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Abstract
3,4-Methylenedioxypyrovalerone (MDPV) is consumed worldwide, despite its potential to cause toxicity in several organs 
and even death. There is a recognized need to clarify the biological pathways through which MDPV elicits general and 
target-organ toxicity. In this work, a comprehensive untargeted GC–MS-based metabolomics analysis was performed, aiming 
to detect metabolic changes in putative target organs (brain, heart, kidneys and liver) but also in urine of mice after acute 
exposure to human-relevant doses of MDPV. Male CD-1 mice received binge intraperitoneal administrations of saline or 
MDPV (2.5 mg/kg or 5 mg/kg) every 2 h, for a total of three injections. Twenty-four hours after the first administration, 
target organs, urine and blood samples were collected for metabolomics, biochemical and histological analysis. Hepatic and 
renal tissues of MDPV-treated mice showed moderate histopathological changes but no significant differences were found 
in plasma and tissue biochemical markers of organ injury. In contrast, the multivariate analysis significantly discriminated 
the organs and urine of MDPV-treated mice from the control (except for the lowest dose in the brain), allowing the iden-
tification of a panoply of metabolites. Those levels were significantly deviated in relation to physiological conditions and 
showed an organ specific response towards the drug. Kidneys and liver showed the greatest metabolic changes. Metabolites 
related with energetic metabolism, antioxidant defenses and inflammatory response were significantly changed in the liver 
of MDPV-dosed animals, while the kidneys seem to have developed an adaptive response against oxidative stress caused 
by MDPV. On the other hand, the dysregulation of metabolites that contribute to metabolic acidosis was also observed in 
this organ. The heart showed an increase of fatty acid biosynthesis, possibly as an adaptation to maintain the cardiac energy 
homeostasis. In the brain, changes in 3-hydroxybutyric acid levels may reflect the activation of a neurotoxic pathway. How-
ever, the increase in metabolites with neuroprotective properties seems to counteract this change. Metabolic profiling of 
urine from MDPV-treated mice suggested that glutathione-dependent antioxidant pathways may be particularly involved 
in the compensatory mechanism to counteract oxidative stress induced by MDPV. Overall, this study reports, for the first 
time, the metabolic profile of liver, kidneys, heart, brain, and urine of MDPV-dosed mice, providing unique insights into 
the biological pathways of toxicity. Our findings also underline the value of toxicometabolomics as a robust and sensitive 
tool for detecting adaptive/toxic cellular responses upon exposure to a physiologically relevant dose of a toxic agent, earlier 
than conventional toxicity tests.
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Introduction

3,4-Methylenedioxypyrovalerone (MDPV), a pyrrolidi-
nophenone analogue of 3,4-methylenedioxymethampheta-
mine (MDMA) (Valente et al. 2014) (Fig. 1), is one of the 
most commonly abused synthetic cathinones, especially 
by young users (EMCDDA 2019) and is involved in an 
increasing number of acute intoxications and fatal cases 
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(Borek and Holstege 2012; Murray et al. 2012; Kesha et al. 
2013; Gavriilidis et al. 2015). MDPV users typically pre-
sent sympathomimetic and neuropsychiatric manifestations 
(Froberg et al. 2015), but consumption of excessive doses 
may lead to a severe multi-organ dysfunction, affecting the 
brain, kidneys, heart and liver (Borek and Holstege 2012; 
Gavriilidis et al. 2015; Creagh et al. 2018). In recent years, 
conventional in vitro toxicological studies, using hepatic 
(Valente et al. 2016a, b; Luethi et al. 2017; Araujo et al. 
2020), renal (Vaz et al. 2020), and neuronal (Valente et al. 
2017a, b; Leong et al. 2020) cells, revealed that oxidative 
stress and mitochondrial dysfunction are prominent factors 
in MDPV-induced cellular toxicity. However, the underly-
ing molecular mechanisms of the systemic toxicity are still 
unclear. Therefore, the use of modern analytical tools will 
allow to obtain a holistic frame shot of the metabolic state of 
the organism and, thus, reveal unforeseen biological effects 
of this psychoactive substance.

Toxicometabolomics is a branch field of metabolomics 
research that has been shown to be a powerful tool to evalu-
ate the mode of action and toxicological effects of challeng-
ing conditions (Bouhifd et al. 2013; Ramirez et al. 2013). 
Toxicometabolomics is basically a high-throughput proce-
dure for detecting fluctuations in quantity and identity of 
low-molecular weight metabolites (< 1500 Da) in biological 
systems, which occur at a given time in response to a specific 
stimulus (Lindon et al. 2006). While classical biochemical 
approaches often focus on a single metabolite or metabolic 
reaction and their kinetic properties (Kaddurah-Daouk et al. 
2008), toxicometabolomics involves the simultaneous study 
of a wide spectrum of metabolites, allowing a global view of 
system perturbations and a better correlation with the organ-
ism’s phenotype (Zhang et al. 2012; Iruzubieta et al. 2015). 
Toxicometabolomics is a versatile approach with multiple 
potential applications, namely in the construction of toxicity 
prediction models, in the mapping of toxicity-related path-
ways and consequently in the understanding of the modes 

of action of xenobiotics, in the screening of drug-induced 
cellular or organ toxicity, and also in the discovery of new 
biomarkers (Bouhifd et  al. 2013; Ramirez et  al. 2013). 
Although toxicometabolomics potentialities has already 
been extensively applied in the study of several xenobiotics 
such as pesticides, chemical carcinogens, anticancer drugs, 
antibiotics, among others (Beger 2013; Wang and Wu 2015; 
Vincent et al. 2016), its specific use in the drugs of abuse 
field is still little explored (Zaitsu et al. 2016; Manier et al. 
2020). Nevertheless, it can offer “a more realistic view of the 
toxicological complexity” involved in those drugs (Dinis-
Oliveira 2014).

In this work, an untargeted metabolomics strategy 
was carried out, together with conventional biochemical 
and histological analysis, to provide, for the first time, a 
more comprehensive metabolic profiling shift in multiple 
organs (brain, heart, kidneys and liver) and urine of mice 
in response to acute MDPV exposure. The main goal of this 
study was to obtain a comprehensive view of the general 
(urine) and specific-organ changes that occur in vivo and, 
thus, elucidate the metabolic pathways of toxicity elicited 
by MDPV. Considering the high complexity of the metabo-
lome, given the diversity of metabolites with differences in 
molecular weight, polarity, solubility, volatility and concen-
trations, the use of a single analytical platform is insufficient 
to cover all metabolic information. However, due to its high 
sensitivity, selectivity and reproducibility (Zhang et al. 2012, 
2016), gas chromatography coupled to mass spectrometry 
(GC–MS) was the analytical platform selected for our toxi-
cometabolomics approach.

Materials and methods

Chemicals

All chemicals and reagents were of analytical grade or 
of the highest grade available. 2-Vinylpyridine (≥ 97%), 
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, ≥ 98%), 
adenosine-5 ′-tr iphosphate disodium salt hydrate 
(ATP, ≥ 99%), ß-nicotinamide adenine dinucleotide 2′-phos-
phate-reduced tetrasodium salt hydrate (β-NADPH), bovine 
serum albumin (BSA, ≥ 96%), desmosterol (≥ 84%), d-lucif-
erin sodium salt, ethylenediaminetetraacetic acid (EDTA), 
glutathione reductase from baker’s yeast (S. cerevisiae), 
Hank’s balanced salt solution (HBSS), l-glutathione-
oxidized disodium salt (GSSG, ≥ 98%), l-glutathione 
reduced (GSH, ≥ 98%), luciferase from Photinus pyra-
lis (firefly), methoxyamine hydrochloride (≥ 98%), N,O-
bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlo-
rosilane (BSTFA + 1% TMCS), paraformaldehyde, sodium 
chloride (NaCl, ≥ 99.5%) and all standards used throughout 
the work were obtained from Sigma-Aldrich (St. Louis, 

Fig. 1  Chemical structure of MDMA and its pyrrolidinophenone ana-
logue, MDPV
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Missouri, USA). Chloroform, methanol (≥ 99.9%) and pyri-
dine (≥ 99%) were obtained from VWR (Leuven, Belgium). 
Cupper (II) sulfate, Folin–Ciocalteu reagent, perchloric acid 
 (HClO4), potassium hydrogen carbonate  (KHCO3), sodium 
carbonate  (Na2CO3) and sodium hydroxide (NaOH) were 
purchased from Merck (Darmstadt, Germany). Eosin 1% 
aqueous was purchased from Biostain (Traralgon, Australia) 
and Harris hematoxylin from Harris Surgipath (Richmond, 
IL, USA). Isoflurane  (Isoflo®) was obtained from Abbott 
(North Chicago, IL, USA).

MDPV (IUPAC name: (R/S)-1-(Benzo[d][1,3]dioxol-5-
yl)-2-(pyrrolidin-1-yl)pentan-1-one) hydrochloride was pur-
chased online from the Sensearomatics website (www.sense 
aroma tics.eu, website currently unavailable) during Febru-
ary 2016 and was fully characterized by mass spectrometry 
and elemental analysis presenting a purity of 99.5% (Araujo 
et al. 2020).

Animals

Thirty-nine adolescent (7–9 weeks old) male CD-1 mice 
(i3S Laboratories, Porto, Portugal) were housed in ster-
ile facilities in a controlled environment (temperature of 
22 ± 2 °C, humidity of 60 ± 10% and 12-h light/dark cycles) 
and had ad libitum access to water and standard rodent chow. 
The animals had permanent veterinary supervision and all 
procedures were carried out to give the proper animal care 
and reduce suffering and stress according to the guidelines 
defined in Portuguese (Decree-Law nº113/2013, of August 
7th) and European legislation (Directive 2010/63/EU) on the 
protection of animals used for scientific purposes. Moreover, 
the study protocol was approved by the Ethical Committee 
for Animal Experimentation of the Faculty of Pharmacy of 
University of Porto (protocol number P158/2016) and by the 
Portuguese National Authority for Animal Health (reference 
number 0421/000/000/2017).

Study design

Before starting the experiments, animals were allowed to 
adapt to the environmental conditions of the vivarium for a 
week, being kept in groups of three or four animals per cage 
to develop conspecific social interactions. On the administra-
tions day, animal groups were randomly assigned to three 
experimental conditions (n = 13 each), and a binge regi-
men of 0.9% saline solution (control), 2.5 mg/kg or 5 mg/
kg of MDPV was administered, via intraperitoneal injec-
tion, every 2 h for a total of three injections. Two different 
stock solutions of MDPV (0.5 mg/mL and 1 mg/mL) were 
prepared in sterile 0.9% saline solution as to assure that the 
administered volumes were within the same range in both 
the groups. In all the cases, administrations were made alter-
nately on different sides of the abdomen (left/right/left) to 

avoid suffering. According to the allometric scaling princi-
ples (Beck et al. 2014), the doses chosen (2.5 mg/kg or 5 mg/
kg) are approximately equivalent to 20 or 40 mg in a 50 kg 
human, respectively, being within the levels typically used 
by MDPV consumers (EMCDDA 2014). Furthermore, this 
binge dosing protocol is intended to mimic the dose sched-
ule used by humans, as MDPV has a short half-life (t1/2: 
79–99 min, after intraperitoneal MDPV administration) and, 
therefore, users tend to repeat consumptions to prolong the 
desired effects (Novellas et al. 2015; Baumann et al. 2017).

After the first dosing and for the 24-h experimental 
period, animals were housed individually in metabolic cages, 
to allow collection of urine separately from the feces. Food, 
water and animal weight were evaluated at the beginning 
(before the first injection) and at the end of the experiments 
(24 h after first injection).

Sample collection

Twenty-four hours’ urine samples from all animals (n = 13 
per group) were collected and placed on ice, centrifuged 
(3220 ×g, 20 min, 4 °C), being the supernatants aliquoted 
and frozen at − 80 °C until use.

Animals were anesthetized with isoflurane and blood 
was withdrawn from the inferior vena cava using a heparin-
coated syringe and added to sterile tubes. Blood samples 
were centrifuged (910 ×g, 10 min, 4 °C), and plasma was 
saved and immediately stored at − 80 °C until analysis.

Immediately after blood collection animals were killed by 
exsanguination under anesthesia, and the liver was perfused 
with 10 mL of an ice-cold 0.9% saline solution via inferior 
vena cava–portal vein, to remove all blood as suggested by 
Ly-Verdu et al. (2014). Then, the organs of interest (brain, 
heart, kidneys and liver) were harvested, rinsed with ice-cold 
0.9% saline solution and weighted.

Small sections (approximately 5  mm3) of the organs col-
lected from three mice of each group were fixed in paraform-
aldehyde for 24 h and subsequently processed for histologi-
cal analysis, as it will be described below. The remaining 
portions of the liver, kidneys, and heart of these animals 
were homogenized in a phosphate buffer  (KH2PO4 0.1 M, 
pH 7.4) with an Ultra-Turrax homogenizer. The homogen-
ate was treated with 10% perchloric acid (1:1, 5% final acid 
concentration) to precipitate proteins. Brain was homoge-
nized directly in 5% of perchloric acid. A centrifugation step 
was performed (16,000 ×g, 10 min, 4 °C) and the resulting 
acidic supernatants were divided into aliquots and imme-
diately frozen at − 20 °C for total glutathione (tGSH) and 
oxidized glutathione (GSSG) or at − 80 °C for adenosine-
5′-triphosphate (ATP) quantification. The pellet was kept at 
− 20 °C for protein determination. All these procedures were 
performed in ice-cold tubes.

http://www.sensearomatics.eu
http://www.sensearomatics.eu
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For metabolomic studies, the remaining 10 animals from 
each group were used. Their organs were immediately frozen 
in an ice-cold isopropanol bath to stop the metabolism and 
stored at − 80 °C until analysis (Smith et al. 2020). For this 
specific study, we decided to analyze each organ as a whole, 
to minimize the biological variability between samples due 
to cellular heterogeneity (Want et al. 2013).

Evaluation of plasma biochemical parameters

Quantification of aspartate transaminase (AST), alanine 
transaminase (ALT), alkaline phosphatase (ALP), lactate 
dehydrogenase (LDH), creatine kinase myocardial band 
(CK-MB), total CK, creatinine, uric acid and urea in plasma 
were performed on a Prestige 24i AutoAnalyzer (PZ Cor-
may, S.A., Poland) as previously described by Costa et al. 
(2015).

Measurement of ATP, tGSH and GSSG levels

ATP levels were quantified in all organs under study (brain, 
heart, kidneys and liver) by a bioluminescence assay based 
on the generation of light using the firefly luciferin–lucif-
erase system as previously described in detail by Valente 
et al. (2016b). For the tGSH and GSSG quantification, the 
DTNB-GSSG reductase recycling assay was used (Valente 
et al. 2016b). The levels of GSH were calculated by the for-
mula [GSH] = [tGSH] − 2 × [GSSG]. For all conventional 
toxicological assays, data were obtained from three inde-
pendent experiments, run in duplicate and were normalized 
to the total protein content of each sample, measured by the 
Lowry method (Lowry et al. 1951).

Histological analysis

Routine histological procedures for semi-quantitative 
structural analysis of liver and kidneys of control and 
MDPV-dosed animals were performed in three mice from 
each group according to previously published procedures 
(Dores-Sousa et al. 2015). Regarding the heart and brain, 
histological analyzes were not performed because it was not 
possible to obtain representative fragments for study. Briefly, 
fragments of each organ were fixed in 4% paraformalde-
hyde, dehydrated in graded concentrations of ethanol and 
subsequently embedded in paraffin wax. Five-micrometers 
sections were made using a manual rotary microtome Leica 
RM2125 (Leica Biosystems, Wetzlar, Germany), stained 
with hematoxylin and eosin (HE) and then examined and 
photographed with an AxioCam MRc 5 digital Cam-
era coupled to a Carl Zeiss Imager A1 light microscope 
(Oberkochen, Germany). Each organ yielded two slides 
containing four tissue sections.

Histopathological evidences of tissue damage were 
assessed in each fragment taking into account the severity 
and incidence, according to the following parameters: (i) cel-
lular degeneration, (ii) necrotic zones, (iii) interstitial inflam-
matory cell infiltration, and (iv) loss of tissue organization. 
The severity of cellular degeneration was scored according 
to the number of cells that showed alterations (dilatation, 
vacuolization, pyknotic nuclei and cellular density) in the 
visual field of light microscopy as: 0 = no change from nor-
mal; 1 = a limited number of isolated cells (until 5% of the 
total cell number); 2 = groups of cells (5–30% of cell total 
number), and 3 = diffuse cell damage (> 30% of total cell 
number). The severity of necrosis was semi-quantitatively 
scored as follows: 0 = no necrosis; 1 = dispersed necrotic 
foci; 2 = confluent necrotic areas; and 3 = massive necrosis. 
In turn, inflammatory activity was categorized into: 0 = no 
cellular infiltration; 1 = mild leukocyte infiltration (1–3 cells 
per visual field); 2 = moderate infiltration (4–6 leukocytes 
per visual field); and 3 = heavy infiltration by neutrophils. 
Finally, tissue disorganization was scored according to 
the percentage of the affected tissue: 0 = normal structure; 
1 = less than one-third of tissue; 2 = greater than one-third 
and less than two-thirds; and 3 = greater than two-thirds of 
tissue.

Statistical analysis used in conventional biological, 
biochemical and histological parameters

For biological, biochemical and histological parameters, 
results are presented as mean ± standard deviation (SD). 
The existence of possible outliers was assessed by the 
ROUT test (Q = 1%) (Motulsky and Brown 2006), but 
none were identified and, therefore, all samples were main-
tained in subsequent statistical analyses. Before compari-
sons between groups, the D’Agostino and Pearson omnibus 
normality test was performed to assess the normal distri-
bution of data. Subsequently, statistical comparisons were 
performed through one-way ANOVA analysis, followed by 
Tukey’s multiple comparison test (for normal distribution) 
or Kruskal–Wallis test followed by the Dunn’s post hoc test 
(for non-normal distribution). All statistical analyzes were 
performed using GraphPad Prism, version 8 (San Diego, 
CA, USA), with p values lower than 0.05 being considered 
statistically significant.

Sample preparation for metabolomics analysis

The entire  frozen organs were placed into pre-cooled 
tubes containing ceramic beads (2.8-mm diameter). For 
each 10 mg of organ, 150 µL of ultra-pure water was 
added and samples were then subjected to three cycles of 
8 m/s for 30 s, with 30-s intervals, in a Bead Ruptor 12 
Homogenizer (OmniInternational, NW Kennesaw, USA). 
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Thereafter, 300 µL of each organ homogenate was trans-
ferred to an Eppendorf tube, where 1200 µL of an ice-cold 
solvent solution (MeOH:CHCl3, 3:1) was added.

Urine samples were thawed on ice immediately before 
use and then, 50 µL of sample was mixed with 500 µL of 
an ice-cold solvent solution (MeOH:H2O:CHCl3, 3:1:1).

Samples (organs and urine) were shaken at 290 ×g for 
30 min on ice to improve the extraction efficiency and 
were subsequently centrifuged (16,000 ×g, 10 min, 4 °C). 
The entire supernatant (organic and aqueous phase) was 
carefully transferred to a glass vial and evaporated to 
dryness at room temperature under a gentle static stream 
of nitrogen. For derivatization, 50 µL of methoxyamine 
hydrochloride in pyridine (15 mg/mL) was added to the 
samples and incubated for 60 min at 70 °C. Then, 100 µL 
of BSTFA with 1% TMCS were added, and the mixture 
kept for 60 min at room temperature. The obtained deri-
vatized residues were transferred to autosampler vials for 
subsequent GC–MS analysis.

To evaluate GC–MS performance and method reproduc-
ibility, quality control (QC) samples were prepared, for 
each matrix, by mixing equal volumes of all samples. QCs 
were extracted and derivatized using the same protocol 
applied for samples.

Chromatographic and mass spectrometry 
conditions

A EVOQ 436 GC system (Bruker Daltonics, Fre-
mont, CA) coupled to a SCION Triple Quadrupole 
mass detector, with a capillary column Rxi-5Sil MS 
(30 m × 0.25 mm × 0.25 µm) from RESTEK was used for 
the analysis of endogenous metabolites. Two microliters of 
sample were injected in split mode (ratio 1:20) and helium 
C-60 (Gasin, Portugal) was used as the carrier gas at a 
constant flow rate (1.0 mL/min). The injector port was 
heated at 250 °C (held for 20 min). The oven temperature 
was fixed at 70 °C for 2 min, then increasing to 250 °C 
(rate 15 °C/min), held for 2 min, followed by an increase to 
300 °C (rate 10 °C/min) and held for 5 min. Total chroma-
tographic run time was 26 min. The MS detector was oper-
ated in EI mode (70 eV). The temperature of transfer line, 
manifold and EI were 280 °C, 40 °C and 270 °C, respec-
tively. Data acquisition was performed in full scan mode 
with a mass range between 50 and 500 m/z at a scan rate 
of 8 scans/s. For each matrix, a QC sample was repeatedly 
analyzed under the same chromatographic conditions, one 
every five samples. To avoid analytical bias, each matrix 
was analyzed as a single batch, and sample preparation and 
data acquisition were randomized. Each time the analysis 
of a new matrix was started, the instrument was cleaned, 
calibrated and conditioned.

Data pre‑processing and statistical analysis

All GC–MS files were converted to the CDF file format and 
then data matrices were built using the software MZmine 
2.23 (Pluskal et al. 2010). The parameters applied in pre-
processing steps (crop filtering, baseline correction, peak 
detection, chromatogram deconvolution and alignment) of 
each matrix are listed in detail in Online Resource 1. To 
compensate for the analytical and biological differences 
between samples, the data corresponding to the tissues were 
normalized by total chromatogram area (Wu and Li 2016; 
Xiong et al. 2018), while the data obtained from urine were 
normalized by probabilistic quotient normalization (PQN) to 
minimize dilution effects and excretion differences between 
the samples (Dieterle et al. 2006; Wu and Li 2016). Arti-
fact peaks (e.g., phthalates, siloxanes), peaks with a signal 
to noise lower than three, variables corresponding to the 
chromatographic peak of MDPV and its biotransformation 
products and metabolic features present in QCs with relative 
standard deviation values higher than 30% were excluded 
from data matrices (Dunn et al. 2012). The final matrices 
(Online Resource 2) were imported to SIMCA-P 15 software 
(Umetrics Umea, Sweden) and different methods of scaling 
(centered, Pareto and unit variance (UV) scaling) were tested 
(Worley and Powers 2013). The best scaling results were 
chosen taking into account the best explained variance (R2) 
and the predictive capability of the models (Q2) obtained 
in the principal component analysis (PCA) and orthogonal 
projections to latent structures discriminant analysis (OPLS-
DA) models performed with each scaling method, with 
Pareto providing the best results for brain and heart data, 
while UV scaling proved to be more suitable for kidney, liver 
and urine data. The models are more robust for Q2 values 
closer to 1, with a value ≥ 0.4 being acceptable for biological 
samples (Worley and Powers 2013). PCA was first applied 
to data to assess QC distribution and to detect patterns and 
outliers. Then, data were subjected to global and pairwise 
OPLS-DA, to discriminate groups and identify the metabolic 
signature associated with each sample class (Wheelock and 
Wheelock 2013). This supervised analysis may provide over-
optimistic estimations of the classification accuracy due to 
the fact that there are more variables than samples (Brereton 
and Lloyd 2014), therefore, the robustness of all OPLS-DA 
models was confirmed through a sevenfold internal cross-
validation (from which R2 and Q2 values were extracted), 
permutation tests (500 permutations) and the CV-ANOVA 
p value (analysis of variance testing of cross-validated pre-
dictive residuals). All variables that, according to the pair-
wise OPLS-DA loading S-plots (MDPV low dose vs. con-
trol or MDPV high dose vs. control), presented a variable 
importance to the projection (VIP) > 1 and a |p(corr)|> 0.5 
were considered potentially relevant for group discrimina-
tion. Variables related to the same chromatographic peak 
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were summed for the univariate analysis (Mastrangelo et al. 
2015). The statistical significance of the variations was 
assessed by univariate analysis (unpaired Student’s t test 
for normal distribution or the unpaired Mann–Whitney test 
for non-normal distribution) (GraphPad Prism, version 8, 
San Diego, CA, USA) and the false discovery rate (FDR) 
correction based on the Benjamini and Hochberg approach 
(Benjamini and Hochberg 1995) was used to adjust the p 
values for multiple comparisons. Moreover, for each discri-
minant metabolite, the magnitude of variation in samples of 
MDPV-dosed mice relatively to controls was assessed by 
calculating the effect size (ES) and the respective standard 
error according to the equations provided in the literature 
(Berben et al. 2012).

Identification of potentially discriminant 
metabolites

Potentially discriminant metabolites were categorized into 
four levels of identification according to the Metabolomics 
Standards Initiative (MSI) guidelines (Sumner et al. 2007). 
The identification was made by comparison of the retention 
index (RI), retention time (RT) and mass spectrum of the 
chromatographic peaks obtained in our samples with those 
of the metabolites present in the National Institute of Stand-
ards and Technology (NIST14) mass spectral library. The 
alleged identification of discriminant metabolites was con-
sidered only for forward and reverse percentages of match 
equal or higher than 70%. To unequivocally confirm this 
putative identity, reference standards were injected under 
the same chromatographic conditions whenever they were 
available.

Metabolic pathway analysis

For each matrix, all significantly altered metabolites were 
imported into the MetboAnalyst 4.0 software (http://www.
metab oanal yst.ca) and searched against Mus musculus 
metabolite database, to identify the metabolic pathways dis-
turbed by MDPV (Chong et al. 2018). The hypergeometric 
test associated with the out-degree centrality algorithm was 
used and the significantly disturbed biochemical pathways 
(p < 0.05) were selected for further biological interpretation.

Results

Animal behavior

In this study, animals exposed to MDPV showed, rapidly 
(onset of effects within ~ 15 min) and for a short period 
of time (~ 15–30 min), intense locomotor and exploratory 
activity and stereotyped behaviors, with the most intense 

behavioral changes seen in animals exposed to the highest 
dose. Some animals exposed to MDPV 5 mg/kg also showed 
some loss of balance.

MDPV had no significant effects on survival rate, 
food and water intake, body and organ weight, 
or conventional biochemical parameters

A survival rate of 100% was observed in our study. In all 
the groups, the animals showed neither significant weight 
loss nor any evidence of decreased food or water intake 
(Table 1). As an indirect measure of organ damage, the 
weight of each core organ (brain, heart, kidneys and liver) 
was registered and the ratio of organ weight to initial body 
weight was determined. Once again, no significant differ-
ences were seen between MDPV-dosed mice and the control 
group for all organs, presumably related to the short time 
of drug exposure. Nevertheless, a trend towards decreasing 
liver weight was observed (Table 1).

We assessed the levels of several plasma (AST, ALT, 
ALP, LDH, CK-MB, CK, creatinine, uric acid and urea) 
and tissues (ATP, GSH and GSSG) biochemical parame-
ters, generally considered biomarkers of toxicity in different 
organs, and results are depicted in Table 1. In our study, 
there were no significant differences in any of these param-
eters between control and treated animals. However, there 
was a slight increase of plasma ALT, LDH, total CK and 
creatinine levels, in a dose-dependent manner, which may 
suggest a possible mild liver, heart, kidney and/or skeletal 
muscle damage.

Hepatic and renal tissues of MDPV‑treated mice 
showed moderate histopathological changes

Macroscopic observations suggested that all organs, both 
in controls and MDPV-treated animals, had an apparently 
normal anatomic structure. Heart and brain histological 
analyses were not performed as it was not possible to collect 
representative fragments for study. Histological observations 
of liver and kidney of MDPV-dosed mice showed some rel-
evant alterations, indicating that these organs are a target for 
MDPV. The representative histological microphotographs 
and semi-quantitative results of the histopathological find-
ings observed in these organs can be seen in Fig. 2.

In summary, in the histological analysis of the hepatic 
tissue, control mice showed a preserved structure but with 
a slight periportal microvesicular steatosis (Fig. 2a), while 
MDPV-treated animals (Fig. 2b, c) beyond the periportal 
microvesicular steatosis also presented a diffuse hepatic 
macrovesicular steatosis, accumulation of fibrin-like mate-
rial with a notorious vascular congestion, a marked sinu-
soidal dilatation, as well as punctual and disperse necrotic 
zones. The gradation of histological alterations was dose 

http://www.metaboanalyst.ca
http://www.metaboanalyst.ca
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dependent. No interstitial inflammatory cell infiltration was 
observed in either group.

In the renal tissue, both controls (Fig. 2d) and MDPV-
treated mice (Fig. 2e, f) showed a preserved organization. 
However, in the MDPV-treated groups, the deposition of 
fibrin-like material accompanied by an intense vascular 
congestion, scattered interstitial edema, interstitial inflam-
matory cell infiltration and some necrotic zones were seen, 

being renal damage more pronounced in mice treated with 
the highest dose of MDPV.

Data quality assessment

In metabolomics, the application of a strategy to evalu-
ate the quality and measure the analytical variance of 
the generated data is mandatory. Thus, according to the 

Table 1  Biological and biochemical parameters for control and MDPV-dosed mice

Results are presented as mean ± standard deviation (SD). Statistical comparisons were made using the Kruskal–Wallis test followed by Dunn’s 
post hoc test (for non-normal distribution) or one-way ANOVA followed by Tukey’s multiple comparison test (for normal distribution). Adjusted 
p values for the comparison of MDPV-treated groups vs. control were presented
Urea (mg/dL) was converted to blood urea nitrogen (BUN) (mg/dL) using the formula BUN = Urea/2.1428

Control 2.5 mg/kg × 3 5 mg/kg × 3

Mean ± SD Mean ± SD p value Mean ± SD p value

Biological parameters (n = 13)
 Weight loss (%) 3.32 ± 3.62 3.94 ± 2.26 > 0.99 4.18 ± 2.43 > 0.99
 Food intake per initial animal weight (g/g animal) 0.11 ± 0.03 0.12 ± 0.03 > 0.99 0.11 ± 0.03 > 0.99
 Water intake per initial animal weight (mL/g animal) 0.18 ± 0.06 0.18 ± 0.08 0.94 0.17 ± 0.05 0.99
 Brain weight/body weight (%) 1.22 ± 0.15 1.23 ± 0.11 > 0.99 1.20 ± 0.11 0.81
 Heart weight/body weight (%) 0.56 ± 0.06 0.58 ± 0.05 0.82 0.57 ± 0.07 0.96
 Kidney weight/body weight (%) 1.81 ± 0.19 1.80 ± 0.15 0.99 1.80 ± 0.20 0.99
 Liver weight/body weight (%) 5.84 ± 0.39 5.60 ± 0.29 0.28 5.49 ± 0.48 0.07

Plasma biochemical parameters (n = 6)
 AST (U/L) 47.40 ± 25.18 48.37 ± 13.31 > 0.99 47.37 ± 14.82 > 0.99
 ALT (U/L) 28.56 ± 23.87 35.71 ± 14.84 > 0.99 52.58 ± 10.55 0.12
 ALP (U/L) 156.10 ± 64.06 148.10 ± 53.05 > 0.99 143.40 ± 40.50 > 0.99
 LDH (U/L) 400.20 ± 121.30 412.60 ± 100.20 > 0.99 424.70 ± 104.40 > 0.99
 CK-MB (U/L) 3.75 ± 5.09 4.50 ± 7.22 > 0.99 13.80 ± 16.52 > 0.99
 Total CK (U/L) 43.26 ± 17.69 54.12 ± 26.99 > 0.99 65.38 ± 21.38 0.36
 Creatinine (mg/dL) 0.20 ± 0.21 0.16 ± 0.15 > 0.99 0.40 ± 0.12 0.20
 Uric acid (mg/dL) 1.27 ± 0.75 1.49 ± 0.84 > 0.99 1.18 ± 0.41 > 0.99
 Blood urea nitrogen (BUN) (mg/dL) 88.06 ± 43.75 56.93 ± 40.98 0.42 103.10 ± 34.78 > 0.99

Organs biochemical parameters (n = 3)
 Brain
  ATP (nmol/mg protein) 1.37 ± 0.11 1.53 ± 0.02 0.15 1.51 ± 0.09 0.15
  GSH (nmol/mg protein) 17.09 ± 0.96 16.45 ± 2.16 > 0.99 16.20 ± 0.98 > 0.99
  GSSG (nmol/mg protein) 0.81 ± 0.23 0.71 ± 0.15 > 0.99 0.81 ± 0.29 > 0.99

 Heart
  ATP (nmol/mg protein) 1.38 ± 0.27 1.12 ± 0.79 0.18 1.17 ± 0.29 0.74
  GSH (nmol/mg protein) 5.33 ± 2.58 5.89 ± 0.60  > 0.99 4.90 ± 1.57  > 0.99
  GSSG (nmol/mg protein) 0.26 ± 0.18 0.33 ± 0.11  > 0.99 0.21 ± 0.04 > 0.99

 Kidneys
  ATP (nmol/mg protein) 1.14 ± 0.57 1.41 ± 0.55  > 0.99 0.99 ± 0.44 > 0.99
  GSH (nmol/mg protein) 2.54 ± 0.66 3.76 ± 0.49 0.06 2.73 ± 0.55 > 0.99
  GSSG (nmol/mg protein) 0.03 ± 0.01 0.06 ± 0.01 0.22 0.07 ± 0.02 0.08

 Liver
  ATP (nmol/mg protein) 1.25 ± 0.51 1.45 ± 0.37 > 0.99 0.66 ± 0.33 0.70
  GSH (nmol/mg protein) 52.75 ± 11.39 42.06 ± 19.75 > 0.99 46.66 ± 17.53 > 0.99
  GSSG (nmol/mg protein) 1.35 ± 0.53 1.69 ± 0.78 > 0.99 2.65 ± 1.38 0.67
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recommendations available in the current guidelines, the 
reproducibility of our GC–MS data was assessed based on 
the performance of QC samples (Broadhurst et al. 2018). 
As can be seen in PCA score plots of each matrix (Online 

resource 3), QC samples are clustered, which means that 
our data have a satisfactory reproducibility and can be 
considered of high quality.

Fig. 2  Representative optical microphotographs of liver (a–c) and 
kidney (d–f) tissue sections stained with hematoxylin and eosin 24 h 
after dosing. Original magnification of × 400. g Semi-quantitative 
histopathological analysis (cellular degeneration, necrosis, inflam-
matory activity and tissue disorganization) in the liver and kidneys 
of control and MDPV-dosed animals. Heart and brain histological 
analyses were not performed as it was not possible to collect repre-

sentative fragments for study. Results of hematoxylin–eosin stain-
ing, given in scores are presented as mean ± standard deviation (SD) 
and were obtained from three animals from each treatment group. 
Statistical comparisons were made using the Kruskal–Wallis test 
followed by Dunn’s post hoc test (**p < 1.0 × 10–2, ***p < 1.0 × 10–

3, ****p < 1.0 × 10–4 vs. control; #p < 5.0 × 10–2, ##p < 1.0 × 10–2, 
####p < 1.0 × 10–4 vs. MDPV 2.5 mg/kg × 3)
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Global metabolic profiling

Considering that the PCA score plots showed some group-
ing trends (Online resource 3), in a first instance, OPLS-
DA was applied to enhance the discrimination between 
control and dosed samples (considering all experimental 
conditions together) (Fig. 3). In the resulting score plots, 
the three groups showed a satisfactory separation, in a 

dose-dependent manner for the liver and urine. As the PCA 
and global OPLS-DA results suggested that the administered 
dose may have a strong impact on the metabolic profile of 
the different organs and urine, in the next stage, pairwise 
OPLS-DA (MDPV low dose vs. control and MDPV high 
dose vs. control) were constructed. After all the pairwise 
analysis, a total of 58 metabolites in liver, 23 metabolites 
in kidneys, 31 metabolites in brain, 14 metabolites in heart 

Fig. 3  OPLS-DA score scatter plots of MDPV-dosed mice [low dose 
(LD) and high dose (HD)] in comparison with controls (CTRL). A 
clear separation of the samples of the treated mice compared to con-

trol was observed. Each sample is represented in the score scatter plot 
as an individual variable. The ellipses indicate the 95% confidence 
limit of the models
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and 32 metabolites in urine were suggested as potentially 
discriminant (|p(corr)|> 0.5 and VIP > 1) between control 
and MDPV-dosed mice (Fig.  4). Of these metabolites, 
none was detected simultaneously in all matrices, although 
some metabolite overlaps were observed between some of 
them, such as lactic acid, which appeared as a potentially 
discriminant in kidneys, liver and urine (Fig. 4 and Online 
Resource 4). The full list with the general characteristics 
of all these potential discriminant metabolites is described 
in Online Resource 4, according to Sumner et al. (2007) 
categorization.

MDPV exposure induced metabolic disorders in all 
putative target organs, with higher impact on liver 
and kidneys

OPLS-DA revealed that the metabolic profile of liver and 
kidneys was significantly altered after MDPV exposure. For 
both organs, a clear separation between groups (MDPV-
dosed mice vs. control) was obtained for the two doses. This 
separation is supported by the extremely good validation 
parameters obtained for each pairwise OPLS-DA model 
(Q2 ≥ 0.809 and p[CV-ANOVA] ≤ 2.8E−05 (Table 2). In 
addition, our results also reflect that the administered dose 
of MDPV has a strong impact on the metabolic profile of 

Fig. 4  Venn diagram of all potentially discriminatory metabolites 
detected in the five matrices (metabolite details are shown in Online 
Resource 3)

Table 2  Cross-validation 
parameters obtained for 
pairwise OPLS-DA models 
corresponding to the effects of 
MDPV on organs and urine

R2X—variance explained by the X matrix, i.e., GC–MS data;  R2Y—variance explained by the Y matrix, 
i.e., sample class;  Q2—predictive power; p[CV-ANOVA]—p value to estimate the significance of OPLS-
DA models

OPLS-DA model Component R2X R2Y Q2 p[CV-ANOVA] Permutation 
tests

R2 Q2

Liver
 MDPV low dose vs. control 1 + 1 0.430 0.952 0.858 3.2E−06 0.607 − 0.525
 MDPV high dose vs. control 1 + 1 0.488 0.985 0.944 3.4E−09 0.541 − 0.572
 MDPV high dose vs. low dose 1 + 1 0.361 0.868 0.577 8.4E−03 0.641 − 0.619

Kidneys
 MDPV low dose vs. control 1 + 1 0.586 0.884 0.809 2.8E−05 0.458 − 0.580
 MDPV high dose vs. control 1 + 1 0.594 0.906 0.839 8.1E−06 0.452 − 0.564
 MDPV high dose vs. low dose 1 + 1 0.555 0.621 − 0.161 1.0E00 0.549 − 0.363

Heart
 MDPV low dose vs. control 1 + 1 0.695 0.649 0.546 1.4E−02 0.357 − 0.453
 MDPV high dose vs. control 1 + 1 0.706 0.692 0.502 2.6E−02 0.336 − 0.481
 MDPV high dose vs. low dose 1 + 1 0.739 0.565 0.286 2.5E−01 0.418 − 0.449

Brain
 MDPV low dose vs. control 1 + 1 0.412 0.686 0.323 1.8E−01 0.521 − 0.553
 MDPV high dose vs. control 1 + 1 0.287 0.875 0.542 1.4E−02 0.583 − 0.534
 MDPV high dose vs. low dose 1 + 1 0.393 0.685 0.244 3.5E−01 0.576 − 0.535

Urine
 MDPV low dose vs. control 1 + 1 0.459 0.836 0.441 1.3E−02 0.578 − 0.373
 MDPV high dose vs. control 1 + 1 0.513 0.804 0.615 3.3E−04 0.560 − 0.479
 MDPV high dose vs. low dose 1 + 1 0.413 0.729 0.423 1.7E−02 0.637 − 0.419
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liver samples that are markedly grouped in a dose-dependent 
manner (Fig. 3 and Table 2), and the highest dose showed Q2 
and p[CV-ANOVA] values more robust than those obtained 
for the lowest dose (Table 2). According to the OPLS-DA 
loading S-plots, a total of 58 and 23 metabolites were sug-
gested as potentially discriminating (|p(corr)|> 0.5 and 
VIP > 1) in the liver and kidneys, respectively (Fig. 4). For 
both organs, the number of metabolites significantly altered 
was proportional to the dose administered (in the liver, 38 
and 49 metabolites were significantly altered by the low-
est and the highest dose, respectively, while in the kidneys 
the same doses affected 14 and 18 metabolites) (Fig. 5). In 
addition to the increasing number of altered metabolites, the 
highest dose has also been shown to significantly affect the 
magnitude of the effect (Fig. 5). The metabolic profile of 
liver and kidneys is characterized by meaningful alterations 
in metabolites of several classes, namely amines, amino 
acids and derivatives, carbohydrates, fatty acids, glycerolip-
ids, inorganic compounds, nitrogenous bases, nucleoside/
nucleotide derivatives, organic acids, steroids and vitamins. 
The main metabolic pathways disturbed by MDPV in these 
organs are shown in Fig. 6a, b. In general, our results showed 

that the most impacted metabolic pathways (p < 0.05) in 
the liver of MDPV-treated mice included the metabolism 
of cysteine and methionine and the biosynthesis of valine, 
leucine, isoleucine and unsaturated fatty acids. It was found 
that significant changes in the nitrogen and glutathione 
metabolism and in the aminoacyl-tRNA and pantothenate 
biosynthesis were common to the liver and kidneys. MDPV 
also altered the cyanoamino acid metabolism; phenylala-
nine, tyrosine and tryptophan biosynthesis; methane metabo-
lism; glycine, serine and threonine metabolism; beta-alanine 
metabolism; and alanine, aspartate and glutamate metabo-
lism in the kidneys.

Heart and brain exhibited the least affected metabolic 
profile after MDPV exposure since these organs pre-
sented the pairwise OPLS-DA models with the lowest Q2 
and highest p[CV-ANOVA] values (Table 2). Neverthe-
less, significant changes in some metabolite levels have 
been observed. In the heart, of the 14 metabolites that 
had a |p(corr)|> 0.5 and VIP > 1, myristic acid, oleic acid, 
oleamide, heptadecane and one unknown (RT 12.38) 
showed significant changes for the lowest dose of MDPV. 
In turn, the highest dose significantly altered the levels 

Fig. 5  Heatmap illustrating the metabolic variations in liver, kid-
neys, brain and heart of mice, 24 h after the binge administration of 
a low (LD) or a high (HD) dose of MDPV, comparatively to the con-
trol group. The scale is color coded as a function of the effect size 
(ES), from maximum decrease (dark blue) to maximum increase 
(dark red). Statistically significant differences after FDR correction 

are indicated (*p < FDR p value, **p < 1.0 × 10–2, ***p < 1.0 × 10–3, 
****p < 1.0 × 10–4). FDR cutoff p value for liver: 4.8 × 10–2 for LD 
and 5.0 × 10–2 for HD; FDR cutoff p value for kidneys: 4.4 × 10–2 for 
LD and 4.5 × 10–2 for HD; FDR cutoff p value for heart: 3.0 × 10–2 for 
LD and 3.3 × 10–2 for HD; FDR cutoff p value for brain: 1.2 × 10–2 for 
LD and 1.7 × 10–2 for HD
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of phosphoric acid, myristic acid, oleamide, heptadecane 
and one unknown (RT 12.97) (Fig.  5). The fatty acid 
biosynthesis pathway seems to play a central role in the 
metabolic dysregulation observed in the heart after MDPV 
administration (Fig. 6c). Of the 31 metabolites suggested 
as potentially discriminating in brain samples, only 5 
appeared significantly altered after the administration of 
the lowest dose of MDPV, while the highest dose led to 
a significant change in 6 metabolites. Highly contribut-
ing metabolites found among those significantly altered 

in the brain of MDPV-treated groups were valine, 5-oxo-
proline, glutamic acid, inosine, adenosine, docosahexae-
noic acid, stearamide, urea, 3-hydroxybutyric acid and one 
unknown (RT 7.49) (Fig. 5). As can be seen in Fig. 6d, in 
the brain, the pathways that differ significantly between 
MDPV-dosed groups and control involve the metabolism 
of butanoate, synthesis and degradation of ketone bodies, 
the metabolism of some amino acids, the biosynthesis of 
aminoacyl-tRNA and nitrogen metabolism.

Fig. 6  Overview of the metabolic pathways altered by the high-
est dose of MDPV (5 mg/kg × 3) in a liver, b kidneys, c heart and 
d brain. The node color is based on the p value, where a dark color 
indicates a more significant pathway. The node radius corresponds 
to the pathway impact value. Statistically significant pathways 
(p < 5.0 × 10–2) were numbered from 1 to 17. 1—Glycine, serine and 
threonine metabolism; 2—Pantothenate and CoA biosynthesis; 3—
Aminoacyl-tRNA biosynthesis; 4—Valine, leucine and isoleucine 

biosynthesis; 5—Glutathione metabolism; 6—Biosynthesis of unsat-
urated fatty acids; 7—Nitrogen metabolism; 8—Cysteine and methio-
nine metabolism; 9—Phenylalanine, tyrosine and tryptophan biosyn-
thesis; 10—Cyanoamino acid metabolism; 11—Methane metabolism; 
12—Phenylalanine metabolism; 13—Beta-alanine metabolism; 14—
Alanine, aspartate and glutamate metabolism; 15—Butanoate metab-
olism; 16—Synthesis and degradation of ketone bodies; 17—d-Glu-
tamine and d-glutamate metabolism
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MDPV significantly affected the urinary metabolic 
profile

The resulting OPLS-DA scores and loading plots suggested 
that the urinary metabolic profile was also largely affected 
by MDPV in a dose-dependent manner. The variation of Q2 
and p[CV-ANOVA] values for urinary data (Table 2) cor-
roborate the importance of the dose in the metabolic profile, 
since Q2 values increased with increasing doses of MDPV. 
In addition, the number of metabolites significantly altered 
at the highest dose was higher compared to the lowest dose 
administered (17 metabolites significantly altered by the 
lowest dose and 20 by the highest) (Fig. 7a). As occurred 
in the kidneys and liver, our results showed that, in general, 
the metabolites found increased or decreased to the lowest 
dose show the same behavior after the administration of a 
higher dose of MDPV, although with a more pronounced 
alteration in the magnitude of effect (Fig. 7a). The urinary 
metabolic profile altered by MDPV is characterized by a 
prominent increase of several organic acids, amino acids 
and derivatives, fatty acids, carbohydrates, nitrogenous 

bases, nucleoside/nucleotide derivatives and quinolines, 
and a marked decrease in lactones and urea compared to the 
control (Fig. 7a). Detailed analysis of significantly altered 
metabolites revealed changes in the starch and glucose 
metabolism and glutathione metabolism (Fig. 7b).

Discussion

The main novelty of our study was the application, for the 
first time, of a powerful toxicometabolomics approach to 
study the toxicological events that occur in multiple organs 
and could be detected in urine of mice challenged with acute 
exposure to human-relevant doses of MDPV in a binge regi-
men. To stress the value of this omics tool, we also per-
formed some conventional biochemical and histological 
analysis.

First, it must be pointed out that, in our study, animals did 
not show significant differences in terms of food and water 
intake, or in body weight along the 24 h after exposure to 
MDPV, although the anorectic effect of synthetic cathinones 

Fig. 7  Summary of metabo-
lomic analysis based on urinary 
data. a Heatmap illustrating 
the metabolic variations in 
urine of mice, 24 h after the 
binge administration of a low 
(LD) or a high (HD) dose 
of MDPV, comparatively to 
the control group. The scale 
is color coded as a function 
of the effect size (ES), from 
maximum decrease (dark blue) 
to maximum increase (dark 
red). Statistically significant 
differences after FDR correc-
tion are indicated (*p < FDR 
p value, **p < 1.0 × 10–2, 
***p < 1.0 × 10–3, 
****p < 1.0 × 10–4). FDR cutoff 
p value: 3.6 × 10–2 for LD and 
3.4 × 10–2 for HD. b Overview 
of the metabolic pathways 
altered by the highest dose of 
MDPV (5 mg/kg × 3). The node 
color is based on the p value, 
where a dark color indicates a 
more significant pathway. The 
node radius corresponds to the 
pathway impact value. Statisti-
cally significant pathways 
(p < 0.05) were annotated. 1—
Starch and glucose metabolism; 
2—Glutathione metabolism
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is frequently reported by users (Prosser and Nelson 2012). 
Therefore, it is unlikely that the changes induced by MDPV 
in different organs and urine are related to these factors.

At histological level, liver and kidneys were moderately 
affected by MDPV, with more pronounced signs of necro-
sis and vascular congestion in mice treated with the high-
est dose. These findings are in accordance with the high 
concentrations of MDPV found postmortem in these organs 
in a clinical report (Wyman et al. 2013), showing that the 
liver and kidneys may be target organs for MDPV toxicity. 
Despite the histological observation of hepatic and renal tox-
icity, biochemistry analysis showed similar results in control 
and drug-dosed mice, with only a slight increase in plasma 
levels of ALT, CK and creatinine, which may suggest a pos-
sible mild liver, heart, kidney and/or skeletal muscle dam-
age. These results reveal that conventional toxicity biomark-
ers are not very sensitive to predict MDPV-induced toxicity. 
In contrast, the metabolomics approach used in this study 
proved to be highly sensitive to detect subtle toxic events, 
since in all matrices, the treated groups showed a clear sepa-
ration from controls, even after administration of the lowest 
dose of MDPV (except for the brain at the lowest dose). Our 
results revealed that the dose regimen applied has a strong 
impact on the metabolic profile of the different organs and 
urine, with the highest dose inducing changes in a greater 
number of metabolites and with increasing magnitude of 
the effect. Thus, the main metabolic changes induced by the 
highest dose will be discussed in the following paragraphs.

Liver and kidney were the organs where MDPV exerted 
the greatest metabolic impact, as indicated by the high num-
ber of metabolites significantly altered and the greater mag-
nitude of effect, relatively to controls. Liver is the organ with 
greatest susceptibility to MDPV toxicity, as indicated not 
only by the observed histological damage, but also by the 
greater number of significant metabolic changes observed, 
even at the lowest dose. Taking into account that this organ 
has a prominent role in MDPV metabolism, the formation of 
highly reactive metabolites (Meyer et al. 2010) may justify 
the observed effects.

One of the most striking changes observed in the hepatic 
metabolic profile of MDPV-dosed mice was the signifi-
cant disruption of energetic metabolism, as suggested by 
the significant decrease in the levels of pyruvic, lactic and 
citric acids and the tendency to decrease levels of malic 
acid. Although conventional biochemical assays performed 
on liver tissue revealed only a tendency for decreased ATP 
levels after MDPV exposure, the existence of a significant 
depletion has already been demonstrated in studies carried 
out on primary rat hepatocytes (Valente et al. 2016a, b) and 
on the HepG2 and HepaRG cell lines (Luethi et al. 2017) 
exposed to high concentrations of the drug (≥ 1 mM). Along 
with the alteration of energetic metabolites, a decrease in 
levels of stearic acid and increase of palmitoleic and oleic 

acids were observed, which suggests that, in an initial toxic-
ity phase, the liver seeks to favor the biosynthesis of unsatu-
rated fatty acids to obtain energy through ß-oxidation (Rui 
2014), to counteract the failure in the tricarboxylic acid 
(TCA) cycle and glycolysis pathway. The activation of this 
metabolic pathway can contribute greatly to the hepatic 
macrovesicular steatosis observed in the histopathological 
analysis (Koo 2013).

Another significant change seen in the hepatic metabolic 
profile of MDPV-treated mice was the decrease of metabo-
lites that are associated with GSH (glutamic acid, 5-oxo-
proline, glycine and cysteine). GSH participates in many 
metabolic processes, namely in the detoxification of many 
xenobiotics and/or reactive metabolites, cysteine storage via 
the γ-l-glutamyl cycle, modulation of certain transcription 
factors, and regulation of cell growth/death, among others 
(Lushchak 2012). However, its antioxidant potential is the 
most well-known property, providing cellular protection due 
to its ability to neutralize reactive oxygen and nitrogen spe-
cies (ROS/RNS) and electrophiles and to act as a cofactor for 
several antioxidant enzymes (Lushchak 2012). Although the 
conventional assays performed herein have not detected dif-
ferences in GSH levels when compared to the control group, 
the results obtained in the metabolomics approach indicate 
that MDPV may compromise the GSH metabolism and, 
consequently, the liver’s antioxidant capacity. This assumes 
great importance as oxidative stress was acknowledged as 
one of the main mechanisms by which MDPV exerts its 
hepatotoxic effects (Valente et al. 2016a, b). This finding is 
also in agreement with those obtained previously in in vitro 
studies (Valente et al. 2016a, b; Luethi et al. 2017), demon-
strating that MDPV induces the depletion of hepatic GSH.

Moreover, a significant decrease of ascorbic acid, another 
potent antioxidant (Akbari et al. 2016) was also observed in 
the liver of MDPV-treated mice. An impairment of ascor-
bic acid synthesis has recently been observed in multiple 
mouse organs (e.g., liver, kidney and heart) after a single 
administration of mephedrone, another popular cathinone 
derivative (Tarkowski et al. 2018). This result, together with 
impaired GSH metabolism, indicates that the hepatic anti-
oxidant defenses are compromised. These in vivo findings 
are in line with those observed in an in vitro metabolomics 
study developed recently by our group in primary mouse 
hepatic cells (Araujo et al. 2020).

The present in vivo study also revealed other hepatic met-
abolic changes associated with MDPV exposure, namely the 
significant increase of linoleic acid [as previously observed 
in vitro (Araujo et al. 2020)] and decrease of arachidonic 
acid in the liver of exposed mice. Linoleic acid is an essen-
tial fatty acid for animals (Tallima and El Ridi 2018) being 
involved in the biosynthesis of arachidonic acid through 
several desaturation and chain elongation steps (Hanna and 
Hafez 2018; Tallima and El Ridi 2018). Our results suggest 
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that this conversion may be inhibited at some point, result-
ing in accumulation of linoleic acid and, consequently, a 
decrease in arachidonic acid synthesis. On the other hand, 
arachidonic acid is crucial for the biosynthesis of inflamma-
tory mediators (Hanna and Hafez 2018; Tallima and El Ridi 
2018) and, therefore, a compromise in its production can 
have a negative impact in the liver inflammatory response 
and in fact our histological analyses did not indicate signs 
of inflammation, although necrosis was found.

In addition, a significant decrease in some nucleosides/
nucleotides (5′-methylthioadenosine and adenosine-5′-
monophosphate) was also observed in the liver of MDPV-
treated mice, which suggests that they are being used for 
nucleotide biosynthesis. This hypothesis is supported by a 
significant increase of uracil, a pyrimidine derivative essen-
tial for the production of several biomolecules such as RNA 
(Moffatt and Ashihara 2002).

Finally, a significant increase of hypoxanthine and xan-
thine levels was found in the liver of MDPV-treated ani-
mals. Considering that xanthine oxidoreductase catalyzes 
the conversion of hypoxanthine to xanthine and then to uric 
acid with formation of ROS/RNS (Battelli et al. 2016), our 
results suggest that the activity of this enzyme was probably 
suppressed and that this pathway does not contribute to the 
oxidative stress induced by MDPV.

In the kidneys, contrarily to what was seen in the liver, 
the levels of metabolites that are associated with GSH 
metabolism, (glycine, glutamic acid and 5-oxoproline) 
were found to be significantly increased in MDPV-treated 
mice. Although there are still no studies on the nephro-
toxic mechanisms of MDPV, a recent in vitro study (Vaz 
et al. 2020) showed that other synthetic cathinones such as 
methylone and 3,4-dimethylmethcathinone, triggered a rise 
in ROS/RNS production and, consequently, induced oxida-
tive stress. Assuming that MDPV has the same nephrotoxic 
mechanism, results obtained from this toxicometabolomics 
approach suggest that, under our experimental conditions, 
the kidneys appear to increase their antioxidant reserves, 
probably as a protective response mechanism, increasing the 
chances of recovering the redox balance and adjusting to 
oxidative stress. It should also be noted that conventional 
biochemical assays failed to detect significant changes in 
GSH levels, once again demonstrating the high sensitivity of 
metabolomics in detection of metabolic alterations.

The renal metabolic profile of treated mice also showed 
significantly increased levels of lactic acid, suggesting that 
either lactic acid is not being properly excreted by the kid-
neys or pyruvic acid is preferentially converted to lactic 
acid via LDH rather than being converted to acetyl-CoA or 
oxaloacetic acid to participate into the TCA cycle. A retro-
spective study showed that patients with severe renal injury, 
besides having high levels of LDH in the serum, also pre-
sented overexpression of renal LDH (Ma et al. 2015), which 

may justify the greater conversion of pyruvic acid into lactic 
acid observed in the kidneys of MDPV-treated mice. A high 
lactic acid production/accumulation can consequently cause 
a highly acidic microenvironment, which may explain, at 
least in part, the metabolic acidosis conditions observed in 
cases of MDPV intoxications (Murray et al. 2012; Froberg 
et al. 2015; Valsalan et al. 2017).

In addition to the altered levels of glycine, glutamic acid 
and 5-oxoproline, the renal metabolic profile of treated mice 
also showed significant increased levels of other amino 
acids, such as valine, serine, threonine, tyrosine, aspartic 
acid and phenylalanine. There is evidence that, in a meta-
bolic acidosis scenario, the kidneys take up higher amounts 
of amino acids from blood, and release lower amounts of 
several other amino acids to the systemic circulation (Gari-
botto et al. 2010), which corroborate the results found in 
this study.

Regarding the heart, the only relevant metabolic change 
observed after the administration of both doses of MDPV 
was the intensification of fatty acids biosynthesis, as indi-
cated by the increased levels of myristic acid, oleic acid 
and oleamide. This increase is justified by the necessity to 
use these metabolites to sustain the ATP production through 
fatty acid ß-oxidation, which is the main source of energy 
in cardiac tissue (Perrine et al. 2009). This result is not sur-
prising, since the augmented cardiac workload associated to 
MDPV-induced tachycardia (Froberg et al. 2015; McClena-
han et al. 2019) requires high levels of energy. An increase in 
fatty acid metabolism to maintain cardiac energy homeosta-
sis was already observed in rats treated with a MDMA binge 
dose regimen (Perrine et al. 2009). Albeit the cardiovascular 
effects induced by MDPV are widely described (Froberg 
et al. 2015), as far as we know, this is the first study that 
reports the existence of energetic changes in cardiac tissue 
after exposure to a synthetic cathinone.

Although, according to our data, the brain has one 
of the metabolic profiles least affected by MDPV, sig-
nificant changes in the level of some metabolites ended 
up providing important clues about the neuronal mech-
anisms triggered by this drug. One of the metabolic 
changes observed in the brain of MDPV-dosed mice was 
the decrease of 3-hydroxybutyric acid after administra-
tion of MDPV. 3-Hydroxybutyric acid is a ketone body 
derived from the oxidation of fatty acids in the liver that 
could be used by neuronal cells as an alternative source 
of energy (Cahill 2006), which probably justifies the low 
levels found in the brain. This metabolite may also play a 
neuroprotective role reducing oxidative stress, as ketone 
bodies have the ability to inhibit ROS/RNS production, 
prevent lipid peroxidation and protein oxidation and 
increase the levels of antioxidants (Yang et al. 2019). Tak-
ing into account that oxidative stress is a mechanism by 
which MDPV exerts neurotoxicity, characterized by ROS/
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RNS production and GSH depletion (Rosas-Hernandez 
et al. 2016; Valente et al. 2017b), our results suggest that 
altered levels of 3-hydroxybutyric acid may reflect the 
activation of a neurotoxic pathway.

Another notable change observed in the metabolic pro-
file of the brain was the significant increase in inosine 
levels. Inosine is an endogenous nucleoside produced by 
catabolism of adenosine (Welihinda et al. 2016), whose 
immunomodulatory and neuroprotective properties are 
known (Hasko et al. 2004). In vitro and in vivo studies 
have revealed that inosine is a powerful anti-inflamma-
tory agent (Hasko et al. 2000; Marton et al. 2001) and 
has the ability to preserve the viability of glial and neu-
ronal cells (Haun et al. 1996; Jurkowitz et al. 1998) and 
to stimulate axonal regrowth after brain injury (Benow-
itz et al. 1998, 1999; Chen et al. 2002). The increase of 
inosine found in our study may suggest that the brain is 
increasing its neuroprotective reserves in an attempt to 
limit and repair possible neuronal damage. Similar results 
have already been obtained in a metabolomics study of 
mice exposed to kainic acid, a potent neurotoxic agent 
(Jaeger et al. 2015).

Stearamide is another metabolite significantly 
increased in the brain of mice treated with MDPV, but 
information about its biological function is currently 
lacking.

Finally, our study proved that MDPV is also able to 
induce dose-dependent alterations on the urinary metabo-
lome of MDPV-treated mice when compared to control, 
with glutathione metabolism being one of the most sig-
nificantly altered metabolic pathway. This is due to the 
high urinary levels of glycine and 5-oxoproline, inter-
mediates of glutathione metabolism, suggesting that this 
metabolic pathway is accelerated due to the increased 
cellular demand for glutathione to counteract oxidative 
stress triggered by MDPV (Lu 2009). In addition, gly-
cine is also involved in detoxification processes, as it can 
be conjugated with various harmful substances to form 
non-toxic compounds eliminable in the urine (Irwin et al. 
2016). The high levels seen in the urine of dosed mice 
suggest that its role may also be compromised. Although 
renal function plays an important role in the regulation 
of urine composition, the urinary metabolic profile also 
reflects the metabolic activity of all other organs present 
in the body, so it is difficult to determine the specific origin 
of each metabolite through the study of this biofluid. Even 
so, considering that urine can be obtained in large quan-
tities and in a non-invasive manner, additional metabo-
lomic studies may be useful for the discovery of urinary 
biomarkers indicative of drug intake and/or addiction, or 
to assess the severity of intoxications (Steuer et al. 2019) 
and consequently help in the interpretation of clinical and 
forensic analytical results.

Conclusions

This study provided, for the first time, insights into the 
metabolic changes that occur in various organs and urine 
of mice in response to MDPV exposure. Overall, the study 
showed that the metabolism responded with high sensitivity 
to MDPV exposure, with liver and kidneys of MDPV-dosed 
mice showing the greatest metabolic disturbances, while the 
brain and heart showed the least affected metabolic profiles. 
Although each organ has a unique metabolic profile, in gen-
eral, in all of them, the pathways related to oxidative stress 
and energy metabolism seem to be the main contributors to 
trigger the toxicity caused by MDPV. Our metabolomics 
approach, in addition to being more sensitive than routine 
biochemical studies, also provided more detailed informa-
tion, revealing important mechanistic perceptions hitherto 
unknown. A limitation of our study is that a unique time 
point (24 h) was evaluated, and it is possible that some 
metabolites may have recovered to their normal levels. Nev-
ertheless, it allowed us to assess persistent deviations and 
new long-term variations that cannot be assessed at an ear-
lier time point. Thus, further studies are needed to determine 
an optimal set of time points for the identification of short- 
and long-term effects of MDPV. Despite this, the discovery 
of the metabolic changes observed in this study may provide 
an important basis for the development of therapeutic strate-
gies but also potential biomarkers for the prediction of the 
severity of MDPV intoxications, opening new perspectives 
in the field of drugs of abuse.
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