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A B S T R A C T

Tebuconazole (TEB), a fungicide that inhibits 14α-demethylase (CYP51) and disrupts ergosterol synthesis, poses 
environmental and health risks due to its persistence and low biodegradability. This study examined TEB in vitro 
effects on rooster spermatozoa. In Experiment 1, semen from 10 Green-legged Partridge roosters was incubated 
with TEB (0, 0.1, 1, 10, 100 µM) at 36◦C for 3 hours. Sperm motility was analyzed with Computer-Aided Sperm 
Analysis (CASA) system, while flow cytometry assessed membrane integrity, mitochondrial function, acrosome 
status, chromatin structure, intracellular calcium, apoptosis, caspase activity, and lipid peroxidation after 1 and 3 
hours of exposure. Malondialdehyde (MDA) concentration and total antioxidant capacity (T-OAC) were 
measured by spectrophotometer. In Experiment 2, calcium channel blockers (SNX 325, MRS-1845, Nifedipine, 
HC-056456) were tested under the same conditions, focusing on motility, membrane integrity, calcium levels, 
apoptosis, caspase activity, and lipid peroxidation. Results in experiment 1 have shown that TEB (0.1, 1, 10 µM) 
reduced sperm velocity (VAP) after 3 hours (P < 0.01) without altering other motility parameters. Acrosome 
status, intracellular calcium level, and lipid peroxidation decreased significantly at all TEB concentrations (P <
0.01). Early apoptosis declined at 1 µM TEB (P < 0.01), while mitochondrial activity and membrane integrity 
remained stable. MDA levels were reduced (P < 0.01), with no effect on T-OAC. In Experiment 2, calcium 
channel blockers decreased motility parameters (VAP, VCL, VSL, MOT, PROG) and intracellular calcium levels (P 
< 0.01), but did not affect membrane integrity. Lipid peroxidation and caspase activity declined (P < 0.01), with 
no impact on early apoptosis. These findings underscore TEB’s role in inhibiting calcium channels, reducing ion 
influx, blocking calcium-driven pore formation, thereby preserving membrane integrity. This mechanism miti
gates early apoptosis and lipid peroxidation in chicken sperm, shedding light on TEB’s impact on motility, 
calcium balance, and cell function.

Introduction

Tebuconazole (TEB) as a triazole fungicide, is widely used particu
larly in agriculture, for controlling fungal growth in crops. There are 
concerns that its persistence in the environment and low biodegrad
ability may still pose a potential risk to human and animal health. 
Tebuconazole inhibits the enzyme 14α-demethylase (CYP51) (van den 
Bossche et al., 1978). CYP51 is a cytochrome P450 enzyme that cata
lyzes the C14 demethylation step in the sterol biosynthesis pathway. 
When this enzyme is inhibited by TEB or other azole fungicides, 

ergosterol cannot be synthesized properly, disrupting fungal cell mem
branes function (Chambers et al., 2013). As a result, fungi cannot 
maintain their cellular integrity, leading to cell damage and death (Kato 
et al., 1975).

Despite its effectiveness against fungal pathogens, several studies 
have reported endocrine-disrupting effects of TEB in humans and ani
mals, leading to various reproductive and developmental toxicities. 
CYP51 is an evolutionarily conserved enzyme that is widely distributed 
across human tissues (EFSA, 2009), with notable expression in repro
ductive organs such as the testes and ovaries (Stromstedt et al., 1996). 
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CYP51 plays a crucial role in the de novo synthesis of cholesterol by 
converting lanosterol and dihydrolanosterol into follicular fluid 
meiosis-activating sterol (FF-MAS), a key precursor of cholesterol (Keber 
et al., 2013). In the ovaries, CYP51 expression is stimulated by 
follicle-stimulating hormone (FSH) and helps protect granulosa cells 
during follicle maturation. Additionally, the deletion of the CYP51 gene 
in granulosa cells in mice results in the suppression of estradiol and 
progesterone secretion in response to FSH stimulation (Liu et al., 2017). 
All triazoles reduced the secretion of progesterone, estradiol, or both 
hormones at doses that, while not cytotoxic, exceed concentrations 
found in the environment. Importantly, these effects were also 
confirmed in studies on human cells (Serra et al. 2023a).

Research on TEB has demonstrated its ability to disrupt hormonal 
functions. In the study by Kjaerstad et al., 2010, it was reported that TEB 
exposure decreased estradiol and testosterone levels while increasing 
progesterone levels in vitro in the human adrenocortical carcinoma cell 
line. The toxicity of TEB also extends to developmental effects in 
offspring, with some studies indicating impacts on the development of 
reproductive organs, such as the testes and epididymis, as well as on 
sperm motility (Joshi et al., 2016). Additionally, TEB exposure has been 
associated with reductions in sperm count and quality, along with 
testicular dysfunction in male rats (Taxvig et al., 2007; Jacobsen et al., 
2012). Furthermore, TEB has been shown to affect hormone production 
in both male and female fetuses, leading to long-term consequences for 
reproductive health (Taxvig et al., 2007). Collectively, these findings 
suggest that TEB may pose a significant risk to reproductive health, 
particularly through its hormonal and developmental effects.

The majority of triazole compounds disrupt steroidogenesis in 
chicken testes and reduce semen quality, partly by increasing oxidative 
stress (Serra et al., 2023b). However, it is unknown whether triazoles, 
including TEB, can affect acrosomal reaction and consequently fertility. 
The acrosome reaction in sperm plays a crucial role in oocyte fertiliza
tion (Baldi et al. 1996). During this process, the fusion of the sperm’s 
plasma membrane with the outer acrosomal membrane occurs, resulting 
in the release of enzymes that enable sperm to penetrate the oocyte’s 
protective layers. The essential element required for the occurrence of 
this reaction is calcium (Witte & Schäfer-Somi, 2007). Pesticides can 
have a significant negative impact on non-target organisms, depending 
on the specific substance and the level of exposure (Duzguner & Erdo
gan, 2010). Tebuconazole is also capable of contaminating the envi
ronment, as demonstrated in an experiment by Huang et al. (2022), 
where the aquatic environment contained TEB concentrations ranging 
from 0.001 ng/ml to 920 ng/ml. Our in vivo experimental results (not 
published yet) showed the presence of TEB in rooster blood at 29 ng/ml 
and in semen at 0.0888 ng/ml. These levels were observed in roosters 
fed with feed containing TEB at the maximum residual level (MRL), 
corresponding to 0.02256 mg/kg body weight per day, which is equiv
alent to 0.39% of the NOAEL. The doses used in the present experiment 
started at 0.1 µM, with 29 ng/ml corresponding to 0.0942 μM, and were 
subsequently increased tenfold to assess the potential toxic effects of 
TEB.

Therefore, we decided to investigate whether adding different doses 
of TEB (0 µM, 0.1 µM, 1 µM, 10 µM, 100 µM) in vitro to the rooster semen 
and incubating for 1 hour and 3 hours would result in impaired motility, 
acrosome status and increased oxidative stress. Following the example 
of other pesticides (Napierkowska et al., 2024), we also aimed to verify 
the effect of TEB on calcium signaling, which plays a key role in motility 
and the acrosome reaction.

Materials and methods

Chemicals

The chemicals used were purchased from Merck (St. Louis, MO, 
USA): SNX-325, catalog number: 508512; MRS 1845, catalog number: 
M1692; nifedipine, catalog number: 481981; Tebuconazole, catalog 

number: 32013; and PNA Alexa Fluor 488, lectin from Arachis hypogaea. 
The fluorescent dyes used included propidium iodide (PI), JC-1, Live/ 
Dead Sperm Viability kit, Fluo 3 AM, C11-BODIPY581/591, AO (acridine 
orange), M540 (merocyanine), YO-PRO-1, CellEvent™ Caspase 3/7 
Green Ready Flow™, Lipid Peroxidation (MDA) Assay Kit, Total Anti
oxidant Capacity (T-AOC) Colorimetric Assay Kit were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). CatSper Channel Blocker 
(HC-056456) was purchased from MCE (Monmouth Junction, NJ, USA).

Animals

The experiment involved Green-legged Partridge roosters, repre
sented by 10 adult males housed individually in cages (70 cm × 95 cm ×
85 cm) at a temperature of 18–20◦C, under a 14-hour light and 10-hour 
dark photoperiod. The birds were fed a standard commercial feed for 
breeding flocks, without pesticide residues confirmed by Regional 
Experimental Station of the Institute of Plant Protection – NRI in Bia
łystok. Water was available ad libitum. The study received an ethical 
opinion from the Local Animal Welfare Committee of the University of 
Life Sciences in Wroclaw (2K.2022).

Semen collection

Sperm was obtained twice a week using the dorso-abdominal mas
sage technique described by Burrows and Quinn (1937). The procedure 
was consistently carried out by the same personnel and under identical 
conditions. All the obtained ejaculates were of high quality and suitable 
for research purposes. Within 5 minutes of collection, samples from 10 
individuals were combined to ensure an adequate quantity for analysis.

Experimental design

Experiment 1: impact of varying TEB concentrations on chicken 
spermatozoa in vitro

This experiment aimed to investigate how different concentrations of 
TEB affect the quality and functional parameters of chicken spermatozoa 
in vitro. Pooled semen samples were divided into five equal subsamples, 
each containing 666 × 10⁶ sperm/ml, diluted with BPSE (Beltsville 
Poultry Semen Extender). The samples were then incubated at 36◦C for 3 
hours with the following TEB concentrations: (0 µM, 0.1 µM, 1 µM, 10 
µM, 100 µM) (Heusinkveld et al., 2013). Our lowest TEB dose corre
sponded to approximately 30 ng/ml, which is comparable to the con
centration of 29 ng/ml we obtained in a dietary experiment (not yet 
published) in the blood plasma after administering TEB through feeding. 
Semen quality was comprehensively analyzed after 1 and 3 hours of 
incubation. This analysis involved evaluating sperm motility parameters 
using the CASA system, and flow cytometry was employed to assess 
parameters such as membrane integrity, mitochondrial activity, acro
some integrity, chromatin structure, intracellular calcium levels, 
apoptosis markers (including early apoptosis and caspase activation), 
and lipid peroxidation. The experiment was repeated 8 times using the 
same roosters for consistency.

From these samples, after 3 hours of incubation, 100 µL aliquot was 
collected and centrifuged at 10,000 × g for 15 minutes at 4◦C to separate 
the seminal plasma from the pellet. The separated components were 
then frozen at -82◦C for further analyzes of malonyldialdehyde (MDA) 
concentration and total antioxidant capacity. MDA concentration was 
evaluated using Lipid Peroxidation assay kit accordingly manufacturer 
protocol and read at 532 nm by Microplate Reader (BioTek ELx800). The 
results are described using units per mL of seminal plasma (nM/mL) and 
pellet (nM/10 9 spz).

The Total Antioxidant Capacity (T-AOC) colorimetric assay kit was 
used for measurement of the cumulative antioxidant activity of all an
tioxidants presented in the seminal plasma. This assay is based on the 
ability of antioxidants to reduce a target compound, generating a 
colorimetric change that can be quantified spectrophotometrically. The 
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intensity of the color is directly proportional to the total antioxidant 
capacity of the sample, allowing for an overall evaluation of its oxidative 
defense potential. The results are described using seminal plasma units 
(U/ml) measured using Microplate Reader (BioTek ELx800) absorbance 
at 520 nm.

Experiment 2: investigating calcium dynamics in chicken spermatozoa with 
calcium channel blockers

Based on the results of Experiment 1, which suggested that TEB may 
exhibit similar activity to calcium channel blockers, we conducted a 
subsequent study involving well-characterized representatives of this 
class. Pooled semen samples were divided into five subsamples, each 
containing 666 × 10⁶ sperm/ml diluted in BPSE, and treated as follows: 
Control (no blockers added), 20 µM nifedipine (L-type channel inhibitor, 
a dihydropyridine calcium channel blocker), 20 µM MRS 1845 (SOC 
inhibitor, a non-dihydropyridine calcium channel blocker), 60 nM SNX- 
325 (N-type channel inhibitor, a novel calcium channel blocker), 20 μM 
HC-056456 (a novel Ca²⁺ channel blocker, recognized as a distinctive 
compound that specifically targets the Catsper channel).

All blockers were dissolved in DMSO to achieve the required con
centrations (Nguyen et al., 2016). Samples were incubated at 36◦C for 3 
hours, with assessments conducted at 1-hour and 3-hour intervals. 
Sperm motility parameters were evaluated using the CASA system, while 
flow cytometry was used to analyze membrane integrity, intracellular 
calcium levels, caspase activity, and lipid peroxidation.

Assessment of semen quality

To evaluate sperm motility, a computer-assisted semen analysis 
system (CASA Ceros II, Hamilton Thorne) was used. Semen samples 
were diluted in a 1:50 ratio with Dulbecco’s Modified Eagle Medium 
(DMEM) containing low glucose to achieve a sperm concentration of 
approximately 50 × 10⁶/mL. A 3 µL aliquot of the diluted semen was 
placed in a pre-warmed analysis chamber (Leja, Nieuw-Vennep, 
Netherlands) at 36◦C. For each sample, five random fields were exam
ined. Parameters assessed included the percentage of motile sperm 
(MOT), progressively motile sperm (PROG), average path velocity 
(VAP), straight-line velocity (VSL), and curvilinear velocity (VCL).

Flow cytometry (Guava EasyCyte 5 cytometer, Merck Millipore) was 
employed to assess various sperm characteristics. Fluorescent probes 
were excited using a 488 nm argon ion laser, and data acquisition was 
managed with GuavaSoft 3.1.1 software. For each sample, 5000 events 
were analyzed, excluding non-sperm events based on scatter properties. 
All samples for cytometer analysis were diluted in BPSE to a concen
tration of 62 × 10⁶ per ml, unless otherwise specified in the instructions.

Plasma membrane integrity
Using the Live/Dead Sperm Viability kit, plasma membrane integrity 

(PMI) was assessed. Samples were stained with SYBR-14 (final concen
tration: 333 nM) and propidium iodide (PI; 40 µM) following the pro
tocol by Partyka et al. (2010). SYBR-14 positive (green) and PI-negative 
sperm were considered to have intact membranes.

Mitochondrial activity
Mitochondrial membrane potential (HMMP) was assessed with JC-1 

dye and PI. A stock solution of 3 mM JC-1 was prepared, and 500 µL of 
sperm suspension was stained with JC-1. Samples were incubated at 
37◦C in the dark for 20 minutes, followed by PI staining 3 minutes before 
analysis. Sperm showing only orange fluorescence were classified as 
high MMP (HMMP). Cells stained with PI were classified as non-viable.

Acrosome integrity
Acrosome integrity was determined using Alexa Fluor 488-conju

gated lectin PNA. Samples were incubated for 5 minutes in a dark 
environment with a PNA solution (1 µg/mL), then analyzed with PI 
staining. This method distinguished live sperm with intact acrosomes 

(PI- PNA), live sperm with damaged acrosomes (PI- PNA+), dead sperm 
with intact acrosomes (PI+ PNA-), and dead sperm with damaged ac
rosomes (PI+ PNA+).

Chromatin status
Acridine orange (AO) staining was used to assess chromatin integ

rity. Normal double-stranded DNA exhibited green fluorescence, while 
denatured DNA emitted red fluorescence (DFI). Samples were diluted to 
a concentration of 1 × 10⁶ sperm/mL in BPSE and treated with an acid 
denaturation solution followed by AO staining as described by Partyka 
et al. (2010).

Calcium ion levels
Calcium levels were analyzed using Fluo 3 AM dye. Sperm diluted in 

BPSE were incubated with Fluo 3 AM (final concentration: 0.5 mM) at 
37◦C for 15 minutes. After incubation, samples were centrifuged, the 
supernatant removed, and PI was added before analysis to distinguish 
between live and dead cells with high and low calcium levels 
(Napierkowska, et al. 2024).

Apoptosis and membrane lipid disorder
Early apoptosis and membrane lipid disorder were evaluated using 

YO-PRO-1 (final concentration: 25 nM) and M540 (final concentration: 
2.7 µM). Samples were incubated in the dark at room temperature for 10 
minutes. Four populations were identified: live cells without apoptosis 
or lipid disorder (YO-PRO-1-/M540-), live cells with lipid disorder (YO- 
PRO-1-/M540+), apoptotic cells (YO-PRO-1+/M540+) and cells with 
apoptosis but no lipid disorder (YO-PRO-1+/M540-).

Caspase activity
Caspase activity was detected using the CellEvent™ Caspase 3/7 

Green Ready Flow™ Reagent kit. Samples were prepared accordingly to 
the manufacturer’s protocol. Both live and dead cells could be differ
entiated based on the activity of their caspases. This enabled the iden
tification of four cell groups: live cells with active caspases, live cells 
with inactive caspases, dead cells with active caspases, and dead cells 
with inactive caspases.

Lipid peroxidation
Lipid peroxidation (LPO) in sperm cell membranes was assessed 

using the fluorescent probe C11-BODIPY581/591.This probe changes color 
from red (non-oxidized) to green (oxidized) upon exposure to reactive 
oxygen species. Samples were stained with the probe and incubated at 
37◦C for 30 minutes. Following centrifugation and re-suspension in 
BPSE, PI was added to identify viable sperm before cytometric analysis. 
In this experiment, we distinguish the following cell groups: live cells 
without lipid peroxidation (C11-BODIPY581/591red, PI -), live cells with 
lipid peroxidation (C11-BODIPY581/591 green, PI -), dead cells without 
lipid peroxidation (C11-BODIPY581/591 red, PI +) and dead cells with 
lipid peroxidation (C11-BODIPY581/591 green, PI +).

Statistical analysis

Statistical assessments were conducted using GraphPad Prism 10.4.0 
Inc., 2024. For data analysis, tests were used depending on the distri
bution: one-way ANOVA for normal distribution and the Kruskal-Wallis 
test for non-normal distribution. Values were determined to be signifi
cant when * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The results are 
expressed as mean ± SEM.
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Results

Experiment 1: impact of varying TEB concentrations on chicken 
spermatozoa in vitro

Sperm motility parameters analysis
Exposure to TEB concentrations of 0.1, 1, and 10 µM resulted in a 

significant decrease (P < 0.01) in the VAP parameter compared to the 
control group after 3 hours of incubation. No significant changes in this 
parameter were observed after 1 hour (Fig.1 A). Other sperm motility 
parameters, such as VCL, VSL, MOT, and PROG did not show significant 
differences between the groups after 1 hour and 3 hours of incubation 
(Fig.1 B,C,D,E).

The effect of TEB on the integrity of the sperm plasma membrane was 
not significant whatever the tested concentrations after 1 and 3 hours of 
incubation (Fig. 2 A). HMMP remained stable at all tested concentra
tions and incubation times (Fig. 2 B). The percentage of live cells with 
damaged acrosomes significantly decreased (P < 0.01) at all tested 
concentrations (0.1 µM, 1 µM, 10 µM, and 100 µM) compared to the 
control after 1 hour of incubation. After 3 hours, acrosome damage 
remained lower at all TEB concentrations compared to the control (Fig. 2
C). DFI showed no significant changes across concentrations or incu
bation times (Fig. 2 D). TEB reduced the percentage of live sperm with 
high intracellular calcium (Ca²⁺) after 1 hour at 0.1 µM, 1 µM and 100 
µM and after 3 hours of incubation at all concentrations (Fig. 2 E). Early 
apoptosis was significantly decreased at 1 µM, particularly after 1 hour 
of incubation. Higher concentrations did not further increase early 
apoptosis (Fig. 2 F). The activity of caspases remained unchanged (Fig. 2
G). Surprisingly, TEB effectively inhibited lipid peroxidation in live cells 
(P < 0.01) at all concentrations (Fig. 2 I).

The results showed that the levels of MDA, a marker of lipid perox
idation, were significantly different between the control group and the 
TEB-treated groups. In both, seminal plasma and spermatozoa, the 
control group had exhibited the highest MDA levels. Treatment with 
TEB at all tested concentrations had resulted in a significant (P < 0.01) 
reduction in MDA levels (Fig. 3 A, B). In contrast, there had been no 
statistically significant differences in total antioxidant capacity (T-AOC) 
between the control group and the groups treated with TEB at any of the 
tested concentrations (P < 0.01) (Fig. 3 C).

Experiment 2: investigating calcium dynamics in chicken spermatozoa with 
calcium channel blockers

The analyzed motility parameters included VAP, VCL, VSL, MOT, 
and PROG were affected at different level by the treatments with specific 
blockers. For the parameter of VAP, the control group showed the 

highest values at both 1 hour and 3 hours, indicating optimal sperm 
velocity under normal conditions. All calcium channel blockers (SNX, 
MRS, Nifedipine, HC-056456) significantly reduced (P < 0.01) VAP, 
with this reduction being consistent across both time points (Fig. 4 A). A 
similar trend was observed for VCL, where the control group again 
exhibited the highest values. Treatments with calcium channel blockers 
significantly reduced VCL (P < 0.01) (Fig. 4 B).

For VSL, the control group demonstrated significantly higher values, 
while all blockers led to substantial reductions in straight-line velocity, 
mirroring the trends observed for VAP and VCL (Fig. 4 C). Similarly, 
sperm motility (MOT) was highest in the control group, while treat
ments with blockers, especially HC-056456, caused a noticeable decline 
in motility at both 1 hour and 3 hours (Fig. 4 D).

The PROG parameter revealed a type-dependent effect of a specific 
calcium channel blocker. The control group exhibited the highest pro
gressive motility, while the blockers led to a significant (P < 0.01) 
decrease in PROG (Fig. 4 E).

The effects of calcium channel blockers on various semen parameters 
assessed by flow cytometry, measured after 1 hour and 3 hours, are 
presented in Fig. 5. PMI remained unaffected by the calcium channel 
blockers used, showing similar PMI percentages to the control group at 
both time points (Fig. 5 A).

Blockers such as SNX, MRS, Nifedipine, and HC-056456 caused a 
substantial reduction of live cells with high Ca²⁺, consistently at both 1 
hour and 3 hours (Fig. 5 B). Early apoptosis levels remained stable across 
all groups, with no significant differences between treatments and the 
control at either time point (Fig. 5 C). The percentage of live sperm with 
active caspases was significantly lower (P < 0.05) in the groups treated 
with calcium channel blockers compared to the control group (Fig. 5 D). 
For live sperm with LPO, calcium channel blockers, particularly MRS, 
markedly reduced lipid peroxidation at both 1 hour and 3 hours (Fig. 5
F).

Discussion

These integrated results confirm the impact of various concentra
tions of TEB pesticides on chicken sperm function. Our goal was to study 
the various concentrations of TEB, one of the triazole fungicides that 
have been detected in the environment. We also compared our results 
with those of Serra et al. (2023b), who used the same concentrations but 
with shorter exposure times. Similar to their findings, exposure to TEB 
reduced VAP, but unlike their study, it did not significantly affect other 
mobility parameters. Analogous results were obtained in the experiment 
by Kabakci et al. (2021) conducted on bovine sperm, where motility 
parameters were also unaffected by TEB. As suggested by Jeyendran 
et al. (1984), reduced motility may be associated with an increased 

Fig. 1. The effect of different concentrations of TEB on chicken spermatozoa motility parameters after 1 h and 3 hrs of exposure. Path velocity (VAP) - A, curvilinear 
line velocity (VCL) -B, progressive velocity (VSL) - C, the percentage of motile sperm (MOT) - D, the percentage of progressively motile spermatozoa (PROG) - E. 
Different superscripts within the bars denote differences AB (P < 0.01).
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Fig. 2. The effect of different concentrations of TEB on chicken spermatozoa characteristics after 1 h and 3 hrs of exposure. Plasma membrane integrity (PMI) - A, 
high mitochondrial potential (HMMP) - B, live cells with damage acrosome – C, DNA fragmentation index (DFI) – D, high intercellular Ca²⁺ in live cells – E, early 
apoptosis – F, live cells with active caspases – G, live cells with LPO - H. Different superscripts within the bars denote differences AB (P < 0.01).

Fig. 3. The effect of different concentrations of TEB on malondialdehyde (MDA) concentration in seminal plasma (A), semen pellet (B) and total antioxidant capacity 
(T-OAC) in chicken spermatozoa (C) after 3 hrs of exposure. Different superscripts within the bars denote differences AB (P < 0.01).

Fig. 4. The effect of different calcium channel blockers on motility parameters evaluated included path velocity (VAP) - A, curvilinear line velocity (VCL) -B, 
progressive velocity (VSL) - C, the percentage of motile sperm (MOT) - D, the percentage of progressively motile spermatozoa (PROG) – E of chicken spermatozoa 
after 1 h and 3 hrs of exposure. Different superscripts within the bars denote differences AB (P < 0.01).
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percentage of sperm with coiled tails, often linked to osmotic swelling. 
However, in our study, TEB did not affect sperm membrane integrity, 
which was consistent with the results of Kabakci et al. (2021) regarding 
the viability of Sertoli and Leydig cells as well as bovine spermatozoa. 
We also observed no significant changes in sperm DFI and HMMP. This 
suggests that although TEB affects sperm velocity, it does not cause 
significant structural damage to DNA or mitochondria at the concen
trations tested. However, in vivo studies in mice demonstrated that tri
azoles induce mitochondrial dysfunction in female gametes. This led to 
ROS accumulation, apoptosis, and DNA damage in oocytes (Zhang et al., 
2024).

Triazoles affect the integrity of sperm acrosomes (Pereira et al., 
2019), which must undergo an acrosomal reaction necessary for fertil
ization. Acrosome damage can reduce the sperm’s ability to penetrate 
the egg cell. In the present study, TEB inhibited the acrosomal damage 
process. It is possible that TEB interferes with the cell signaling or 
enzymatic processes responsible for triggering the acrosomal response, 
thus inhibiting the disruption of acrosome integrity. Calcium is an 
essential ion that regulates sperm movement, capacitation, and the 
acrosome reaction (AR), all of which are critical for successful fertil
ization (Finkelstein et al., 2020). As indicated by Chávez et al. (2018), 
the alkalization of the acrosome plays a pivotal role in triggering the 
release of Ca²⁺ from the acrosome, which subsequently initiates the 
acrosome reaction and the acrosome itself provides a storehouse for 
calcium ions in the cell.

The decreased calcium (Ca²⁺) levels in chicken spermatozoa at con
centrations of 0.1 µM, 1 µM, 10 and 100 µM confirmed that TEB affects 
the calcium transport mechanisms across the sperm membrane. It is 
known that elevated Ca²⁺ levels can disrupt sperm motility and lead to 
premature apoptosis (Kruman and Mattson, 1999). As shown in the 
experiment by Heusinkveld et al. (2013), where five of the six azole 
fungicides induced nonspecific inhibition of voltage-gated calcium 
channels (VGCC), although with varying strength, suggesting a potential 
impact of TEB on these channels. As demonstrated in the study by Birch 
et al. (2022), TEB was one of the pesticides that, at a low nM dose, 
disrupted normal Ca2+ signaling in human sperm in vitro by CatSper 
channel. CatSper channels are considered crucial for the regulation of 
motility and acrosomal reaction in mammalian sperm (Darszon et al. 
2011). However, some previous studies have reported CatSper genes as 
lost in birds during evolution (Cai and Clapham, 2008). In the present 
study we decided to block VOCCs (L and R type channels) located in the 
acrosome and central part of chicken sperm cells, as well as SOC in the 
acrosome, central part, nucleus, and tail (Nguyen et al., 2016). We also 

attempted to block CatSper channels. The use of a specific blocker for 
CatSper channels - HC-056456- blocked the influx of calcium ions into 
the cell, which may suggest the presence of similar channels in birds.

It is worth to highlight that calcium ions play an important role in 
sperm motility, regulating flagellar movement, metabolic pathways and 
energy production (Darszon et al., 1999, 2011) necessary to maintain 
other fertilizing ability (Chung et al. 2014). Building upon our previous 
findings, which demonstrated that certain pesticides, including imida
cloprid (Napierkowska et al., 2024), can function as Ca²⁺ channel 
blockers, we aimed to investigate whether TEB exerts a comparable 
inhibitory effect. Blocking calcium channels disrupts calcium ion 
transport, leading to reduced sperm motility due to decreased calcium 
availability. The reduction in motility is most likely caused by impaired 
flagellar movement and ATPase activity, both of which depend on cal
cium (Chung et al. 2014). In the present study, blocking calcium chan
nels did not have a significant impact on sperm viability, measured by 
PMI just as in the instance of TEB. Decreasing membrane permeability. 
Used herein, calcium channel blockers did not induce apoptosis either, 
indicating that sperm viability depends on factors other than calcium 
homeostasis. Our results once again confirmed that blocking Ca2+

channels with TEB did not lead to an increase in the acrosomal reaction, 
as shown by Nguyen et al. (2016). Remarkably, calcium channel 
blockers, especially MRS significantly reduced lipid peroxidation in 
chicken spermatozoa. Lipid peroxidation is a process that also depends 
on Ca²⁺ levels in cells. As shown by Al-Menhali et al. (2020), it is 
involved in the regulation of mitochondrial metabolism in skeletal 
muscles dependent on calcium. Our studies unequivocally demonstrated 
that blocking calcium channels led to a reduction in LPO. Similarly, in 
the case of another calcium channel blocker, VRP, used in studies on 
Russian sturgeon (Li et al., 2010), oxidative stress in sperm decreased, 
resulting in a reduction in LPO. Therefore, while calcium channel 
blockers disrupt sperm motility by interfering with calcium-dependent 
processes, they do not significantly affect sperm viability or induce 
apoptosis. This observation suggests that TEB’s mechanism of action 
involves the modulation of calcium channels. By lowering calcium levels 
in the sperm cells and lowering sperm plasma membrane LPO, it dis
played behavior indicative of channel blockade. Our studies showed also 
that TEB, by blocking calcium channels, can suppress early stages of 
apoptosis. As is known, excess calcium in mitochondria is a key factor in 
the apoptosis process (Kruman and Mattson, 1999). Reports clearly 
indicate that excessive calcium accumulation in cells or disruption of 
intracellular calcium distribution can lead to cellular toxicity and 
initiate both apoptosis and necrotic cell death (Orrenius et al., 2003). 

Fig. 5. The effect of different calcium channel blockers on flow cytometry characteristics after 1 h and 3 hrs of exposure. Plasma membrane integrity (PMI) - A, high 
intercellular Ca²⁺ in live cells – B, early apoptosis – C, live cells with active caspases – D, live cells with LPO - E. Different superscripts within the bars denote 
differences AB (P < 0.01).
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However, no increase in caspase activity was observed in our study. This 
outcome is likely explained by findings from Othmène et al. (2022), 
which suggest that TEB induces apoptosis via the mitochondrial 
pathway. Since TEB inhibited calcium influx in our experiment, mito
chondrial integrity was preserved, preventing the activation of caspases. 
In contrast, calcium channel blockers influenced this process after just 1 
hour of incubation. Notably, the ability of TEB to inhibit lipid peroxi
dation, despite its known potential to induce oxidative stress, may result 
from the reprogramming of sperm metabolism. This metabolic shift 
appears to limit cell membrane damage and progressively reduce ROS 
production over time. Alternatively, a second possible explanation could 
be the relatively low concentration of TEB used in our study, which may 
have been insufficient to trigger significant apoptotic pathways. As 
highlighted in the work of Aitken (1995, 2017), rising intracellular ROS 
levels initiate reactions that lead to LPO, during which nearly 60% of 
fatty acids in the membrane are lost. This process reduces membrane 
fluidity, increases nonspecific ion permeability, and inhibits membrane 
receptor and enzyme activity. These findings further support the 
conclusion that the concentrations tested in our study were not sufficient 
to elicit such effects. This aligns with the experiment conducted by Serra 
et al. (2023b), where only a 1 mM TEB dose after 24 minutes resulted in 
ROS formation. Therefore, our concentrations may have been too low to 
induce this effect.

To confirm the results obtained from flow cytometry, we evaluated 
the MDA level in the spermatozoa and seminal plasma after TEB treat
ment. The results further supported earlier findings that TEB reduces 
LPO. It is also worth noting that, at the same time when MDA decreased, 
total antioxidant capacity (T-AOC) remained unchanged. This may 
indicate that TEB, at the concentrations and exposure times used, does 
not significantly affect the overall antioxidant levels in sperm. Jannati
far et al. (2019) showed that there is an inverse correlation between 
MDA and T-OAC, so our concentrations may have been enough to lower 
MDA, but not enough to raise T-OAC.

Our study underscores the impact of low tebuconazole concentra
tions on chicken spermatozoa in modulating critical physiological pro
cesses in chicken spermatozoa, including motility, lipid peroxidation, 
apoptotic pathways, and calcium homeostasis. TEB functions as an in
hibitor of calcium channels, effectively curtailing the intracellular influx 
of Ca²⁺ ions. This inhibition disrupts the formation of calcium-dependent 
membrane pores, thereby preserving membrane integrity, mitigating 
early apoptotic events, and reducing lipid peroxidation in chicken 
spermatozoa.
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Guérif, F., Froment, P., Dupont, J., 2023b. In vitro exposure to triazoles used as 
fungicides impairs human granulosa cells steroidogenesis. Environ. Toxicol. 
Pharmacol. 104, 104295. https://doi.org/10.1016/j.etap.2023.104295a.

Strömstedt, M., Rozman, D., Waterman, MR., 1996. The ubiquitously expressed human 
CYP51 encodes lanosterol 14 alpha-demethylase, a cytochrome P450 whose 
expression is regulated by oxysterols. Arch. Biochem. Biophys. 329 (1), 73–81. 
https://doi.org/10.1006/abbi.1996.0193.

Taxvig, C., Hass, U., Axelstad, M., Dalgaard, M., Boberg, J., Andeasen, H.R., 
Vinggaard, AM., 2007. Endocrine-disrupting activities in vivo of the fungicides 
tebuconazole and epoxiconazole. Toxicol. Sci. 100 (2), 464–473. https://doi.org/ 
10.1093/toxsci/kfm227.

van den Bossche, H., Willemsens, G., Cools, W., Lauwers, W.F., Le Jeune, L., 1978. 
Biochemical effects of miconazole on fungi. II. Inhibition of ergosterol biosynthesis 
in Candida albicans. Chem. Biol Interact. 21 (1), 59–78. https://doi.org/10.1016/ 
0009-2797(78)90068-6.
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