, and Refinement), mainly by reducing the use of mammalian
models in toxicology assays, as well as supporting the use of more hu-
mane and sustainable testing strategies. Our findings contribute with
toxicological data that can enhance the understanding the risks associ-
ated with NPS consumption, specifically MDMB-4en-PINACA, DCK, and
2F-DCK, and further the promotion of risk assessments and regulatory
policies for these substances. Furthermore, this study provides valuable
data both for forensic and clinical toxicology, offering insights that may
assist in drug monitoring efforts, intoxication cases, and the develop-
ment of future regulations aiming NPS exposure management. While our
study primarily focuses on evaluating the acute toxicity of selected NPS
using zebrafish as an in vivo model, it is important to acknowledge that
the presence of these substances in wastewater and the environment
may pose broader ecological and health risks, and further investigations
regarding these implications should be pursued.

Toxicology Reports 14 (2025) 102018

5. Conclusions

The emergence of new psychoactive substances (NPS) over the last
two decades has posed a significant health issue. Among these, the SCRA
and ketamine derivatives classes include different substances with
several cases already reported in the literature, such as MDMB-4en-
PINACA, DCK, and 2F-DCK. In this study we evaluated the acute
toxicity of these three NPS both in embryos and larvae, reinforcing the
applicability of this model for assessing NPS toxicity. Additionally, our
study identified distinct morphological and behavioral effects induced
by these NPS. Specifically, embryonic exposure to MDMB-4en-PINACA
resulted in significant developmental abnormalities, including lack of
heartbeat, lack of somite formation, pericardial edema, and yolk edema.
Larval exposure to the ketamine derivatives (DCK and 2F-DCK) resulted
in pronounced behavioral alterations, such as decreased touch response
and shaking behavior. Moreover, with the MTC studies, it is also possible
to establish a safe concentration to investigate deeper each of these three
drugs using zebrafish embryos and larvae. Finally, we estimated the
LCso for MDMB-4en-PINACA in zebrafish embryos and for DCK and 2F-
DCK in zebrafish larvae, highlighting the severity of intoxications caused
by SCRA.

It is important to acknowledge the limitations of this study. The
protocol was based on a single experimental replicate, which may limit
the reproducibility of the findings. While the sample size (n = 20 per
group) was adequate for statistical analyses, future studies should
incorporate additional replicates to enhance robustness and validate the
observed effects. In addition, LCso comparisons between different tests
(FET and MTC) should be interpreted with caution, as differences in
exposure duration, developmental stage, and evaluated endpoints may
influence the results. While these comparisons provide valuable insights
into relative toxicity, future research should aim to standardize exposure
conditions across different zebrafish life stages to ensure a more direct
comparability of toxic effects.
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