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Leydig cells rely on lipids and fatty acids (FA) for essential functions like maintaining structural integrity,
energy metabolism, and steroid hormone synthesis, including testosterone production. Carbamazepine
(CBZ), a common anticonvulsant medication, can influence lipid metabolism and profiles, potentially
impacting Leydig cell function and testosterone levels. Understanding this interplay is crucial to optimize
treatment strategies for individuals requiring CBZ therapy while mitigating any adverse effects on male
reproductive health. This study focuses on evaluating the effects of selected CBZ concentrations on
the lipid homeostasis of BLTK-1 murine Leydig cells. By employing liquid chromatography-mass
spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS), we aimed to uncover the
specific changes in lipid profiles induced by CBZ exposure (25 and 200 puM). FA analysis demonstrated a
significant decrease in FA 22:6 n-3 with increasing CBZ concentration and an increase in the n-6/n-3
ratio. Furthermore, changes in the lipidome, particularly in lipid species belonging to phosphatidyl-
ethanolamine (PE), phosphatidylcholine (PC), phosphatidylglycerol (PG), and sphingomyelin (SM) classes
were observed. PE and PC lipid species were significantly elevated in Leydig cells exposed to 200 pM
CBZ, whereas PG and SM species were downregulated. CBZ treatment significantly altered the Leydig
cell phospholipidome, suggesting specific phospholipids such as PG 40:4, PG 34:1, PC O-32:1, PC 32:2,
and PE P-38:6, which exhibited the lowest p-values, as potential biomarkers for clinical assessment of
CBZ's impact on Leydig cells. These findings underscore the intricate relationship between CBZ
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exposure and alterations in lipid profiles, offering potential insights for monitoring and mitigating the

rsc.li/molomics drug’s effects on male reproductive health.

Introduction

Leydig cells are key testicular somatic cells with a key role in the
production and secretion of testosterone, the primary male
sex hormone." Testosterone is essential for the development
and maintenance of male reproductive tissues and for
spermatogenesis,” and disruptions in Leydig cell homeo-
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dynamics can affect fertility. Additionally, Leydig cell dysfunc-
tion has been linked to changes in lipid and fatty acid (FA)
metabolism within the testis.>* In fact, lipid droplet accumula-
tion in these cells has been suggested to contribute to tumor
growth, proliferation, and metastasis.””’

Alterations in Leydig cell function can have profound
effects on male health and reproductive capabilities.®° These
changes can occur due to various factors, including aging,
hormonal imbalances, diseases, medications and environmen-
tal factors.'' Certain medications, such as glucocorticoids,
opioids, chemotherapy drugs and antipsychotic medications
can affect Leydig cells’ function and testosterone production.’
Among the former ones, carbamazepine (CBZ), an anticonvulsant
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and mood-stabilizing medication commonly used to treat epilepsy
and bipolar disorder, has been associated with changes in lipid
metabolism and lipid profiles, causing adverse effects on male
reproductive health in some individuals.'®"* While CBZ primarily
exerts its therapeutic effects by stabilizing neuronal membranes
and reducing abnormal electrical activity in the brain, it can also
have effects on the endocrine system, including Leydig cells’
function and testosterone production.'® Research in animals has
shown that CBZ can affect Leydig cells’ morphology and reduce
testosterone production and suggest that CBZ may negatively
influence Leydig cells, which are responsible for the testosterone
production in the testis and may be involved in the tumorigenesis
of these cells.>"®

The use of CBZ may lead to changes in plasma lipid levels,
including increases in total cholesterol, LDL (low-density lipo-
proteins) cholesterol, triglycerides and alterations in lipo-
protein profiles."”” These effects are thought to be mediated
by CBZ-induced hepatic enzymes (cytochrome P450), changes
in insulin sensitivity among others.'®'® However, the precise
mechanisms through which CBZ may influence Leydig cell
function and potentially induce tumorigenesis remain unclear.
It appears that the effects of CBZ can vary among individuals,
influenced by factors such as dosage, treatment duration,
individual metabolism, and concurrent medications.>**' Under-
standing these mechanisms is important for developing thera-
peutic strategies aimed at restoring Leydig cell function and
improving male reproductive health.

Therefore, in this work, we intend to study the variation in
the lipid profile of BLTK-1 murine Leydig cells after chronic
exposure to CBZ, as a model of Leydig cell tumor to induce
dysfunction and infertility. BLTK-1 cells were selected for
this study due to their stability in culture, even at passages
higher than those utilized. Moreover, BLTK-1 cells are a well-
established model for studying endocrine, paracrine, and auto-
crine regulation.?” Cell viability was evaluated after exposure to
different concentrations of CBZ (25 and 200 pM), the FA profile
analyzed by gas chromatography-mass spectrometry (GC-MS)
and the lipid profile by liquid chromatography-mass spectro-
metry (LC-MS).

Experimental
Cell culture - BLTK-1 murine Leydig cells

BLTK-1 was first established in 1996 a murine Leydig cell line
with the name BLT-1.>* This cell line was gently provided by
Nafis Rahman, MD, PhD, Faculty of Medicine, Institute of
Biomedicine, University of Turku (Finland). Cells were cultured
in 75 cm” T-flasks and kept at 37 °C with a 5% (v/v) CO,
humidified atmosphere in DMEM (Dulbecco’s modified Eagle’s
medium):Ham’s F12 culture medium supplemented with
10% heat-inactivated FBS (fetal bovine serum), 50 pmol mL "
gentamicin, 50 U mL™" penicillin, 50 mg mL~" streptomycin
sulfate, and 0.5 mg mL~" fungizone. Cells from passages 23 to
28 were used, and their morphology and functionality were
routinely accessed via optical microscopy.
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Experimental groups and design

For the cytotoxicity evaluation, CBZ was diluted in dimethyl
sulfoxide (DMSO) to prepare a stock solution, which was then
diluted and used to treat the seeded cells. BLTK-1 cells were
divided into six groups, each treated with increasing concen-
trations of CBZ (0 (CTR), 5, 25, 50, 100, and 200 puM) in
DMEM:Ham’s F12 culture medium (as in 2.1.1) supplemented
with only 5% FBS. The cells were exposed for 24 hours. The
chosen CBZ concentrations were based on plasmatic levels
reported in the literature,>”*> with additional intermediate
concentrations included. A control group (CTR, 0 uM) was also
included in which the cells were cultured with the culture
medium previously described with no CBZ and the same
concentration of DMSO as the other groups (0.5%).

Sulforhodamine B (SRB) cytotoxicity assay

The sulforhodamine B (SRB) assay was performed as previously
described.”® Briefly, cells were seeded in 48-well plates and
exposed to increasing concentrations of CBZ after reaching
approximately 80% confluence. After 24 h, the medium was
removed and used for the lactate dehydrogenase (LDH) release
assay. Cells were washed using phosphate buffered saline (PBS)
and fixed with 1% acetic acid in methanol for at least 1 h at
—20 °C. The cells were then incubated, for 1 hour, with a
solution of 0.05% SRB in 1% acetic acid at 37 °C. After
incubation, cells were again washed with 1% acetic acid. The
SRB dye bound to the cells was removed, using a 10 mM Tris
solution with pH 10, and 200 pL of the resulting solution was
transferred to a 96-well plate in duplicates. The optical density
was measured in a multiplate reader (MultiSkan Go, Thermo
Fisher Scientific) at 510 nm. The obtained results were divided
by the mean of the control group and expressed in fold variation
to the control.

Lactate dehydrogenase release assay

To perform the LDH release assay, the cell culture medium
from the SRB assay was collected to a 96-well plate in dupli-
cates. The LDH activity was measured using the LDH-Cytox™
Assay Kit (BioLegend®™, USA), which was performed following
manufacturer instructions. The optical density was measured
in a multiplate reader (MultiSkan Go, Thermo Fisher Scientific)
at 490 nm. The obtained results were divided by the mean of
the control group and expressed in fold variation to the control.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was performed as described.”” Cells were
seeded and exposed to respective doses of CBZ in a 48-well
plate for 24 hours. Afterwards, the medium was removed, and
replaced for DMEM:Ham’s F12 medium containing 5 mg mL "
of MTT. The cells were then incubated for 3 hours at 37 °C.
Following incubation, the medium was removed, and DMSO
was added to solubilize the formazan crystals. The solubilized
formazan in DMSO was transferred to a 96-well plate in
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duplicates. Optical density was measured using a multiplate
reader (MultiSkan Go, Thermo Fisher Scientific) at 570 nm and
655 nm. To analyse the results, the absorbance measured
at 655 nm was subtracted from the absorbance measured at
570 nm. The resulting values were divided by the mean of the
control group and expressed in fold variation to the control.

Extraction of lipids

Lipids were extracted using the Bligh and Dyer method, with
modifications.”®*® For this procedure, the cell pellets were
resuspended in 1 mL of Milli-Q water and transferred from
the microcentrifuge tube into the respective extraction tubes
(Pyrex tubes). A volume of 3.75 mL of CH,Cl, : MeOH mixture in
a 1:2 (v/v) ratio was added and vortexed for 1 minute. The
mixture was incubated on ice for 30 minutes under agita-
tion (75 rpm) using an orbital shaker (Stuart Reciprocating
Shaker SSL2, Stuart, UK), with vortexing every 5 minutes. After
30 minutes, the tubes were vortexed again for 1 min. Following
this, 1.25 mL of CH,Cl, and 1.25 mL of Milli-Q water were
sequentially added to each tube, with 1 minute of vortexing
between each addition. The tubes were then placed in a centr-
ifuge (Centurion Scientific, Pro-Analytical C4000R, Stoughton,
UK) for 10 minutes at 2000 rpm to achieve phase separation.
The organic phase from each tube was transferred to new tubes.
To the remaining aqueous phase, 1.88 mL of CH,Cl, was
added, followed by vortexing for 1 minute and a new centri-
fugation step. The organic phase was collected into the pre-
vious glass tube, dried under a stream of nitrogen gas, and
re-dissolved in CH,Cl,. The total lipid extracts were transferred
to amber vials, dried, and stored at —80 °C until further
analysis.

Phospholipid quantification

The quantification of the total phospholipids (PL) recovered after
extraction was done using an adapted version of the Bartlett and
Lewis method.***" Briefly, lipid extracts were dissolved in 200 pL
of CH,Cl,, and 10 pL aliquots were transferred, in duplicate,
to glass tubes previously washed with 5% nitric acid. The solvent
was evaporated under a stream of nitrogen, followed by the
addition of 125 pL of 70% perchloric acid to each tube. Samples
were then incubated in a heating block (Stuart, UK) at 180 °C for 1
hour. After cooling to room temperature, 825 pL of Milli-Q water,
125 pL of 2.5% ammonium molybdate (25 pg pL~ ' of Milli-Q
water), and 125 uL of 10% ascorbic acid (100 pg pL~" of Milli-Q
water) were sequentially added to each sample, with vortexing
between additions. The samples were further incubated in a water
bath at 100 °C for 10 minutes and then immediately cooled in a
cold-water bath. Phosphate standards ranging from 0.1 to 2 pg of
phosphorus (P) were prepared using sodium dihydrogen phos-
phate dihydrate (NaH,PO,-2H,0, 0.1 pg pL~' P). These stan-
dards underwent the same experimental procedure as the samples,
excluding the heat block step. Absorbance was measured at 797 nm
using a Multiskan GO 1.00.38 Microplate Spectrophotometer
(Thermo Scientific, Hudson, NH, USA) controlled by SkanlIT version
3.2 software (Thermo Scientific™). The amount of P present in each
sample was determined by linear regression. For each lipid extract,
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the total PL amount was calculated by multiplying the phosphorus
amount by 25.%>

Fatty acid analysis by gas chromatography coupled to mass
spectrometry (GC-MS)

Fatty acids were analyzed by GC-MS using the transmethylation
method described by Aued-Pimentel et al.,>® which is routinely
employed in our laboratory.*® An aliquot of 15 ug of PL was
transferred to a glass tube previously washed with 99% hexane,
dried under a nitrogen stream, and dissolved in 1 mL of n-hexane
containing the internal standard methyl-nonadecanoate (Sigma,
St. Louis, MO, USA) at a concentration of 1.5 x 107> pg pL ™"
Esterified fatty acids underwent conversion to fatty acid methyl
esters (FAMEs) through the addition of 200 pL of a 2 M methanolic
KOH solution, followed by vigorous vortexing for 2 minutes. Next,
2 mL of saturated NaCl solution (10 pg uL™ ') was added. After
centrifugation at 2000 rpm for 5 minutes, 600 pL of the organic
phase was collected and dried using a nitrogen stream. The
resulting FAME derivatives were dissolved in 100 pL of n-hexane,
and 2 pL were injected in GC-MS for analysis utilizing an Agilent
Technologies 8860 GC System (Santa Clara, CA, USA) equipped with
a DB-FFAP column (Agilent Technologies). The GC system was
connected to an Agilent 5977B Mass Selective Detector operating in
electron impact mode at 70 eV, scanning the range m/z 50-550 in a
1s cycle using full scan mode acquisition. The oven temperature
was programmed as follows: an initial temperature of 58 °C for
2 minutes, followed by a linear increase to 160 °C at 25 °C min ™,
then a linear increase at 2 °C min * to 210 °C, further increased at
20 °C min™' to 230 °C, and held at 230 °C for 15 minutes.
The injector and detector temperatures were set at 220 °C and
230 °C, respectively. Helium served as the carrier gas at a flow rate
of 1.4 x 10° uL. min~". The data acquisition software employed was
GCMS5977B/Enhanced MassHunter, with data analysis performed
using Agilent MassHunter Qualitative Analysis 10.0 software. Fatty
acid identification was also confirmed by comparing the retention
times and fragmentation patterns of the analytes with those of the
Supelco 37 Component FAME Mix (Sigma-Aldrich), which includes
a comprehensive range of fatty acid standards with chain lengths
from C8 to C24 and saturation levels ranging from 0 to 6 double
bonds. For fatty acids not included in the FAME mix, identification
was further corroborated by comparing their mass spectra with
entries in the NIST library database and the Lipid Map Web. The
GC-MS approach utilized herein allows for the detection of fatty
acids with chain lengths of C8 and higher, as confirmed by
employing FAME standards. The GC-MS approach utilized herein
allows for the detection of fatty acids with chain lengths of C8 and
higher, as confirmed by employing FAME standards. Fatty acid
quantification was executed utilizing calibration curves obtained
from FAME standards under identical instrumental conditions.

Characterization of the lipid profile by reverse phase liquid
chromatography coupled to high-resolution tandem mass
spectrometry (C18 LC-MS/MS)

Lipids were analyzed by C18 reverse-phase liquid chromatogra-
phy in an HPLC system (Ultimate 3000 Dionex, Thermo Fisher
Scientific, Bremen, Germany) coupled online to a Q-Exactive™

This journal is © The Royal Society of Chemistry 2025
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Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Lipid extracts were resus-
pended in CH,Cl, to have a PL concentration of 1 ug PL puL ™.
In a vial with a micro-insert, 10 pL of each sample, 8 pL of a
mixture of internal standards and 82 pL of isopropanol : MeOH
(1:1) were mixed. A volume of 5 pL of this mixture was injected
into the HPLC column (Ascentis® Express 90 A C18 HPLC,
Sigma-Aldrich®, 2.1 x 100 mm; 2.7 um, Supelco™), at 50 °C and
at a flow rate of 260 pL min~'. The internal standard mixture
contained 0.04 pg of phosphatidylcholine (PC, 14:0/14:0),
0.04 pg of phosphatidylethanolamine (PE, 14:0/14:0), 0.024 pg
of phosphatidylglycerol (PG, 14:0/14:0), 0.08 ng of phosphati-
dylinositol (PI, 16:0/16:0), 0.08 ng of phosphatidylserine (PS,
14:0/14:0), 0.16 pg of phosphatidic acid (PA, 14:0/14:0), 0.04 pg
of lyso-PC (LPC, 19:0), 0.04 pg of sphingomyelin (SM, d18:1/
17:0), 0.08 pg of ceramide (d18:1/17:0) and 0.16 pg of cardioli-
pin (CL, 14:0/14:0/14:0/14:0). Before lipidomic analysis, LC-MS
data acquisition was conducted on a sample without internal
standards to ensure that no lipid species corresponding to the
selected internal standards were present in the samples. The
elution started with 32% of mobile phase B, followed by the
following gradient: 45% B (1.5 min), 52% B (4 min), 58% B
(5 min), 66% B (8 min), 70% B (11 min), 85% B (14 min), 97% B
(18 min, maintained for 7 min), and 32% B (25.01 min,
followed by a re-equilibration period of 8 min prior next
injection). Eluent A was composed of 60% acetonitrile, 40%
water, 10 mM ammonium formate and 0.1% formic acid and
eluent B was composed of 90% isopropanol, 10% acetonitrile,
10 mM ammonium formate and 0.1% formic acid. The
Q-Exactive™ Orbitrap mass spectrometer, equipped with a
heated electrospray ionization source, operated in both positive
and negative modes. The electrospray voltage was set to 3.0 kV
for the positive mode and —2.7 kV for the negative mode.
Operational parameters included a sheath gas flow of 35 U,
an auxiliary gas flow of 3 U, a capillary temperature of 320 °C,
an S-lenses RF of 50 U, and a probe temperature of 300 °C. Full-
scan MS spectra were acquired across an m/z range of 200-1600,
with a resolution of 70000, an automatic gain control (AGC)
target of 3 x 10°, and a maximum injection time (IT) of 100 ms.
For MS/MS experiments, a top-10 data-dependent method was
employed, wherein the top 10 most abundant precursor ions in
the full MS were selected for fragmentation in the HCD colli-
sion cell. A stepped normalized collision energy scheme was
applied, ranging between 25 and 30 eV for the positive ion
mode and between 20, 24, and 28 for the negative ion mode.
MS/MS spectra were acquired with a resolution of 17500, an
AGC target of 1 x 10° an isolation window of 1 m/z, and a
maximum IT of 100 ms. The acquisition cycle comprised one
full-scan mass spectrum and ten data-dependent MS/MS scans,
continuously repeated throughout the experiments, with the
dynamic exclusion set to 30 s and an intensity threshold of
8 x 10*. Data acquisition was managed using the Xcalibur data
system (V3.3, Thermo Fisher Scientific, USA).

The LC-MS data were processed using the Lipostar software
(Molecular Discovery Ltd, version 2.1.5 x 64).>° This software
was used for raw data import, peak detection, alignment, noise
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reduction, and identification. Lipid assignment and identifi-
cation were performed using a database created from the LIPID
MAPS Structure Database (downloaded in February 2024).%°
The database was fragmented using the DB Manager Module
of Lipostar, following Lipostar fragmentation rules. The raw
files were directly imported and aligned using the settings
described by Lange et al.*” Automatic peak picking was carried
out with the SDA smoothing level set to low and a minimum
signal-to-noise ratio (S/N) of 3. Automatic isotope clustering
was performed setting an m/z tolerance of 7 ppm and a reten-
tion time tolerance of 0.2 min. After data processing, ¢ an auto-
matic filtering was applied to retain only features with MS/MS
spectra for identification. Lipid identification was based on the
following parameters: a 5 ppm precursor ion mass tolerance
and a 10 ppm product ion mass tolerance. An automatic
approval process was applied to retain only identifications with
a confidence level of 3-4 stars.>® The putative annotations from
Lipostar were confirmed, considering the typical fragmentation
pattern of each class lipid class.*®

Statistical analysis

Multivariate and univariate statistical analyses were conducted
using R version 4.3.1°° in RStudio version 2024.04.2.*°
Lipid species areas obtained from LC-MS were normalized by
sum, log-transformed (base 10),*" and further normalized using
EigenMS."* Principal component analysis (PCA) was performed
with the R packages FactoMineR*? and factoextra.’* Heatmaps
were generated from autoscaled data using the R package
heatmap, with “Euclidean” as the clustering distance and
“ward.D” as the clustering method.*>

Normality and variance homogeneity of the data were assessed
using the Shapiro-Wilk and Levene’s tests, respectively. Based on
these assessments, ANOVA was used if the assumptions were
satisfied otherwise, the Kruskal-Wallis test was applied. Signifi-
cant differences identified by ANOVA were further analyzed using
Tukey’s HSD test, while Dunn’s test was used for post hoc
comparisons following the Kruskal-Wallis test. P-Values were
adjusted for multiple testing using the Benjamini-Hochberg
method for the false discovery rate (FDR, g-values). All univariate
analyses were conducted using the R package rstatix with a
significance threshold of p < 0.05.*° All graphics and boxplots
were created using the R package ggplot2.*”

Results
CBZ did not impact Leydig cell viability

The cellular proliferation was evaluated using the SRB assay
and no significant differences were observed after cell exposure
to the CBZ concentrations tested including 25 uM (1.00 £ 0.07-
fold variation to control) and 200 pM (0.98 =+ 0.07-fold variation
to control), when compared to controls (1.00 + 0.37-fold varia-
tion to control) (Fig. 1A). In what concerns the evaluation
of the metabolic viability, using the MTT assay, the Leydig
cells exposed to the highest concentrations of CBZ showed a
tendency for reduction in the metabolic activity, particularly
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Carbamazepine uM

Fig. 1 Cytotoxic effects of different concentrations of carbamazepine (CBZ) on Leydig cells evaluated using (A) SRB assay for cellular proliferation (n = 4
for each condition), (B) MTT assay for cell metabolic viability (n = 3 for each condition), and (C) LDH release assay for cell membrane damage (n = 5 for
each condition). In the figure, Leydig cells treated with 200 uM CBZ are represented in green, Leydig cells treated with 25 pM in orange and the control

group in purple.

the group of Leydig cells exposed to 25 pM of CBZ (0.85 & 0.18-
fold variation to control) and to 200 uM of CBZ (0.91 + 0.37-fold
variation to control) when compared with the control group
(1.00 £+ 0.17-fold variation to control) (Fig. 1B). The results
gathered from the LDH release assay, used to evaluate mem-
brane damage, although without statistical significance, showed
that the cells exposed to 200 pM of CBZ (1.05 + 0.12-fold variation
to control) exhibited a slight higher tendency for LDH release
to the extracellular medium when compared to the Leydig cells
from the control group (1.00 + 0.11-fold variation to control) and
from the group exposed to 25 pM (1.02 £ 0.07-fold variation to
control) of CBZ (Fig. 1C).

Fatty acid analysis by GC-MS

The profile of the esterified fatty acids of the Leydig cells was
determined by GC-MS after alkaline transmethylation. A total of
12 FA were identified in Leydig cells from both CTR and CBZ
groups (Table 1 and Fig. S1, ESI}). The palmitic acid (FA 16:0)
was the most abundant FA in all groups followed by the oleic
acid (FA 18:1 n-9), vaccenic acid (FA 18:1 n-7) and stearic acid
(FA 18:0). These results are in line with the FA profile of Leydig
cells previously described.”*®

Table 1 Fatty acid profile identified by GC-MS from Leydig cells before
(control, CTR) and after treatment with 25 pM or 200 puM of carbamazepine
(CBZ) expressed as relative percentage (%). The data represent mean
values of 6 samples (n = 6 for each condition) + standard deviation

Fatty acids CTR CBZ 25 uM CBZ 200 pM
FA 14:0 0.8 £ 0.2 0.9 £ 0.2 1.0 £ 0.4
FA 16:0 21.8 £ 1.3 21.7 £ 1.2 21.7 £ 1.0
FA 16:1 n-9 1.0 £ 0.3 1.0 £ 0.2 0.7 £0.3
FA 16:1 n-7 6.5 + 1.0 71+ 1.6 7.4 £ 1.6
FA 18:0 13.6 £ 0.8 13.6 £ 0.9 14.2 £ 3.4
FA 18:1 n-9 20.3 £ 1.3 199 £ 1.0 20.0 £ 1.7
FA 18:1 n-7 18.5 £ 2.2 18.4 £ 1.8 18.3 £ 2.3
FA 18:2 n-6 1.7 £ 0.3 1.9 £ 0.3 1.9 £ 0.3
FA 20:4 n-6 5.3+ 1.0 5.8+ 1.1 54 +1.3
FA 22:4 n-6 1.1+04 1.0 £ 0.4 1.1+ 0.5
FA 22:5 n-3 1.8 £ 0.3 1.7 £ 04 1.8+ 04
FA 22:6 n-3 2.5 +1.1 2.5+ 0.9 1.9 £ 1.0
206 | Mol Omics, 2025, 21, 202-214

Statistical analysis showed that of the 12 FA identified, only
the FA 22:6 n-3 revealed significant differences between the CBZ
25 uM and CBZ 200 uM groups, with Leydig cells treated with
CBZ 200 pM showing the lowest content in this n-3 FA in
comparison to CTR and CBZ 25 uM, however, no significant
changes were observed when comparing controls and CBZ
200 puM groups (Fig. 2 and Table S1, ESIt).

The sum of saturated (SFA), monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA) were calculated as well as
the ratios of n-6/n-3 (Table 2). MUFA was the group of FA most
abundant in all conditions followed by SFA. The results further
demonstrate that the most abundant FAs are MUFA (FA 18:1)
and SFA (FA 16:0). The results are in accordance with a previous
study on lipid metabolism of the M5480 murine Leydig cell
tumor,” which states that in Leydig cell tumors, SFA and MUFA
are higher in comparison with PUFA.

Only the n-6/n-3 ratio revealed significant differences, being
significantly higher in Leydig cells treated with CBZ 200 pM
compared with Leydig cells treated with CBZ 25 uM,
p < 0.0005, however, no significant changes were observed
when comparing controls and CBZ 200 puM groups (Fig. 3 and
Table S2, ESIT).

Identification of the lipid profile by LC-MS/MS

The lipid profile of the Leydig cells was analyzed by high-
resolution LC-MS and MS/MS (Fig. S3-S9, ESIY). This lipidomic
analysis allowed the identification of 367 different lipid mole-
cular species (m/z values of molecular ions) belonging to 13
different classes, namely 146 phosphatidylcholines (PC) includ-
ing diacyl, lyso PC (LPC), alkyl-acyl and alkenyl-acyl species,
68 phosphatidylethanolamines (PE) including diacyl, lyso PE
(LPE), alkyl-acyl and alkenyl-acyl species, 15 phosphatidylino-
sitols (PI), 8 phosphatidylserines (PS), 21 sphingomyelins
(SMs), 14 phosphatidylglycerol (PG), 6 cardiolipin (CL), 12
ceramides (Cer), 4 Hexosylceramides (HexCer), 7 sphingosine
(SPB), 1 coenzimeQ10, 8 diacylglycerols (DG) and 57 triacyl-
glycerols (TG) (Table S3, ESIt).

The differences between the lipid profiles of Leydig cells
treated with CBZ 25 pM, with CBZ 200 uM, and CTR were

This journal is © The Royal Society of Chemistry 2025
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c 3+
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®
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* p<0.0278
0-
FA 22:6 (n-3)

FA

Fig. 2 Graphical representation of significant changes in the FA 22:6 n-3
content determined by GC-MS in Leydig cells before (control, CTR) and
after treatment with 25 pM of CBZ and 200 uM of CBZ. *p < 0.0278, using
the 2way ANOVA, Tukey's multiple comparisons test.

Table 2 Sum of FA profile and n-6/n-3 ratio of lipid extracts obtained
from Leydig cells before (control, CTR) and after treatment with 25 uM or
200 puM carbamazepine (CBZ) determined by GC-MS. The data represent
mean values of 6 samples (n = 6 for each condition) + standard deviation

T fatty acids CTR CBZ 25 uM CBZ 200 pM
X n-3 4.3 £ 1.3 4.2 £ 1.3 3.1+1.5
2 n6 8.2 +1.7 7.5 + 3.7 8.4 + 2.0
X SFA 36.3 £ 2.1 36.2 + 1.8 36.9 £ 2.7
> MUFA 47.6 + 4.0 47.7 + 4.4 47.7 £ 5.5
> PUFA 12.4 + 2.9 11.7 £ 4.8 11.5 £ 3.1
n-6/n-3 2.0+ 0.3 1.7 £ 0.8 3.24+1.2
5m * %k
I 1 m CTR
= 25uM

= 47 = 200uM

c

2

3

= 3

K

&

g

o 27

=

s

°©

4

*** p<0.0005

n-6/n-3
ZFA

Fig. 3 Graphical representation of significant changes in n-6/n-3 ratio in
Leydig cells before (control, CTR) and after treatment with 25 uM and
200 pM of carbamazepine (CBZ). ***p < 0.0005, using the 2way ANOVA,
Tukey's multiple comparisons test.

assessed using multivariate statistical analysis. The PCA score
plot of the two first dimensions (Dim) showed that the three
groups were separated into three different clusters (90% confi-
dence interval), with the model capturing 48.1% of the total vari-
ance in the data set (Dim 1:31.7%; and Dim 2:16.4%) (Fig. 4).
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Groups

[+ ] 200um
[ 4] 25um
[=] ctr

Dim2 (16.4%)

Dim1 (31.7%)

Fig. 4 PCA in a two-dimensional score scatter plot of the lipid profile of
the Leydig cells cultured in the presence (25 uM and 200 puM) or absence of
CBZ (CTR). PCA was done using log 10 and EigenMS normalized data.

The samples from the CTR group were scattered in the left
region of the PCA plot while the group treated with 200 uM CBZ
were scattered in the right region. Leydig cells treated with
25 pM of CBZ are clustered in the middle scattering of the PCA
plot, with some overlap with the control group.

Additionally, we performed a hierarchical clustering analysis
on the lipid data sets of the three groups (Fig. 5). A heatmap
(double dendrograms) with two-dimensional hierarchical cluster-
ing was created using the top 25 g-values ANOVA test. The resulting
hierarchical clustering (Fig. 5) showed a noticeable separation
in the first dimension (upper hierarchical dendrogram) where

I Label

[T PC.36.1 200uM
Cer.40.2.02

PG428 1 2

PG.40.4 CTR

~ PG3418B
[T [ SM.34.1702_A
. I j [ 1PC343 A -
| 1PC343B
| [T PC40.1
PC.0.320 I_2
PC322 A
PC.30.1
1PC.0.352
B [FI5 PC.0.32.1.8

_ PC.P.32.1
I _|HexCer.42.1.02

| |PEP.36.4

Fig. 5 Two-dimensional hierarchical clustering heatmap of the 25 main
lipid molecular species with the lowest g-values of the top ANOVA of the
lipid profile of the Leydig cells cultured in the presence (25 uM and 200 pM)
or absence of CBZ (CTR). The heatmap was created using log10 and
EigenMS normalized lipid species data set. The dendrogram at the top
shows the clustering of the samples, and on the left shows the clustering
of the lipid species. Levels of relative abundance are shown on the color
scale, with numbers indicating the fold difference from the mean.
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samples are independently clustered into two groups, one for the
Leydig cells treated with CBZ 200 pM (green), and a second group
clustering Leydig cells treated with 25 pM (orange) and CTR
(purple). Moreover, the second dimension shows two principal
clusters: the first group (top in the dendrogram) includes 9 lipid
species, namely 1 PC, 4 PG, 1 Cer, 2 SM and 1 PS, which are lower
in the Leydig cells with the treated CBZ 200 uM group; while the
second group (bottom on the dendrogram) with 16 different lipid
species including 12 PC, 1 HexCer and 3 PE species with higher
abundance in Leydig cells with the treated CBZ 200 pM group.
Univariate analysis of the LC-MS data from the three groups
was performed to test for significant differences between the
three groups (Table S4, ESIt). The lipid analysis is the total
66 PC, 34 ether-linked PC, 11 PG, 33 PE, 22 ether-linked PE,
4 HexCer and 7 PS different lipid species (m/z values of
molecular ions). The boxplots of the 16 main species with the
lowest g-values (g-value < 0.05) are shown in Fig. 6 and the
major contributors correspond to 4 PC, 4 PG, 2 SM, 2 ether-
linked PC, 1 PS, 1 PE, 1 ether-linked PC and 1 HexCer species.
All of these PC species (PC 32:2_A that corresponds to PC
16:1_16:1, PC 40:1, PC 30:1, and PC 34:3_A that corresponds
to PC 12:0_22:3), PC 0-32:1_B (PC-O 16:0_16:1), PC P-32:1, PE
32:0, PE P-38:6 and HexCer 42:1;02 were significantly increased
in Leydig cells treated with 200 uM of CBZ compared to controls
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and 25 pM of CBZ. The HexCer 42:1;02, PC 32:2 (PC 16:1_16:1),
and PG 40:4 were also significantly increased in Leydig cells
treated with 25 uM of CBZ compared to controls. In contrast,
PG species (PC 34:1_B corresponding to PG 16:0_18:1, PG
36:2_B corresponding to PG 18:1_18:1, PG 40:4 and PG 42:8),
PS 40:6 and SM species (SM 34:1;02_A that corresponds to SM
18:1;02_16:0 and SM 34:2;02) were significantly reduced in
Leydig cells treated with 200 uM.

Discussion

In vivo, the primary role of Leydig cells in the testis is the
synthesis and secretion of testosterone or androstenedione in
response to luteinizing hormone (LH). However, the mechanisms
by which carbamazepine acts as an endocrine disruptor in the
testis remain unclear. It is well established that most endo-
crine imbalances directly or indirectly impact male fertility. Nota-
bly, several studies have reported alterations in male fertility
associated with the use of antiepileptic medications. For instance,
carbamazepine has been linked to asthenozoospermia.”® High
doses of valproic acid have been associated with oligoasthenoter-
atozoospermia, a condition that improved upon reducing
the dosage. Antiepileptic drugs, including carbamazepine, have
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Fig. 6 Box plots of the 16 most discriminating lipid species with the lowest g-values were obtained from a univariate analysis of the Leydig cells treated
with 200 pM CBZ (1), Leydig cells treated with 25 uM CBZ (2) and from the control group (3). *qg < 0.05, **q < 0.01; ***g < 0.001, ****q < 0.0001. The

log 10 and EigenMS normalized lipid species data set was used.
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also been reported to decrease sperm motility.>® Additionally,
another study observed that men undergoing carbamazepine
treatment exhibited lower sperm concentrations while maintaining
normal morphology and motility.>*

CBZ is an anticonvulsant and mood-stabilizing drug com-
monly used to treat epilepsy, neuropathic pain, and bipolar
disorder.>*>* Some studies have suggested that CBZ might
disrupt the endocrine system, impacting testicular Leydig
cells, hindering hormone production, and potentially leading
to male infertility.>>®” CBZ may disrupt the normal function of
these cells and can also have a direct inhibitory effect on their
function.”® It can impair testosterone production, causing
changes in androgen-dependent processes, such as male sexual
differentiation, spermatogenic cycle establishment and main-
tenance.””® CBZ is known to depress spermatogenesis in
mammals due to its cytotoxicity which results in the death of
immature germ cells present in the seminiferous epithelium.®>

In the present work, to assess the cytotoxic effect of CBZ in
Leydig cells, we evaluated the cell (proliferation and membrane
integrity) and the metabolic viability. Interestingly, none of the
concentrations chosen altered cell proliferation, but treatment
with 25 pM and 200 pM CBZ resulted in a tendency to decrease
the metabolic viability. Results from the LDH assay show that
the cells exposed to 200 uM of CBZ had significantly higher
LDH release to the extracellular medium when compared to
the Leydig cells from the control group, without statistical
significance. These findings indicate that high concentrations
of CBZ have a detrimental impact on Leydig cells, affecting the
viability of the cells. Hence, we used 25 and 200 pM concentra-
tions of CBZ for the subsequent stages of our study, being
that these concentrations were also chosen to mimic the
reported plasmatic levels of CBZ and a possible acute exposure,
respectively.>®

The effect of CBZ on the FA profile of Leydig cells was eval-
uated and a total of 12 FA were identified with FA 16:0, FA 18:0
and FA 18:1 as the most abundant FA, which is consistent
with the profile previously reported in the literature in Leydig
cells isolated from rats.””' Significant differences were only
seen when Leydig cells were exposed to higher concentrations
of CBZ with a significant decrease of FA 22:6 n-3. Reduced levels
of FA 22:6 n-3 can result in less fluid cell membranes, impairing
the function of membrane-bound proteins such as receptors,
enzymes, and ion channels,®® which then may affect Leydig cell
function. This reduction can potentially decrease testosterone
production, vital for male reproductive health, cause inflam-
mation, possibly leading to hypogonadism or other reproduc-
tive issues, and increase oxidative stress, damaging cellular
components like DNA, proteins, and lipids.®* ®° It was reported
that in testis and Leydig cells, a decrease in this FA may lead to
altered spermatogenesis, sperm quality, increased oxidative
stress and hormonal changes, decreasing the production of
male sex hormones, particularly testosterone.®*%%¢

The alteration of the n-6/n-3 ratio was also observed, with a
significant increase noted. The n-6/n-3 ratio was significantly
higher in Leydig cells treated with CBZ at a concentration of
200 pM. Studies have shown that men experiencing fertility
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problems tend to have higher n-6/n-3 ratios in their blood and
seminal plasma, as well as lower overall levels of n-3 FA.°® This
imbalance has been associated with reduced sperm quality,
including decreased sperm motility, lower sperm count, and
increased DNA fragmentation.®® Furthermore, the elevated
n-6/n-3 ratio may lead to increased oxidative stress and lipid
peroxidation in sperm, potentially damaging sperm structure
and function.” These findings suggest that an increase in this
ratio could have a significant impact on male reproductive
potential and may play a role in the development of idio-
pathic oligoasthenoteratozoospermia, a common cause of male
infertility.*

The plasticity of the Leydig cell lipidome was also evaluated.
Lipidomics data sets were analyzed by multivariate PCA, hier-
archical cluster analysis and univariate analysis for a compar-
ison between the three groups to assess the differences between
increasing concentrations of CBZ. Analysis of the PCA score
plot (Fig. 4) showed that the lipid profile of Leydig cells was
different among the CBZ treatments, particularly for the high-
est concentration. The results from hierarchical and univariate
analysis (Fig. 5 and 6) revealed a significant increase in lipid
species of PC, PE and HexCer and a decrease in lipid species of
PG, PS and SM, which were predominantly observed in Leydig
cells treated with 200 uM of CBZ.

In our study, 13 PC species were in the top 25 lipid species
with a major variation observed in Leydig cells after exposure to
CBZ (25 and 200 uM). The PC species which showed a signi-
ficant increase in Leydig cells exposed to 200 pM CBZ are PC
34:3 (PC 12:0_22:3), PC 40:1, PC 32:2_A (PC 16:1_16:1), PC 30:1,
PC 36:5, PC 36:6 and PC 34:2 and the alkyl-acyl PC O-32:0, PC O-
35:2, PC 0-32:1_B (0-16:0_16:1) and the alkenyl-acyl PC P-32:1.
PC is the major class of phospholipids in cell membranes, being
crucial for maintaining membrane structure and fluidity.>®
So, changes in the profile and levels of this major phospholipid
class may affect membrane and cell properties and functions.
Increased PC levels may be an adaptive response of Leydig cells
to CBZ-induced stress, helping to improve stress resistance and
cell survival.”*

The increased relative abundance of PC lipid species after
exposure to CBZ is also an interesting feature observed in our
results. The increase in PC has been associated and involved in
carcinogenesis and tumor progression namely by supporting
cell growth and proliferation.”” Interestingly, previous studies
have reported that CBZ is associated with tumorigenesis in
Leydig cells.>* In tumorigenesis, enzymes involved in the PC
synthesis, such as choline kinase (CK), phosphocholine cytidy-
lyltransferase (CCT) and choline phosphotransferase (CPT),
exhibit increased activity.”> These enzymes are part of the
Kennedy pathway, which is crucial for PC biosynthesis and
can alter the lipid process, leading to increased conversion of
other phospholipids into PC to support rapid cell division and
growth.”*7?

Few PE species were increased in Leydig cells treated with
200 pM of CBZ compared with cells under control conditions
and the ones that contributed the most to the differentiation
were the diacyl species PE 32:0 and the alkenyl-acyl PE P-38:6
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and PE P-36:4. PE is the second most abundant class of PL in
cells and plays an essential role in the membrane fusion, cell
division and intracellular hierarchical structure organization,
which also heavily affects testosterone synthesis.”®’” The
increase in diacyl PE species may be caused by upregulated
pathways for PE biosynthesis.”® Also the increase of the plas-
manyl PE, well known endogenous antioxidant molecules may
be part of a cellular adaptation, influencing the lipid metabo-
lism, stress oxidative and inflammatory cytokines, leading to
cell lysis and hypoxia.”

The decreased levels of PS species in cells exposed to the
highest concentration of CBZ (200 uM), namely PS 40:6, could
be attributed to the increased biosynthesis of PE and PC
species, as reported previously.®® However, no significant varia-
tion in the PC or PE class level was observed. But changes in PS
levels or membrane distribution might influence cholesterol
transport within Leydig cells, affecting steroidogenesis.® The PS
class, at the cellular level, has been associated with anti-
inflammatory roles and the loss of PS is an early indicator of
apoptosis.®*”®! Decreased PS levels can affect signaling path-
ways that promote cell survival, such PI3K/AKT pathway, poten-
tially leading to enhanced tumor growth and enzymes like
phosphatidylserine synthase (PSS) 1 and 2, which regulate PS
levels, can be dysregulated in situations of tumorigenesis.”®

Other PL and sphingolipid classes were downregulated in
Leydig cells after exposure to CBZ. This is the case of PG and
SM. Our results showed a significant decrease of 4 PG, namely
of PG 42:8, PG 40:4, PG 36:2_B (PG 18:0_18:2 and PG 16:0_20:2)
and PG 34:1 B (PG 16:0_18:1) in Leydig cells treated with
200 pM of CBZ, compared with those of the control group.
PG is synthesized by the CDP-DAG pathway in the endoplasmic
reticulum.?? PG plays several important roles in DNA replica-
tion, modification of cellular lipoprotein and cell death.®?
The enzyme CDP-diacylglycerol synthetase plays a crucial role
in regulating PG, with its decreased activity will cause the
reduction of PG.** Decrease of PG levels may be due to impair-
ment of enzymes involved in PG synthesis and degradation,
such phosphatidylglycerol phosphate synthase (PGPS) and
phospholipase a2 (PLA2), that may have altered activities in
tumorigenesis.®® Increased degradation or reduced synthesis
of PG could lead to decreased levels. Tumor cells may divert
precursors of PG, like phosphatidic acid (PA), towards the
synthesis of other lipids that are more crucial for rapid cell
proliferation and survival, such as PC or PE.”® Another reason is
that PG is a precursor for cardiolipin, a lipid that is critical
for mitochondrial function (including the structure, function,
and stability of mitochondrial membranes).*® A decrease in PG
might impact cardiolipin synthesis, with far-reaching effects on
mitochondrial dynamics and function, potentially resulting in
energy deficiency, increased oxidative stress, and cell death.®”

Our study further reports a significant decrease of two
SMs (SM 34:2;02 and SM 34:1;02_A corresponding to SM
18:1;02_16:0) in Leydig cells with 200 uM of CBZ, compared
to the control group. SMs contribute to membrane rigidity and
stability, and hydrolysis of SMs by sphingomyelinases (SMases)
produces ceramide, a bioactive lipid involved in regulating cell
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growth, differentiation and apoptosis thus important for cell
function and survival,®*®° in other words, the decreased SM
could be due to an increase of SMases that are enzymes that
hydrolyse SM to produce Cer.**°! Cellular stress can lead to the
activation of SMase and the subsequent reduction of SM.®®
Forced breakdown of SM by SMase has been demonstrated to
decrease the cholesterol-holding capacity of the membranes
and increase steroid hormone production.’> Conversely, SMase
activity was associated with impaired Leydig cell function via
degradation of SM and accumulation of the proapoptotic
sphingolipid Cer.**°3

Conclusions

Our research demonstrates that CBZ significantly alters the
lipid profile of Leydig cells at higher concentrations (200 uM),
while lower doses (25 pM) have no discernible effect. This
aligns with existing knowledge that high CBZ doses can impair
spermatogenesis in mammals due to its cytotoxic impact on
immature germ cells. The significant differences observed in
the lipid molecular species highlight the complex interplay
between CBZ dosage, exposure duration, and individual char-
acteristics in influencing Leydig cell function, with an expected
impact on hormone production and overall metabolic regula-
tion. These findings contribute valuable insights into the
potential mechanisms by which CBZ may disrupt male repro-
ductive health and emphasize the importance of careful dosage
consideration when using this medication.
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