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ARTICLE INFO ABSTRACT

Handling Editor: Professor Matthew Wright Deoxynivalenol (DON) and zearalenone (ZEA) are among the most prevalent mycotoxins synthesized by Fusarium

species, with 60 % and 80 % prevalence in grains containing mycotoxins, respectively. These mycotoxins often

Keywords: co-contaminate feedstuffs and induce male reproductive toxicity. This study investigated in vitro cytotoxicity, the

Deo"ym"ale“".l . structure of selected cytoskeletal proteins, mitochondrial morphology, lysosomal activity, and ultrastructural

gy:o:ke%etctal disruption changes associated with individual and combined DON and ZEA exposure in rat Leydig cells (LC-540). Deoxy-
ytotoxicity

nivalenol (ICsp: 2.66, 0.50, and 0.44 pM) induced higher cytotoxicity than ZEA (ICsq: 117.0, 69.1, and 34.4 M)
after 24, 48, and 72 h, respectively. Combined DON + ZEA exposure revealed concentration- and time-dependent
cytotoxic effects that were synergistic at low concentrations (0.125 + 10 pM), but additive or antagonistic at
higher concentrations (2 4+ 30 and 5 + 50 pM). Microscopic analysis revealed both mycotoxins disrupted F-actin
and p-tubulin, impaired mitochondrial morphology, and increased lysosomal acidification. Ultrastructurally,
marked cellular alterations included mitochondrial damage, autophagosome formation, and apoptosis. The
observed cytotoxicity, disruption of cytoskeletal proteins, and mitochondrial damage in the Leydig cells may play
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a role in clarifying the male reproductive toxicity induced by DON and ZEA or their co-exposure.

1. Introduction

Deoxynivalenol (DON) and zearalenone (ZEA) are two of the most
common mycotoxins synthesized by Fusarium spp. (El-Sayed et al.,
2022). These mycotoxins can contaminate food and feed, primarily
grains (Sobrova et al., 2010; Zinedine et al., 2007), and may also occur
as secondary contaminants in animal-derived products, particularly
DON (Sobrova et al., 2010). Consequently, they can pose significant
health risks to humans and livestock. It has been estimated that myco-
toxins contaminate approximately 25 % of the world's agricultural
products (World Health Organization & Food and Agriculture Organi-
zation of the United Nations, 2011). Eskola et al. (2020) reported that
about 20 % of feed samples in 2010-2015 were contaminated by my-
cotoxins, with a 60 % and 80 % prevalence of DON and ZEA, respec-
tively, in food grains. Pigs are especially susceptible when exposed to
DON where acute exposure induces feed refusal and vomiting (Serviento
et al., 2018). In animal models, chronic exposure to low DON doses
results in loss of appetite, growth deficiency, immunotoxicity, as well as
reproductive and developmental toxicities (Pestka, 2010). Zearalenone
induces reproductive toxicity due to its potent estrogenic activity
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(Takemura et al., 2007) and disrupts male and female reproductive
organ development (Li et al., 2021). In males decreased testosterone
levels and impaired sperm quality and quantity have been reported
(Yang et al., 2007b). Furthermore, it also causes immunotoxicity (Hueza
et al., 2014), hepatotoxicity (Zhang et al., 2022), and genotoxicity
(Ghedira-Chekir et al., 1999). Co-contamination of feedstuffs with DON
and ZEA is common, thus, increasing the risk of reproductive toxicity in
humans and animals (Thapa et al., 2021; Widodo et al., 2024).

The male reproductive toxicity of DON and ZEA has been docu-
mented in animal models. Damage to seminiferous tubules, impairment
of spermatogenesis, disruption of the blood-testis barrier proteins, and
testicular inflammation were reported in Kunming mice after being
exposed to 1.2, 2.4, and 4.8 mg/kg DON for 28 days (Cao et al., 2020b).
A reduction in sperm quality, including increased sperm abnormality
and decreased sperm count, associated with diminished motility, has
been observed in mice (Cao et al., 2020b; Hallaj Salahipour et al., 2019;
Yang et al., 2019) and Sprague-Dawley rats (Sprando et al., 2005),
exposed to DON. Exposure to 1, 2, and 4 mg/kg of ZEA for 28 days
causes reproductive toxicity in male Wistar rats, specifically, dissocia-
tion of germinal cell epithelium, depletion of seminiferous tubules,
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reduction of seminiferous tubule epithelial height, and interstitial
edema (Adibnia et al., 2016). Furthermore, in adult mice (Kunming
strain) ingesting high ZEA concentrations of 25, 50, and 75 mg/kg ZEA
for 7 days, vacuoles were present in the germinal epithelium with
decreased spermatogenic cells, live spermatozoa, serum testosterone,
and sperm count (associated with increased sperm abnormality) (Yang
et al., 2007a). The effect of co-exposure to DON and ZEA on the male
reproductive system has also been investigated. A decrease in sperm
quantity and survival rate, oxidative stress, and increased sperm ab-
normality were observed in mice exposed to 0.5 mg/kg DON and 1
mg/kg ZEA for 28 days (Cao et al., 2020a).

Leydig cells are interstitial testicular cells that play an important role
in steroidogenesis, steroid hormone biosynthesis, and maintaining
testicular spermatogenesis (Zirkin and Papadopoulos, 2018). In an effort
to reduce, refine, and replace (3Rs) animals in experimentation (Yadav
and Singh, 2021), Leydig cells have been used in in vitro mechanistic
studies to evaluate reproductive toxicity caused by compounds
(Lazzaretti et al., 2024; Li et al., 2024). Previous studies have examined
the cytotoxic effects of mycotoxins on the Leydig cells of rodents (Savard
et al., 2016; Yang et al., 2007a) and pigs (Sun et al., 2022). Both DON
and ZEA induce oxidative stress, thereby inhibiting steroidogenesis;
however, Savard et al. (2016) suggested that oxidative stress was not the
main cause of steroidogenic failure.

Cytoskeletal proteins such as F-actin and f-tubulin are present in the
Leydig cells and facilitate the transport of cholesterol from lipid droplets
to mitochondria, an essential step in testosterone biosynthesis (Clark
and Shay, 1981; Hall and Almahbobi, 1992; Sewer and Li, 2008; Wu and
Zhang, 2022). Mitochondria contain essential steroidogenic enzymes,
including cholesterol side-chain cleavage enzyme (CYP11Al)
(Papadopoulos and Miller, 2012). Therefore, any alteration in the
structure of cytoskeletal proteins or mitochondrial morphology may
compromise steroidogenic activity. Based on previous studies various
authors have concluded that exposure to DON and ZEA or their com-
binations disrupt testosterone synthesis and secretion (Sun et al., 2022;
Yang et al., 2024; Zhao et al., 2021); however, their specific effects on
cytoskeletal disruption and mitochondrial damage remain unknown.
Accordingly, the aim of this study was to investigate the cytotoxic effects
of exposure to DON, ZEA, and their combinations on selected cytoskel-
etal proteins, as well as the ultrastructure and mitochondrial
morphology using a rat Leydig tumour cell line (LC-540).

2. Materials and methods
2.1. Chemicals and reagents

Cell culture reagents, including fetal bovine serum (FBS: Cat No. GI-
12A) and penicillin/streptomycin solution 100x (Pen/Strep: Cat No. PS-
B), were provided by Capricorn Scientific (Germany). Minimum Essen-
tial Medium Eagle (EMEM: Product No. M4655), phosphate-buffered
saline (PBS: Product No. P4417), and Trypsin-EDTA solution 1x (Cat
No. 59417c) were obtained from Sigma-Aldrich (USA). Mycotoxin
standards deoxynivalenol (DON: CAS No. 51481-10-8, purity >98 %)
and zearalenone (ZEA: CAS No. 17924-92-4, purity >99 %) were pur-
chased from Sigma-Aldrich (USA). Solvents, including dimethyl sulf-
oxide (DMSO: CAS No. 67-68-5, purity >99.9 %) and ethanol (absolute),
were procured from Sigma-Aldrich (USA). The Research Ethics Com-
mittee of the University of Pretoria approved this study (approval
number REC133-22).

2.2. Cell culture and mycotoxin exposure studies

2.2.1. Cell culture

A Fischer rat testis Leydig tumour cell line (LC-540) obtained from
the Japanese Collection of Research Bioresources Cell Bank (JCRB9064)
was used to investigate the cytotoxic effects of individual and combined
mycotoxin exposures. Cells were cultured in EMEM supplemented with
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4 mM t-glutamine, 10 % FBS, and 1 % Pen/Strep (100 IU/mL). The cell
culture was maintained in an incubator at 37 °C in a humidified 5 % CO»
environment. For subculture, cells were seeded in 75 cm? culture flasks
and passaged twice weekly. For cytotoxicity assays, LC-540 cells were
seeded at appropriate densities in culture medium supplemented with 5
% FBS for 24 h prior to mycotoxin exposure to allow sufficient time for
cell attachment and stabilization. The culture medium was changed as
needed to maintain optimal growth conditions.

2.2.2. Mycotoxin preparation and treatment

Deoxynivalenol (DON) stock solution (3400 pM) was prepared by
dissolving 2 mg DON (molecular weight 296.32 g/mol) in 2 mL ethanol.
An intermediate dilution (50 pM) was prepared in 5 % FBS culture
medium, followed by serial dilution to achieve final concentrations of
0.125, 0.25, 0.5, 1, 2, 4, 5, and 10 pM. A zearalenone (ZEA) stock so-
lution (15705 pM) was prepared by dissolving 2 mg ZEA (molecular
weight 318.364 g/mol) in 400 pL ethanol. Therefore, desired concen-
trations were prepared by serial dilution in 5 % FBS culture medium to
achieve final concentrations of 10, 20, 30, 40, 50, 60, 80, and 100 uM.
The concentration range was selected based on previous studies evalu-
ating DON and ZEA cytotoxicity in Leydig cell lines, where ICs( values
ranged from 0.25 to 12.3 uM for DON and 34-50 pM for ZEA after 24-48
h exposure, respectively (Eze et al., 2018; Savard et al., 2016). More-
over, higher concentrations were included to illustrate the
dose-response profile. For combination studies, equal volumes of DON
and ZEA concentrations were mixed to create combined exposure
treatments. The mixing protocol resulted in a two-fold dilution of each
mycotoxin, producing the following final concentrations for the DON +
ZEA combination treatments: 0.0625 + 5, 0.125 + 10, 0.25 + 15, 0.5 +
20,1 + 25, 2 + 30, 2.5 + 40, and 5 + 50 pM. Vehicle controls corre-
sponding to ethanol concentrations in mycotoxin treatments (0.29 % for
DON and 0.63 % for ZEA) and a positive control (0.01 % Triton X-100)
were used.

In the additional studies, mycotoxin concentrations were determined
using MTT and AlamarBlue® cytotoxicity assays. The 48 h was selected
as the incubation period, and concentrations of 0.1 and 0.4 pM for DON,
and 20 and 60 pM for ZEA were chosen to represent Sub-lethal and
moderate cytotoxic doses. Cytotoxic effects were evaluated in three in-
dependent experiments with at least three replicates per treatment.

2.3. Cell viability studies

Mycotoxin-induced cytotoxicity was assessed using the MTT
(Mosmann, 1983) and AlamarBlue® cell viability assays. Leydig cells
were seeded in 96-well plates at 5 x 10° cells/well and 5 x 102 cells/-
well for MTT and AlamarBlue® assays, respectively, and allowed to
stabilize for 24 h. The lower cell density for AlamarBlue® was used due
to its higher sensitivity and prior optimization. Four experimental
groups, each with triplicates, were assigned: Controls (negative and
positive),  DON-treated, ZEA-treated, and DON + ZEA
combination-treated groups. Cells were exposed to treatments for 24,
48, and 72 h.

For the MTT assay, after exposure, the culture medium was removed,
and 20 pL of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich, Cat No. M5655) at 5 mg/mL in PBS
was added to the wells along with 200 pL of 5 % FBS culture medium
(Mosmann, 1983). The cells were then incubated at 37 °C in the dark for
2 h. Following incubation, the supernatant was discarded, 100 pL. DMSO
was added to solubilize the formazan crystals, and plates were agitated
for 5 min. Absorbance was measured at 570 nm with background sub-
traction at 630 nm using a Synergy HT BioTek™ microplate reader
(BIO-TEK Instruments, Vermont, USA). The percentage cell viability was
calculated as follows:
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Cell viability (% ) — Absorbance of cells treated with mycotoxins
v\*) = Absorbance of cells treated with negative control

x 100

For the AlamarBlue® assay, at the end of the exposure period, the
exposure medium was replaced with 100 pL of 10 % (v/v) AlamarBlue®
Cell Viability Assay Reagent (Cat No. 1025, Thermo Fisher Scientific) in
5 % FBS culture medium and incubated for 2 h at 37 °C (Ibrahim et al.,
2023). Fluorescence was measured at excitation 530 + 25 nm and
emission 590 + 35 nm using a Synergy HT BioTek™ multi-mode
microplate reader with 35 % fluorescence gain settings. Cell viability
was determined after subtracting the AlamarBlue® reduction in media
blanks from both negative controls and treatments and expressed as a
percentage of the negative control.

2.4. Evaluation of F-actin and p-tubulin organization

Cytoskeletal protein analysis was conducted following a previously
described protocol (Ibrahim et al., 2023). Briefly, Leydig cells were
seeded at a density of 2.5 x 10* cells/well in 24-well plates and incu-
bated overnight in EMEM medium containing 5 % FBS. Cells were then
treated for 48 h with 0.1 and 0.4 pM DON, 20 and 60 pM ZEA, and their
combinations (0.05 + 10 pM and 0.2 + 30 pM). Cytochalasin D and
vinblastine sulfate (Sigma-Aldrich) were used as positive controls for
F-actin and f-tubulin, respectively. Following treatment, cells were
gently washed with PBS and fixed in ice-cold 100 % acetone (Merck) at
—20 °C for 10 min and washed twice with PBS. For F-actin labeling, cells
were incubated with FITC-phalloidin (Sigma-Aldrich) at 1 pg/mL for 30
min at 37 °C. For p-tubulin staining, cells were first blocked with 1 %
bovine serum albumin (BSA) in PBS for 10 min at 37 °C, then incubated
with a mouse anti-p-tubulin-Cy3 antibody (Sigma-Aldrich) at a 1:100
dilution for 1 h at 37 °C. After three PBS washes, cells were counter-
stained with DAPI (1.3 pg/mL) for 15 min at 37 °C, followed by three
PBS washes. Coverslips were mounted using Prolong Gold Antifade
(Invitrogen). Images were acquired using a Zeiss LSM-880 confocal
microscope equipped with a 63 x oil immersion objective. Image pro-
cessing was performed using custom Python scripts and the czifile li-
brary (v2019.7.2) for multidimensional image handling (Christoph,
2019).

2.5. Mitochondrial morphology

Leydig cells were seeded in 24-well plates at 2.5 x 10* cells/well and
incubated overnight in 5 % FBS culture medium prior to experimental
treatment. Following overnight incubation, cells were exposed to 0.1
and 0.4 pM DON, 20 and 60 pM ZEA, or their combinations (0.05 + 10
and 0.2 4+ 30 pM) for 48 h under standard culture conditions. For
mitochondrial morphology assessment, we followed the same protocol
described by Ibrahim et al. (2023). Briefly, 0.4 pM MitoTracker® Orange
CMTMRos staining (Thermo Fisher Scientific) was followed by DAPI
nuclear counterstaining and fixation with 4 % formalin. Post-fixation,
cells were treated with ice-cold acetone and mounted with Prolong
Gold Antifade (Invitrogen). Images were captured using confocal mi-
croscopy (Zeiss LSM-880x, 63 x oil objective) with standardized Z-stack
acquisition parameters and saved in Carl Zeiss Image (CZI) format for
analysis.

To quantify mitochondrial morphology and network connectivity, a
custom automated image analysis pipeline was developed using Python
(Chu et al., 2022). Confocal Z-stack images in CZI format were imported
using the czifile library (Gohlke, 2013) and converted to maximum in-
tensity projections to enhance mitochondrial structure visualization.
Image pre-processing was performed using the scikit-image library (Van
der Walt et al., 2014), with additional support from NumPy (Harris
et al., 2020), SciPy (Virtanen et al., 2020), and Matplotlib (Hunter,
2007) for numerical analysis and visualization. Pre-processing steps
included Gaussian filtering (c = 1.0) to reduce background noise,
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followed by automated binarization using Otsu's thresholding method
(Otsu, 1975). Morphological refinements were then applied to the bi-
nary masks, including removal of small objects (>10 pixels), binary
closing using a disk structuring element (radius = 2 pixels), and hole
filling to reconstruct fragmented mitochondrial networks (Soille, 1999).
Individual mitochondria were segmented via connected component la-
beling. Morphometric features were extracted using regionprops and
included area, perimeter, major and minor axis lengths, eccentricity,
and solidity. From these measurements, additional parameters were
computed: aspect ratio (AR), defined as the ratio of major to minor axis
lengths, and the form factor (FF), calculated as FF = (4n x Area)/-
Perimeter?, serving as an indicator of mitochondrial elongation and
branching. The area fraction, representing the total mitochondrial area
proportion of the total image area, was also calculated. Mitochondrial
network connectivity was assessed using morphological skeletonization
algorithms (Zhang and Suen, 1984), which reduced mitochondrial
structures to their central axes. The resulting skeletons enabled quan-
tification of total network length and identification of branch points,
defined as skeleton pixels with more than two neighbors withina 3 x 3
pixel kernel. A connectivity index was subsequently derived to evaluate
the integrity and complexity of the mitochondrial network based on
branching architecture and continuity.

2.6. Assessment of lysosomal acidification

Lysosomal pH changes in Leydig cells were assessed using Lyso-
Sensor™ Green DND-189 (Invitrogen™, Thermo Fisher Scientific)
following established protocols. Cells were treated with DON (0.1 and
0.4 pM), ZEA (20 and 60 pM), or their binary combinations (0.05 + 10
and 0.2 + 30 uM) for 48 h. Following exposure, cells underwent two PBS
washes before a 30 min incubation at 37 °C with 1 yM LysoSensor™
Green DND-189 dissolved in serum-free and antibiotic-free EMEM me-
dium. Subsequently, cells were subjected to two PBS rinses with gentle
agitation, then prepared for microscopy using Prolong Gold Antifade
mounting medium (Invitrogen). Images were captured using confocal
microscopy (Zeiss LSM-880x, 63 x oil objective) and intensity was
analysed using scikit-image and scipy in Python (Van der Walt et al.,
2014).

2.7. Electron microscopy

For transmission electron microscopy (TEM), Leydig cells were
seeded in 6-well plates at a density of 5 x 10° cells/well and allowed to
attach overnight. Following 48 h exposure, cells were fixed in 2.5 %
glutaraldehyde in 0.075 M phosphate buffer (pH 7.4) for 2 h at 4 °C. The
fixed cells were scraped off, transferred to 2 ml Eppendorf tubes, and
centrifuged at 1000xg for 3 min. Cell pellets were subsequently pro-
cessed for TEM preparation following the same method described by
Ibrahim et al. (2023) and Henn et al. (2024). Micrographs were acquired
using a JEOL JEM 1400-FLASH transmission electron microscope (JEOL,
Japan).

For scanning electron microscopy (SEM), Leydig cells were cultured
on glass coverslips placed in 24-well plates at 2.5 x 10* cells/well for 24
h before being exposed. Following 48 h exposure to mycotoxins, cov-
erslips were fixed with 2.5 % glutaraldehyde in 0.075 M phosphate
buffer (pH 7.4) for 24 h at 4 °C, followed by post-fixation with 1 %
osmium tetroxide for 2 h at room temperature. Samples were subse-
quently processed for SEM preparation according to Henn et al. (2024).
Briefly, fixed samples were dehydrated, critical point dried, and
sputter-coated with gold-palladium. Micrographs were acquired using a
FEGSEM Zeiss Sigma 540 Ultra SEM (Carl Zeiss, Germany).

2.8. Statistical analysis

Cell viability percentages for MTT and AlamarBlue® assays were
calculated using Microsoft Excel. Statistical analyses were conducted
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using IBM SPSS Statistics version 28. A homogeneity of variances test
was performed to assess normality, and the significant differences be-
tween concentrations were determined using one-way analysis of vari-
ance (ANOVA) followed by Tukey's HSD multiple range post hoc test. A
p-value of < 0.05 was considered significant. To determine the half-
maximal inhibitory concentration (ICsgp), a four-parameter logistic
regression model was fitted to the dose-response data using Python
v3.13.3 (Van Rossum and Python development team, 2025) imple-
mented in Visual Studio Code v1.99.3 (Microsoft Corporation, 2023).
The model was defined as:

Top — Bottom

Hill
()

y = cell viability (%)

y = Bottom +

Where:

X =mycotoxin concentration (LM)
Bottom, Top = minimum and maximum responses
ICso = concentration that reduces response by 50%

Hill = slope of the curve

Curve fitting was performed using the curve-fit function from the
SciPy package (Virtanen et al., 2020), with parameter constraints to
ensure biologically meaningful outputs. Initial values were estimated
based on dataset characteristics to aid convergence (Motulsky and
Christopoulos, 2004). Model performance was evaluated using the co-
efficient of determination (R?), representing the proportion of vari-
ability explained by the model. All experiments were repeated at least
three times. Descriptive statistics and curve visualization were per-
formed using matplotlib (Hunter, 2007).

Furthermore, the interaction between deoxynivalenol (DON) and
zearalenone (ZEA) was evaluated using the Bliss independence model
(Bliss, 1939; Szabo et al., 2018) using Python v3.13.3 (Van Rossum and
Python development team, 2025). This model assumes that two com-
pounds act independently through different mechanisms and predicts
the expected combined effect based on their individual cytotoxic effects.
For DON and ZEA with individual effects Epon and Ezga, the expected
combined effect (Epon 4+ zga) is calculated as:

Epon:zea = Epon — E P
DON X EzZEA
ZEA 100

Where:

Epon = effect of compound DON alone (100% — viability)
Ezga = effect of compound ZEA alone (100% — viability)

Epon:zea = expected combined effect
The expected combined viability is then calculated as:
EXpeCted Vlablllty: 100 — EDON+ZEA

The interactions were classified based on the deviation between
observed and expected effects as synergistic (observed viability < ex-
pected viability), additive (observed viability ~ expected viability) or
antagonistic (observed viability > expected viability) (Chou, 2006;
Foucquier and Guedj, 2015).
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3. Results
3.1. Comparative cytotoxic effects of ZEA and DON

The cytotoxic effects of DON, ZEA, and their binary combinations
were evaluated in LC-540 Leydig cells following 24, 48, and 72 h of
exposure using MTT and AlamarBlue® metabolic activity assays (Fig. 1
and S1, S2).

Zearalenone exposure induced a time- and concentration-dependent
decline in cell viability. The ICsg values determined from the MTT assay
were 117.0, 69.1, and 34.4 uM at 24, 48, and 72 h, respectively. Ala-
marBlue® values revealed slightly greater sensitivity, with ICsq values of
97.6, 67.3, and 29.7 pM at the same respective time points. At the
highest tested concentration (100 pM), ZEA induced a significant
reduction in cell viability to 62.4 + 1.4 %, 34.6 + 3.0 %, and 27.2 + 2.6
% using the MTT assay and 58.0 + 2.2 %, 35.4 + 0.5 %, and 20.0 + 1.5
% with the AlamarBlue® assay at 24, 48, and 72 h, respectively (Fig. 1
and S1).

Comparatively, DON exhibited markedly higher cytotoxic potency.
ICsq values from the MTT assay were 2.66, 0.50, and 0.44 pM at 24, 48,
and 72 h, while corresponding values from the AlamarBlue® assay were
4.55, 0.60, and 0.40 pM. At 10 pM DON, MTT assay results indicated
reductions in viability to 70.7 + 2.8 %, 52.5 + 8.5 %, and 38.2 + 4.5 %,
whereas AlamarBlue® revealed declines to 75.3 4 2.4 %, 46.6 & 0.6 %,
and 27.7 + 3.2 %, at 24, 48, and 72 h, respectively (Fig. 1 and S2).

3.2. Combined cytotoxic effects of ZEA and DON

Combined exposure to ZEA and DON resulted in concentration- and
time-dependent interactions, as determined by the Bliss independence
model (Fig. 1 and Table S1). At lower concentrations of 0.125 pM DON
+10 pM ZEA, synergistic interactions were observed across all time
points. Cell viability was reduced to 95.7 + 7.9 %, 83.1 + 4.8 %, and
71.0 £ 2.9 % by MTT assay, and to 98.7 + 0.2 %, 79.9 + 1.7 %, and 58.5
+ 3.1 % by AlamarBlue® assay after 24, 48, and 72 h, respectively. At
concentrations of 2 pM DON +30 pM ZEA, the mycotoxin interaction
transitioned from additive at 24 and 48 h to antagonistic at 72 h.
Moreover, at concentrations of 5 pM DON +50 pM ZEA, an additive
effect was observed after 24 h, but at 48 h and 72 h exposure, it was an
antagonistic interaction.

3.3. Effects on F-actin and p-tubulin organization

Figs. 2 and 3 illustrate the fluorescence labeling of F-actin and
B-tubulin in LC-540 Leydig cells following exposure to DON and ZEA,
and their binary combinations for 48 h. In negative controls, poly-
merised F-actin microfilaments (green) exhibited a typical mesh-like
structure, while B-tubulin filaments (red) formed a dense, organized
microtubule network. Nuclei were counterstained with DAPI (blue).
Positive controls included cytochalasin D, an inhibitor of actin poly-
merisation, and vinblastine sulfate, which disrupts microtubule forma-
tion. Treatment with cytochalasin D induced a marked disruption of F-
actin filaments, whereas vinblastine sulfate caused a disorganized
microtubule architecture, characterized by short, rod-like structures.

3.3.1. F-actin microfilament response

Following 48 h of exposure to 0.1 pM DON, the F-actin microfilament
network remained fairly intact with slight disruption compared to either
negative or positive controls. In contrast, 0.4 pM DON induced marked
disruption and disorganization of the filament network with both pe-
ripheral aggregation and cytoplasmic condensation, displaying a gran-
ular appearance. Treatment with ZEA at 20 and 60 pM did not affect the
structural integrity of F-actin filaments. However, combined exposure to
0.05 + 10 pM and 0.2 + 30 pM (DON + ZEA) caused peripheral and
perinuclear filament aggregation, with more pronounced focal aggre-
gation at the higher combined dose (red arrows in Fig. 2).
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MTT Assay

DON

Cell viability (% control)

0.0 0125 0.25 0.5 10 2.0 4.0 5.0 10.0
Concentration (uM)

- 24h (ICS0 = 2,66 uM)
48h (IC50 = 0.50 M)
m—72h (IC50 = 0.44 M)

120 - 24h (IC50 = 117.03 uM)
48h (IC50 = 69.91 uM)
- 72h (IC50 = 34.41 uM)

ZEA
Cell viability (% control)

0 10 20 30 40 50 60 80 100
Concentration (M)

Combination DON+ZEA)
Cellviability (% control)

Combined Concentration (DON+ ZEA) (uM)
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AlamarBlue® Assay

m—24h (IC50 = 4.55 uM)
48h (IC50 = 0.60 uM)
m—72h (IC5D = 0.40 uM)

100

Cell viability (% control)

0.0 0.125 025 05 1.0 2.0 4.0 5.0 10.0
Concentration (uM)
- 24h (IC50 = 97.62 uM)

48h (1C50 = 67.29 uM)
m—72h (150 = 29.72 M)

Cell viability (% control)

0 10 20 30 40 50 60 80 100
Concentration (uM)

Cellviability (% control)

Combined Concentration (DON+ ZEA) (uM)

Fig. 1. Comparative cytotoxic effects of deoxynivalenol (DON) and zearalenone (ZEA) and their combination (DON + ZEA) on LC-540 Leydig cell viability. Cell
viability was determined following exposure to ZEA, DON, and their combination for 24, 48 and 72h using MTT and AlamarBlue® assays. Results are expressed as a

percentage of the untreated control and presented as the mean =+ standard deviation (SD). Statistical significance is indicated as follows

*P < 0.05.

3.3.2. p-tubulin microtubule response

After 48 h exposure to DON (0.1 and 0.4 pM), microtubules exhibited
distinct perinuclear aggregation. Similarly, ZEA treatment disrupted
microtubule architecture, with 20 pM inducing fragmentation and
bundling, while 60 uM caused disorganization of microtubules accom-
panied by ring-like structures in the cytoplasm. In addition, combined
exposure to DON and ZEA (0.05 + 10 pM and 0.2 + 30 pM) resulted in
marked microtubule aggregation and disappearance (Fig. 3).

3.4. Effects on mitochondrial morphology and lysosomal acidification

Following 48 h of treatment with DON, ZEA, and their combination,
Leydig cells were stained with the MitoTracker® Orange CMTMRos
probe to assess mitochondrial morphology and network connectivity.
Compared to the control group, treatment with ZEA at 60 pM and DON
+ ZEA at 0.2 + 30 puM for 48 h induced abnormal mitochondrial dis-
tribution in Leydig cell cytoplasm (Fig. 4A). Morphometric analyses

*P < 0.001, **P < 0.01,

evaluated mitochondrial size (area and perimeter), shape (form factor
and aspect ratio), and network connectivity (number and length of
mitochondrial branches) (Fig. 4B). Treatment with DON (0.1 and 0.4
pM) induced no significant alterations in mitochondrial morphological
parameters compared to controls. However, exposure to ZEA at con-
centrations of 20 and 60 pM significantly decreased mitochondrial
perimeter and branch number per mitochondrion, while the mean
mitochondrial area was significantly reduced (P < 0.01) after exposure
to 20 pM ZEA. In addition, combined treatment with DON + ZEA at 0.2
+ 30 uM significantly reduced the mean area, mitochondrial perimeter,
and branches per mitochondrion, suggesting increased mitochondrial
damage under combined exposure conditions.

In addition, lysosomal acidity was assessed using LysoSensor™
Green DND-189 in Leydig cells after 48 h exposure to DON, ZEA, and
their combinations (Fig. 4C). Treatments with DON (0.1 and 0.4 pM) or
ZEA (20 and 60 pM) showed no significant increase in the lysosomal
acidity (p > 0.05). However, combined DON + ZEA treatments (0.05 +



M.ILA. Ibrahim et al

Positive control

0.4 uM DON

N\

Food and Chemical Toxicology 209 (2026) 115924

0.05 +10 uM (DON + ZEA)
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Fig. 2. Fluorescence labeling of F-actin microfilaments (green) in Leydig cells after 48 h exposure to DON and ZEA and their combination, stained with phalloidin-
FITC. Cell nuclei were counterstained with DAPI (blue). Cytochalasin D was used as a positive control. White arrows indicate Leydig cells with peripheral filament
network disorganization and localized disruption. Red arrows show perinuclear and focal aggregation of F-actin filaments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

10 pM and 0.2 + 30 pM) significantly increased lysosomal acidification
compared to controls (Fig. 4D), demonstrating that combined exposure
triggers lysosomal acidification responses.

3.5. Ultrastructural alterations

The ultrastructural effects of 48 h exposure to DON and ZEA, indi-
vidually and in combination, on Leydig cells were examined using
transmission (TEM) and scanning (SEM) electron microscopy (Figs. 5
and 6). Control (untreated) cells exhibited normal morphology, char-
acterized by intact mitochondria, a well-organized rough endoplasmic
reticulum, and regular nuclear membranes, as well as a smooth cell
surface with typical filopodial extensions (Fig. 5A-C). Exposure to DON
at concentrations of 0.1 and 0.4 pM induced ultrastructural alterations.

Changes included mitochondrial condensation, the formation of myelin
figures composed of multiple concentric spherical rings, and the pres-
ence of lysosomes, autophagic vesicles and autolysosomes containing
cytoplasmic organelles (Fig. 5D-I). However, SEM analysis revealed no
obvious changes in cell surface following DON exposure. Treatment with
20 pM ZEA produced autophagosome formation, whereas exposure to
60 pM ZEA resulted in a marked loss of mitochondrial cristae, accom-
panied by membrane blebbing on the cell surface (Fig. 6A-C). Combined
exposure to 0.05 + 10 pM DON + ZEA showed noticeable autolysosome
containing a damaged organelle, while exposure to 0.2 pM DON and 30
pM ZEA caused severe ultrastructural damage, characterized by cyto-
plasmic vacuolation, mitochondrial damage, and apoptosis with chro-
matin condensation (Fig. 6G and H). These alterations were associated
with characteristic features of apoptosis, including membrane blebbing
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0.05 + 10 uM DON + ZEA

Negative control

N\

0.2 + 30 uM DON + ZEA

Fig. 3. Fluorescence labeling of microtubule network (red) in Leydig cells after 48 h exposure to DON and ZEA and their combination, stained with anti-p-tubulin-
Cy3. Cell nuclei were counterstained with DAPI (blue). Vinblastine sulfate was used as a positive control. White arrows show disrupted microtubules and perinuclear
aggregates. Red arrows indicate aggregation of microtubules forming ring-like structures in the cytoplasm of Leydig cells. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

and the formation of apoptotic bodies, clearly visible under SEM
(Fig. 6I).

4. Discussion

The Fusarium mycotoxins, deoxynivalenol (DON) and zearalenone
(ZEA), are well-known contaminants in cereal-based food and feed, with
numerous adverse health effects. The male reproductive system is rec-
ognised as an important target organ (Tiemann and Danicke, 2007).
These mycotoxins have cytotoxic effects on Leydig cell lines (Eze et al.,
2018; Savard et al., 2016; Sun et al., 2022). Savard et al. (2016) reported
that DON at concentrations of 0.25 pM and 12.3 pM inhibited cell
viability in MA-10 Leydig cells by 50 % after 24 h and 48 h exposure,
respectively. In contrast, ZEA induced a 50 % effect at concentrations of
34 pM and 50.0 pM in the same cell line after 24 h (Savard et al., 2016),
and 48 h (Eze et al.,, 2018) exposure, respectively. Moreover, at

concentrations of 2.49 pM DON and 49.71 uM ZEA, a 50 % reduction in
the viability were observed on isolated porcine Leydig cells (Sun et al.,
2022). In our study, both DON and ZEA exhibited time- and
concentration-dependent cytotoxicity in LC-540 Leydig cells. A 50 %
cytotoxic effect induced by DON was observed at concentrations of
(MTT: 2.66, 0.50, and 0.44 pM), and (AlamarBlue®: 4.55, 0.60, and
0.40 pm), after 24, 48 and 72 h, respectively. In comparison, the cor-
responding ICso of ZEA was (MTT: 117.0, 69.1, and 34.4 pM) and
(AlamarBlue®: 97.6, 67.3, and 29.7 pM), after 24, 48 and 72 h,
respectively. The results indicated that Leydig cells are more sensitive to
DON than ZEA, in which both assays delivered comparable ICs, values,
with MTT measuring mitochondrial dehydrogenase activity and Ala-
marBlue® measuring metabolic activity.

Furthermore, ZEA has been reported to induce toxicity through
various mechanisms that differ across cell types and dose levels (Zheng
et al., 2018a). At low doses, ZEA exhibits estrogenic agonist activity by
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Fig. 4. Effect of 48 h exposure to deoxynivalenol (DON) and zearalenone (ZEA), alone and in combination, on mitochondrial morphology and lysosomal acidity in
Leydig cells. (A) Mitochondria were stained with MitoTracker Orange (red). White boxes indicate regions of interest (ROI) shown at higher magnification in the lower
panel. Scale bar = 20 pm. ROI: Higher magnification of the selected region displaying the distribution of mitochondria in the cytoplasm of Leydig cells. White arrows
indicate fragmented mitochondria with abnormal cytoplasmic distribution in cells treated with 0.4 pM DON and 0.2 + 30 pM DON + ZEA combination. (B)
Quantitative analysis of mitochondrial morphology (area and perimeter) and network connectivity (form factor, aspect ratio, branches/mito, and branch length) in
control and treated groups (n = 3). (C) Lysosomal acidity was detected using LysoSensor™ Green DND-189 (green) in control and treated Leydig cells. Scale bar = 10
pm. (D) Quantification of mean fluorescence intensity of LysoSensor™ Green DND-189 showing lysosomal acidity levels across all treatment groups. All data are
representative of three independent experiments and presented as box plots showing the interquartile range (IQR) with 1st quartile (Q1) and 3rd quartile (Q3). *, **,
*** indicate statistical significance at P < 0.05, P < 0.01, and P < 0.001 compared to the control, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

promoting cell proliferation in Leydig cells (Wang et al., 2020; Zheng
et al., 2017), while high-dose exposure induces cytotoxicity via
apoptosis, immunotoxicity and DNA damage (Wang et al., 2020),
mitochondrial damage and autophagy (Ben Salem et al., 2017). In the
current study, we tested ZEA at higher concentrations (10 and 60 pM) to
investigate mechanisms of cytotoxicity in male reproductive cells;
however, caution must be applied when interpreting these cytotoxic
findings to predict endocrine-disrupting effects, as humans are naturally
exposed to lower concentrations in daily life.

Notably, combined exposure to ZEA and DON induced dose- and
time-dependent cytotoxic interactions in LC-540 Leydig cells, according
to the Bliss independence model. Combined exposure to 0.125 pM + 10
uM (DON + ZEA) induced synergistic cytotoxicity across all incubation
periods. However, at concentrations of 2 pM + 30 yM and 5 pM + 50 pM
(DON + ZEA) additive effects were observed at 24 and 48 h exposure,
and antagonistic interactions at 72 h. Notably, other cell lines have also
shown variable responses to DON and ZEA combined exposure,
including synergistic effects in human hepatocytes (HepG2) and mac-
rophages (RAW 264.7) (Xia et al., 2017; Zhou et al., 2017), as well as
additive or antagonistic effects on human hepatocytes (BEL-7402) and
monocytic leukemia cells (THP-1) (Gu et al., 2015; Smith et al., 2018).
The variances in cellular responses to the effects of the combination of
DON and ZEA have been attributed to exposure duration, concentration,
and cell type-specific responses (Thapa et al., 2021). In this study,
synergistic effects were observed at low concentrations, highlighting the
potential reproductive risks caused by combined exposure to DON and
ZEA at levels commonly detected in contaminated food and feed.

The current study also demonstrated that DON and ZEA can disrupt
the structure of F-actin and p-tubulin in LC-540 Leydig cells. F-actin
microfilaments and microtubules were depolymerized and disorganized
after 48 h of treatment with DON, ZEA, and their combinations. The
cytoskeletal proteins play a critical role in cholesterol trafficking from
lipid droplets to mitochondria, which is an important step in testos-
terone biosynthesis (Hall and Almahbobi, 1992; Sewer and Li, 2008).
Therefore, any structural alterations of these proteins affect steroido-
genic processes. In previous in vivo and in vitro studies, it was concluded

that DON and ZEA reduced testosterone production (Eze et al., 2018;
Long et al., 2017; Song et al., 2022; Sprando et al., 2005). In the present
study, we demonstrated that exposure to DON alone and in combination
with ZEA depolymerized F-actin filaments and induced peripheral per-
inuclear aggregation in Leydig cells. Furthermore, cells exposed to DON
and ZEA, or their combinations exhibited disorganization and abnormal
ring-like structures of p-tubulin microtubules. To our knowledge, this is
the first investigation to evaluate the effect of DON, ZEA and their
combinations on cytoskeletal proteins in a Leydig cell model. Deoxy-
nivalenol induces disruption of microtubules and microfilaments in
mouse oocytes (Lan et al., 2018; Luo et al., 2025), while ZEA causes the
disorganization of F-actin and a-tubulin in mouse Sertoli cells (TM4)
(Zheng et al., 2018b). Both DON and ZEA have also been reported to
downregulate key steroidogenic proteins and enzymes, such as ste-
roidogenic acute regulatory protein (StAR) and 3p-hydroxysteroid de-
hydrogenase, and cholesterol side-chain cleavage in porcine and mouse
Leydig cells (Song et al., 2022; Yang et al., 2007a). Therefore, this study
suggests that disruption of cytoskeletal proteins in Leydig cells caused by
DON, ZEA, or their combination may contribute to the decreased
testosterone synthesis.

The present study also evaluated the effects of 48 h exposure to DON,
ZEA, and their combination on mitochondrial morphology, lysosomal
acidity, and ultrastructure in Leydig cells (Figs. 4-6). Zearalenone
significantly altered mitochondrial area, perimeter, and branch number,
and induced marked loss of cristae, as shown by TEM. Similar mito-
chondrial fragmentation and cristae rupture have been reported in
porcine endometrial stromal cells (Hai et al., 2023) and piglet Sertoli
cells (Ma et al., 2023) after 24 h of ZEA exposure. Recent evidence
confirmed that ZEA disrupts mitochondrial dynamics through estrogen
receptor 1-mediated pathways (Zhang et al., 2025). Leydig cells express
estrogen receptors that play essential roles in regulating mitochondrial
function (Yoh et al., 2023). In contrast to ZEA exposure, DON exposure
produced different ultrastructural alterations, including myelin figures,
autophagosomes (Fig. 5), autolysosomes, and increased lysosomal
acidity, as revealed by LysoSensor Green DND-189 staining (Fig. 4).
Deoxynivalenol-induced autophagy has been reported in various cell
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Fig. 5. Transmission and scanning electron micrographs of Leydig cells exposed to 0.1 and 0.4 pM deoxynivalenol (DON) for 48 h. White arrowheads indicate
filopodial proliferation from the surface of cells. Black arrows: Myelin figures composed of multiple concentric spherical rings (damaged mitochondria). Black ar-
rowheads: Lysosomes. Red arrows indicate an autolysosome enclosing a damaged organelle. M: Normal mitochondria. M® Damaged mitochondria. AP: Autopha-
gosome. G: Golgi complex. R: rough endoplasmic reticulum. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

types, including porcine oocytes (Han et al., 2016), intestinal epithelial
cells (Tang et al., 2015), and prostate epithelial cells (Kowalska et al.,
2022). This mycotoxin can induce direct or indirect damage to organ-
elles (Hou et al., 2023), which triggers autophagy as a protective
response. Therefore, the increase in the lysosomal acidification observed
in this study may indicate cellular responses to DON toxicity. Although
autophagosomes were observed using TEM, future studies investigating
autophagic markers such as LC3, Beclin-1, and p62 (Huppelschoten
et al., 2023; Sharawy et al., 2025; Zhu et al., 2025), would provide
deeper mechanistic insight into mycotoxin-induced Leydig -cell
cytotoxicity.

Notably, combined exposure to DON and ZEA induced marked
morphological alterations, including mitochondrial damage, autolyso-
some formation, and apoptotic features such as membrane blebbing,
accompanied by increased lysosomal acidity. These findings suggest that
the cytotoxic effects of DON and ZEA combined exposure involve mul-
tiple cell death pathways mediated by distinct mechanisms. In previous
studies combined exposure to DON and ZEA induced oxidative stress-
mediated apoptosis (Liang et al., 2015; Ren et al., 2016, 2017; Zhang
et al., 2018), triggered pro-apoptotic signalling (Ren et al., 2017; Sun
et al., 2014), and induced mitochondrial dysfunction (Bensassi et al.,
2014; Zhang et al., 2018).

Savard et al. (2016) reported that combined exposure to DON and
ZEA reduced progesterone secretion in MA-10 Leydig cells, even when
cell viability was restored through antioxidant treatment. This finding
suggests that steroidogenic impairment involves mechanisms beyond
oxidative stress alone. Furthermore, Sun et al. (2022) reported that both
DON and ZEA decreased testosterone and progesterone secretion in
porcine Leydig cells by downregulating the expression of the steroido-
genic acute regulatory protein (StAR) and 3p-hydroxysteroid dehydro-
genase (3p-HSD) enzyme. On the other hand, the expression of
cytochrome P450 aromatase (CYP19A1) and cholesterol side-chain
cleavage enzyme (CYP11A1l) was inhibited in porcine granulosa cells
after exposure to DON and ZEA (Ranzenigo et al., 2008). It has been
demonstrated that cytoskeletal proteins are essential for trafficking
cholesterol from lipid droplets into mitochondria (Andric and Kostic,
2019; Hall and Almahbobi, 1992; Sewer and Li, 2008)., while normal
mitochondrial structure is critical for CYP11A1l enzyme activity and
steroidogenesis (Chien et al., 2017) Therefore, the cytoskeletal proteins
disruption (F-actin and p-tubulin) and mitochondrial damage induced
by DON, ZEA or their combinations observed in this study, may provide
an additional plausible explanation for steroidogenic failure.

In conclusion, this study reports for the first time the disruptive ef-
fects of DON and ZEA, individually or in combination, on F-actin
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Fig. 6. Transmission and scanning electron micrographs of Leydig cells exposed to 20 and 60 pM zearalenone (ZEA) and combinations 0.05 + 10 pM and 0.2 + 30
pM deoxynivalenol and zearalenone (DON + ZEA) for 48 h. White arrowheads: Membrane blebbing in the surface of Leydig cells. Black arrowheads: Lysosomes. Red
arrow indicates an autolysosome enclosing a damaged organelle. AP: Autophagosome. M: Normal mitochondria. M%: Damaged mitochondria. G: Golgi complex. R:
rough endoplasmic reticulum. (H) Late apoptotic Leydig cells with chromatin condensation and disrupted cellular membrane. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

microfilaments and microtubule cytoskeletal proteins in the LC-540
Leydig cell line. Individual exposure to DON and ZEA caused time-
and concentration-dependent cytotoxicity. Combined exposure demon-
strated synergistic effects at low concentrations (0.125 uM DON + 10
puM ZEA), while additive and antagonistic effects were observed at
higher concentrations (5 pM DON + 50 pM ZEA) with increased expo-
sure duration. This study also demonstrated that DON, ZEA, or their
combination induce cytotoxicity in Leydig cells by disrupting the cyto-
skeleton and damaging mitochondria. These findings contribute to un-
derstanding the male reproductive toxicity induced by DON and ZEA.
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