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Exposure to environmental chemicals, like pesticides, can impair male reproductive health by affecting Leydig
cell (LC) function. This study investigated aminocarb, a widely used carbamate pesticide, and its impact on
murine LCs (BLTK1 cell line). We observed a concentration-dependent biphasic toxicity, where higher aminocarb
concentrations (500 pM) reduced LC viability, while lower doses (5 and 50 pM) unexpectedly increased it.
Aminocarb selectively disrupted mitochondrial complexes I and III without altering overall mitochondrial
respiration or reactive oxygen species (ROS) production. Notably, 50 pM aminocarb enhanced androstenedione
production, a key androgen precursor. This research highlights the nuanced impact of aminocarb on LCs, sug-
gesting targeted mitochondrial effects and steroidogenic stimulation, with implications for male reproductive

health and environmental toxicology.

1. Introduction

According to the World Health Organization (WHO), infertility is
defined as the incapacity to conceive after, at least, 12 months of regular
and unprotected sexual intercourse (Zegers-Hochschild et al., 2017). In
fact, infertility has become a major health problem worldwide, being
that 8-12 % of couples in the reproductive age are affected (Vander
Borght and Wyns, 2018). Specifically, 50 % of cases of infertility are
attributed to either male-alone factors or a conjugation between male
and female factors (Guerra-Carvalho et al., 2024). The increasing inci-
dence of male infertility has been ascribed to several causes and risk
factors, including environmental or occupational exposure to toxic

chemicals, such as pesticides (Agarwal et al., 2021). These enter the
human body mainly through diet and, along with their metabolites, can
act directly on testicular cells, modulating their structure and function,
ultimately leading to male fertility problems (Moreira et al., 2021).
Leydig cells (LCs) were firstly described in 1850 by the German
zoologist and anatomist, Franz von Leydig, who reported the presence of
interstitial cells in the testes of several mammals (Zirkin and Papado-
poulos, 2018). Nowadays, it is recognized that these cells are the pri-
mary source of androgens, namely testosterone (Zhou et al., 2019),
which diffuses into the seminiferous tubules and blood vessels, playing a
crucial role in spermatogenesis and the development of male secondary
sexual characteristics (De Gendt et al., 2004; O’Shaughnessy et al.,
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2010; Welsh et al., 2009; Willems et al., 2015). The synthesis of
testosterone starts with the transfer of cholesterol, from the cytoplasm
into the mitochondria, through the action of the steroidogenic acute
regulatory protein (StAR). Once within the inner mitochondrial mem-
brane (IMM), cholesterol is converted to pregnenolone, by the cyto-
chrome P450 side-chain cleavage enzyme (CYP11Al), which is then
transferred to the endoplasmic reticulum (ER) (Gu et al., 2022). There,
pregnenolone is cleaved to progesterone by the 3p-hydroxysteroid de-
hydrogenase isoform 1 (HSD3B1), which, in turn, is converted to
17a-hydroxyprogesterone and then cleaved to androstenedione by the
cytochrome P450 17a-hydroxylase/17,20-lysase (CYP17A1). Finally,
androstenedione is converted to testosterone through the 17p-hydrox-
ysteroid dehydrogenase isoform 3 (HSD17B3) (Stocco, 2002). Thus,
steroidogenesis is dependent on cholesterol availability, highlighting the
importance of lipids to male fertility. Indeed, LCs are characterized by
the presence of lipid droplets (LDs) with cores composed primarily of
neutral lipids, including cholesteryl esters (CEs), triglycerides (TGs), and
other neutral lipid species. The existence of these LDs allows the cells to
store cholesterol that can be used according to the cells needs (Tarique
et al., 2019). Beyond mobilization of CEs stored in LDs, other sources of
cholesterol to the steroidogenic process include de novo synthesis of
cholesterol, and lipoprotein-derived CEs obtained by either LDL receptor
mediated-endocytic uptake or “selective” cellular uptake via the scav-
enger receptor, class B type I (Pathogens, 2016). Mitochondria are
multifunctional cellular organelles, where the first step of steroid syn-
thesis takes place, although they also exert crucial roles in many vitally
important processes such as cellular energy production (Medar et al.,
2021). Steroidogenesis is an energy-demanding process, relying heavily
on ATP production and the maintenance of a proper redox balance
within the mitochondria. Specifically, the conversion of cholesterol to
pregnenolone, the first and rate-limiting step in steroidogenesis, occurs
within the mitochondria and consumes a significant amount of ATP.
Furthermore, several enzymes involved in steroid hormone synthesis,
such as cytochrome P450 enzymes, require reducing equivalents that
can be generated by mitochondrial metabolic pathways. Mitochondria
also house antioxidant systems that protect against the damaging effects
of reactive oxygen species (ROS) generated during steroidogenesis.
Therefore, any disruption to mitochondrial function, whether through
impaired ATP production, redox imbalance, or increased ROS genera-
tion, can significantly hinder the steroidogenic capacity of the cell.
Despite the numerous roles they perform within the cell, mitochondria
are particularly vulnerable to damage and highly sensitive to environ-
mental toxicants. For instance, these chemicals can accumulate within
the mitochondrial matrix, resulting in the disruption of the mitochon-
drial electron transport chain (ETC), and so increasing the generation of
ROS and decreasing ATP levels (Reddam et al., 2022).

Carbamate pesticides are among the most used classes of pesticides
around the world, presenting a lack of residue persistency in the envi-
ronment and in mammalian species. However, these chemicals represent
a significant threat to environmental and human and other animals’
health due to their lack of species selectivity and extreme toxicity (Gupta
et al., 2017). Aminocarb, also known as 4-dimethylamino-3-methyl-
phenyl N-methylcarbamate, is a carbamate insecticide especially used
to control the spruce budworm (Choristoneura fumiferana) in eastern
Canada (Richardson et al., 1983). Despite its popularity, this compound
is highly toxic to mammals and some fish species (Szeto and Sundaram,
1979), and very few studies report its impact on the male reproductive
system. Given the crucial role of LCs in testosterone production and the
potential for carbamate pesticides such as aminocarb to disrupt mito-
chondrial function and induce oxidative stress, we studied the impact of
these chemicals on LCs physiology. Understanding how carbamates
affect LCs can provide valuable insights into their potential effects on
male reproductive health, particularly testosterone synthesis, sperm
production, and overall fertility capacity. This is crucial for assessing the
risks associated with carbamate exposure and developing strategies to
mitigate their potential adverse effects on male reproductive function.
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Thus, we selected the Leydig cell line (BLTK1) that has already been
studied as a model for evaluating the effects of chemicals on steroido-
genesis (Forgacs et al., 2012), and exposed it to increasing concentra-
tions of aminocarb. Thereafter, the cytotoxic effects, real-time analysis
of mitochondrial function and metabolism, oxidative stress, steroido-
genesis and fatty acids (FAs) profile of BLTK1 cells, were investigated
after exposure to aminocarb.

2. Materials and methods
2.1. Chemicals

Aminocarb (45322-50MG) was purchased from Sigma-Aldrich (St.
Louis, MO, USA) and dissolved in ethanol. Fetal Bovine Serum (FBS),
Dulbecco’s Modified Eagle Medium Ham’s Nutrient Mixture F12
(DMEM:Ham’s F12), and trypsin were all purchased from Sigma-
—Aldrich (St. Louis, MO, USA). Sulforhodamine B (SRB) was purchased
from Biotium (Hayward, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from Amresco
(Solon, OH, USA). LDH-Cytox™ Assay kit was acquired from BioLegend
(San Diego, CA, USA). Pierce™ BCA® Protein Assay Kit was purchased
from Thermo Scientific (Waltham, MA, USA). Non-fat dried milk was
purchased from Regilait (SaintMartin-Belle-Roche, France). NZY M-
MuLV Reverse Transcriptase was purchased from NZY tech (Lisboa,
Portugal) and Clarity Western ECL substrate was purchased from Bio-
Rad (Hercules, CA, USA). NZY Total RNA Isolation kit (MB13402)
and. PowerTrack SYBER Green Master Mix (A46111) was purchased
from Thermo Fisher Scientific. NZY DNA ladder IV (MB05801) was
purchased from NZY tech (Lisboa, Portugal). Methanol, acetonitrile,
isopropanol, and dichloromethane from Fisher Scientific (United
Kingdom). Ammonium formate and formic acid from Sigma-Aldrich
(USA). 1,2-dipalmitoyl-sn-glycero-3-phosphatidylinositol (dPPI, PI
16:0/16:0) from Avanti® Polar Lipids, Inc (Alabaster, EUA). Perchloric
acid (HCIOy, 70 %) from Chem-Lab NV (Zedelgem, Belgium). Ammo-
nium molibdate tetrahydrate ((NH4)¢Mo07024-4 H0) from Panreac
(Barcelona, Spain). Ascorbic acid (C¢HgOg) from VWR International
(Leicestershire, UK). Sodium dihydrogen phosphate dihydrate
(NaH,PO4-2 Hy0) from Riedel-de Haén (Seelze, Germany). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA),
otherwise stated.

2.2. Experimental design

For the experiments performed in this study, it was chosen the BLTK1
cell line, an immortalized cell line from a testicular tumor induced by
the Simian virus T-antigen (SV40 TAG) oncogene of transgenic mice
expressing the inhibin-a promoter (Kananen et al., 1996). This cell line is
similar to other LC lines in the sense that they respond to hormonal
signals like hCG by increasing the production of cAMP and progesterone.
However, they produce very little testosterone due to altered steroid
pathways, specifically a lack of the enzyme 178-HSD, which is essential
for the conversion of androstenedione into testosterone (Rahman and
Huhtaniemi, 2004). Consequently, androstenedione serves as the final
steroid product in this in vitro model. Despite this limitation, this cell
line is exceptionally valuable for mechanistic studies of endocrine dis-
rupting chemical (EDC) effects on Leydig cell physiology, particularly
for dissecting the impact on mitochondrial function and the early,
rate-limiting steps of steroidogenic pathways that lead to androstene-
dione. While direct quantitative translation of final hormone levels from
this model to in vivo scenarios requires careful consideration, the
mechanistic insights derived are broadly applicable. This cell line is very
valuable for studying how LCs regulate themselves and interact with
other cells (endocrine, paracrine, and autocrine signaling) and how
environmental pollutants (EDCs) can disrupt those processes (Forgacs
et al., 2012; Moreira et al., 2024). These cells were kindly provided by
Prof. Nafis Rahman, MD, Ph.D., Faculty of Medicine, Institute of
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Biomedicine, University of Turku (Finland). Firstly, cells were allowed
to grow until 100 % confluence in DMEM:Ham’s F12 medium (1:1),
supplemented with 15 mM HEPES, 100 U/mL penicillin, 100 pg/mL
streptomycin sulfate, 2,5 pg/mL fungizone, 50 mg/mL gentamicin and
10 % FBS, pH 7.4, under standard conditions (37 °C, 5 % CO,). After-
wards, LCs were cultivated with increasing concentrations of aminocarb
(0.05, 0.5, 5, 50, and 500 uM) for 24 h, and compared to a control group
(solubilization vehicle). The doses for this study (0.05 uM to 500 uM)
were deliberately chosen to capture the full dose-response curve of
aminocarb’s effects on Leydig cells, encompassing both environmentally
relevant exposure levels and higher, toxicologically significant concen-
trations. Specifically, the selection was based on fatal blood levels of
other carbamates, providing a crucial toxicological benchmark for
demonstrably harmful in vivo concentrations (Ameno, 2005). Addi-
tionally, aminocarb concentrations reported in lake water and around
sprayed areas (Dechacin et al., 1991) informed the lower, realistic
environmental exposure levels. This comprehensive approach was
necessary given the limited research into aminocarb’s specific effects on
the male reproductive system.

2.3. Assessing BLTK1 cell proliferation with the SRB assay

To assess how aminocarb affects BLTK1 cell proliferation, we
employed the SRB assay, a reliable method for quantifying cell mass
(Martins et al., 2019; Vichai and Kirtikara, 2006). Briefly, BLTK1 cells
were seeded in 24-well plates and grown to 70 % confluence. They were
then treated for 24 h with either varying concentrations of aminocarb or
a vehicle control, under standard cell culture conditions (37°C, 5 %
CO»). After treatment, cells were washed with PBS and fixed with 1 %
acetic acid in methanol for 1 h at —20°C. Following fixation, cells were
stained for 1 h at 37°C with 0.05 % (w/v) SRB dissolved in 1 % acetic
acid. Unbound SRB was removed by washing with 1 % acetic acid so-
lution. Finally, cell-bound dye was dissociated by adding 250 pl of
10 mM Tris (pH=10) and shaking for 10 min. From each well, 100 pl was
transferred to a 96-well plate, and optical density was read at 490 nm.
To determine the concentration-response, we normalized the data by
setting the control group’s cell growth to 1 and calculating treated group
growth as a fold change.

2.4. Impact of aminocarb on mitochondria metabolic viability of BLTK1
cells

To determine the impact of aminocarb on BLTK1 cell viability, we
utilized the MTT assay, a colorimetric method that measures metabolic
activity (Martins et al., 2019). We began by culturing BLTK1 cells in
48-well plates until they reached 70 % confluence. These cells were then
subjected to 24-hour treatments with different concentrations of ami-
nocarb or a vehicle, under standard cell culture conditions (37°C, 5 %
COy). After treatment, cells were washed with PBS. Subsequently,
150 pL of serum-free medium was added to each well, followed by 15 pL
of MTT solution (5 mg/mL in PBS). The MTT dye is reduced by meta-
bolically active cells into insoluble formazan crystals. We incubated the
cells for 2 h at 37°C, ensuring they were protected from light. To solu-
bilize the formazan, cells were washed with DMSO, and 100 pL of the
resulting solution from each well was moved to a 96-well plate. An
appropriate DMSO blank was also prepared. The amount of formazan
was quantified by measuring the absorbance at 570 nm, with cell
viability presented as a fold change compared to the control group.

2.5. Measuring plasma membrane integrity: the LDH release assay

To quantify cytotoxicity, specifically plasma membrane damage, we
measured the extracellular release of lactate dehydrogenase (LDH) using
the LDH-Cytox™ Assay kit. This enzyme, normally found within the cell,
leaks into the culture medium upon membrane compromise. BLTK1 cells
were seeded into 48-well plates and cultured to 70 % confluence before
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being exposed to different concentrations of aminocarb or a vehicle
control for 24 h under standard conditions (37°C, 5 % COs). After the
treatment period, 100 pL of the conditioned medium from each well was
collected and transferred to a 96-well plate. A 100 pL aliquot of the
assay’s reaction mixture was then added to each sample. The plate was
incubated at 37°C for 30 min in the dark, allowing the enzymatic reac-
tion to proceed. The reaction was terminated with 50 pL of stop solution,
and the resulting colorimetric product, directly proportional to LDH
activity, was quantified by measuring the optical density at 490 nm. Cell
cytolysis was calculated as a fold change compared to the untreated
control group.

2.6. Protein extraction and BCA quantification

For protein isolation, BLTK1 cells were lysed using a specialized
buffer. The lysis buffer consisted of 1 % Triton-X 100, 10 mM HEPES,
and 0.5 mM EGTA (pH 7.3), and was further fortified with 100 mM
PMSF, a 1 % protease inhibitor cocktail, and 100 mM sodium orthova-
nadate. We treated the cell homogenate with 50 pL of this buffer, fol-
lowed by 10 min of agitation at room temperature. The resulting mixture
was then clarified by centrifugation at 14,000 x g for 20 min at 4°C. The
total protein concentration in the supernatant was determined with the
PierceTM Microplate BCA Protein Assay kit, following the protocol
provided by the manufacturer. We generated a calibration curve using a
series of bovine serum albumin (BSA) standards of increasing concen-
trations. A MultiSkan Go multiplate reader (Thermo Fisher Scientific,
Vantaa, Finland) was used to measure the absorbance of each sample at
560 nm.

2.7. Immunoblotting for OXPHOS protein analysis

To analyze the expression of OXPHOS proteins, we performed
Western blotting. We prepared 50 pg of each protein sample by mixing
with sample buffer (1.5 M Tris-HCI pH 6.8, 10 % glycerol, 2 % SDS, and
0.01 % bromophenol blue, with 5 % p-mercaptoethanol), and denatured
it for 15 min at 37 °C. Proteins were then separated by size using SDS-
PAGE (90 V gel for 90 min, at room temperature) and transferred to
nitrocellulose membranes in a Trans-Blot® Turbo™ transfer System
(Bio-Rad; 1.3 A, up to 25 V, 10 min). Total protein was accessed by
Ponceau S staining. Membranes were then blocked for 90 min at room
temperature in a 5 % non-fat milk solution to prevent non-specific
antibody binding. For specific detection, membranes were incubated
overnight at 4°C with the primary antibody Total OXPHOS Rodent WB
Antibody Cocktail (1:1000 diluted in 1 % non-fat milk, ab110413,
Abcam, Cambridge, UK). Immune-reactive proteins were detected with
Goat anti-mouse IgG Antibody, (H+L) HRP conjugate (1:1000 diluted in
1 % non-fat milk, AP308P, Merck, Darmstadt, Germany). To visualize
the protein bands, the membranes were first treated with Clarity West-
ern ECL substrate. The resulting chemiluminescent signal was captured
using a Bio-Rad ChemiDoc system (version 2.4.0.03, Bio-Rad, Hemel
Hempstead, UK). Following signal acquisition, we quantified the density
of each band through standard analysis methods within the Image
LabTM Software (version 6.0.0, Bio-Rad). For data normalization, each
band’s density value was divided by the total protein measurement and
subsequently expressed as a fold change relative to the control samples.

2.8. JC-1 assay: mitochondrial membrane potential (Aym) measurement

To assess the mitochondrial membrane potential (A¥m), a critical
indicator of mitochondrial health, we employed the cationic fluorescent
dye, JC-1 (T3168, Invitrogen™, Carlsbad, CA, USA). JC-1 forms red
fluorescent aggregates in healthy mitochondria with high A¥m, but
remains as green fluorescent monomers in depolarized mitochondria.
BLTK1 cells were cultured in a 96-well plates until 80 % confluence.
Cells were then subjected to 24-hour treatments with either aminocarb
(at 0.5 and 50 pM) or vehicle control, maintained at 37°C with 5 % COa.
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After the treatment period, cells were washed with PBS and stained by
incubation with JC-1 (2 pg/mL in PBS) for 30 min at 37°C. To ensure
proper assay function, 20 % DMSO was used as a positive control for
mitochondrial depolarization. Following staining, cells were washed
twice with PBS, and 100 pL of fresh culture medium was added. Fluo-
rescence measurements were acquired on a Synergy™ H1 multi-mode
microplate reader (BioTek, Winooski, VT, USA), detecting JC-1 mono-
mers at ex 485/em 530 nm and JC-1 aggregates at ex 535/em 590 nm.
The aggregate/monomer fluorescence ratio was calculated and used as
the quantitative measure of A¥Ym.

2.9. Seahorse XF analysis of mitochondrial respiration

We determined real-time oxygen consumption rate (OCR) for
aminocarb-treated BLTK1 cells with the Agilent Seahorse XFe24
Analyzer (Agilent, Santa Clara, CA, USA). We seeded BLTK1 cells in
XFe24 well plates, allowing them to reach 80 % confluence. Cells then
received a 24-hour treatment with 0.5 or 50 pM aminocarb or vehicle at
37°C with 5 % CO,. After treatment, we washed cells with PBS and
incubated them for 30 min at 37°C in a non-CO incubator with pre-
warmed XF assay medium (10 mM glucose, 2 mM L-glutamine, 1 mM
pyruvate). Concurrently, we loaded the Seahorse XF Mito Stress Test Kit
injection ports with: 1.5 pM oligomycin, 1 pM FCCP, and 0.5 pM anti-
mycin A/rotenone. After incubation, we replaced the cell medium and
began the assay. OCR was measured for 12 cycles, with three readings
recorded per cycle between injections. We normalized OCR results to
total protein content. XFe24 software analyzed the data, which we
expressed as fold variation to the control group.

2.10. Detection of intracellular ROS

To quantify intracellular ROS generated by BLTK1 cells, we utilized
the cell-permeant fluorogenic probe, CM-H2DCFDA (C6827, Invi-
trogen™, Carlsbad, CA, USA). This probe is taken up by cells and
deacetylated by intracellular esterases; subsequent oxidation by ROS
yields a highly fluorescent product, directly reflecting the cellular
oxidative stress burden. Our protocol involved seeding BLTK1 cells in
96-well plates and allowing them to reach 80 % confluence. Cells were
then treated for 24 h with either 0.5 pM or 50 pM aminocarb, or a vehicle
control, under standard culture conditions (37°C, 5 % CO3). Following
treatment, cells were washed with PBS and then incubated with 5 pM
CM-H2DCFDA in PBS for 30 min at 37°C. To validate the assay, cells
exposed to 0.1 % Hy0, were included as a positive control for robust
ROS production. After the incubation period, fluorescence was imme-
diately measured at excitation 495 nm and emission 529 nm using a
Synergy™ H1 multi-mode microplate reader (BioTek, Winooski, VT,
USA). Data are presented as fold changes in fluorescence intensity
normalized to the control group, indicating alterations in intracellular
ROS levels.

2.11. Immunoblotting-based evaluation of oxidative stress markers

We evaluated cellular oxidative stress by measuring levels of three
key biomarkers: lipid peroxidation, protein carbonylation, and protein
nitration. All markers were quantified using a slot-blot immunoblotting
technique as described previously (Rato et al., 2014). First, samples
were prepared and loaded onto polyvinylidene difluoride (PVDF)
membranes. For the lipid peroxidation and protein nitration assays, 5 ug
of protein was simply diluted in PBS to 100 pL before being loaded. For
the protein carbonylation assay, a derivatization protocol adapted from
Rato et al. (2014) was necessary. This involved denaturing 5 ug of
protein with SDS, reacting it with DNPH for 30 min, and stopping the
reaction with a Tris/p-mercaptoethanol solution. The resulting deriv-
atized product was then diluted and loaded onto the membrane. Once all
samples were immobilized, the membranes were blocked for 1 h in
TBS-T with 5 % non-fat milk. Subsequently, they were incubated
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overnight at 4°C with their respective primary antibodies: anti-4-HNE
(ab46545, Abcam, 1:1000) for lipid peroxidation, anti-3-nitrotyrosine
(9691S, Cell Signaling, 1:1000) for protein nitration, or anti-DNP
(D9656-mL, Sigma-Aldrich, 1:5000) for protein carbonylation. All pri-
mary antibodies were diluted in 1 % BSA in TBS-T. Following primary
incubation and washing, an appropriate secondary antibody (Anti--
Rabbit, AB6721, Abcam, 1:1000) was applied for 1 h. Chemiluminescent
detection was performed using an ECL substrate (BIO-RAD), with signals
captured by a Bio-Rad ChemiDoc system (v. 2.4.0.03). The final quan-
tification of band densities was performed using Image LabTM Software
(v. 6.0.0), with results presented as a fold variation compared to the
control group.

2.12. RNA extraction and polymerase chain reaction

To analyze gene expression, we first performed total RNA extraction
from BLTK1 cells utilizing the NZY Total RNA Isolation Kit, adhering to
the provided manufacturer’s guidelines. RNA concentration and purity
were subsequently determined with a Nanodrop One Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). From this extracted
RNA, cDNA was synthesized using NZY M-MuLV Reverse Transcriptase,
preparing the template for amplification. We then amplified specific
cDNA fragments for our genes of interest, StAR and NROB2, using
custom-designed exon-exon spanning primer sets (details in Table 1) at
their optimal annealing temperatures. $-2-microglobulin (2 M) tran-
script levels served as our internal reference for normalization to ensure
accurate relative quantification. All amplification efficiency assessments
and quantitative PCR (qQPCR) experiments were executed on a CFX Duet
Real-time PCR system (Bio-Rad, Hercules, CA, USA). The relative fold
variation in target gene expression was calculated based on the mathe-
matical model proposed by Pfaffl (Pfaffl, 2001) employing the formula:
24t where ACt is the deviation of the control-sample of reference of
transcript gene.

2.13. Quantification of androstenedione production in BLTK1 cells by
competitive ELISA

To assess steroidogenesis in BLTK1 cells, we quantified androstene-
dione levels using a competitive ELISA kit. Androstenedione is an in-
termediate androgen that 17p-HSD3 reduces to testosterone. Before
quantification, we concentrated 200 pL of culture medium from BLTK1
cells exposed to 0.5 and 50 pM aminocarb and stimulated with hCG for
24 h. We used a SpeedVac Concentrator (ThermoFisher Scientific, North
Carolina, USA) for concentration, then resuspended samples in 60 pL of
DMEM:HAM's F12. We followed the manufacturer’s instructions for
androstenedione quantification. Briefly, after washing the assay plate

Table 1
List of primers used in this study.
GENE PRIMER SEQUENCE (5'-3’) AT EFFICIENCY
(AN) (O] (%)
Star Sense: 58 88.9
(NM_011485.5) CAGAGGATTGGAAAAGACACGG
Anti-Sense:
AACCTCTGCGCTTGGTACA
Nrob2 Sence: 58 88.9
(NM_011850.3) GCACGATCCTCTTCAACCCA
Anti-Sence:
CAGAAGGGTGCCTGGAATGT
p2M Sence: 58 110
(NM_009735.3) ACGTAACACAGTTCCACCCG
Anti-Sence:
TCTCGATCCCAGTAGACGGT

Legend: StAR - steroidogenic acute regulatory protein; NROB2 — nuclear re-
ceptor subfamily 0 group B member 2; 2 M — 2-Microglobulin; AT — annealing
temperature. AN - accession number, NM_009735.3 (2 M); NM_011850.3
(NrO0b2); NM_011485.5 (Star)
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twice, we added 50 pL of the concentrated BLTK1 culture medium to
each well. We also added 50 pL of a biotin-labeled antibody working
solution and incubated statically for 45 min at 37°C. We then removed
the well contents and washed each well three times. We proceeded by
adding 100 pL of an HRP-streptavidin conjugate to every well, then
incubated the plate at 37°C for 30 min. After aspirating the contents and
washing the wells five times, we added 90 uL of TMB (3,3,5,5tetra-
methylbenzidine) substrate, followed by a 15-minute incubation. Using
a MultiSkan Go multiplate reader (Thermo Fisher Scientific), we then
measured the absorbance at 450 nm. The androstenedione concentra-
tion for each sample was calculated with CurveExpert software
(FineTest, USA) based on a calibration curve prepared from serially
diluted standards (10, 5, 2.52, 1.25, 0.625, 0.312, and 0.156 ng/mL).
We determined the final androstenedione production in ng/mL by cor-
recting this value with the sample’s dilution factor.

2.14. Total lipid extraction

We extracted total lipids from cell pellets using a modified Bligh and
Dyer method (Bligh and Dyer, 1959; Faria et al., 2023). Briefly, we
re-suspended cell pellets in 1 mL of Milli-Q water. Then, we added
3.75 mL of a 1:2 (v/v) dichloromethane/methanol mixture, vortexed for
2 min, and incubated on ice for 30 min with agitation (75 rpm). Next, we
sequentially added 1.25 mL of dichloromethane and 1.25 mL of Milli-Q
water, vortexing for 1 min after each addition. Samples were then
centrifuged at 2000 rpm for 10 min at 4°C using a Pro-Analytical C400R
(Centurion Scientific, United Kingdom) to separate the organic (bottom)
and aqueous phases. We recovered the lipids from the organic phase.
The aqueous phase underwent a re-extraction with an additional
1.88 mL of dichloromethane. We combined the recovered organic phase
with the initial extract and dried it under a nitrogen stream. After dry-
ing, we re-suspended the total lipid extracts in 400 pL of dichloro-
methane and transferred them to an amber glass vial. This re-suspension
and transfer step was performed twice. All lipid extracts were stored at
—20°C until analysis.

2.15. Phospholipid quantification by phosphorous measurement

We quantified the total amount of phospholipids in lipid extracts
using a modified method (Fernandes et al., 2024). Briefly, to a 0.010 mL
aliquot of each nitrogen-dried lipid extract, we added 0.125 mL of 70 %
(w/v) perchloric acid. Samples were then incubated for 60 min at 180°C
in a heating block (Stuart, UK). After cooling, we sequentially added
0.825 mL of Milli-Q water, 0.125 mL of 2.5 % (m/v) ammonium
molybdate (2.5 g of NaM004-H20 in 100 mL of H20), and 0.125 mL of
10 % (m/v) ascorbic acid (0.1 g in 1 mL Milli-Q water) to each sample.
The reaction mixture was homogenized by vortexing after each addition,
followed by a 10-minute incubation at 100°C in a water bath. Samples
were then cooled in cold water. Standards ranging from 0.1 to 2 pg of
phosphate (NaH2P0O4-2H20, 100 pg of phosphorus per mL) underwent
the same treatment as samples, excluding the heating block step. Finally,
200 pL of each standard and sample were added to a 96-multiwell plate,
and absorbance was measured at 797 nm using a Multiskan GO Micro-
plate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The amount of phosphorus in each sample was calculated via
linear regression from a standard curve relating phosphorus amount
(X-axis) to absorbance (Y-axis). The amount of phospholipid was
directly determined by multiplying the measured phosphorus amount by
25.

2.16. Fatty acid profiling by gas chromatography-mass spectrometry (GC-
MS)

Fatty acid methyl esters (FAMEs) were prepared from phospholipids
for GC-MS analysis, following a previously described methodology
(Melo et al., 2015). Briefly, we prepared fatty acid methyl esters
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(FAMEs) from 15 g of phospholipids. The sample was dissolved in 1 mL
of hexane containing 1.5 pg of nonadecanoic acid (FA 19:0) as an in-
ternal standard, and transesterification was initiated with 200 pL of
2.0 M methanolic KOH. The FAMEs were analyzed by injecting 2.0 uL of
the hexane solution into an Agilent 6890 N GC-MS system equipped with
a DB-FFAP column. The analysis used helium as the carrier gas
(0.5 mL/min) and a multi-step oven gradient that ramped from 58°C to
225°C before a final 15-minute hold. The mass spectrometer detector
(Agilent 5973) was set to electron impact mode (70 eV), scanning the
m/z 40-500 range. We used Agilent MassHunter 10.0 software to
identify FAs by cross-referencing retention times and spectra with a
commercial FAME mix (Supelco 37) and the NIST spectral library. The
relative abundance of each fatty acid (as a percentage) was determined
by dividing its internal standard-normalized peak area by the total area
of all identified peaks

2.17. Data presentation and statistical methods

We present data as mean + SEM and graphically as box plots
(whiskers: min/max; box: quartiles; middle line: median). Most data
underwent Repeated Measures One-way ANOVA or One-way ANOVA,
with subsequent Fisher’s post-test. For GC-MS data, we tested for
normality, applied a logarithmic transformation, and then performed
Two-way ANOVA with Tukey’s multiple post-tests. We defined statisti-
cal significance as p < 0.05. GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA) was used for all analyses.

3. Results

3.1. Exposure to aminocarb induces a biphasic effect on Leydig cells
viability

To evaluate the cytotoxic effects of exposure to increasing concen-
trations of aminocarb on LCs we performed three different assays. First,
we evaluated the impact on cellular proliferation using the SRB assay
(Martins et al., 2019; Vichai and Kirtikara, 2006). Our results demon-
strated that LCs exposure to 500 pM of aminocarb decreased prolifera-
tion (0.90 + 0.06 - fold variation to control) when compared to LCs
exposed to lower concentrations, 5 and 50 pM of aminocarb (1.03 + 0.03
and 1.05 + 0.05 - fold variation to control, p = 0.0123 and p = 0.0389,
respectively) (Fig. 1A). No alterations on cell proliferation were
observed when LCs were exposed to the other concentrations of ami-
nocarb. To further unveil the cytotoxic effects of aminocarb exposure on
LCs we measured cell metabolic activity using the MTT assay (Martins
et al., 2019). Similarly, to the previous results, exposure to 500 pM of
aminocarb decreased LCs metabolic viability (0.83 + 0.09 - fold vari-
ation to control) when compared to those exposed to 50 pM of amino-
carb (1.08 + 0.04 - fold variation to control, p = 0.0184). Contrastingly,
when LCs were exposed to 5 pM of aminocarb (1.02 + 0.03 - fold
variation to control) and to 50 pM of aminocarb, we observed a slight
improvement of the metabolic activity, when comparing to LCs exposed
to 0.5 pM of aminocarb (0.94 + 0.03 - fold variation to control,
p = 0.0299 and p = 0.0042, respectively). Moreover, LCs exposed to
50 pM of aminocarb also presented an increase in metabolic activity
when compared to those exposed to 0.05 pM of aminocarb (0.99 + 0.02
— fold variation to control, p = 0.0197) (Fig. 1B). Additionally, cellular
cytotoxicity was assessed through the LDH assay. LDH is a stable cyto-
plasmic enzyme, found in all cells. However, when the plasma mem-
brane is damaged, LDH is rapidly released into the extracellular medium
(Kumar et al., 2018). Our results showed that only LCs exposed to 50 pM
of aminocarb (2.32 + 1.29 - fold variation to control) presented an in-
crease in LDH extracellular levels when compared to those exposed to
5 pM of aminocarb (1.35 + 0.98 - fold variation to control, p = 0.0307)
(Fig. 1C).

Descargado para Anonymous User (n/a) en Murcia Region Health Department de ClinicalKey.es por Elsevier en marzo 10, 2026. Para uso
personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.



S. Moreira et al.

-
[3,]
-
C

Environmental Toxicology and Pharmacology 118 (2025) 104777

o~ — —

S5 A >3 b.c B 5 C
BE i =z c ot

= O L 9 € e}

S § 104 £ o 107 § o

25 L5 5

E.g o8 T8

& 5 0.5 Q5 0.5 o5

s > - a >

=3 232 ke)

T 9 =2 g

© ool . r r , 0.0-— T T y T 5l T : T T

005 05 5 50 500 0.05 05 5 50 500 005 05 5 50 500
Aminocarb [uM] Aminocarb [uM] Aminocarb [uM]

Fig. 1. Effect of increasing concentrations of aminocarb on Leydig cells (LCs) proliferation A; viability B; LDH release C. The figure shows pooled data of independent
experiments, indicating cell proliferation A; cell viability B; LDH release C by LCs cultured in the absence or in the presence of aminocarb (0.05, 0.5, 5, 50 and
500 pM). Results are calculated as fold variation to control and presented as median + max/min values (n = 6-8 for each condition). Duplicates were performed for
each individual experiment. The compact line represents the control group. The statistical significance was assessed by a RM one-way ANOVA followed by Fishers
LSD test. Significantly different results (p < 0.05) are indicated as: b — relative to 0.05 uM group, c — relative to 0.5 uM group, d — relative to 5 uM group, e — relative

to 50 uM group.

3.2. Leydig cells exposure to aminocarb affects the electron transport
chain, without interfering with membrane potential or mitochondrial
respiration

Taking into consideration our results from the cytotoxicity assays, we
decided to proceed our study with exposure of LCs to the two aminocarb
concentrations that presented the most intriguing results (0.5 and
50 pM). In fact, due to the observed unexpected impact of aminocarb on
metabolic viability, we further explored the effects of this insecticide on
LCs mitochondrial function by studying the protein levels of the com-
plexes of the ETC, involved in the OXPHOS process, the main source of
energy in eukaryotic cells (Chaban et al., 2014). Our results revealed
that exposure of LCs to 0.5 pM of aminocarb significantly reduced the
protein levels of the complex I (0.81 + 0.05 - fold variation to control),
when compared to non-exposed cells (1.00 + 0.03 - fold variation to
control, p = 0.0452). Moreover, exposure of LCs to both 0.5 pM of
aminocarb (0.78 + 0.06 - fold variation to control) and 50 pM of ami-
nocarb (0.65 + 0.09 - fold variation to control) significantly decreased
the protein levels of the complex III, when compared to non-exposed
cells (1.00 +0.06 - fold variation to control, p =0.0169 and
p = 0.0129, respectively) (Fig. 2A). No alterations were observed in the
protein levels of the remaining ETC complexes after aminocarb
treatment.

Impairment of the OXPHOS may lead to a reduction in Aym (Liu
et al., 2021). As such, we evaluated LCs mitochondrial activity after
exposure to aminocarb by the JC-1 dye (Fig. 3). JC-1 aggregates/mo-
nomers ratio was used as an indicator of mitochondrial membrane

15

polarization, where an increased/decreased ratio was considered
indicative of hyperpolarization/depolarization, respectively (Carrageta
et al., 2020). Notwithstanding, no differences were observed in Aym in
LCs exposed to 0.5 pM of aminocarb (0.99 + 0.04 - fold variation to
control, p = 0.7845) or 50 pM of aminocarb (0.97 + 0.03 - fold varia-
tion to control, p = 0.4473), when compared to non-exposed cells (1.00
4+ 0.01 - fold variation to control) (Fig. 3A), nor on the spatial
arrangement of the mitochondria in the cytoplasmic compartment of the
LCs (Fig. 3B).

Additionally, to further deepen the impact of aminocarb on mito-
chondrial activity, we evaluated the real-time mitochondrial function
(Fig. 4A) of LCs treated with 0.5 and 50 pM of aminocarb using the
Seahorse XFe24 real time analyzer. Aminocarb treatment did not alter
mitochondrial respiration of LCs, as detected by the levels of basal
respiration (1.86 + 0.78 and 1.73 + 0.87 - fold variation to control,
after treatment with 0.5 or 50 pM of aminocarb, p = 0.4224 and
p = 0.4949, respectively) (Fig. 4B) and maximal respiration (1.39
+ 0.37 and 1.36 + 0.33 - fold variation to control, after treatment with
0.5 or 50 pM of aminocarb, p = 0.3937 and p = 0.4268, respectively)
(Fig. 4C). The ATP production-coupled respiration of LCs was also not
altered by exposure to 0.5 or 50 pM of aminocarb (2.18 + 0.69 and 2.05
=+ 0.79 - fold variation to control, after treatment with 0.5 or 50 pM of
aminocarb, p = 0.2180 and p = 0.2680, respectively) (Fig. 4D) when
compared to non-exposed cells (1.00 + 0.46; 1.00 + 0.19 and 1.00
+ 0.11 - fold variation to control, respectively).
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Fig. 2. Effect of 0.5 and 50 pM of aminocarb on the protein levels of the mitochondrial complexes of the electron transport chain (ETC) of Leydig cells (LCs). The
figure shows pooled data of independent experiments indicating protein levels of mitochondrial complexes A; with representative western blot B of LCs cultured in
the absence or in the presence of aminocarb (0.5 and 50 pM). Results are calculated as fold variation to control and presented as median + max/min values (n = 6 for
each condition). The compact line represents the control group. The statistical significance was assessed by a RM one-way ANOVA followed by Fishers LSD test.
Significantly different results (p < 0.05) are indicated as: a — relative to O uM group. Abbreviations correspond to: CI — complex I; CII — complex II; CIII — complex III;

CIV - complex IV; CV — complex V.
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fluorescence ratio of JC-1 measured at two wavelengths (Ex = 485 nm, Em = 530 nm; Ex = 535 nm, Em = 590 nm), calculated between red aggregates (representing
hyperpolarized mitochondria) and green monomers (representing depolarized mitochondria). Results are calculated as fold variation to control and are expressed as
median + max/min values (n = 6 for each condition). Duplicates were performed for each individual experiment. The compact line represents the control group. The
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Fig. 4. Evaluation of real-time mitochondrial function A of LCs in the absence or in the presence of aminocarb (0.5 and 50 pM) following 24 h of treatment, using the
Seahorse XFe24 analyzer. Mitochondrial basal respiration B; mitochondrial maximal respiration C; ATP production-coupled respiration D are represented. Results are
calculated as fold variation to control and are expressed as median + max/min values (n = 3-4 for each condition). The compact line represents the control group.
The statistical significance was assessed by a One-way ANOVA followed by Fishers LSD test.
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3.3. Leydig cells exposure to aminocarb does not affect endogenous ROS
production nor induce oxidative stress-related damage

Since mitochondria are an important source of ROS production
through the activity of the ETC (Caito and Aschner, 2015; Raimondi,
2020), we evaluated the endogenous ROS production using the fluoro-
genic dye CM-H2DCFDA. Our results did not reveal any significant al-
terations in the levels of endogenous ROS whether in the absence of
aminocarb (1.00 + 0.04 - fold variation to control) or in the presence of
0.5pM of aminocarb (0.93 +£0.03 - fold variation to control,
p =0.3053) or 50 uM of aminocarb (0.97 4+ 0.05 - fold variation to
control, p = 0.6288) (Fig. 5A). Despite no significant alterations in the
endogenous ROS production by LCs were observed, after aminocarb
treatment, we decided to evaluate the oxidative stress-induced damage,
since pesticides are known to induce the production of ROS. As such,
lipids, proteins and nucleic acids are targeted. Thus, we evaluated
oxidative stress damage in LCs exposed to aminocarb by slot-blot anal-
ysis, measuring lipid peroxidation (Fig. 5B), protein carbonyl content
(Fig. 5C), and protein nitration (Fig. 5 — Panel D). In corroboration of the
previous results, no alterations were detected in LCs lipid peroxidation
(1.01 £ 0.19 and 0.89 =+ 0.14 — fold variation to control, after treatment
with 0.5 or 50 pM of aminocarb, p = 0.9867 and p = 0.6788, respec-
tively), protein oxidation (0.74 £ 0.20 and 0.91 + 0.39 - fold variation
to control, after treatment with 0.5 or 50 pM of aminocarb, p = 0.6232
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and p = 0.8626, respectively), or protein nitration (1.34 + 0.24 and
1.34 + 0.22 — fold variation to control, after treatment with 0.5 or
50 pM of aminocarb, p =0.3868 and p = 0.3873, respectively) as
compared with the levels detected in the control group (1.00 £ 0.23;
1.00 + 0.44 and 1.00 + 0.33 - fold variation to control, respectively).

3.4. Leydig cells exposure to high concentration of aminocarb promotes
androstenedione production

As mentioned, the main function of the LCs is to synthesize and
secrete androgens, through steroidogenesis (Chu et al., 2023), which
requires the intervention of the transport protein StAR. The small het-
erodimer partner (nuclear receptor subfamily 0 group B member 2,
Nr0b2), member of the nuclear receptor superfamily is known to repress
steroidogenesis by limiting the expression of Star. Additionally, it is also
known that NrOb2 mediates testicular deleterious effects of estrogenic
endocrine disruptors (Vega et al., 2015). Therefore, we found important
to quantify the mRNA levels of both Star and NrOb2 (Figs. 6A and 6B,
respectively), and the levels of androstenedione (Fig. 6C), as this is the
final product of steroidogenesis in these cells, as mentioned previously
(Engeli et al., 2018). Although our results did not show any significant
alterations in the expression of Star or NrOb2 when LCs were exposed to
0.5 pM of aminocarb (1.20 £+ 0.28 and 1.09 + 0.11 - fold variation to
control, p=0.5312 and p = 0.5845, respectively) or to 50 pM of
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Fig. 5. Evaluation of endogenous ROS production A, using the fluorogenic dye CM-H2DCFDA, and oxidative stress-induced damage, with representative slot-blot
below B-D by LCs, following 24 h of treatment, in the absence or in the presence of aminocarb (0.5 and 50 uM). Endogenous ROS production A; lipid peroxida-
tion B; carbonyl group formation C; tyrosine residues nitration D. Results are calculated as fold variation to control and are expressed as median + max/min values
(n = 6 for each condition). Duplicates were performed for each individual experiment. The compact line represents the control group. The statistical significance was

assessed by a One-way ANOVA followed by Fishers LSD test.
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as: b - relative to 0.5 uM group.

aminocarb (1.13 + 0.21 and 1.06 + 0.10 - fold variation to control,
p = 0.6858 and p = 0.6880, respectively), as compared to non-exposed
cells (1.00 + 0.16 and 1.00 £ 0.11, respectively), exposure to 50 pM of
aminocarb (1.73 + 0.32 ng/mL) caused an increase of androstenedione
production, when compared to that of LCs exposed to a lower concen-
tration of 0.5 uM of aminocarb (0.87 + 0.05 ng/mL, p = 0.0492). Even
though not statistically significant, we can observe a tendency of
decrease in androstenedione production when we compare the
non-exposed cells (1.54 + 0.31 ng/mL, p =0.1150) with the cells
exposed to 0.5 pM of aminocarb.

3.5. Leydig cells exposure to aminocarb does not change the fatty acids
profile

A total of 12 FAs were identified in LCs non-exposed (CTR, 0 uM) and
exposed (0.5 and 50 uM) to aminocarb. After grouping FAs by degree of
unsaturation and the position of the double bonds (Fig. 7 and Table 2),
we observed that the most abundant FA family in all groups tested was
the monounsaturated fatty acids (MUFAs) (47.50 %, 45.79 % and
47.51 %, respectively), followed by the saturated fatty acids (SFAs)
(39.02 %, 38.97 % and 39.65 %, respectively), and, finally, the poly-
unsaturated fatty acids (PUFAs) (13.48 %, 15.23 % and 12.84 %,
respectively). The most abundant FAs found were saturated palmitic (FA
16:0) (20.91 + 1.20, 21.27 + 0.61 and 22.42 + 1.11, respectively) and
stearic (FA 18:0) (15.72 +0.72, 15.26 +1.20 and 15.09 + 0.95,
respectively) acids, and the monounsaturated oleic (FA 18:1 n-9) (22.00
+ 0.51, 20.84 + 0.36 and 22.38 + 1.16, respectively) and vaccenic (FA
18:1 n-7) (18.14 + 1.57, 16.76 £+ 1.16 and 16.95 + 0.99, respectively)

CTR (0 M Aminocarb)

0.5 uM Aminocarb

acids, with similar relative abundances across the cells of the various
experimental groups. Saturated myristic acid (FA 14:0) (1.34 £+ 0.25,
p = 0.0127) showed a significant increase in cells exposed to 0.5 pM of
aminocarb, in relation to non-exposed cells (CTR, 0 uM) (1.04 + 0.39)
(Table 2). Moreover, we calculated the n-3/n-6 PUFAs ratio that indicate
a healthier state when higher n-3 to n-6 ratio is observed, and a pre-
disposition to an unhealthy one when the other way around (Crisostomo
et al., 2020). In our study, the n-3/n-6 PUFAs ratio did not show to be
affected by exposure to aminocarb, being that across the three experi-
mental groups the results were similar (0.43 + 4.84, 0.56 &+ 0.96 and
0.48 +£1.65, respectively). Additionally, indirect measures of
anti-inflammatory/proinflammatory potential via lipid mediators
(C22:6 (n-3)/C20:4 (n-6) ratio), also did not demonstrate statistically
significant changes (0.56 + 0.06, 0.50 + 0.05 and 0.53 + 0.06, respec-
tively), contrasting with the combined activity of A5- and A6-desa-
turases (D5D and D6D) (C20:4 (n-6)/C18:2 (n-6) ratio) that showed to
be significantly decreased (2.59 + 0.11 and 2.66 + 0.12, p < 0.01 and
p < 0.05, respectively) in cells exposed to both 0.5 and 50 uM of ami-
nocarb, when compared to non-exposed cells (2.92 + 0.13).

4. Discussion

Aminocarb belongs to the carbamate’s family, one of the most used
classes of pesticides worldwide (Gupta et al., 2017). Notwithstanding,
and despite its highly toxicity to mammals (Szeto and Sundaram, 1979),
studies on the impact of this insecticide on male fertility are scarce.
Thus, we aimed to investigate the effects of aminocarb on LCs, the
testicular cells responsible for the synthesis of androgens. It is important

50 uM Aminocarb

@l SFA @l MUFA

& n-3PUFA O3 n-6 PUFA

Fig. 7. Relative abundance (%) of major identified fatty acids classes in Leydig cells non-exposed (CTR) and exposed to 0.5 and 50 uM of aminocarb. SFA — saturated
fatty acids; MUFA — monounsaturated fatty acids; PUFA — polyunsaturated fatty acids.
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Table 2
Relative abundance (%) of the identified fatty acids in Leydig cells non-exposed
(CTR, 0 uM) and exposed (0.5 and 50 uM) to aminocarb.

RA (%) CTR 0.5 pM 50 pM
(0 pM)
FA Mean + SEM
C14:0 (Myristic acid) 1.0+ 0.4 1.3+ 0.3 1.2+0.3
C16:0 (Palmitic acid) 209 +1.2 21.3 + 0.6 224 +1.1
C18:0 (Stearic acid) 15.7 + 0.7 15.3+1.2 15.1 + 0.9
C20:0 (Arachidic acid) 1.3+0.2 1.1+0.2 1.2+0.2
SFA 39.0+1.9 39.0+1.2 39.6 £ 0.8
C16:1 (n—7) (Palmitoleic acid) 7.4+ 0.4 8.2+0.9 8.2+ 0.9
C18:1 (n—9) (Oleic acid) 22.0 + 0.5 20.8 + 0.4 22.4 +1.2
C18:1 (n—7) (Vaccenic acid) 18.1 +1.6 16.8 + 1.2 16.9 + 1.0
MUFA 475+ 1.7 45.8 +£1.9 47.5+1.6
C18:2 (n—6) (Linoleic acid) 22+0.1 2.4 +£0.1 22+0.1
C20:4 (n—6) (Arachidonic acid) 6.4 +0.4 6.1 £0.5 5.8+ 0.5
C22:4 (n—6) (Adrenic acid) 1.2+0.1 1.3+0.1 1.1+0.2
C22:5 (n—3) (Docosapentaenoic 2.2+ 0.2 2.5+ 0.2 2.1+0.3
acid)
C22:6 (n—3) (Docosahexaenoic 3.4+04 3.0+04 29+05
acid)
PUFA 135+ 1.1 152+ 1.1 12.8 £ 1.4
n—3 PUFAs 40+1.1 5.5+ 0.6 42+1.1
n—6 PUFAs 9.4+0.2 9.7 £ 0.6 8.7 +0.7
(n—3)/(n—6) ratio 0.4 +4.8 0.6 £1.0 0.5+ 1.6
C22:6 (n—3)/C20:4 (n—6) ratio 0.56 0.50 + 0.05 0.53 + 0.06
+ 0.06
C20:4 (n—6)/C18:2 (n—6) ratio 2.92 2.59 2.66
+0.13 +0.117 +0.12%

Legend: RA - relative abundance; FA - fatty acid; SFA - saturated fatty acid;
MUFA - monounsaturated fatty acid; PUFA — polyunsaturated fatty acid; SEM —
standard error of the mean; Significantly different results are indicated as: a —
relative to Control group (p < 0.05), aa - relative to Control group (p < 0.01)

to acknowledge that while the BLTK1 cell line, due to its 17p-HSD
deficiency, primarily produces androstenedione rather than testosterone
(Rahman and Huhtaniemi, 2004), it remains an exceptionally valuable
in vitro model for dissecting the intricate mechanisms by which envi-
ronmental toxicants impact Leydig cell physiology (Forgacs et al., 2012;
Moreira et al., 2024). This includes crucial insights into mitochondrial
function and the early, rate-limiting steps of steroidogenic pathways.
The mechanistic insights derived from this model, such as those con-
cerning mitochondrial resilience and altered steroidogenic precursor
production, are broadly applicable to primary adult Leydig cells and
offer foundational understanding for in vivo implications for male
reproductive health.

To investigate the effects of aminocarb on LCs, we conducted three
distinct cell viability assays. Our results demonstrate that exposure to
500 pM of aminocarb significantly reduces mitochondrial viability, as
measured by the MTT assay, while not altering the proliferative capacity
of these cells. Still, these results suggest that a high concentration of
aminocarb (500 uM) is cytotoxic to LCs. Conversely, lower concentra-
tions of aminocarb (5 and 50 pM), while not affecting cell proliferation,
unexpectedly increased mitochondrial viability. This biphasic modula-
tion of mitochondrial viability, where high doses are detrimental and
low doses stimulatory, aligns with findings reported for other pesticides,
such as the carbamate fungicide ziram (Liu et al., 2018) and p,p-DDT
(Eze et al., 2019). Furthermore, exposure to the high dose of aminocarb
(50 pM) also increased the loss of cell membrane integrity, suggesting
the onset of cellular toxicity. It is important to note that these assays
assess distinct aspects of cytotoxicity (Kamiloglu et al., 2020) and ami-
nocarb at different concentrations interacts with the different cellular
components in distinct ways, thus explaining the results obtained.
Therefore, while these initial findings suggest a complex,
dose-dependent mechanism of action for aminocarb, further investiga-
tion is warranted to fully elucidate its specific cytotoxic pathways and
long-term effects on LCs. The fact that mitochondrial dehydrogenases
activity has changed, without a change in proliferation, suggests that
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normal cellular processes are being altered, and this could have long
term negative effects. Even low-level exposure to aminocarb might have
subtle effects on LCs physiology, potentially affecting testosterone pro-
duction and male reproductive health.

Hence, these results prompted us to investigate in more detail the
impact of aminocarb on LC mitochondria. Given the diverse functional
roles of mitochondria, we begun by evaluating the effects of aminocarb
on a classic function: oxidative phosphorylation, the primary source of
energy in eukaryotic cells (Brand et al., 2013; Chaban et al., 2014). A
study with mancozeb, a carbamate fungicide, showed it affected all
mitochondrial complexes of the ETC of a transformed human colon
cancer cell line, HT-29 (Dhaneshwar and Hardej, 2021), thus high-
lighting the negative impact that carbamate pesticides can exert on
OXPHOS. Like the BLTK1 cell line, HT-29 cells are a well-established in
vitro model for evaluating drug and environmental chemical effects
(Dhaneshwar and Hardej, 2021). In our cellular model, mitochondrial
complexes I and III of the ETC were affected after exposure to the lowest
(0.5 pM) or at both concentrations (0.5 and 50 pM) of aminocarb,
respectively. The apparent discrepancy between these results and the
mitochondrial viability assay (MTT) can be explained by the assay’s
mechanism. The MTT assay relies on the reduction of a tetrazolium salt
by cellular dehydrogenases, primarily succinate dehydrogenase (SDH),
also known as complex II of the electron transport chain (ETC) (Rai
et al., 2018;Ragab et al., 2023). As aminocarb did not affect complex II,
the MTT assay, which reflects its activity, lacked the sensitivity to detect
localized disruptions in complexes I and III. Therefore, the observed
reduction in the activity of complexes I and III, despite an unchanged
MTT readout, suggests that aminocarb may exert a more nuanced, tar-
geted effect on LCs mitochondrial function beyond simply affecting SDH
(complex II) activity. Under physiological conditions, electron transport
through the ETC generates an electrochemical gradient across the IMM
(Aym), comprised of both a pH gradient and an electrical potential
(Peng et al., 2016). The observed disruptions in specific ETC complexes
induced by aminocarb prompted us to investigate its effects on the Aym
of LCs. Curiously, our results show no significant alterations on LCs Aym
after aminocarb treatment. We further characterized the real-time
mitochondrial function of LCs after exposure to aminocarb, in order to
understand if the integrity of these organelles had been affected. Spe-
cifically, we evaluated key parameters of mitochondria functioning such
as the mitochondrial basal respiration, mitochondrial maximal respira-
tion, and ATP production-coupled respiration. These parameters pro-
vide a comprehensive assessment of mitochondrial health and
functionality, allowing us to determine whether, despite the unaffected
Aym, aminocarb still compromises mitochondrial performance by
impacting respiration and energy production (Smolina et al., 2023). Our
results showed no significant differences in basal respiration, maximal
respiration, or ATP-coupled respiration after exposure to all the tested
concentrations of aminocarb. While aminocarb did disrupt specific ETC
complexes of LCs, as discussed, it appears that these disruptions did not
translate into measurable changes in overall mitochondrial respiration
or ATP production under our experimental conditions. This suggests that
LCs may possess compensatory mechanisms that maintain mitochon-
drial function despite the individual ETC complex dysfunctions, or that
the degree of inhibition at the tested concentrations was not sufficient to
elicit a measurable functional change. Indeed, a study from Shabalina
and colleagues demonstrated that Leydig cells lacking a functional
mitochondrial ETC can circumvent this deficiency. They achieve this by
transferring electrons from the pentose phosphate pathway, via cyto-
chrome b5 and cytochrome c, to cytochrome c oxidase (COX). This
alternative pathway enables complex IV-mediated proton pumping,
maintaining mitochondrial membrane potential (Aym) and supporting
ATP synthesis (Shabalina et al., 2015). This observation underscores the
remarkable cellular plasticity and inherent redundancy in metabolic
pathways within Leydig cells. The maintenance of overall mitochondrial
function despite specific protein level reductions suggests an active
cellular response rather than a mere lack of impact, indicating a targeted
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mechanism of toxicity rather than a generalized mitochondrial effect.
While the current data indicate functional resilience, it is acknowledged
that long-term or higher-stress conditions might eventually reveal a
reduced metabolic reserve capacity. Still, while this study may help
explain the results obtained in our own research, further investigation is
warranted to examine other aspects of mitochondrial function, such as
ROS production or mitochondrial morphology, could reveal further in-
sights into the cellular response to aminocarb exposure.

Under physiological conditions, a small fraction (up to 2 %) of
electrons traversing the ETC can prematurely escape, reacting with ox-
ygen to form ROS such as superoxide and hydrogen peroxide (Turrens,
2003). This inherent leak makes mitochondria a significant source of
cellular ROS. Among the various complexes that form the ETC, com-
plexes I and III are the main sites of ROS production in mitochondria,
which depending on the amount can play beneficial or harmful roles
(Zhao et al., 2019). As such, we investigated the impact of aminocarb
treatment on endogenous ROS production and markers of oxidative
damage, specifically lipid peroxidation, protein nitration, and protein
carbonylation. Our results revealed no significant differences in
endogenous ROS levels between control and aminocarb-treated LCs.
This lack of change in ROS production was further supported by the
absence of significant alterations in the markers of oxidative damage.
While complexes I and III are typically the major sources of ROS within
the ETC (Q. Chen et al., 2003; Koopman et al., 2010), our data indicates
that despite previously observed reductions in the protein levels of these
complexes following aminocarb exposure in LCS, it did not impact the
endogenous ROS production. It is possible that the observed decrease in
complex I and III protein levels, while measurable, was not sufficient to
significantly alter the overall rate of electron leak and subsequent ROS
generation. Alternatively, the cells may have an effective antioxidant
defense system capable of counteracting any potential increase in ROS
production resulting from the ETC complex changes, which were not
altered by aminocarb exposure. Moreover, the specific nature of the ETC
complex disruption caused by aminocarb might not promote electron
leak at these sites.

Given that the primary function of LCs is androgen production, we
evaluated the synthesis of androstenedione, the precursor of testos-
terone (Zhou et al., 2019) and a product of steroidogenesis on the cell
line used (Engeli et al., 2018). We observed a significant increase in
androstenedione production by LCs after exposure to 50 pM of amino-
carb. This observation aligns with previous studies demonstrating the
ability of organophosphorus pesticides to elevate serum testosterone
levels (Ghafouri-Khosrowshahi et al., 2019; Kamijima et al., 2004;
Panuwet et al., 2018). Considering the structural and mechanistic sim-
ilarities between organophosphates and carbamates, particularly their
shared mechanism of toxicity (Gupta et al., 2017), it is plausible that
aminocarb, a carbamate, exerts a similar effect on androgen production.
To explore potential mechanisms, we subsequently assessed the mRNA
levels of Star and NrOb2. StAR protein is the rate-limiting and regulating
step in acute steroidogenesis, being responsible for the transport of
cholesterol through the IMM (Galano et al., 2022), making Star mRNA
levels a valuable indicator of aminocarb’s impact on this crucial step.
NrOb2, in addition to suppressing steroidogenesis by limiting Star
expression, has also been implicated in mediating the testicular toxicity
of endocrine disruptors (Vega et al., 2015). Notwithstanding, we did not
observe any significant alterations in either Star or NrOb2 in LCs exposed
to aminocarb. The increase in androstenedione without changes in Star
or NrOb2 expression highlights the criticality of post-transcriptional and
post-translational regulation in toxicology, where changes in biological
function are not always reflected at the mRNA level. Specific possibil-
ities include increased StAR protein stability or activity (e.g., reduced
degradation or enhanced phosphorylation), enhanced activity of
downstream steroidogenic enzymes (such as CYP17A1) due to allosteric
regulation or other post-translational modifications, altered substrate
availability or mobilization of cholesterol from lipid droplets, or even
reduced steroid catabolism or efflux from the cell. The comparison with
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organophosphorus pesticides is re-emphasized, as their effects on ste-
roidogenesis can be complex and involve diverse molecular pathways
beyond transcriptional control (Ghafouri-Khosrowshahi et al., 2019;
Kamijima et al., 2004; Panuwet et al., 2018). While the current study
could not directly assess protein levels, the observed increase in an-
drostenedione strongly indicates a significant impact on steroidogenesis.
Steroidogenic cells rely on lipids to sustain their homeostasis, and to
regulate substrate availability for steroid hormone biosynthesis (Koganti
etal., 2022). As mentioned, LCs are characterized by LDs, which provide
a depot of stored energy that can be accessed in a regulated fashion
according to cellular need (Tarique et al., 2019). Given the importance
of these molecules to male fertility, we studied the FA profile of LCs after
exposure to 0.5 and 50 uM of aminocarb. Indeed, FAs, whether as part of
molecules such as complex lipids (e.g. phospholipids, sphingolipids,
triglycerides) or individually, perform important roles in cells that
include structural “building blocks” of cell membranes, suppliers of
energy, and signaling molecules (De Carvalho and Caramujo, 2018).
Among the identified FAs, palmitic, stearic, oleic and vaccenic acids
were the most abundant, even though no significant differences were
found across the experimental groups. While studies have linked pal-
mitic (Chen et al., 2019) and stearic (Lu et al., 2003) acids to LCs
apoptosis and male infertility, we found no evidence of FA-induced
apoptosis in our aminocarb-treated cells, despite the high abundance
of these saturated FA. The relatively high abundance of arachidonic
acid, a polyunsaturated fatty acid (PUFA) previously shown to protect
against SFA-induced apoptosis (Lu et al., 2003), may contribute to the
apparent resistance to FA-induced apoptosis. Interestingly, contrasting
effects of FAs on steroidogenesis have also been reported, with palmitic
acid stimulating androstenedione production and oleic and stearic acids
inhibiting it (Meikle et al., 1989). However, given the similar levels of
palmitic and oleic acids across treatments, we cannot definitively
attribute the increased androstenedione production solely to palmitic
acid. Contrastingly, we observed a significant increase in myristic acid
levels in LCs exposed to 0.5 M aminocarb compared to controls.
Although a recent study suggested a protective role for myristic acid
against oxidative and inflammatory testicular damage (Khalil et al.,
2021), particularly on steroidogenesis, our findings do not fully support
a similar protective effect in the context of aminocarb exposure.
Although most of our results at 0.5 yM aminocarb were comparable
to those observed at 50 uM, it is important to note the significant in-
crease in myristic acid levels after exposure to the lower concentration.
It is possible that this elevation in myristic acid may have contributed to
the absence of certain detrimental alterations observed in LCs exposed to
0.5 uM aminocarb. This observation may simply reflect the specific toxic
mechanism of aminocarb, which may override any potential protective
effect of myristic acid, or it may indicate that the protective effects of
myristic acid are context-specific and do not extend to the type of
cellular stress induced by aminocarb. In this context, we observed a
decreased 20:4 n-6/18:2 n-6 ratio in the LC exposed to aminocarb. The
FA20:4(n-6)/FA18:2(n-6) ratio provides a measure of the n-6 pathway
and how efficiently the cells are converting linoleic acid into arach-
idonic acid, which may have significant implications for inflammation
and other physiological processes, particularly steroidogenesis (testos-
terone production) and cellular signaling (Crisostomo et al., 2022).
Arachidonic acid is a precursor to various pro-inflammatory signaling
molecules. Therefore, a reduction in the n-6 pathway suggests a decrease
for the capacity of production of pro-inflammatory molecules (Schmitz
and Ecker, 2008), which could potentially protect LC and maintain their
function. However, it is important to note that this is a potential benefit,
and further research is needed to fully understand the complex interplay
between arachidonic acid metabolism, inflammation, and LC function.
In conclusion, this study provides the first comprehensive assessment
of aminocarb’s effects on LCs function, revealing a complex interplay of
mitochondrial disruptions, androstenedione production, and FA pro-
files. While aminocarb impacted specific ETC complexes and stimulated
androstenedione production, it did not significantly alter overall
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mitochondrial respiration, ROS levels, or induce significant alteration in
FA profile. These findings highlight the need for further research to fully
elucidate the mechanisms underlying aminocarb’s impact on Leydig
cells and its potential implications for male reproductive health.
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