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ARTICLE INFO ABSTRACT

Handling Editor: Professor Matthew Wright Understanding the biochemical effects of synthetic cathinone is essential to elucidate its pharmacological actions

and systemic impact. Synthetic cathinones are p-keto amphetamine derivatives structurally related to cathinone,

Keywords: widely used as psychoactive substances and commonly consumed orally. In this study, the gastrointestinal
S}’“the'ﬁc C_a_thim’“es permeation and hepatocellular responses of twelve chloro-cathinones were evaluated using complementary in
iloa:rfiblzzleabilit (papD) vitro models. Differentiated Caco-2 monolayers demonstrated variable permeability, with 3-CIC (3-chloro-N-
C}I:g)toxicify ¥ (papp isopropylcathinone) and 4-CEC (4-chloro-N-ethylcathinone) exhibiting the highest apparent permeability (Papp

7.75 x 10~ and 4.89 x 10~ cm/s). The cytotoxic profiles were evaluated in Caco-2 and HepG2 cells, ICsg values
ranged from 1.87 to 6.20 mM and from 0.80 to 3.10 mM, respectively. Among the tested compounds, 3-CEC (3-
chloro-N-ethylcathinone) and 4-CEC exhibited the greatest potency. Cell-based assays demonstrated that 3-CIC
and 4-CIC (4-chloro-N-isopropylcathinone) increased reactive oxygen species levels, suggesting a contribution
of-oxidative stress-mediated damage to the cytotoxic effects of these cathinones. These findings provide new
insights into the absorption properties of synthetic cathinones and their impact on liver cells, supporting the
assessment of their health risks.

Caco-2 cells
HepG2 cells

1. Introduction essential for assessing their psychoactive and toxicological effects, pre-

dicting potential health risks, and guiding regulatory decisions

Synthetic cathinones are p-keto amphetamine derivatives structur-
ally related to cathinone, the psychoactive alkaloid of Catha edulis. They
are consumed through several routes, including oral, nasal, intravenous,
and rectal administration (Poyatos et al., 2021; Chen et al., 2024). Oral
ingestion is the most common route typically producing slower, but
more prolonged effects (Chen et al., 2024). Oral doses vary widely across
compounds — for example, 15-250 mg for mephedrone (4-methyl-
methcathinone) (Dargan et al., 2011), 100-200 mg for methylone
(Poyatos et al., 2021), 8-15 mg for MDPV (methylenedioxypyrovaler-
one) (EUDA, 2013), and 20-25 mg for a-PVP (a-pyrrolidinopentiophe-
none) (EUDA, 2016).

Drug bioavailability refers to the fraction of a dose that reaches
systemic circulation. Knowledge of cathinones’ bioavailability is

regarding their classification, control, and public health management
(Valente et al., 2014). The bioavailability of cathinones is largely
determined by their ability to cross biological membranes, particularly
the intestinal barrier. Structural characteristics are known to signifi-
cantly affect membrane permeability, with certain cathinones exhibiting
high permeability (Almeida et al., 2022). For example, 3,4-methylene-
dioxypyrovalerone (MDPV), a potent synthetic cathinone, exhibits
high permeability through monolayers of Caco-2 cell — an established in
vitro model of the human intestinal epithelium — suggesting high oral
bioavailability (Almeida et al., 2023). Variability in the permeability of
compounds such as methylone and pentedrone has also been reported,
with some structural variants reaching apparent permeability coefficient
(Papp) values in the moderate permeability range, with values of 5.28 x
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1078 cm/s and 5.18 x 1078 cm/s, respectively (Silva et al., 2020). Papp is
a fundamental parameter used to quantify the rate at which a compound
permeates across a biological barrier, typically in in vitro models such as
Caco-2 cell monolayers that simulate the intestinal epithelium. These
findings illustrate the sensitivity of permeability to subtle structural
modifications. However, the relationship between structural diversity
and intestinal permeability remains understood, particularly given the
rapid emergence of new psychoactive cathinones.

In addition to bioavailability, assessing toxicity mechanisms of
cathinones is important for understanding their potential health risks.
Chronic or high-dose consumption of cathinones has been associated to
a wide range of toxic effects, including hyperthermia, cardiovascular
complications, organ failure, and death (Abebe et al., 2015; Silva et al.,
2022). These toxic effects are often associated with mechanisms such as
oxidative stress, mitochondrial dysfunction, and neurotoxicity, which
can be exacerbated by the high bioavailability of these compounds in the
bloodstream (Dargan et al., 2011; Gomes et al., 2025; Zwartsen et al.,
2020).

Given the severity of their adverse effects, and the lack of studies
evaluating how chloro-substitution or N-alkyl chain variations influence
gastrointestinal permeability and hepatotoxicity, it is crucial to advance
the understanding of these relationships. The present study aims to
investigate both the bioavailability and the toxicity mechanisms of
cathinones. Specifically evaluating the gastrointestinal bioavailability of
twelve chloro-cathinones, using a Caco-2 model of the human intestinal
barrier, to determine their potential to reach systemic circulation and
potentially contribute to liver toxicity. Toxicity mechanisms were
explored in HepG2 cells, a liver model cell line, reflecting the liver's key
role in metabolizing and detoxifying harmful substances. This work
provides the first systematic assessment of how chloro-substitution at
meta and para positions modulates intestinal permeability and hepatic
toxic effects, offering new insights into the structure-activity relation-
ships of halogenated cathinones—a poorly characterized but increas-
ingly prevalent subgroup in drug markets.

This study focused on seven cathinones (Fig. 1) already reported to
the European Union Drugs Agency (EUDA); the illicit drugs 3-CMC (3-
chloro-N-methylcathinone also known as clephedrone) and 4-CMC (4-
chloro-N-methylcathinone); 3-Cl-TBC (3-chloro-terc-butylcathinone,
commonly known as bupropion, an antidepressant medication used as a
smoking cessation aid) (Huecker et al., 2024); as well as 3-CEC
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(3-chloro-N-ethylcathinone), 4-CEC (4-chloro-N-ethylcathinone),
4-CBC (4-chloro-N-butylcathinone), and 4-CIC (4-chlor-
o-N-isopropylcathinone). Notably, in 2022, 3-CMC accounted for 73.26
% of all seized synthetic cathinones, totalling 26.5 tonnes (EUDA, 2025).
Additionally, a set of five cathinones not yet reported in recreational
drug markets was also investigated: 3-CBC (3-chloro-N-butylcathinone),
3-CI-DEC  (3-chloro-N,N-diethylcathinone), 4-ClI-DEC (4-chloro-N,
N-diethylcathinone), 3-CIC (3-chloro-N-isopropylcathinone), 4-CI-TBC
(4-chloro-terc-butylcathinone) (Gomes et al., 2025). By assessing their
absorption and cytotoxicity in human cell lines such as Caco-2 (intesti-
nal model) and HepG2 (liver model), this study will contribute to a
deeper understanding of how these compounds interact with the body
and the underlying biological processes that lead to toxicity.

Understanding the bioavailability and toxicity mechanisms of cath-
inones is essential for predicting their health risks, establishing more
effective harm reduction strategies, and providing regulatory bodies
with critical information to address the emerging threat posed by these
substances.

2. Materials and methods
2.1. Chemicals and biochemicals

Roswell Park Memorial Institute (RPMI) culture medium, ultrapure
dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT), Dulbecco's Modified Eagle Medium (DMEM) and
inactivated Fetal Bovine Serum (FBS) from Biowest, -glutamine 100x and
Trypsin 10x from Lonza, penicillin-streptomycin solution 50x (Pen-strep)
and Phosphate-Buffered Saline 1x (PBS) from Corning, copper sulfate (>99
%), 2,7-dichlorodihydrofluorescein diacetate (H,DCFDA), and tert-butyl
hydroperoxide (TBHP) from Sigma, 96 % ethanol from Labchem, ultra-
pure water from Merck, methanol and acetonitrile from Honeywell,
CyQUANT Lactate dehydrogenase (LDH, EC 1.1.1.27) Cytotoxicity
Assay Kit (ThermoFisher Scientific). The Hank's Balanced Salt Solution
(HBSS) was prepared using p-glucose from HiMedia, anhydrous disodium
phosphate from Pancreac, calcium chloride, sodium bicarbonate, monop-
otassium phosphate, and anhydrous magnesium sulfate from Merck, mag-
nesium chloride hexahydrate from Riedel-deHaen, sodium chloride, and
potassium chloride from Fluka.The hydrochloride salt standards of the
chlorinated cathinones used in this study were previously synthesized
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Fig. 1. Chemical structure of the studied cathinones, categorized by (A) meta and (B) para positions.
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and characterized (Gomes et al., 2025).
2.2. Assessment of cytotoxicity by the MTT method

Caco-2 and HepG2 cells were cultured in t-flasks in a laminar flow
chamber (ESCO Class II biohazard safety cabinet) using RPMI and
DMEM media, respectively, supplemented with 10 % FBS, 1 % 1-gluta-
mine, and 1 % pen-strep, and placed in an incubator (Shen Lab) at 37 °C,
5 % COs, in a humid environment. After 2-3 days of culture in 96-well
plates (5.0 x 10* cells/mL for Caco-2 cells and 7.5 x 10* cells/mL for
HepG2 cells) with 100 pL of media per well, the media was replaced with
100 pL of synthetic cathinones solutions (1-10 mM for Caco-2 cells and
0.3-6 mM for HepG2 cells) in FBS-free media, with ultrapure water as
the control. The concentrations were selected based on preliminary cell
viability results for each cell line (Gomes et al., 2025). This assay was
performed at least once with six replicates (n = 3). After 24 h exposure,
MTT assay was performed, and the absorbance was measured on a
microplate reader (Tecan Sunrise) at 595 nm with a 630 nm reference to
assess cell viability. Cytotoxicity was calculated using Equation (1),
where CD represents cell death, Abs¢oniro] is the absorbance of the con-
trol, and Abssample is the absorbance with cathinone. The ICsq values,
representing the concentration of cathinone causing 50 % cell death,
were determined using a non-linear regression model in GraphPad Prism
10.

Abssample

) — _
b ( /0) 100 (Abscontrol

x 100) &)

2.3. Detection and quantification of cathinones by HPLC-DAD

For the quantification of cathinones, high-performance liquid chro-
matography coupled with diode array detection (HPLC-DAD) equipment
(VWR Hitachi) with a reversed-phase ACE 3 C18 column (150 x 4.6 mm
(ACE-111-1546) ACE) was used. The mobile phase consisted of aceto-
nitrile (ACN) with 0.1 % formic acid and water with 0.1 % formic acid,
in a gradient: 0-5 min (25 % ACN); 5-7 min (30 % ACN); 7-8 min (45 %
ACN); 8-12 min (60 % ACN); 12-16 min (60 % ACN); 16-17 min (25 %
ACN), at a flow rate of 1 mL/min and injection volume of 10 pL. The
analysis was carried out with combined solutions (solution with all
cathinones in the meta position and solution with all cathinones in the
para position) at concentrations 1, 5, 10, 15, 20 and 25 pg/mL, injected
in duplicate, on three different days.

2.4. Assessment of the permeability of the gastrointestinal barrier

Since gastrointestinal barrier permeability assays require differenti-
ated Caco-2 cells that, after 21 days, form a monolayer mimicking the
intestinal epithelium (Sambuy et al., 2005), Caco-2 cells were cultured
at 3.4 x 10* cells/well in RPMI medium on polycarbonate Transwell
inserts (A = 0.90 cmz) in 12-well plates until full differentiation. The
integrity of the cellular monolayer was confirmed by transepithelial
electrical resistance (TEER), requiring values of >250 Q/cm>

After differentiation, 0.5 mL of HBSS with synthetic cathinones at
their ICso concentrations (determined by MTT assay) was added to the
apical side, while 1 mL of HBSS was applied in the basolateral side.
Caffeine and mannitol served as high and low permeability controls,
respectively. Samples were collected at O h, 3 h, and 6 h, then frozen for
HPLC-DAD analysis. The percentage of permeation was calculated
assuming that the initial amount applied to the apical side corresponds
to 100 %. The permeation of the samples was calculated using Equation
(2), where C is the concentration.

. C
Permeation (%) = (M x 100) 2
apical

The apparent permeability coefficient (Papp) was calculated using
Equation (3) to quantify the compounds, where V represents the volume
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of the receptor (basolateral side) in mL, A corresponds to the insert area
in cm?, and At represents the time variation in seconds. The concen-

trations (C) of the receptor and donor (apical side) are expressed in mM.

Vbasolateral X Acba.salateral
P = 3
@ (Cm / S) At x A x Capical t=0 ( )

2.5. Effects on the cell membrane by the lactate dehydrogenase (LDH)
method

HepG2 cells were cultured in a 96-well microplate (7.5 x 10* cells/
mL) in triplicate wells (n = 3) with 100 pL of DMEM medium and
incubated for 24 h. For LDH activity assessment, 10 pL of ultrapure
water (Spontaneous LDH Activity) and cathinones at ICsy concentrations
determined by MTT assay were added and incubated for another 24h. A
separate set of triplicates received 10 pL of Lysis Buffer (Maximum LDH
Activity) and were incubated for 45 min. Afterward, 50 pL of each
sample medium and 50 pL of Positive Control were transferred to a new
plate, followed by 50 pL of Reaction Mixture. The negative control was
performed in the absence of cathinone. The plate was incubated for 30
min, then 50 pL of STOP Solution was added. Absorbance was measured
at 490 nm and 680 nm. This method detects LDH release as an indicator
of cell membrane damage, indicating necrotic or apoptotic cell death
caused by cathinones exposure (Forest et al., 2015; Kaja et al., 2017).
The percentage of cytotoxicity was calculated from Equation (4).

Abssample - AbSSpomaneous Activity

Cytotoxicity (%) = < > x 100 (4)

AbSMaXimum Activity — AbSSpontaneous Activity
2.6. Reactive oxygen species (ROS) production

HepG2 cells were cultured in 96-well microplates (2.5 x 10* cells/
mL) with black walls and transparent bottoms, in triplicate wells (n = 3),
using 100 pL of DMEM per well, and incubated for 24h. After washing
the cells with PBS, 0.2 mM H,-DCFDA solution was applied and incu-
bated for 45 min, protected from light. The solution was removed, and
200 pM TBHP (positive control) was added, followed by 6 h incubation
in the dark. Absorbance was measured using a fluorescence microplate
reader with excitation at 495 nm, emission at 527 nm, medium sensi-
tivity, and at 37 °C. This assay quantifies cathinone-induced reactive
oxygen species (ROS) production by detecting the oxidation of H,DCF to
2,7-dichlorofluorescein (DCF) (Ng and Ooi, 2021). Oxidative stress was
calculated from Equation (5).

Ab sample
Oxidative Stress (%) = (Ab;—"l) x 100 )
control

2.7. Statistical analysis

The statistical analysis was performed using Microsoft Office Excel,
and results are expressed as mean + standard deviation. Cytotoxicity
data were assumed to be normally distributed based on the symmetry of
the observed responses and the number of replicates per group. One-way
analysis of variance (ANOVA) was used to assess differences among
groups, followed by a Tukey's post hoc test to identify significant dif-
ferences in ICsg obtained from the MTT assay. Similarly, one-way
ANOVA followed by a Tukey's post hoc test was applied to analyze the
LDH assay and ROS production, differences were considered statistically
significant at p-values below 0.05 (p < 0.05).

3. Results

3.1. Cytotoxicity of synthetic cathinones in undiferentiated Caco-2 and
HepG2 cell lines

The cytotoxic effects of the selected chloro-cathinones were assessed
in Caco-2 and HepG2 cells using the MTT assay, after 24 h exposure to
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different concentration of cathinones, 1-10 mM for Caco-2 cells and
0.3-6 mM for HepG2 cells. Dose-response curves were constructed for
each cathinone across both cell lines HepG2 (Fig. 2) and Caco-2 (Fig. 3)
to assess their concentration-dependent cytotoxic effects. The figures
group meta and para isomers together in the same plot to allow direct
comparison of the cytotoxicity profiles.

From the nonlinear regression adjustment of the dose-response
curves, the ICsg values — defined as the cathinone concentration causing
a 50 % reduction in cell viability — were obtained. Table 1 presents these
ICsp values along with their 95 % confidence intervals, the Hill slope
parameter (indicating the steepest slope of the fitted curve), and the
lowest observed adverse effect level (LOAEL) for each compound.

All tested cathinones exhibited cytotoxic and concentration-
dependent cytotoxic effects on both cell lines, nevertheless it was seen
that HepG2 demonstrated greater sensitivity compared to Caco-2 cells,
with ICsg values between 0.8 and 3.1 mM and 1.87-6.20, respectively In
both cellular models it was noteworthy that the most cytotoxic cath-
inones were 3-CBC and its isomer 4-CBC, with both ICsq values of 1.9
mM for Caco-2 cells, and 1.2 mM and 0.8 mM, respectively, for HepG2
cells.

However, 4-Cl-DEC, 3-Cl-DEC, and 3-CIC in Caco-2 cells, as well as 4-
CIC and 3-Cl-DEC in HepG2 cells, exhibited relatively high Hill slope
values (97.9, 35.8, and 28.9 for Caco-2; 35.6 and 35.0 for HepG2,
respectively).

As Caco-2 cells must be fully differentiated to form a monolayer that
mimics the intestinal epithelium for reliable gastrointestinal perme-
ability assays, an additional MTT viability assessment was performed
following the 21-day differentiation period. Differentiated Caco-2 cells
were exposed to all 12 cathinones for 24 h, maintaining viability above
90 %. These results confirm the integrity and suitability of the differ-
entiated monolayer for subsequent permeability testing.

3.2. Detection and quantification of cathinones by HPLC-DAD

Prior to conducting the permeability assays, HPLC-DAD analyses
were performed to quantify and confirm the concentration of the twelve
chloro-cathinones used in the experiments. This step ensured accurate
dosing and reliable interpretation of the subsequent assay of the
assessment of the permeability of the gastrointestinal barrier model.

100

Food and Chemical Toxicology 210 (2026) 115981

An HPLC-DAD method was developed to detect and quantify the
target cathinones (Fig. 1). Calibration standards were prepared at con-
centrations of 1, 5, 10, 15, 20, and 25 pg/mL in Hank's Balanced Salt
Solution (HBSS) to match the conditions used in the permeability assays.
These standards were injected in duplicate over three separate days to
determine retention times and UV-Vis spectra, and to construct cali-
bration curves. Table 2 presents the results of this analysis, including the
errors in concentration determination, the limits of detection (LOD) and
quantification (LOQ). Based on the obtained parameters, the suitability
of the method for the detection and quantification of cathinones in the
gastrointestinal barrier permeability assays was confirmed. Using this
method, the permeability of the twelve chloro-cathinones was evaluated
in differentiated Caco-2 cell monolayers.

3.3. Assessment of the permeability of the gastrointestinal barrier in
differentiated Caco-2

For the gastrointestinal barrier permeability assay, differentiated
Caco-2 monolayers were used after 21 days of culture. Transepithelial
electrical resistance (TEER) measurements were performed to confirm
monolayer integrity. Cathinone solutions prepared in HBSS were then
applied to the apical side at their previously determined ICsy concen-
trations by MTT assay. Permeation into the basolateral compartment
was assessed after 3 and 6 h (Fig. 4). Based on Fig. 4, it was observed that
after 6 h of incubation, 3-CIC and 4-CEC revealed the highest perme-
ation rates with values of 15.07 % and 9.51 %, respectively. These re-
sults indicate that both compounds have a greater ability to permeate
the gastrointestinal barrier. To further characterize the permeability of
the tested cathinones, the apparent permeability coefficient (Papp) was
calculated. Additionally, control assays using caffeine and mannitol
were performed at a concentration of 0.8 mg/mL to support the
method's effectiveness. The results of these calculations are presented in
Table 3.

Based on the Papp values presented in Table 3, cathinones 3-CIC, 4-
CEC, 4-CMC, 3-Cl-DEC, 3-CBC, 3-CEC, 3-CMC, 4-CBC, and 4-Cl-DEC
exhibit moderate permeability, as their values fall within the range of
1.0-10 x 10~° cm/s. Among these, 3-CIC showed the highest Papp value
of 7.75 x 107° em/s. In contrast, 4-CIC, 3-CI-TBC, and 4-Cl-TBC,
demonstrated low permeability, with Papp values below 1.0 x 107°
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Fig. 2. Dose-response curves showing the percentage of cytotoxicity of the studied cathinones (0.3-6 mM), grouped by meta- and para-isomeric sets, as determined
by the MTT reduction assay in HepG2 cells after 24 h of exposure. Cells incubated only in growth medium served as the control. Cytotoxicity values are expressed as
mean =+ standard deviation for each assay (n = 3, six technical replicates per assay).
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Fig. 3. Dose-response curves showing the percentage of cytotoxicity of the studied cathinones (1-10 mM), grouped by meta- and para-isomeric sets, as determined by
the MTT reduction assay in Caco-2 cells after 24 h of exposure. Cells incubated only in growth medium served as the control. Cytotoxicity values are expressed as
mean =+ standard deviation (n = 3, six technical replicates per assay).

Table 1

Parameters derived from dose-response curves analysis of chloro-cathinones on Caco-2 (1-10 mM) and HepG2 (0.3-6 mM) cell lines, assessed using the MTT assay, ICsq
values (concentration causing 50 % reduction in cell viability), p < 0.05 confidence level, Hill slope coefficients (indicating curve steepness), and lowest observed
adverse effect levels (LOAEL).

Cathinone ICsp [CL] (mM) Hill Slope LOAEL (mM)
Caco-2 HepG2 Caco-2 HepG2 Caco-2 HepG2

3-CMC 5.81 [5.38-6.28]* 3.10 [3.10-3.20]* 4.7 21.2 3.5 2.5
4-CMC 5.18 [4.68-5.72]" 2.90 [2.80-3.00]° 4.1 19.5 3.0 2.5
3-CEC 4.36 [4.22-4.50]° 2.20 [2.20-2.40]¢ 9.3 3.1 3.3 1.5
4-CEC 6.06 [5.48-6.65]%" 2.40 [1.90-3.20]¢ 4.1 2.1 3.5 1.5
3-CBC 1.87 [1.82-1.90]¢ 1.18 [1.16-1.20]¢ 13.4 13.1 1.3 1.0
4-CBC 1.90 [1.82-1.98]¢ 0.80 [0.80-0.90]" 10.8 4.1 1.5 0.5
3-CI-DEC 2.95 [2.95-2.95]°¢ 2.7 [2.60-2.70]8 35.8 35.0 2.3 2.5
4-Cl-DEC 3.098 [3.098-3.099]" 3.10 [3.00-3.10]* 97.9 11.3 3.0 2.5
3-CIC 6.20 [6.20-6.26]%" 1.30 [1.20-1.30]" 28.9 4.7 0.8 0.7
4-CIC 4.60 [4.44-4.71]° 2.80 [2.76-2.84]! 13.5 35.6 0.6 2.5
3-CI-TBC 4.30 [4.20-4.43]¢ 1.90 [1.80-1.90] 9.6 11.6 0.5 1.5
4-CI-TBC 2.50 [2.39-2.75]% 1.20 [1.20-1.30]* 6.5 8.9 0.2 1.0

(a-k) Different letters indicate statistically significant differences among ICs, values at p < 0.05, according to one-way ANOVA followed by an unpaired t-test for
multiple comparisons.

Table 2

Retention times, detection wavelengths, and calibration curves parameters for the developed HPLC-DAD method used for identification and quantification of cath-
inones. For each cathinone, the calibration curve parameters include slope, y-intercept, coefficient of determination (R?), concentration determination error (Error),
limit of detection (LOD), and limit of quantification limit (LOQ), in pg/mL.

Cathinone Retention time (min) A (nm) Slope y-intercept R? Error LOD (pg/mL) LOQ (pg/mL)
3-CMC 5.60 255 278931 84975 0.9995 0.2 2.8 x10°° 8.4 x10°°
4-CMC 5.90 265 248083 55544 0.9993 0.3 3.6 x 10°° 1.1x107°
3-CEC 6.60 255 269995 77160 0.9996 0.2 2.6 x 10°° 7.9 x 10°°
4-CEC 6.80 265 195972 35731 0.9995 0.2 4.0 x 10°° 1.2 x 10°°
3-CBC 13.80 255 208532 -1169.6 0.9992 0.3 4.4 x10°° 1.3 x107°
4-CBC 13.60 265 359532 81360 0.9998 0.2 1.4 x 10°° 43 x10°°
3-Cl-DEC 8.40 255 132151 198107 0.9976 0.5 1.2 x 10°° 3.7 x 107°
4-Cl-DEC 8.60 265 346724 54868 0.9994 0.3 2.4 x10°° 7.3 x10°°
3-CIC 4.20 255 130868 26926 0.9995 0.3 83 x10°° 25 x107°
4-CIC 4.50 265 74744 1854.3 0.9990 0.4 1.1 x 10°° 3.4 x10°°
3-CI-TBC 5.80 255 167284 10714 0.9984 0.5 1.5 x 10°° 45x10°°
4-Cl-TBC 6.20 265 258691 142234 0.9967 0.6 1.7 x 107° 5.2 x107°
cm/s. The control compounds, mannitol and caffeine, displaying low 3.4. Assessment of toxicity mechanisms: effects on the cell membrane and
and high permeability, respectively. ROS induction in HepG2

The cathinone 3-CIC exhibited the highest gastrointestinal barrier
permeability (7.75 x 1076 cm/s) therefore it was selected for further
investigation along with its isomer, 4-CIC, which showed low
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Fig. 4. Permeation (%) of the cathinones under study at the basolateral side, after 3 and 6 h of incubation, at ICso concentrations determined by MTT assay in Caco-2
cells. Caffeine and mannitol served as high and low permeability controls, respectively (n = 3, with three replicates).

Table 3

Results of the apparent permeability coefficient (Papp) of
the tested cathinones after 6 h of incubation. Caffeine
and mannitol were assayed representing reference com-
pounds with high and low permeability controls,

respectively.
Cathinone Papp (x107° cm/s)
3-CMC 1.78
4-CMC 2.24
3-CEC 1.79
4-CEC 4.89
3-CBC 1.82
4-CBC 1.54
3-Cl-DEC 1.84
4-Cl-DEC 1.46
3-CIC 7.75
4-CIC 0.97
3-CI-TBC 0.56
4-Cl-TBC 0.48
Mannitol 0.08
Caffeine 15.00

permeability. These two compounds, representing the highest and
lowest Papp values in the isopropyl series, provide a contrasting pair
ideal for assessing how the position of the chlorine atom influences
hepatic toxicity. These analyses focused on effects related to cell mem-
brane integrity and ROS induction in liver HepG2 cells.

To evaluate the effect of these cathinones on cell membrane integ-
rity, the LDH assay was performed. Additionally, the HoDCFDA assay
was conducted to evaluate cathinone-induced ROS production. The re-
sults of both assays are presented in Figs. 5 and 6, respectively. The
results indicate that both 3-CIC and 4-CIC exert moderate cytotoxic ef-
fects on HepG2 cells by compromising the membrane integrity, with
slightly higher effects observed for 4-CIC, as reflected by LDH release
values of 21.3 % and 27.1 %, respectively. Notably, both compounds
induced increases in ROS levels, again with a more pronounced effect for
4-CIC (476.8 % relative to control) compared with 3-CIC (355.9 %). This
significant elevation in reactive oxygen species suggests that oxidative
damage may be a key mechanism underlying the cell death observed in
liver cells due to exposure to these cathinones.

4. Discussion

This study presents the first report of the gastrointestinal perme-
ability and hepatoxicity of the twelve chloro-cathinones presented in
Fig. 1. The cathinones were selected based on: (i) their recent prevalence
in EUDA alerts, (ii) structural diversity in both amino group and chlorine
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Fig. 5. Membrane damage-induced cytotoxicity by LDH assay in HepG2 cells
exposed to 3-CIC and 4-CIC, after 24 h of incubation, at their ICsy concentration
determined by MTT assay. The positive control was included as provided by the
assay kit and negative control was performed in the absence of cathinone (n =
3, with three replicates). (*) Indicates a statistically significant difference
compared to the positive control with 3-CIC (p = 0.0065) and 4-CIC (p =
0.0003), according to one-way ANOVA.
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Fig. 6. Percentage of ROS production in HepG2 cells exposed to 3-CIC and 4-
CIC, after 24 h of incubation, at ICso concentration determined by MTT
assay. Tert-butyl hydroperoxide (TBHP) was used as positive control, and a non-
treated group of cells exposed to the vehicle served as the negative control (n =
3, with three replicates). (*) Indicates statistically significant differences
compared to the positive control (TBHP) with p =0.0228, according to one-
way ANOVA.

atom position on aromatic ring, and iii) the inclusion of five previously
unreported analogues, in order to obtain a diverse set of cathinones to
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understand the influence of structural features on the observed effects.

In the gastrointestinal permeability studies, 3-CIC and 4-CEC,
exhibited the highest permeation rates after 6 h of incubation, 15.1 %
and 9.5 %, respectively. According to the classification criteria proposed
by Angelis and Turco (2011), both cathinones showed moderate
permeability, with apparent permeability coefficients (Papp) of 7.75 x
107% cm/s and 4.89 x 107° cmy/s, respectively. In contrast, 4-Cl-TBC,
3-Cl-TBC, and 4-CIC displayed lower permeation rates of 0.9 %, 1.1 %,
and 1.9 %, respectively, corresponding to low permeability as their Papp
< 1.0 x 1078 cm/s). The results obtained with the reference compounds,
caffeine (Papp = 15 x 107 cm/s) and mannitol (Papp = 0.08 x 107°
cm/s), validated the assay sensitivity and monolayer integrity, as these
compounds are reported as high- and low-permeability standards,
respectively (Usansky and Sinko, 2005).

Overall, the results obtained indicate that neither the chloro-
substitution position nor the N-alkyl chain in the tested cathinones ap-
pears to significantly influence their permeability. Most cathinones
showed Papp values within the range of 0.48 and 2.24 x 107° cm/s, with
the meta- and its corresponding para-isomer for all analogues generally
exhibiting similar permeability. The only exceptions were for the CEC
and CIC isomers, which displayed 3-fold and 8-fold differences between
isomers Papp values, respectively, suggesting that, for these cathinones,
the position of the chlorine atom influences their permeability.

Although limited, studies have been conducted on the permeability
of synthetic cathinones. Silva et al. (2020) investigated the enantiomeric
permeability of methylone and pentedrone using Caco-2 cell mono-
layers. Their findings revealed no enantioselective permeability with
pentedrone exhibiting similar Papp values of moderate permeability
(5.28 x 107° cmy/s S-isomer;- and 5.81 x 107° cmy/s R-isomer). For
methylone, only slight differences were obtained in Papp values between
enantiomers (5.18 x 107% cm/s S-isomer;- and 3.46 x 107° cmy/s
R-isomer). Similarly, Almeida et al. (2023) focused on MDPV enantio-
mers, observing no enantioselective permeability in the apical to baso-
lateral direction, with both exhibiting high permeability (Papp values
1.8 x 107> cm/s) through the Caco-2 monolayer, indicating significant
intestinal absorption potential.

Reported human plasma levels after recreational consumption of
synthetic cathinones are typically in the ng/mL to M range. Pharma-
cokinetic data showed that mephedrone exhibits plasma concentrations
ranging from 1 to 1060 ng/mL after oral administration, MDPV between
1 and 8400 ng/mL, methylone from <1 to 4400 ng/mL, a-PVP between
<1 and 606 ng/mL and 4-CEC around 2 ng/mL (Adamowicz, 2021).
These variations reflect the structural and pharmacokinetic differences
between the compounds, as well as individual biological factors and the
method of administration. After oral ingestion of synthetic cathinones,
the plasma concentrations vary significantly depending on factors such
as the dose, individual metabolism, and the route of administration.
Once cathinones enter systemic circulation, they are distributed to
various tissues, where their accumulation and interaction with cellular
targets may lead to cytotoxic effects. The cathinones concentrations
required to induce cytotoxicity in vitro usually fall within the millimolar
range serving to compare relative potencies and to provide insight into
potential in vivo exposure effects.

Analysis of the permeability data obtained in this study, together
with the cell-death results in HepG2 cells, revealed that 3-CIC, which
showed the highest permeability, also exhibited high hepatic cytotox-
icity, with an ICsg value of 1.30 mM. This suggests that 3-CIC may pose a
greater health risk to the liver and potentially to other internal organs.
Interestingly, 3-CBC and 4-CBC, which showed the highest cytotoxicity
in both HepG2 cells and Caco-2 cells, were also identified previous
studies as the most cytotoxic in the SH-SY5Y cell line (Gomes et al.,
2025; Lopes et al., 2025). This trend across different cell models suggests
that the N-butyl substituent may be a key structural feature contributing
to the cytotoxic effects of cathinones.

In addition, some cathinones exhibited remarkably steep dos-
e-response curves, particularly 4-Cl-DEC, 3-CI-DEC, and 3-CIC in Caco-
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2 cells, as well as 4-CIC and 3-CI-DEC in HepG2 cells, which exhibited
high Hill slope values (97.9, 35.8, and 28.9 for Caco-2 and 35.6 and 35.0
for HepG2, respectively). These steep slopes indicate that small varia-
tions in concentration can lead to pronounced increases in cytotoxicity,
reflecting a more pronounced toxicity profile. This behavior suggests
that, under certain exposure conditions, these compounds may pose a
higher toxicological risk compared to other cathinones, even when ICsg
values are similar. This steep dose-response behavior may reflect dif-
ferences in cellular uptake, membrane interaction, or intracellular
accumulation thresholds of compounds (Smit et al., 2001).

Overall, it was also observed that the cathinones tested exhibited
greater toxicity in HepG2 liver cells, indicating that these cells are more
susceptible to cytotoxic effects than Caco-2 intestinal cells. Caco-2 cells,
particularly when differentiated, simulate an epithelial barrier with high
TEER values and tight junctions that limit the entry of toxic compound,
as demonstrated by Darling et al. (2020) and also observed in this study.
In contrast, HepG2 cells lack barrier properties and are more susceptible
to toxicity due to limited transporter expression and reduced efflux ca-
pacity, as demonstrated by Hilgendorf et al. (2007) and Rodrigues et al.
(2009). In addition, HepG2 cells are also characterized by high meta-
bolic activity due to the expression of hepatic enzymes, including the
cytochrome P450 system, which are involved in the metabolism of
chemical compounds. Ma et al. (2016) reported that the high metabolic
activity of HepG2 cells can lead to increased production of ROS, further
contributing to cellular damage.

Regarding the mechanisms of cathinone-induced toxicity in the liver,
the results showed that both 3-CIC and 4-CIC moderately affect HepG2
cell membrane integrity and induced high levels of ROS production,
with slightly higher effects observed for 4-CIC. Comparison of the mo-
lecular structures of 4-CIC and 3-CIC (Fig. 1) reveals that the only dif-
ference between the two compounds is the position of the chlorine atom
on the aromatic ring. This structural variation may be associated with
the observed differences in ROS production and membrane damage,
potentially reflecting a higher reactivity or affinity of 4-CIC for cellular
targets including the membrane (Nadal-Gratacos et al., 2021; Zhao
et al, 2017; Arias et al, 2012). However, these findings remain
correlative and future targeted assays will clarify whether oxidative
stress plays a role in the mechanism of toxicity of 3-CIC and 4-CIC, as
well as support structural-activity relationship trends.

Luethi et al. (2017) demonstrated that other synthetic cathinones,
including MDPV, induce concentration-dependent cell death in HepG2
cells, as evidenced by LDH release. These compounds significantly in-
crease ROS production in HepG2 cells, suggesting that oxidative stress is
also a key mechanism underlying their toxicity. Excess ROS can attack
cellular membrane phospholipids, which can compromise membrane
integrity, exacerbate cellular damage, and promote apoptosis or necrosis
(Gaschler and Stockwell, 2017).

These findings underscore the importance in determining the toxi-
cological profiles of synthetic cathinones, highlighting how specific
structural features influence their biological effects. The correlation
between permeability and cytotoxicity—particularly in cathinones like
3-CIC—suggests that intestinal absorption plays a critical role in sys-
temic exposure and potential organ toxicity, especially in the liver.

Taken together, this study not only advances the understanding of
gastrointestinal permeability of these twelve chloro-cathinones, but also
provides mechanistic insight into their cytotoxic effects, particularly in
the liver via oxidative stress. However, it is important to recognize that
the experiments were conducted under in vitro conditions and employed
cathinone concentrations that may not accurately reflect those found in
physiological or real-world exposure scenarios. Given the limited data
available on the actual concentrations present in users and considering
that these compounds are drugs of abuse with increasing public health
relevance, further investigation is essential. Continued research into
their toxicodynamic behaviour, including studies using complementary
in vitro and in vivo models, will be critical to better understand their
effects and support more accurate risk assessments.
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5. Conclusions

Based on the results obtained for the twelve synthetic cathinones
tested and considering their oral route of consumption, 4-CEC and 3-CIC
showed the highest bioavailability, as evidenced by greater permeability
through the gastrointestinal barrier. These findings suggest that these
cathinones may more easily reach the systemic circulation and poten-
tially affect organs, particularly the liver with 3-CIC posing the greatest
concern due to its higher toxicity in HepG2 cells. Furthermore, the data
indicates that exposure to 3-CIC or its isomer, 4-CIC, induces ROS pro-
duction and compromises cell membrane integrity which may reduce
cell viability. Overall, the results of this study provide new insights into
the structural and toxicological characteristics of synthetic cathinones,
specifically highlighting the relationship between chemical structure
and their cytotoxicity and permeability profiles.
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Glossary
CAN Acetonitrile
a-PVP a-pyrrolidinopentiophenone
3-CBC 3-chloro-N-butylcathinone
3-CEC 3-chloro-N-ethylcathinone
3-CIC 3-chloro-N-isopropylcathinone
3-CI-DEC 3-chloro-N,N-diethylcathinone

3-CI-TBC 3-chloro-terc-butylcathinone

3-CMC 3-chloro-N-methylcathinone

4-CBC 4-chloro-N-butylcathinone

4-CEC 4-chloro-N-ethylcathinone

4-CIC 4-chloro-N-isopropylcathinone

4-Cl-DEC 4-chloro-N,N-diethylcathinone

4-Cl-TBC 4-chloro-terc-butylcathinone

4-CMC 4-chloro-N-methylcathinone

Caco-2 Colorectal adenocarcinoma cell line

DCF 2',7'-dichlorofluorescein

DMEM Dulbecco's Modified Eagle Medium
DMSO Dimethyl sulfoxide

EUDA European Union Drugs Agency

FBS Fetal Bovine Serum

HBSS Hank's Balanced Salt Solution

H,DCF 2',7'-dichlorodihydrofluorescein
H;DCFDA 2',7'-dichlorodihydrofluorescein diacetate
HepG2 Hepatocellular carcinoma cell line
HPLC-DAD High Performance Liquid Chromatography — Diode Array Detection
ICso Concentration required to cause 50 % cell death
LDH Lactate dehydrogenase

LOAEL Lowest-observed-adverse-effect level
LOD Limit of detection

LOQ Limit of quantification
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