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A B S T R A C T

The objective of the present manuscript was the evaluation of the toxicity and metabolism of the second gen
eration of pyrovalerone cathinones (α-PHP, α-PHPiP, 4-MePPP and TH-PVP), using an early zebrafish (Danio 
rerio) larvae as in vivo model. Pyrovalerone cathinones LC50 were determined after 24, 48, 72 and 96 h of 
exposure. TH-PVP proved to be the most toxic cathinone, whereas 4-MePPP was the least toxic. During acute 
exposure to pyrovalerone cathinones the main signs of toxicity exhibited by survivors were pericardial edema, 
yolk sac in embryos, bradycardia, delay in the hatching, malformations, and larvae without touch response. 
Afterwards, a short-term non-lethal experiment (24 h) was performed with early zebrafish larvae (72 h) for each 
of the selected compounds. The produced metabolites were tentatively identified by liquid chromatography-high 
resolution mass spectrometry (LC-HRMS) and the metabolic pathways were proposed. The results showed that 
hydroxylation and dihydroxylation can be considered the main metabolic pathways, although depending of the 
cathinone studied, other metabolites can be found.

1. Introduction

Synthetic cathinones are the second largest group of substances 
included in the new psychoactive substances (NPS) and have become the 
most seized class of NPS reported to the UNODC Early Warning Advisory 
system (La Maida et al., 2021). Different health problems have been 
associated with the use of synthetic cathinones, including cardiovascu
lar disorders, hallucinations, and violent behavior (Coppola and Mon
dola, 2012; Soares et al., 2021), being identified in fatal intoxications, 
alone or in combination with other substances (La Maida et al., 2021). 
Pyrovalerone cathinones are a special sub-class of synthetic cathinones 
from the pharmacological effects point of view, because they mimic the 
psychostimulant effects of amphetamines and behave as pure blockers of 
monoamine uptake transporters (Rickli et al., 2015). 3,4-methylene
dioxypyrovalerone (MDPV) has been the most representative com
pound of the family until it was considered as a controlled substance by 
international organizations (Kolanos et al., 2013). After that, a second 
generation of pyrovalerone derivatives irrupted into black markets 
(Soares et al., 2021), including 4-methyl-α-pyrrolidinopropiophenone 
(4-MePPP), 2-pyrrolidin-1-yl-1-(5,6,7,8-tetrahydronaphthalen-2-yl) 
pentan-1-one (TH-PVP), α-pyrrolidinohexanophenone (α-PHP), and 

α-pyrrolidinoisohexanophenone (α-PHiP) (Kolaczynska et al., 2021). 
α-PHP was first identified in 2014 (Uchiyama et al., 2014) and it has 
been recently, between 2017 and 2020, involved in several fatal in
toxications reports (La Maida et al., 2021), while, α-PHiP was first re
ported to the European Monitoring Centre on Drugs and Drugs Addiction 
(EMCDDA) by Slovenia in 2016 (National Forensic Laboratory, 2016) 
and it has been also associated with fatal drug abuse cases (Adamowicz 
et al., 2020). In 2022, α-PHP and α-PHiP were included in the top five of 
synthetic cathinones by number of seizures and by quantity of material 
seized reported to the EU Early Warning System of the European Union 
(EMCDDA, 2024). 4-MePPP was identified in the late 1990s as a recre
ational stimulant in the German market. Later on, it was included in a 
controlled substance list by the German authorities, but has re-emerged 
on the black market in products that include a mixture of cathinones 
(Kolanos et al., 2013). In 2016, 4-MePPP was included in the schedule I 
of the Controlled Substances Act (Drug Enforcement Administration & 
Department of Justice, 2016). TH-PVP was identified in 2018 by the 
authorities as a substance of special concern (Drug Enforcement 
Administration and Department of Justice, 2018) due to its pharmaco
logical effects and potential toxicity. Recent literature has demonstrated 
that the concentration of synthetic cathinones in wastewater has 
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increased in recent years (González-Mariño et al., 2016). α-pyrrolidi
novalerophenone (α-PVP), 4-methyl-α-pyrrolidinohexiophenone 
(4-MePHP), and MDPV have been identified in wastewater samples of 
Adelaide (Tscharke et al., 2016), Milan, or Santiago de Compostela 
(González-Mariño et al., 2016). The incomplete degradation of those 
compounds in wastewater treatment plants makes that synthetic cath
inones arrive to various environmental media (Castiglioni et al., 2021; 
Yao et al., 2021). Regrettably, psychoactive substance bioaccumulation 
and undesired biological activity have been previously reported in fish 
species such as zebrafish (Danio rerio) (De Felice et al., 2020; Souders 
et al., 2019) and there are evidences of bioaccumulation of α-PHP and 
α-PHiP in liver, kidney, brain, stomach, intestine, and heart (Adamowicz 
et al., 2020; Vignali et al., 2019). Thus, considering their unique phar
macological profiles and the public health concerns associated with 
these compounds, there is a need for further toxicological and potential 
ecological risk assessment studies.

Nowadays, there are three categories of toxicity models; in silico, 
performed via computer simulation, in vivo, which use living organisms 
as models, and in vitro models, which use an organ, tissue, or cell of a 
specific organism (Summerfield and Dong, 2013). The in vivo toxicity 
model stands out because it involves a whole organism, and it is often 
considered the most accurate for assessing drug toxicity. However, the 
most important drawback relies on the biological differences between 
humans and the animal species used in those models.

Danio rerio, also known as zebrafish, was proposed as in vivo model 
for toxicity studies by Streisinger et al. (1981) due to the similarities of 
their neurological pathways with mammals. The main advantages of 
zebrafish as in vivo model include that it is an intact, easy-to-handle and 
low-cost organism, the analysis of transparent embryos allows for 
noninvasive imaging techniques, and zebrafish embryos develop much 
faster than those of mammals, shortening experimentation time (Garcia 
et al., 2016). Moreover, the European Union considers that fish embryos 
are unprotected life stages until they acquire the ability of independent 
feeding (European Parliament & The Council Of The European Union, 
2010). The period of independent feeding has been defined based on 
several criteria such as maturity of the digestive tract, and swimming 
ability, being set the limit at 120 h post fecundation (hpf) to be 
considered as non-protected life stages. Zebrafish larvae acquire meta
bolic detoxifying pathways after 72 hpf being those processes similar to 
those reported in mammals (Matos et al., 2020). Zebrafish are able to 
perform phase I and phase II metabolism reactions, and, thus, this model 
has been previously used to evaluate the toxicity and metabolism of 
synthetic cannabinoids (Morales-Noé et al., 2022), synthetic cathinones 
(Kolesnikova et al., 2019; Prado et al., 2021), hallucinogens (Wagmann 
et al., 2020) and emerging contaminants (De Oliveira Eiras et al., 2022). 
Phase I enzymes consist primarily of the cytochrome P450 (CYP) su
perfamily of microsomal enzymes, being CYP families 1–3 the enzymes 
involved in xenobiotic metabolism (Saad et al., 2016). It has been re
ported that many human CYP enzymes have direct orthologs in zebrafish 
(Goldstone et al., 2010), suggesting that zebrafish metabolic profiles 
may be similar to those of mammals.

In summary, this manuscript aimed to evaluate the zebrafish embryo 
acute toxicity of the selected drugs through the determination of the 
lethal concentration causing 50 % death (LC50), study the metabolism of 
these compounds using an early zebrafish larvae as in vivo model, and 
compare the obtained data with those of previously reported in “clas
sical” drugs to establish the potential toxicological behavior and 
ecological risk associated to pyrovalerone cathinones.

2. Material and methods

2.1. Standards and reagents

α-PHP, α-PHiP, 4-MePPP and TH-PVP standards were provided by 
Cayman Chemicals (Ann Arbor, MI, USA). A concentrated solution of 
120 mg L− 1 of each individual cathinone was prepared in dechlorinated 

tap water medium in amber glass vials. From these concentrated solu
tions, diluted solutions of each compound (α-PHP, α-PHiP, 4-MePPP and 
TH-PVP) were prepared for the acute toxicity test.

Methanol and buffer constituents were acquired from Scharlab 
(Barcelona, Spain).

2.2. Zebrafish (Danio rerio) embryos

Zebrafish eggs (wild-type, AB strain, adult zebrafish) were obtained 
from Aprende con Danio (Alicante, Spain). Danieau’s medium were 
prepared according to previous references (Morales-Noé et al., 2022) 
and was used to transfer the fertilized eggs to the Ecotoxicology Labo
ratory (Universitat de València, Spain).

The fertilized eggs were washed three times with dechlorinated tap 
water and were placed in 15 mL Petri dishes with water. Zebrafish eggs 
were maintained in a climate-controlled chamber (16 h light and 8 h 
dark, 64 ft-c light intensity, and 26 ± 0.5 ◦C). Tap water was aerated to 
oxygen saturation before acclimatization and the start of the experi
ments. The total hardness of tap water was 180 ± 10 mg L− 1 as CaCO3, a 
pH value of 7.9 ± 0.2 and an alkalinity of 4.0 ± 0.5 mmol L− 1.

No mortality of zebrafish eggs was observed during the acclimati
zation period (24 h). A MZ125 stereo microscope from Leica Mikrosys
teme Vertrieb GmbH (Wetzlar, Germany) was used to examine fertilized 
eggs and zebrafish embryos.

2.3. Acute toxicity test

The Organization for Economic Cooperation and Development 
(OECD) standard procedure 236 “Fish embryo acute toxicity (FET) test” 
(OECD, 2013) slightly adjusted to our laboratory conditions was 
employed in this study.

At the beginning of the experiments, embryos were at the develop
mental stage of 18–20 hpf at a temperature of 26 ± 0.5 ◦C (Kimmel et al., 
1995). All embryos exhibited spontaneous tail contractions as an initial 
assessment of locomotion for the hatching process (Weichert et al., 
2017).

A minimum number of five concentrations (up to 8 concentration 
levels), from 1 to 100 mg L− 1 concentration range, of the cathinones, 
and a blank control (with water) were prepared and tested in the acute 
toxicity tests. The standard solutions of the cathinones were prepared 
the day before starting the experiments in graduated flasks by direct 
dilution of the standard in ultrapure water (18 MΩ cm− 1) without the 
addition of organic solvent. The Costar® multiple well plates (Corning, 
NY, USA) were conditioned with the solutions 24 h prior to the start of 
an experiment and kept in the incubator of the acclimatized chamber. 
During the testing period, pH and oxygen levels were in the range of the 
criteria of the OECD 236. Each assay was performed in a 24-well plate 
with 1 embryo (stage <20 hpf) per well with a final volume of 2 mL and 
six replicates per assay were performed. Assay plates were covered with 
self-adhesive film and kept in the benchtop incubator inside the climate- 
controlled chamber. The number of dead embryos were recorded every 
24 h during the assays, being the apical endpoints coagulated embryos, 
no tail detachment and no heartbeat. Endpoints were recorded by direct 
observation of the zebrafish embryos with a MZ125 stereo microscope 
from Leica Mikrosysteme Vertrieb GmbH.

Additionally, the following non-lethal endpoints were also recorded: 
i) hatching rates, pericardial edema and/or yolk sac, bradycardia, spinal 
deformity, clotted tail, normal pigmentation level, melanophore 
pattern, response to touch, length compared to control group, swimming 
and resting position, as well as any evident observational effect different 
from the control groups. At the end of the experiments, the surviving 
embryos were euthanized.

2.4. Metabolism study

To study the metabolism of the four pyrovalerone cathinones in 
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zebrafish larvae, a short-term (24 h) exposure was conducted using non- 
lethal cathinone concentrations, corresponding to their non-lethal 
threshold (LC0.01) at 96 hpf. The LC0.01 corresponded to the estimated 
concentration of analytes causing death to 0.01 % tested embryos, being 
these concentrations 3.0 mg L− 1 of TH-PVP, 9.0 mg L− 1 of α-PHiP, 
15.7 mg L− 1 of α-PHP and 55.9 mg L− 1 of 4-MePPP, respectively.

Prior to non-lethal experiments, fertilized eggs were allowed to 
develop in tap water for 72 hpf in a benchtop incubator (26 ± 0.5 ◦C) in 
the acclimatized chamber under the same conditions as described above. 
After this time, all larvae were at stage 80.35 hpf at 28.5 ◦C (Kimmel 
et al., 1995). Prior to the exposure experiments, all unhatched embryos 
were dechorionated.

Zebrafish larvae (n= 10), were placed in two Petri dishes (n= 5) and 
exposed to a final volume of 5 mL of the selected drug concentration 
diluted in dechlorinated tap water as exposure medium. Control animals 
were maintained under the same conditions in drug-free medium. Both 
control and exposed groups of early larvae remained alive for the stip
ulated exposure period. After 24 h of exposure, both water and early 
larvae were collected separately, recorded and stored frozen until me
tabolites determination.

2.5. LC-HRMS/MS instrumentation and conditions

The procedure described in (Morales-Noé et al., 2022) was used to 
evaluate the metabolism of the studied synthetic cathinones. Exposure 
medium was injected in the liquid chromatography-high resolution mass 
spectrometry (LC-HRMS/MS) after filtration through a 0.22 µm syringe 
filter. Larvae were lyophilized in a CRYODOS freeze dryer from Telstar 
Technologies S.L. (Terrassa, Spain) and extracted using 100 μL meth
anol. After 30 min manual agitation, the extracts were centrifuged for 
2 min at 15,000 rpm, and transferred to autosampler vials for analysis.

The control samples, prepared in duplicate, used in this study imply 
the incubation of α-PHP, αPHiP, 4-MePPP and TH-PVP in a medium 
without the presence of zebrafish larvae to evaluate the possible 
degradation products of these compounds and the incubation of zebra
fish larvae in a medium without pyrovalerone cathinones to assess the 
absence of interfering compounds.

Details of the analytical procedure can be found in (Morales-Noé 
et al., 2022). MS/MS spectral data were acquired using 
information-dependent acquisition (IDA) mode, being the accumulation 
time for the MS1 full scan and IDA experiments, 100 and 50 ms, 
respectively. The criteria for selecting IDA data implied the MS/MS 
analysis of the most intense m/z signals (>1000 cps), dynamic back
ground subtraction, 4 Da for the isotope exclusion window, and a half 
peak width of 2 s. Ion release delay and ion release width were set at 11 
and 10 ms. The collision energy for the MS/MS experiments was set at 
35 eV and m/z were scanned from 100 to 700 (m/z) with charge state 
+1. Data was evaluated using the PeakView™ software from AB SCIEX.

2.6. Statistical analysis

Mortality data were used to calculate 24, 48, 72 and 96 h LC50 values 
and their confidence limits (95 %) by Probit Regression Analysis, Chi 
test (χ2) tested the goodness of the curve fit and its statistical signifi
cance. Any non-lethal effects observed during exposures were also used 
for calculations of their effective concentration 50, if possible. Calcula
tions were performed using the Statistical Analysis System (SPSS, Chi
cago, IL, USA) with a significance level of 0.05.

3. Results and discussion

3.1. Acute toxicity test

No mortality was observed among control groups during the 
different experiments. At the end of the experimental time (96 h) the 
early larvae were measured. The standard length as distance from head 

to end of the tail, of the hatched embryos, was 3.96 ± 0.01 mm, this 
length corresponded to an early larvae stage < 120 hpf (28.5 ◦C) 
(Kimmel et al., 1995).

The 50 % lethal concentrations (LC50) and their confidence limits 
were determined after 24, 48, 72 and 96 h of exposure (Table 1). TH-PVP 
proved to be the most toxic cathinone, whereas 4-MePPP proved to be 
the less toxic one. TH-PVP induced the greatest increase in toxicity in the 
range 24–96 h exposure (> 56 %) followed by α-PHiP (30 %) whereas 4- 
MePPP and α-PHP induced a 28.6 and 19.8 %, respectively.

The maximum concentration of cathinone at which all embryos 
survived and the minimum concentration causing 100 % mortality after 
96 h were 1.88 and 6.50 mg L− 1 (for TH-PVP); 16 and 18 mg L− 1 (for 
α-PHP), 40 and 50 mg L− 1 (for 4-MePPP); and 10 and 20 mg L− 1 (for 
α-PHiP), respectively. During acute exposure to the different substances, 
the surviving embryos showed a series of toxic symptoms, including: 
pericardial edema and/or yolk sac -unhatched embryos-associated with 
bradycardia and early hatching <72 h (exposed to TH-PVP); non- 
hatched embryos and spinal malformation in early larvae (α-PHP), non- 
hatched embryos and no touch response in early larvae (4-MePPP); and 
non-hatched embryos plus severe bradycardia and no touch response in 
early larvae (α-PHiP) (See Fig. SM1). It has been previously demon
strated that cardiovascular physiology is conserved between humans 
and zebrafish at anatomical, cellular, and membrane-biology levels 
(Cassar et al., 2020) and, thus, zebrafish have been shown to provide a 
good model for cardiotoxicity. Many human cardiovascular drugs have 
shown comparable effects on zebrafish physiology (Macrae and Fish
man, 2002). The touch-evoked response test is used as an indicator of 
neurotoxic effects. This test tracks the behavior of zebrafish larvae in 
response to a tactile stimulus given to the head or tail (Colwill and 
Creton, 2011). Previous studies have suggested that exists a close rela
tionship between the dopamine system and larval zebrafish behavior, 
and there may be a direct link between dopamine D1 receptor and lo
comotor activity (Souders et al., 2019).

Fig. 1 shows the concentration-mortality curves of the different 
cathinones at 96 h exposure, which showed different shapes depending 
on the selected compound. All the tested compounds showed a 
sigmoidal toxicity curve indicating the presence of a threshold dose that 
induced the embryos mortality. From the obtained results, it can be 
observed that TH-PVP is the most toxic evaluated substance, being a 
potentially dangerous compound with a narrow concentration range 
between no observable effects and 100 % of individuals dead, while the 
other three compounds exhibited a wider range. 4-MePPP showed the 
least pronounced form of the curve slope, as shown by the lowest toxic 
effect observed.

It has been previously reported that the α-carbon chain may 
contribute to adverse side effects of unsubstituted pyrrolidine cath
inones (Chen and Canal, 2020). The increase of the chain length from 
one carbon (α-PPP) to four (α-PHP) causes an increase in dopamine 
transporters (DAT) affinity and dopamine reuptake inhibition potency 
(Eshleman et al., 2017). The differences in DAT potency, however, be
tween α-PVP and α-PHP are not significant, yet α-PHP reportedly pro
duces more pronounced tachycardia than α-PVP (Chen and Canal, 
2020). In this sense, preclinical cytotoxicity studies using dopaminergic 
SH-SY5Y cells show that α-PPP and α-PBP are less potent than α-PVP, 
with LC50 values at millimolar concentrations that far exceed their half 
maximal inhibitory concentration (IC50) potencies at DAT and NET 
(Soares et al., 2019), suggesting pharmacodynamic effects beyond DAT 
and NET. Moreover, an increase of the length of the α-carbon side chain 
of pyrovalerone cathinones caused a steep increase in affinity at all 
muscarinic receptor antagonists subtypes, while the presence of a 
methylenedioxy moiety generally hindered this effect (Soares et al., 
2019).

In order to have a more specific view of the toxicity of the substances 
tested, the obtained LC50 values have been compared with other values 
previously published in the literature for better-known substances. In 
this sense, it has been reported LC50 values for 24 h acute zebrafish 
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toxicity test for cocaine (143 mg L− 1), MDPV (37 mg L− 1), MDMA 
(35 mg L− 1), methylone (26 mg L− 1), and mephedrone(26 mg L− 1) 
(Teixidó et al., 2023). On the other hand, TH-PVP presented LC50 values 
lower than those of potent toxic compounds such as, morphine 
(9915 mg L− 1), nicotine (35 mg L− 1), atropine (607 mg L− 1), aconitine 
(34 mg L− 1), strychnine (21 mg L− 1), and amitriptyline (8 mg L− 1) (Ali 
et al., 2011).

3.2. Metabolism

As it has been commented, zebrafish embryos were exposed to the 
LC0.01 of each substance to study the metabolism of the four different 
second generation pyrovalerone cathinones. After the experiment, it was 
found that all zebrafish larvae had survived, but some embryos exhibi
ted different symptoms. Larvae exposed to TH-PVP steady laterally 
without touch-evoke response, while larvae exposed to α-PHiP and 4- 
MePPP exhibited bradycardia and no touch response. Those exposed 
to α-PHP exhibited tachycardia as well as strong heartbeat compared to 
the control group. It should be mentioned that all metabolites proposed 
in this section were not present in control samples.

Table 2 shows the analytical features regarding molecular mass and 
elemental composition, fragmentation pattern, and retention time of the 
parent compounds and the putative metabolites. As no direct compari
son with reference standards has been performed, all the proposed 
metabolites and metabolic pathways should be considered as putative.

It has been previously reported that human CYP enzymes including 
CYP2B6, CYP2C19, CYP2D6, and CYP1A2 were found to be responsible 
for synthetic cathinone metabolism (Contrucci et al., 2020; Meyer et al., 
2010) Studies on the metabolism of the α-pyrrolidinophenone designer 
drug methylenedioxy-pyrovalerone (MDPV) in rat and human urine and 

human liver microsomes using GC-MS and LC-high-resolution MS and its 
detectability in urine by GC-MS (Meyer et al., 2010). Hydroxylation of 
the propyl side chain of α-PVP was catalyzed by human CYP2B6, 
CYP2C19, CYP2D6, and CYP3A4 isoforms (Sauer et al., 2009). In this 
sense, pyrovalerone cathinones such as alpha-pyrrolidinobutyro 
phenone (α-PBP), alpha-pyrrolidinopentiothiophenone (α-PVT), 
α-PHP, alpha-pyrrolidinoenanthophenone (α-PEP, PV8) and alpha- 
pyrrolidinooctanophenone (α-POP, PV9) are catalyzed by CYP 1A2, 
CYP2B6, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 resulting in pyrro
lidine, thiophene, or alkyl hydroxy metabolites based on alkyl chain 
length (Manier et al., 2018). This study reported that the CYP enzymes 
increase the affinity with the increase of alkyl chain length. CYP2C19 
and CYP2D6 are responsible for metabolizing α-PBP, while CYP1A2, 
CYP2C9, and CYP2C19 metabolized α-PVT, α-PHP, α-PEP, and α-POP.

In this sense, the metabolic function of zebrafish CYP has been 
identified and their phylogenetic and shared syntenic relationships to 
human CYPs has been examined in detail (Goldstone et al., 2010). For 
instance, a direct relationship has been established in human 
CYP1A1/1A2 and CYP3A3,4,7 activity with zebrafish CYP1A and 
CYP3C1–4 in xenobiotic metabolism processes. Moreover, the single 
zebrafish CYP1B1 gene has a structure very similar to human CYP1B1. It 
has been reported that similar than mammals, the CYP2 constitutes the 
largest CYP gene family in zebrafish. Genes CYP2Y CYP2Y3 and CYP2Y4 
share synteny with a cluster of CYP2 genes for human drug-metabolizing 
enzymes, including CYP2A6, CYP2A13, CYP2B6, CYP2F1, and CYP2S1. 
In summary, those zebrafish CYP families are probably the enzymes 
involved in pyrovalerone cathinone metabolism.

3.2.1. 4-MePPP metabolism
The structures of the metabolites, postulated from the MS/MS data 

and interpreted in correlation to those previously published in the sci
entific literature, were depicted in Fig. SM2.

As it can be seen, 4-MePPP parent compound presented a peak with a 
retention time of 6.83 min and a 218.1530 m/z value. MS/MS frag
mentation showed two intense peaks with m/z values of 147.0804 (loss 
of pyrrolidine moiety) and 119.0964 (4-methylphenone group itself).

The tentatively proposed metabolic pathway of 4-MePPP included 
hydroxylation of the pyrrolidine and/or alkyl chain moieties (M1-M4) 
with m/z values of 234.1491 at retention times of 4.27–7.53 min, with at 
least four peaks. The main fragments observed in these peaks corre
sponded to the loss of a water molecule (216.1591) and the 4-methyl
phenone group (119.0604), which discarded the presence of the 
hydroxyl group in the phenone moiety. It should be highlighted that this 
metabolite could be also assigned to a keto-oxidation in the pyrrolidine 
group and a reduction of the carboxylic group of the cathinone.

Pyrrolidinyl oxidation (+O –2H) with m/z 232.1330 has been also 
putative identified (M5). MS/MS fragments at 119.0965, corresponding 
to the 4-methylphenone group and that at 112.0861 revealed oxidation 
and dehydrogenation in the pyrrolidine ring. Moreover, late elution of 
this metabolite (10.56 min) compared to 4-MePPP agrees to the oxida
tion of the pyrrolidinyl moiety that prevents the formation of hydrogen 
bonds (Swortwood et al., 2016). This biotransformation has been 

Table 1 
Calculated LC50 values and 95 % confidence limits between brackets (mg L− 1) in Danio rerio embryos for the different second generation pyrovalerone cathinones at 
different exposure times.

Exposure time (h)

Compound 24 48 72 96

α-PHP 27.82 
(27.17–28.64)

24.45 
(24.03–24.86)

23.96 
(22.69–25.69)

22.30 
(24.50–23.29)

α-PHiP 56.37 
(53.49–59.36)

48.78 
(34.85–54.73)

45.90 
(31.24–53.39)

39.39 
(35.86–43.59)

4-MePPP 93.32 
(84.45–132.47)

76.53 
(73.54–79.86)

68.21 
(66.06–71.70)

65.62 
(64.84–68.97)

TH-PVP 11.04 
(10.49–11.69)

6.85 
(5.62–6.34)

5.32 
(5.06–5.62)

4.78 
(4.53–5.04)

0 20 40 60 80 100 
0 

25 
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TH-PVP α-PHP α-PHiP 4-MePPP 

%
 m
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y 

Concentration mg L-1

Fig. 1. Concentration-Mortality (%) curves of Danio rerio embryos exposed to 
the different evaluated compounds after 96 h of exposure in static conditions.
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Table 2 
Retention time, accurate mass, elemental composition, mass error, and observed fragmentation of the parent compounds evaluated and the tentatively identified 
metabolites.

Compound Retention time (min) [M+H+] (m/z) Elemental composition Mass error (ppm) Product ion (m/z) Elemental composition

4-MePPP 6.83 218.1542 C14H19NO+ 1.20 147.0804 C10H11O+

​ ​ ​ ​ 119.0964 C8H7O+

M1-M3 4.27–6.73 234.1491 C14H19NO2
+ 1.00 216.1591 C14H17NO+

​ ​ ​ ​ 119.0604 C8H7O+

M4 7.53 234.1495 C14H19NO2
+ 2.80 216.1591 C14H17NO+

​ ​ ​ ​ 119.0604 C8H7O+

M5 10.56 232.1335 C14H17NO2
+ 1.30 214.1433 C14H15NO+

​ ​ ​ ​ 147.0942 C10H11O+

​ ​ ​ ​ 119.0965 C8H7O+

​ ​ ​ ​ 112.0861 C6H10NO+

M6 4.60 250.1444 C14H19NO3
+ 2.50 232.1554 C14H17NO2

+

​ ​ ​ ​ 214.1430 C14H15NO+

​ ​ ​ ​ 196.1305 C14H13N+

​ ​ ​ ​ 147.0804 C10H11O+

​ ​ ​ ​ 119.0964 C8H7O+

TH-PVP 10.30 286.2164 C19H27NO+ 0.90 215.1849 C15H19O+

​ ​ ​ ​ 159.1116 C11H11O+

​ ​ ​ ​ 145.1292 C11H13
+

​ ​ ​ ​ 126.1520 C8H16N+

M’1-M’5 8.08–8.83 302.2115 C19H27NO2
+ 0.10 213.1701 C15H17O+

​ ​ ​ ​ 175.1101 C12H15O+

​ ​ ​ ​ 143.1137 C11H11
+

​ ​ ​ ​ 126.1525 C8H16N+

M’6-M’8 9.90–10.57 302.2116 C19H27NO2
+ 0.50 284.2565 C19H25NO+

​ ​ ​ ​ 159.1116 C11H11O+

​ ​ ​ ​ 145.1292 C11H13
+

M’9 8.94 300.1964 C19H25NO2
+ 2.00 229.1676 C15H17O2

+

​ ​ ​ ​ 211.1529 C15H15O+

​ ​ ​ ​ 173.0936 C11H9O2
+

​ ​ ​ ​ 126.1522 C8H16N+

M’10 10.13 318.2068 C19H27NO3
+ 1.40 300.2555 C19H25NO2

+

​ ​ ​ ​ 282.2413 C19H23NO+

​ ​ ​ ​ 264.2272 C19H21N+

​ ​ ​ ​ 159.1116 C11H11O+

​ ​ ​ ​ 145.1295 C11H13
+

M’11 9.88 232.1702 C15H21NO+ 2.60 214.2008 C15H19N+

​ ​ ​ ​ 172.1456 C12H14N+

​ ​ ​ ​ 159.1116 C11H11O+

​ ​ ​ ​ 145.1292 C11H13
+

α-PHP 13.46 246.1840 C16H23NO+ 4.40 189.1387 C12H15NO+

​ ​ ​ ​ 175.1117 C12H15O+

​ ​ ​ ​ 140.1432 C9H18N+

​ ​ ​ ​ 119.0491 C8H7O+

​ ​ ​ ​ 105.0332 C7H5O+

M’’1-M’2 13.37–13.48 262.1793 C16H23NO2
+ 2.00 244.1701 C16H21NO+

​ ​ ​ ​ 188.1075 C12H14NO+

​ ​ ​ ​ 140.1610 C9H18N+

​ ​ ​ ​ 107.0628 C7H7O+

​ ​ ​ ​ 105.0465 C7H5O+

M’’3 13.91 278.1740 C16H23NO3
+ 3.20 260.1641 C16H21NO2

+

​ ​ ​ ​ 242.1532 C16H19NO+

​ ​ ​ ​ 174.1512 C12H14O+

​ ​ ​ ​ 105.0332 C7H5O+

M’’4 13.39–13.87 260.1646 C16H21NO2
+ 1.50 242.1844 C16H19NO+

​ ​ ​ ​ 175.1349 C12H15O+

​ ​ ​ ​ 157.1207 C12H13
+

​ ​ ​ ​ 105.0464 C7H5O+

α-PHiP 8.10 246.1852 C16H23NO+ 0.80 188.1137 C12H14NO+

​ ​ ​ ​ 140.1418 C9H18N+

​ ​ ​ ​ 119.0482 C8H7O+

​ ​ ​ ​ 105.0323 C7H5O+

M*2 8.84 262.1810 C16H23NO2
+ 0.23 157.1012 C9H19NO+

​ ​ ​ ​ 105.0330 C7H5O+

M*3 7.50 262.1798 C16H23NO2
+ 0.20 244.1670 C16H21NO+

​ ​ ​ ​ 188.1067 C12H14NO+

​ ​ ​ ​ 156.1374 C9H18NO+

​ ​ ​ ​ 119.0488 C8H7O+

​ ​ ​ ​ 105.0323 C7H5O+

M*4 6.83 262.1784 C16H23NO2
+ 0.23 205.1099 C12H14NO2

+

​ ​ ​ ​ 140.1431 C9H18N+

​ ​ ​ ​ 121.0486 C8H9O+

​ ​ ​ ​ 107.0485 C7H7O+

M*5 7.52–7.61 264.1959 C16H25NO2
+ 0.34 246.1847 C16H23NO+

(continued on next page)
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previously reported in pyrrolidinyl-containing molecules (Vickers and 
Polsky, 2000).

Finally, a tentative metabolite M6 with a retention time of 6.67 min, 
and a m/z value of 250.1444, suggested a dihydroxylation of 4-MePPP. 
Fragment ions at 119.0964 and 147.0804, suggested that dihydrox
ylation is not occurring in the phenone moiety.

3.2.2. TH-PVP metabolism
Figure 2 shows the tentative metabolic pathway of the TH-PVP and 

Fig. 3 shows the chromatograms, the exact mass of the pseudo-molecular 
ions and characteristic fragments of the parent compound and its 
tentatively proposed metabolites in early zebrafish after 24 h of 
exposure.

As it can be seen, TH-PVP parent compound presented a peak with a 
retention time of 10.30 min and a m/z value of the protonated species of 
286.2124. The most intense fragment ions included 215.1849 (pyrroli
dine ring loss), 159.1116 (phenone group), and 145.1292 (5,6,7,8-tet
rahydronaphthalen-2-yl group).

Monohydroxylated metabolites (M’1-M’5) presented the most 
intense metabolite signals with m/z 302.2120 (Δm = 0.10 ppm). Hy
droxylation of the 5,6,7,8-tetrahydronaphthalene moiety were tenta
tively proposed after observation of the fragments at 143.1137 and 
175.1101 corresponding to C11H11

+ and C11H11O2
+, respectively. Phenyl 

moiety hydroxylation of the has been reported for 3F-α-PVP (Carlier 
et al., 2022) and 4F-α-PVP and α-PHP (Carlier et al., 2021) with human 
hepatocytes.

Additionally, monohydroxylated metabolites (M’6-M’8) with m/z 
302.2120 (Δm = 0.50 ppm) at alkyl chain and pyrrolidine ring moieties 

were tentatively proposed after observation of the fragments at 
159.1116 and 145.1292, also present in the molecule of TH-PVP, indi
cating that hydroxylation is not related to the 5,6,7,8-tetrahydronaph
thalene moiety. Moreover, hydroxylation of the alkyl chain, 
pyrrolidine, and methylenedioxyphenyl moieties has been also proposed 
as metabolites of methylenedioxypyrovalerone (MDPV), a TH-PVP 
related compound (Negreira et al., 2015).

5,6,7,8-tetrahydronaphthalene moiety oxidation or hydroxylation 
and dehydrogenation (+O –2H) with m/z 300.1960 (Δm = 2.00 ppm) 
has been also identified (M’9) with a retention time of 8.94 min. It has 
been tentatively proposed after observation of the fragment 173.0936 
corresponding to the formula C11H9O2

+, which indicates that the second 
oxygen is attached to the 5,6,7,8-tetrahydronaphthalene moiety. A 
dihydroxylated metabolite signal (M’10) appearing at 10.13 min and m/ 
z 318.2064 has been also identified as a TH-PVP metabolic trans
formation, similar to α-PHP and 4F-α-PVP (Carlier et al., 2021). The 
presence of only one peak and the fragments at 159.1116 and 145.1292, 
also present in the molecule of TH-PVP, suggested that only dihydrox
ylation in the pyrrolidinyl moiety was obtained.

M’11, with a retention time of 9.88 min and m/z 232.1695 (Δm =

(2.60 ppm), could be due to the conversion/opening of the pyrrolidine 
ring to a primary amine. An analogue of this metabolite was reported for 
the metabolism of α-PVP in human liver microsomes (Tyrkkö et al., 
2013) and in rat urine (Sauer et al., 2009).

3.2.3. α-PHP metabolism
According to the obtained MS/MS data and information of previ

ously published papers, the molecular structure of the α-PHP 

Table 2 (continued )

Compound Retention time (min) [M+H+] (m/z) Elemental composition Mass error (ppm) Product ion (m/z) Elemental composition

​ ​ ​ ​ 228.1724 C16H21N+

​ ​ ​ ​ 186.1278 C13H16N+

​ ​ ​ ​ 174.1275 C12H14O+

​ ​ ​ ​ 118.0491 C8H7O+

M*6-M*7 7.36–7.76 278.1750 C16H23NO3
+ 0.25 260.1634 C16H21NO2

+

​ ​ ​ ​ 242.1541 C16H19NO+

​ ​ ​ ​ 186.0914 C12H12NO+

​ ​ ​ ​ 174.1275 C12H14O+

​ ​ ​ ​ 157.0995 C12H13
+

​ ​ ​ ​ 105.0335 C7H5O+

M*8 11.35 260.1646 C16H21NO2
+ 0.30 242.1541 C16H19NO+

​ ​ ​ ​ 224.1391 C16H17N+

​ ​ ​ ​ 175.1118 C12H15O+

​ ​ ​ ​ 157.1007 C12H13
+

​ ​ ​ ​ 129.0692 C10H9
+

​ ​ ​ ​ 105.0331 C7H5O+

M*9 11.13 276.1599 C16H21NO3
+ 0.50 205.0951 C12H13O3

+

​ ​ ​ ​ 177.0901 C11H13O2
+

​ ​ ​ ​ 105.0322 C7H5O+

Fig. 2. Tentative metabolic pathway proposed for TH-PVP using early zebrafish larvae.
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Fig. 3. Exact mass of the pseudo-molecular ions, the characteristic fragments of the parent compound, TH-PVP, and its detected metabolites and the LC-HRMS/MS 
chromatograms after 24 h zebrafish larvae incubation.
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metabolites was tentatively proposed. Fig. SM3 shows the chromato
grams, the exact mass of the pseudo-molecular ions and characteristic 
fragments of the parent compound and its detected metabolites.

As it can be seen, α-PHP parent compound presented a peak at 
13.46 min with an m/z value of 246.1840. Major fragments were ob
tained at m/z 105.0332 and 140.1610, corresponding to the breakage of 
the molecule at the carbon adjacent to the ketone group. Other minor 
fragment at m/z 175.1117, corresponding to the loss of the pyrrolidinyl 
moiety was observed.

Monohydroxylated metabolite (M′’1-M’’2), with retention times 
from 13.37 to 13.48 min at m/z 262.1793 (Δm = 2.0 ppm), was the most 
intense observed signal. It is confirmed by a +15.9950 Da mass shift 
from the parent and the intense fragment at m/z 244.1693 due to a water 
loss. Fragment ions at m/z 105.0335, 140.1432 and 188.1075, indicated 
that the transformation occurred in the alkyl chain, but the exact posi
tion can not be determined.

Metabolite M’’3 (dihydroxy- α-PHP), at a m/z 278.1740 and two 
water losses (260.1641 and 242.1532) suggested a dihydroxylation 
(+2O) of α-PHP. Once again, fragment ions at m/z 105.0334, and 
174.1512 indicated that both hydroxylations occurred in the alkyl 
chain.

M’’4 presented a retention time of (13.39–13.87) with a m/z value of 
260.1646. The higher retention time than that of the parent compound, 
and the presence of fragments m/z 105.0464, and 175.1349, suggest 
that the oxidation of the pyrrolidinyl ring has occurred (Swortwood 
et al., 2016).

Phase II glucuronidations were not observed, in accordance with 
previous studies of α-PHP analogues performed in vitro and in vivo 
(Swortwood et al., 2016).

3.2.4. α-PHiP metabolism
Fig. SM4 shows the tentative metabolic pathway of the α-PHiP ob

tained from the chromatograms of the zebrafish medium and those of 

the larvae extracted following the recommended procedure (see 
Fig. SM5 and Table 2). In those chromatograms it can be observed the 
parent compound and metabolites formed in early zebrafish after 24 h of 
exposure.

α-PHiP presented a retention time of 8.10 min and an m/z value of 
246.1852. The most intense fragment peaks were those at m/z 
188.1137, corresponding to the dealkylation, at 140.1418, due to the 
loss of phenone group, at 105.0335 due to the phenone group itself, and 
119.0491 corresponding to the methylphenone group.

As it can be seen in Fig. SM7, hydroxylation of the isoalkyl chain and 
the pyrrolidine group was observed (M*2-M*3) with an m/z value of 
262.1810 and 262.1798, respectively. Metabolite M*2 corresponds to 
the mono-hydroxylation of the pyrrolidine moiety of α-PHiP, which is 
supported by the fragments at 157.1012 and 105.0330. On the other 
hand, M*3 could be assigned to the alkyl chain hydroxylation, based on 
the fragment at 188.1067 (C12H14NO•). Other MS/MS fragments 
included m/z 244.1670, a water loss, m/z 156.1374, 119.0488 and 
105.0323, supported the hydroxylation of alkyl chain of α-PHiP. Addi
tionally, M*4 with an m/z value of 262.1784 and a retention time of 
6.83 min, corresponded to a ß-keto reduction and oxidation of the pyr
rodinyl moiety of α-PHiP. Fragments at m/z 121.0486 and 107.0485 
suggests the formation of the benzyl alcohol moiety.

Metabolite M*5 with m/z 264.1959 (C16H25NO2) presented a peak at 
7.52–7.61 min as a result of ß-keto reduction and mono-hydroxylation at 
the alkyl chain of α-PHiP. Hydroxylation of the alkyl chain is supported 
by an intense loss of water (246.1847) and a less intense loss of a second 
water molecule (228.1724). Hydroxylation of the alkyl chain is also 
corroborated by the fragment at m/z 174.1275, corresponding to the 
loss of C4H9O•. Additionally, the low abundance of m/z 105 is in 
accordance to the reduction of the ß-keto moiety. Hydroxylation of the 
pyrrolidine group has been reported for the α-PHiP metabolism with 
human hepatocytes (Kemenes et al., 2023).

Metabolite M*6–7 (m/z 278.1750, C16H23NO3, mass error: 

Fig. 3. (continued).
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0.25 ppm) could be due to the formation of an aldehyde in the pyrro
lidine ring after the oxidation and hydroxylation. It is corroborated by a 
high intense fragment due to the loss of water, at m/z 260.1634, due to a 
secondary alcohol, a further minor loss of water at m/z 242.1541. The 
fragments at m/z 174.1275 and 105.0335, corresponding to the ketone- 
phenyl moiety, indicated that changed occurred at the pyrrodinil group. 
An analogue metabolite has been previously reported for α-PVP 
(Negreira et al., 2015).

Other less intense metabolite peaks were obtained at m/z values 
260.1646 (M*8) and 276.1595 (M*9), corresponding to the oxidation of 
the pyrrolidine moiety and carboxylation of the alkyl chain, respec
tively. MS/MS spectra of M*8 was characterized by two water losses 
(242.1541 and 224.1391), a fragment at m/z 175.1118 (ß-keto back
bone), and an additional loss of water from C12H15O+ to provide the 
fragment at 157.1007. This signature was also observed in similar 
compounds such as 2″-oxo-α-PVP (Shima et al., 2014). Finally, M*9, the 
carboxylated metabolite, was characterized by fragment ions at 
205.0815 (pyrrolidine ring loss) and 177.0901 (additional CO loss).

3.3. Correlation of LC50 values from zebrafish larvae with mammalian 
species

Previous studies have demonstrated a direct correlation between 
LC50 obtained from early stages zebrafish, scored at 96 hpf, and rat, 
mouse, and rabbit species LC50 inhalation values (slope value: 0.74) 
(Ducharme et al., 2015). In other study, zebrafish embryo log LC50 
values were compared with rodent log LD50 obtained from the literature 
(Ali et al., 2011). Thus, using the correlations proposed in those articles, 
and considering the LC50 obtained in our study, it could be estimated the 
LC50 inhalation values in mammals following reference (Ducharme 
et al., 2015) and the rodent LD50 according to reference (Ali et al., 2011) 
(see Table 3). As it can be seen in Table 3, LC50 inhalation values in 
mammals and the rodent LD50 ranged from 3.51 to 57.09 mg kg− 1. From 
the evaluated synthetic cathinones, TH-PVP proved to be the most toxic, 
whereas 4-MePPP was the less toxic. It is in accordance with previously 
published data, where it is stated that the presence of a longer α-alkyl 
side chains is related to enhanced potency to inhibit DAT (IC50 0.06 µM 
for α-PHP versus 0.75 µM for 4-MePPP) (Kolaczynska et al., 2021). 
There is no published LC50 or LD50 values for the studied compounds. 
However, the obtained values have been compared with those of similar 
compounds. For instance, the LD50 of α-PVP administered to mice is 
38.5 mg kg− 1 (EMCDDA, 2016). LD50 for mephedrone is 
119–143 mg kg− 1 in mice (Serefko et al., 2022). LD50 values for meth
amphetamine and 3,4-methylenedioxymethamphetamine (MDMA) 
were 84.5 and 100.9 mg kg− 1 in mice (Muskiewicz et al., 2020). In this 
study, the LD50 value obtained for methyl-methcathinone was 
118.8 mg kg− 1 and related compounds, such as cathinone, methcathi
none and 3,4-methylenedioxypyrovalerone (MDPV) presented limited 
lethality, so LD50 values could not be calculated. Other study, reported a 
LD50 value of 43.2 mg kg− 1 for methamphetamine in mice (Ginawi 
et al., 1997). The LD50 of amphetamine was 23.3 mg kg− 1 administered 
orally and 5.9 mg kg− 1 intravenously (Zalis et al., 1964).

Finally, LD50 values of other drugs have been reported, including 
heroin (21.8 mg kg− 1 in mice and 22.5 mg kg− 1 in rat, cocaine 
(16 mg kg− 1 in mice and 17.5 mg kg− 1 in rat), Δ9-tetrahydrocannabinol 
(THC) (482–666 mg kg− 1 in rat), nicotine (3.34 mg kg− 1 in mice and 
50 mg kg− 1 in rat) and amphetamine (21 mg kg− 1 in mice and 
30 mg kg− 1 in rat) (Lachenmeier and Rehm, 2015).

4. Conclusions

For the first time, LC50 of α-PHP, α-PHPiP, 4-MePPP and TH-PVP, has 
been obtained using zebrafish larvae. All the tested substances exhibited 
an increase of the acute toxicity with exposure time and, as it can be 
derived from the acute toxicity experiments, the embryo chorion did not 
act as a barrier for this kind of abuse substances. From the evaluated 

synthetic cathinones, TH-PVP proved to be the most toxic, whereas 4- 
MePPP was the least toxic. Moreover, from the obtained LC50 in zebra
fish embryos scored at 96 hpf, LC50 values of other rodent species can be 
estimated using previous correlation studies. On the other hand, the 
metabolism of these compounds has been studied using early zebrafish 
larvae. The results showed that hydroxylation and dihydroxylation can 
be considered the main metabolic pathways, although depending of the 
cathinone studied, other metabolites can be found.

In summary, the obtained results have demonstrated that the 
zebrafish embryo toxicity test can be considered as a powerful, simple 
and effective tool for assessing the acute toxicity of these psychoactive 
substances as well as to evaluate the metabolism of this type of sub
stances, selecting the most appropriate analytical target to evaluate 
human abuse.
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Arnau, R., 2023. First-generation synthetic cathinones produce arrhythmia in 
zebrafish eleutheroembryos: a new approach methodology for new psychoactive 
substances cardiotoxicity evaluation. Int. J. Mol. Sci. 24 (18), 13869. https://doi. 
org/10.3390/ijms241813869.

Tscharke, B.J., Chen, C., Gerber, J.P., White, J.M., 2016. Temporal trends in drug use in 
Adelaide, South Australia by wastewater analysis. Sci. Total Environ. 565, 384–391. 
https://doi.org/10.1016/j.scitotenv.2016.04.183.
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