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Abstract: Triazole pesticides are widely used throughout the world, but their abuse causes
toxic effects in non-targeted organisms. In the present study, the cytotoxic effect of the tria-
zole ipconazole was evaluated in porcine and ram spermatozoa. Ipconazole significantly
reduced sperm viability, increased ROS levels, altered catalase and SOD enzyme activity,
and caused alterations in the molecular mRNA expression of structural biomarkers (PRM1,
ODF2, AKAP4, THEG, SPACA3 and CLGN) related to fertility in males, as well as the over-
expression of BAX (cell death) and ROMO1 (oxidative stress) mRNA. Our results indicate
that the fungicide triazole is involved in cellular, enzymatic and molecular alteration of
porcine and ram spermatozoa, and is possibly a factor in the development of infertility in
male mammals.

Keywords: spermiotoxicity; ipconazole; oxidative stress; structural biomarkers

1. Introduction
Industrial pesticides are synthetic chemical compounds used alone or in mixtures to

prevent or eradicate pests (weeds, fungi, insects, etc.), affecting agricultural fields, including
vectors of human and animal diseases. In addition, pesticides help improve agroeconomic
performance [1]. Despite their advantages in animal production and the reduction in crop
diseases, pesticides are considered environmental pollutants and toxic to the public and
animal health as they remain in the atmosphere and subsequently contaminate water, food
and soil. Several key structural factors influence how long a pesticide remains active before
breaking down. One of the most significant factors is the presence and type of functional
groups. Halogen substituents (e.g., chlorine, fluorine) generally increase persistence by
making molecules more resistant to microbial degradation and hydrolysis. In contrast,
ester bonds are highly susceptible to hydrolysis, leading to a faster breakdown. Similarly,
phosphorus-containing bonds (P–O, P–S) in organophosphate pesticides can be readily
oxidized, reducing their persistence and influencing their environmental fate [2]. It is
important to note that the specific health effects of pesticide exposure can vary depending
on the type of pesticide, the level and duration of exposure, and individual susceptibility

Toxics 2025, 13, 176 https://doi.org/10.3390/toxics13030176

https://doi.org/10.3390/toxics13030176
https://doi.org/10.3390/toxics13030176
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://orcid.org/0000-0002-7601-0067
https://orcid.org/0000-0002-5166-4136
https://orcid.org/0000-0003-1497-3068
https://orcid.org/0000-0002-9160-2562
https://orcid.org/0000-0002-9222-1657
https://orcid.org/0000-0001-5791-0687
https://orcid.org/0000-0001-5483-4973
https://orcid.org/0000-0001-9990-4074
https://doi.org/10.3390/toxics13030176
https://www.mdpi.com/article/10.3390/toxics13030176?type=check_update&version=1


Toxics 2025, 13, 176 2 of 13

factors. Long-term exposure has been associated with an increased risk of neurological
disorders, mutagenicity, carcinogenicity, teratogenicity and endocrine disruption, which de-
pend on the type of pesticide, exposure dose, exposure time and its solubility [3]. However,
establishing a definitive link between chronic health conditions and pesticide exposure
can be challenging due to the delayed onset of symptoms, and the presence of multiple
environmental and genetic contributing factors [4].

Chemicals used in agriculture are often considered relevant factors in developing
physiological alterations in the reproductive system. Reproductive alterations produced by
agrochemicals can be endocrine disruptors or gonadal [5]. Agrochemicals such as pesticides
can alter seminal parameters, with total sperm count, motility and morphology being the
most frequently worsened [6].

Sperm concentration is the most frequently measured semen parameter in the presence
of pesticide exposure. There is a strong association between decreased sperm concentra-
tion and the presence of pyrethroid [7], organophosphate [8], BPA [9] and phthalate [10]
pesticide metabolites in urine. Instead, seminal volume and total sperm count are param-
eters that may or may not be altered by the effect of pesticides. Synthetic pyrethroids,
OPs and phthalates have also been found to cause sperm aneuploidy and an altered X:Y
ratio [7,8,11].

Triazole fungicides have been widely used in agriculture worldwide, and their misuse
and abuse have been shown to be responsible for producing physiological alterations in non-
target organisms. For example, continuous exposure to penconazole reduces testosterone
levels, causes spermatogenic alterations, and impairs Sertoli and Leydig cell morphol-
ogy [12]. According to previous studies, tebuconazole caused a decrease in the number of
germ cells and increased oxidative stress-related genes in fetal mouse testis [13]. Triazole
compounds also affected chick testicular functions by reducing cell viability, steroidogene-
sis and lactate production. Furthermore, the exposure of spermatozoa to triazoles causes
a decrease in sperm motility, and an increase in sperm abnormalities and ROS produc-
tion [14]. For this reason, the present study aimed to evaluate the oxidative and structural
physiological alterations of porcine and ram spermatozoa due to the fungicide ipconazole.

2. Materials and Methods
2.1. Chemicals

Ipconazole was obtained from LGC Standards (Middlesex, TW11 0LY, UK). Gen-
tamicin, streptomycin and penicillin G; 2′,7′-dichlorofluorescin-diacetate (DCFH-DA);
Dulbecco’s phosphate buffered saline and dimethyl sulfoxide were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). HyClone Dulbecco’s modified eagle medium
(DMEM)/F12 was obtained from Cytiva (Marlborough, MA, USA). The catalase and su-
peroxide dismutase (SOD) activity assay kit was obtained from Invitrogen (Thermo Fisher
Scientific, Waltham, MA, USA). A commercial kit from MACHEREY-NAGEL (Düren, Ger-
many) was used for the RNA extraction assay; a commercial kit from PCR Biosystems
(London, UK) was used for cDNA synthesis; and the MasterMix qPCR ICGreen was ob-
tained from NIPPON GENETICS (Düren, Germany). All other chemicals were of the
highest grade available.

2.2. Sperm Samples and Treatment

Semen samples from swine and ram were donated by the Reproductive Biotechnology
Laboratory of the Universidad Nacional Mayor de San Marcos. Semen was cryopreserved
in straws in liquid nitrogen at −196 ◦C. The straws were slowly thawed in a heat bath for
1 min at 37 ◦C, and then the sperm were incubated for 2 h in culture medium at 37 ◦C and
5% CO2. Different concentrations of sperm were used depending on the assays performed
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(sperm viability, ROS production, SOD activity, catalase activity and qPCR assay). The
sperm were exposed to ipconazole concentrations of 1, 5, 10, 50 and 100 µM, and to a
control without ipconazole. All assays were performed in triplicate.

2.3. Sperm Viability

For sperm viability, 106 porcine and ram spermatozoa were seeded in 200 µL of
DMEM-F12 in 1.5 mL cryovials for 2 h with ipconazole at 37 ◦C and 5% CO2, in triplicate.
After treatment with ipconazole, sperm viability was counted using an optical microscope
and a Neubauer chamber [15]. Then, 10 µL of sample was placed on a pre-warmed slide
at 37 ◦C, the coverslip was attached and motile spermatozoa were evaluated in different
fields of the slide with a phase contrast microscope at 400× magnification. Approximately
200 spermatozoa in at least 5 fields per replicate (n = 3) were evaluated to determine
the percentage of different motile categories (total and progressive). Calculations were
performed to determine total motility and progressive motility.

Total motility is the total number of motile spermatozoa observed/total number of
spermatozoa counted.

2.4. Reactive Oxygen Species (ROS) Generation

Next, 106 porcine or ram spermatozoa were cultured in a phenol red-free culture
medium in black 96-well plates at 37 ◦C and 5% CO2, and ipconazole treatments were
immediately added in triplicate. After 1 ½ h of incubation, DCFH-DA (10 µM, dissolved
in DMSO) was added and after 2 h of incubation, ROS production was recorded on a
FLX800 fluorometer (BioTek, Winooski, VT, USA) with an excitation of 485 nm/emission
528 nm wavelength. Data were normalized as percentages with respect to the control
(100%) [16,17].

2.5. Catalase Activity Assay

For this assay, the catalase colorimetric activity assay kit (Invitrogen, Thermo Fisher
Scientific, MA, USA) was used according to the manufacturer’s guidelines. Briefly, 107 cells
were homogenized with the kit-supplemented buffer at 4 ◦C. Then, the homogenate was
centrifuged at 10,000× g/15 min/4 ◦C, and the supernatant was immediately processed. In
a 96-well plate, 25 µL of the sample was mixed with 25 µL of hydrogen peroxide reagent
for 30 min at room temperature. Then, 25 µL of horseradish peroxidase was added and
incubated for 15 min at room temperature. Spectrophotometric reading was performed
at 560 nm (Agilent Technologies, Santa Clara, CA, USA), and optical density values were
calculated from the standard curve fit to obtain catalase activity in U/mL/mg tissue. Data
were normalized as percentages with respect to the control (100%) [16].

2.6. Superoxide Dismutase (SOD) Activity Assay

For this assay, the SOD colorimetric activity assay kit (Invitrogen, Thermo Fisher
Scientific, MA, USA) was used according to the manufacturer’s guidelines. Briefly, 107 cells
were homogenized with the kit-supplemented phosphate-buffered saline at 4 ◦C. Then, the
homogenate was centrifuged at 1500× g/10 min/4 ◦C and the supernatant was immediately
processed. In a 96-well plate, 10 µL of the sample was mixed with 50 µL of 1X Substrate,
and 25 µL of 1X Xanthine Oxidase into each well was added and incubated for 20 min at
room temperature. The spectrophotometric reading was performed at 450 nm (Agilent
Technologies, CA, USA), and optical density values were calculated from the standard
curve fit to obtain SOD activity in U/mL. Data were normalized as percentages with respect
to the control (100%) [18].
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2.7. qPCR Analysis

For qPCR analysis, 107 cells were incubated with the ipconazole treatments for 2 h in
1.5 mL tubes. After, the tubes were centrifuged at 12,000× g/10 min/4 ◦C and the super-
natant was removed. Total RNA extraction was performed according to the NucleoSpin-
RNA-Plus kit manufacturer’s instructions (MACHEREY-NAGEL, Germany), and concen-
trations were determined using a nanospectrophotometer (NanoDrop Lite Plus, Thermo
Fisher Scientific, MA, USA) obtaining A260/A280 ratio values between 1.9 and 2.1. Retro-
transcription was performed according to the specifications of the cDNA synthesis kit
(PCRBiosystems, Wayne, PA, USA). For real-time PCR, MasterMix ICgreen (Nippon Ge-
netics, Duren, Germany) was used according to the manufacturer’s specifications. The
thermocycling protocol was 95 ◦C/2 min, 40 cycles of 5 s/95 ◦C and 30 s/60 ◦C in a Bio-
Rad CFX (BioRad, Hercules, CA, USA). The primers used (Supplement Figure S1) were
synthesized by Sigma-Aldrich (Saint Louis, MO, USA) [14,15].

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 8 statistical software. The results are
presented as a percentage (%) or fold change compared to the control, and are expressed as
the mean ± SEM per group. Significant differences between the control and treated groups
were determined using a one-way ANOVA followed by Tukey’s post hoc test. The results
were considered significant at * p < 0.05, ** p < 0.01 or *** p < 0.001.

3. Results
This study evaluated the oxidative capacity and structural alterations in porcine and

ram spermatozoa after ipconazole exposure at 5, 10, 50 and 100 µM. Ipconazole led to a
significant decrease in cell viability and a significant increase in ROS generation, as well as
several changes in catalase and SOD activity. It also altered the molecular expression of
structural and oxidative stress biomarkers in spermatozoa of both species.

3.1. Cell Viability

The cell viability results evidenced the cytotoxic effect of ipconazole, as porcine sperm
viability was significantly reduced (p ≤ 0.001) at all tested concentrations of ipconazole:
5 µM (50%), 10 µM (63%), 50 µM (66%) and 100 µM (67%) (Figure 1A). In addition, in ram
sperm, ipconazole significantly reduced viability at concentrations of 50 µM (30%, p ≤ 0.01)
and 100 µM (48%, p ≤ 0.001) (Supplementary Figure S1).
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Figure 1. Cell viability assay in porcine ((A), left) and ram ((B), right) spermatozoa after 2 h exposure
to ipconazole at concentrations of 5, 10, 50 and 100 µM. Data represent the mean ± standard error
of three replicates per group, and data were analyzed using a one-way ANOVA. ** p ≤ 0.01 and
*** p ≤ 0.001 represent significant differences compared to the control group (black bar).
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3.2. ROS Assay

Spermatozoa cells have a high metabolic rate and are very sensitive to oxidative
stress. In this study, increased oxidative reactivity (ROS generation) was observed in
porcine spermatozoa exposed to ipconazole concentrations of 5 µM (2-fold, compared
to the control), 10 µM (2.7-fold), 50 µM (3-fold) and 100 µM (3-fold) (Figure 2A). In
ram spermatozoa, ROS levels significantly increased after ipconazole exposure at 10 µM
(1.13-fold, p ≤ 0.05), 50 µM (1.35-fold, p ≤ 0.01) and 100 µM (1.7-fold, p ≤ 0.001) ipconazole
(Figure 2B).
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Figure 2. ROS generation assay in porcine ((A), left) and ram ((B), right) spermatozoa following
exposure to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent
the mean ± standard error of three replicates in each group, and data were analyzed by a one-way
ANOVA. * p ≤ 0.05 and *** p ≤ 0.001 represent significant differences with respect to the control
group (black bar).

3.3. Catalase Activity

The antioxidant enzyme catalase catalyzes the decomposition of hydrogen perox-
ide (H2O2) into oxygen (O2) and water (H2O). In this study, we observed a significant
(p ≤ 0.001) reduction (44%) in catalase activity in porcine spermatozoa after exposure to
the higher concentration of ipconazole (100 µM) compared to the control (Figure 3A). In
ram spermatozoa, however, catalase activity significantly (p ≤ 0.05) increased (13%) only at
50 µM compared to the control (Figure 3B).

Toxics 2025, 13, x FOR PEER REVIEW 5 of 14 
 

 

Figure 1. Cell viability assay in porcine (A, left) and ram (B, right) spermatozoa after 2 h exposure 
to ipconazole at concentrations of 5, 10, 50 and 100 µM. Data represent the mean ± standard error of 
three replicates per group, and data were analyzed using a one-way ANOVA. ** p ≤ 0.01 and *** p ≤ 
0.001 represent significant differences compared to the control group (black bar). 

3.2. ROS Assay 

Spermatozoa cells have a high metabolic rate and are very sensitive to oxidative 
stress. In this study, increased oxidative reactivity (ROS generation) was observed in por-
cine spermatozoa exposed to ipconazole concentrations of 5 µM (2-fold, compared to the 
control), 10 µM (2.7-fold), 50 µM (3-fold) and 100 µM (3-fold) (Figure 2A). In ram sperma-
tozoa, ROS levels significantly increased after ipconazole exposure at 10 µM (1.13-fold, p 
≤ 0.05), 50 µM (1.35-fold, p ≤ 0.01) and 100 µM (1.7-fold, p ≤ 0.001) ipconazole (Figure 2B). 

 

Figure 2. ROS generation assay in porcine (A, left) and ram (B, right) spermatozoa following expo-
sure to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the 
mean ± standard error of three replicates in each group, and data were analyzed by a one-way 
ANOVA. * p ≤ 0.05 and *** p ≤ 0.001 represent significant differences with respect to the control 
group (black bar). 

3.3. Catalase Activity 

The antioxidant enzyme catalase catalyzes the decomposition of hydrogen peroxide 
(H2O2) into oxygen (O2) and water (H2O). In this study, we observed a significant (p ≤ 
0.001) reduction (44%) in catalase activity in porcine spermatozoa after exposure to the 
higher concentration of ipconazole (100 µM) compared to the control (Figure 3A). In ram 
spermatozoa, however, catalase activity significantly (p ≤ 0.05) increased (13%) only at 50 
µM compared to the control (Figure 3B). 

 

Figure 3. Catalase activity assay in porcine (A, left) and ram (B, right) spermatozoa following exposure 
to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the mean ± 
standard error of three replicates in each group, and data were analyzed by a one-way ANOVA. * p ≤ 
0.05 and *** p ≤ 0.001 represent significant differences with respect to the control group (black bar). 

Figure 3. Catalase activity assay in porcine ((A), left) and ram ((B), right) spermatozoa following
exposure to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent
the mean ± standard error of three replicates in each group, and data were analyzed by a one-way
ANOVA. * p ≤ 0.05 and *** p ≤ 0.001 represent significant differences with respect to the control
group (black bar).

3.4. SOD Activity

SOD catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide
[2O2-(O2· + O2·) + 2H+ → H2O2 + O2]. Ipconazole-induced oxidative stress led to increased
antioxidant defenses in both porcine and ram spermatozoa. Ipconazole at 100 µM induced
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a significant (p ≤ 0.05) increase (44%) in SOD activity in porcine spermatozoa (Figure 4A),
and in ram spermatozoa, this increase occurred at concentrations of 50 (32%) and 100 (76%)
µM ipconazole (Figure 4B).

Toxics 2025, 13, x FOR PEER REVIEW 6 of 14 
 

 

3.4. SOD Activity 

SOD catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide 
[2O2-(O2· + O2·) + 2H+ → H2O2 + O2]. Ipconazole-induced oxidative stress led to increased 
antioxidant defenses in both porcine and ram spermatozoa. Ipconazole at 100 µM induced 
a significant (p ≤ 0.05) increase (44%) in SOD activity in porcine spermatozoa (Figure 4A), 
and in ram spermatozoa, this increase occurred at concentrations of 50 (32%) and 100 
(76%) µM ipconazole (Figure 4B). 

 

Figure 4. SOD activity assay in porcine (A, left) and ram (B, right) spermatozoa following exposure 
to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the mean 
± standard error of three replicates in each group, and data were analyzed by a one-way ANOVA. 
* p ≤ 0.05 and *** p ≤ 0.001 represent significant differences with respect to the control group (black 
bar). 

3.5. Gene Expression by qPCR 

We also evaluated the effect of ipconazole on the expression of structural biomarkers 
(PRM1, ODF2, AKAP4, THEG, SPACA3 and CLGN) of porcine spermatozoa. PRM1 
mRNA expression was significantly (p ≤ 0.001) reduced at all doses of ipconazole (5 µM, 
85%; 10 µM, 59%; 50 µM, 85%; and 100 µM, 71%) compared to the control (Figure 5A). 
Conversely, a significant increase (p ≤ 0.05) of 105% in ODF2 expression was observed at 
100 µM ipconazole compared to the control (Figure 5B). AKAP4 expression was signifi-
cantly (p ≤ 0.05) increased (183%) at 50 µM (Figure 5C). SPACA3 expression showed a 50% 
approximate increase (p ≤ 0.001) at 10, 50 and 100 µM (Figure 5E). Ipconazole significantly 
increased CLGN expression at 50 (160%, p ≤ 0.01) and 100 µM (200%, p ≤ 0.001) (Figure 5F). 

Figure 4. SOD activity assay in porcine ((A), left) and ram ((B), right) spermatozoa following exposure
to 5, 10, 50 and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the
mean ± standard error of three replicates in each group, and data were analyzed by a one-way
ANOVA. * p ≤ 0.05 and *** p ≤ 0.001 represent significant differences with respect to the control
group (black bar).

3.5. Gene Expression by qPCR

We also evaluated the effect of ipconazole on the expression of structural biomarkers
(PRM1, ODF2, AKAP4, THEG, SPACA3 and CLGN) of porcine spermatozoa. PRM1
mRNA expression was significantly (p ≤ 0.001) reduced at all doses of ipconazole (5 µM,
85%; 10 µM, 59%; 50 µM, 85%; and 100 µM, 71%) compared to the control (Figure 5A).
Conversely, a significant increase (p ≤ 0.05) of 105% in ODF2 expression was observed at
100 µM ipconazole compared to the control (Figure 5B). AKAP4 expression was significantly
(p ≤ 0.05) increased (183%) at 50 µM (Figure 5C). SPACA3 expression showed a 50%
approximate increase (p ≤ 0.001) at 10, 50 and 100 µM (Figure 5E). Ipconazole significantly
increased CLGN expression at 50 (160%, p ≤ 0.01) and 100 µM (200%, p ≤ 0.001) (Figure 5F).
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The oxidative effects of ipconazole may also modify the expression of molecular
biomarkers related to cell death and oxidative stress. In porcine spermatozoa, ipconazole
significantly elevated BAX expression at 5 µM (273%, p ≤ 0.05), 10 µM (480%, p ≤ 0.001),
50 µM (450%, p ≤ 0.001) and 100 µM (210%, p ≤ 0.05) (Figure 6A). Likewise, in porcine
spermatozoa, the oxidative stress biomarker ROMO1 significantly increased when exposed
to ipconazole at 50 µM (450%, p ≤ 0.001) and 100 µM (630%, p ≤ 0.001) (Figure 6B).

Toxics 2025, 13, x FOR PEER REVIEW 7 of 14 
 

 

 

Figure 5. Gene expression of cellular structure (PRM1, (A); ODF2, (B); AKAP4, (C); THEG, (D); 
SPACA3, (E); and CLGN, (F)) biomarkers in porcine spermatozoa following exposure to 5, 10, 50 
and 100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the mean ± standard 
error of three replicates in each group, and data were analyzed by a one-way ANOVA. * p ≤ 0.05, ** 
p ≤ 0.01 and *** p ≤ 0.001 represent significant differences with respect to the control group (black 
bar). 

The oxidative effects of ipconazole may also modify the expression of molecular bi-
omarkers related to cell death and oxidative stress. In porcine spermatozoa, ipconazole 
significantly elevated BAX expression at 5 µM (273%, p ≤ 0.05), 10 µM (480%, p ≤ 0.001), 
50 µM (450%, p ≤ 0.001) and 100 µM (210%, p ≤ 0.05) (Figure 6A). Likewise, in porcine 
spermatozoa, the oxidative stress biomarker ROMO1 significantly increased when ex-
posed to ipconazole at 50 µM (450%, p ≤ 0.001) and 100 µM (630%, p ≤ 0.001) (Figure 6B). 

 

Figure 6. Gene expression of cell death (BAX, (A)) and oxidative stress (ROMO1, (B)) biomarkers in 
porcine spermatozoa following exposure to 5, 10, 50 and 100 µM concentrations of the fungicide 
ipconazole for 2 h. Data represent the mean ± standard error of three replicates in each group, and 
data were analyzed by a one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 represent significant 
differences with respect to the control group (black bar). 

Our results reveal that ipconazole at 100 µM significantly increased (115%, p ≤ 0.001) 
ODF2 expression (Figure 7B). Ipconazole significantly upregulated AKAP4 expression at 10 
µM (210%, p ≤ 0.01), 50 µM (71%, p ≤ 0.05) and 100 µM (73%, p ≤ 0.05) (Figure 7C). 

Figure 6. Gene expression of cell death (BAX, (A)) and oxidative stress (ROMO1, (B)) biomarkers
in porcine spermatozoa following exposure to 5, 10, 50 and 100 µM concentrations of the fungicide
ipconazole for 2 h. Data represent the mean ± standard error of three replicates in each group,
and data were analyzed by a one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 represent
significant differences with respect to the control group (black bar).

Our results reveal that ipconazole at 100 µM significantly increased (115%, p ≤ 0.001)
ODF2 expression (Figure 7B). Ipconazole significantly upregulated AKAP4 expression at
10 µM (210%, p ≤ 0.01), 50 µM (71%, p ≤ 0.05) and 100 µM (73%, p ≤ 0.05) (Figure 7C). Addi-
tionally, ipconazole increased THEG expression at 10 µM (290%, p ≤ 0.01) and 50 µM (250%,
p ≤ 0.01) (Figure 7D). Similarly, SPACA3 expression was significantly increased at 10 µM (140%,
p ≤ 0.05), 50 µM (150%, p ≤ 0.01) and 100 µM (160%, p ≤ 0.01) (Figure 7E). Lastly, CLGN
expression increased by 50% (p ≤ 0.05) after exposure to 10 and 50 µM ipconazole.
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Figure 7. Gene expression of cellular structure (PRM1, (A); ODF2, (B); AKAP4, (C); THEG, (D);
SPACA3, (E); and CLGN, (F)) biomarkers in ram spermatozoa following exposure to 5, 10, 50 and
100 µM concentrations of the fungicide ipconazole for 2 h. Data represent the mean ± standard error of
three replicates in each group, and data were analyzed by a one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01 and
*** p ≤ 0.001 represent significant differences with respect to the control group (black bar).
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Ipconazole significantly increased the cell death biomarker BAX by 160% at 10 µM
(p ≤ 0.01), 210%at 50 µM (p ≤ 0.01) and 66% at 100 µM (p ≤ 0.05) (Figure 8A). Moreover,
ipconazole markedly increased the oxidative stress biomarker ROMO1 at 10 µM (420%,
p ≤ 0.001) and 50 µM (300%, p ≤ 0.001) (Figure 8B).
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Figure 8. Gene expression of cell death (BAX, (A)) and oxidative stress (ROMO1, (B)) biomarkers
in ram spermatozoa following exposure to 5, 10, 50 and 100 µM concentrations of the fungicide
ipconazole for 2 h. Data represent the mean ± standard error of three replicates in each group,
and data were analyzed by a one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 represent
significant differences with respect to the control group (black bar).

4. Discussion
Agricultural triazoles are used against pathogenic fungi on a variety of crops and are

widely used worldwide. However, the inappropriate use or abuse of these fungicides causes
physiological alterations in non-target organisms, such as humans and animals [19,20].
Negative consequences of exposure to triazoles (such as ipconazole) could include alter-
ation of male reproductive health, and the use of animal models could be very practical
in assessing fungicide toxicity on sperm physiology. In the present study, the fungicide
ipconazole significantly reduced the viability of porcine and ram sperm, with porcine
sperm being the most susceptible. These effects on sperm were also observed when the
fungicide difenoconazole was administered to rats, where sperm numbers were reduced in
all difeconazole-treated groups [21]. In an in vitro study in chickens, the triazoles epoxi-
conazole, tetraconazole, tebuconazole, difenoconazole, cyproconazole and metconazole
were found to decrease sperm motility and velocity, and increase the percentage of sperm
with an abnormal morphology [14].

Ipconazole-induced oxidative stress has been demonstrated experimentally in vitro
and in vivo [16]. Data from this study suggest that ipconazole is able to alter the oxidative
state by inducing ROS production and reducing or increasing the activity of the antioxi-
dant enzymes SOD and catalase in porcine and ram spermatozoa. Overall, the oxidative
effect (ROS generation) of ipconazole was higher in porcine spermatozoa than in ram
spermatozoa, even reaching up to 3 times higher ROS levels compared to the control group.
Several studies support our results, as pesticides such as prothioconazole, epoxiconazole,
tetraconazole, tebuconazole, difenoconazole, cyproconazole and metconazole at different
concentrations significantly increased ROS production in chicken spermatozoa [14]; or the
additive mixture of tebuconazole and econazole induced ROS-dependent cytotoxicity in
TM4 Sertoli cells [22].

The contrasting catalase responses (decreased in porcine sperm and increased in
ram sperm) could be attributed to several factors. In this context, porcine sperm may be
more sensitive to reactive oxygen species (ROS), leading to enzyme inactivation at higher
ipconazole concentrations. In contrast, ram sperm might rely more heavily on catalase
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for peroxide detoxification, whereas porcine sperm may utilize alternative antioxidant
systems, such as glutathione peroxidase. Additionally, the genes regulating catalase ex-
pression and activity may respond differently to oxidative stress in each species, resulting
in distinct enzymatic responses [23]. The unexpected increase in superoxide dismutase
(SOD) activity in both species could be explained by several mechanisms. As a primary
antioxidant enzyme, SOD may be upregulated to counteract the increased superoxide
production induced by ipconazole exposure. Furthermore, low-to-moderate oxidative
stress can trigger adaptive cellular responses, including enhanced antioxidant enzyme
activity. Additionally, oxidative stress may activate existing SOD molecules through post-
translational modifications, increasing their activity without necessarily raising enzyme
levels [24,25]. These species-specific responses suggest that porcine and ram spermatozoa
have evolved different strategies to maintain a redox balance. Firstly, porcine sperm may
rely more on SOD and alternative peroxide-scavenging systems, possibly due to their
unique reproductive physiology or environmental exposures. Secondly, ram sperm ap-
pear to exhibit a more robust catalase response, which may reflect adaptations to their
specific reproductive strategies or environmental challenges. Further research is needed to
elucidate the molecular mechanisms underlying these differential responses, particularly
the regulatory pathways governing antioxidant enzyme expression and activity in sperm
cells. Investigating additional antioxidant systems and their interactions will provide a
deeper understanding of species-specific adaptations and improve strategies for mitigating
oxidative stress in reproductive toxicology.

The removal or reduction of intracellular ROS production is efficiently performed by
antioxidant enzymes such as catalase and SOD. In our study, catalase enzyme activity in the
porcine semen was significantly reduced at the highest dose of ipconazole, whereas in ram
spermatozoa, catalase activity was significantly increased. However, we observed that SOD
activity in both porcine and ram spermatozoa increased significantly at the highest doses
of ipconazole. At the cellular level, pesticide-induced stress has been found to produce
oxidative stress, which contributes to toxicity in the form of ROS such as hydrogen peroxide,
superoxide and hydroxyl radical [26]. Under homeostasis conditions, ROS production in
cells is very low, whereas stress conditions such as pesticide exposure elevate ROS levels
in cells. ROS molecules are highly toxic and can oxidize most lipids, proteins and nucleic
acids, subsequently leading to cell death due to lipid peroxidation, membrane damage
and enzyme inactivation. Oxidative stress can also occur as damage to biological systems
or by impairing antioxidant defense systems [27]. To cope with oxidative stress, cells use
a complex antioxidant defense system, consisting of antioxidant enzymes such as SOD
(catalyzes the dismutation of superoxide into molecular oxygen and hydrogen peroxide),
catalase (H2O2 scavenging), and others that scavenge free radicals and peroxides [16,28].

In the present study, the effect of the fungicide ipconazole on the mRNA molecular
expression of structural proteins (PRM1, ODF2, AKAP4, THEG, SPACA3 and CLGN)
of porcine and ram spermatozoa was evaluated. The molecular expression of PRM1
(sperm-specific protein essential for fertilization) was significantly reduced only in porcine
spermatozoa, which could indicate that ipconazole alters the action of PRM1 and may
affect sperm parameters and impair sperm shape or motility, ultimately leading to
infertility [29–31]. When the molecular expression of ODF2 was assessed by ipconazole,
its levels were found to be significantly increased in both species. ODF2 is a microtubule-
associated coiled-coil protein in the tail of mammalian spermatozoa [32–34], and is a
component of the centrosomal scaffold [35]. The disruption of ODF2 leads to preimplanta-
tion lethality, suggesting that ODF2 is crucial for cilia formation at the initial attachment of
centrioles to membranes [36].
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The AKAP4 protein has been identified in the sperm flagellum of several species and
has been studied mainly for its role in sperm motility [37,38]. In this study, the fungicide
ipconazole produced a significant increase in the molecular expression of AKAP4 mRNA
in porcine and ram spermatozoa. In contrast, a study with mouse spermatozoa exposed
to the pesticide bifenthrin showed a decrease in AKAP4 protein expression, and the same
effect was observed with the use of fipronil sulphone in boar spermatozoa [39].

The molecular expression of mRNAs of other proteins involved in the fertilization
capacity of spermatozoa, such as THEG, SPACA3 and CLGN, was also evaluated in this
study. After the administration of ipconazole to porcine and ram spermatozoa, the molecu-
lar expression of these mRNAs was altered, especially at higher ipconazole concentrations.
At present, there are no reports on the effect of chemical compounds on these proteins, so
in this section we have decided to provide a descriptive discussion of the functionality of
these proteins. The molecular expression of THEG in sperm suggests that THEG may play
an important role in the successful differentiation of male germ cells [40]. The SPACA3 gene
encodes sperm lysozyme-like protein 1 that plays a vital role in sperm-ocyte interaction and
fertilization, and a connection between SPACA3 expression and human sperm acrosome
integrity and fertility can be suggested [41]. CLGN is a testis-specific molecular chaperone
that is required for α/β-fertilin heterodimerization and the appearance of β-fertilin on the
sperm surface, and during spermatogenesis, it acts as a chaperone for a variety of proteins
that are important for sperm adhesion to the zona pellucida of the egg and for subsequent
penetration into the zona pellucida, and is necessary for normal sperm migration from the
uterus to the oviduct [42].

Finally, the molecular expression of a biomarker of cell death (BAX) and a biomarker of
oxidative stress (ROMO1) was evaluated in this study. Both biomarkers were overexpressed
by higher concentrations of ipconazole in porcine and ram spermatozoa. ROMO1 is a
mitochondrial membrane protein that regulates mitochondrial ROS production within cells,
especially in cells with elevated metabolism, such as spermatozoa [43], and is involved
in cellular processes, such as proliferation, senescence and cell death by inducing BAX
expression [44]. Another study reports that ROMO1 plays a critical role in embryonic de-
velopment by regulating mitochondrial morphology, function and apoptosis in swine [43].
The positive association between ROMO1 and BAX has been demonstrated in another
study [45] in canine spermatozoa, where a decrease in ROMO1 resulted in a reduction
in BAX expression. Also, many studies indicate that spermatozoa exposure to pesticides
induces the expression of oxidative stress and cell death such as BAX [46–48].

5. Conclusions
To our knowledge, this is the first study to evaluate the cytotoxic effect of the triazole

ipconazole on mammalian spermatozoa (porcine and ram). The spermiotoxic effect of
ipconazole reduced cell viability and produced oxidative stress, which would be the
likely cause of the molecular alteration of the gene expression of fertility-related structural
proteins in male mammals. However, further studies in other animal species are needed to
establish the mechanistic effect of triazole pesticides on fertility in animals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxics13030176/s1, Figure S1: Structural alterations in spermatozoa of pigs and rams exposed
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