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Abstract: The fungicide tebuconazole (TEB) poses risks to human and animal health via various
exposure routes. It induces toxicity in multiple organs and disrupts reproductive health by affecting
steroid hormone synthesis and fetal development. In this study, we investigated the impact of TEB
on fetal testes using in vitro models, focusing on germ, Sertoli, and Leydig cells, and explored the
mechanisms underlying cellular damage. The results revealed significant damage to germ cells and
disruption of Leydig cell development. TEB exposure led to a decrease in germ cell numbers, as
indicated by histological and immunostaining analyses. TEB induced the up- and down-regulation
of the expression of fetal and adult Leydig cell markers, respectively. Additionally, TEB-treated
fetal testes exhibited increased expression of oxidative-stress-related genes and proteins. However,
co-treatment with the antioxidant N-acetylcysteine mitigated TEB-induced germ cell damage and pre-
vented abnormal Leydig cell development. These findings suggest that administration of antioxidants
can prevent the intratesticular damage typically caused by TEB exposure.
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1. Introduction

Tebuconazole (TEB) is a triazole fungicide widely used in agriculture to protect crops
from fungal diseases. TEB inhibits the growth of fungi and disrupts their ability to repro-
duce, ultimately preventing disease spread in plants. Although it contributes to increased
productivity in agriculture, it can be toxic to humans and animals [1].

Human and animal exposure to TEB can occur via various routes, including inhalation,
skin contact, and ingestion. For example, individuals working with TEB in agricultural
settings, such as farmers, agricultural workers, and pesticide applicators, may be exposed to
fungicides via the inhalation of airborne particles or direct contact through skin exposure [2]
during the mixing, loading, and application of TEB.

Numerous studies have showed that TEB is toxic to various animal organs. Ku et al.
showed that TEB accumulates in heart tissues and induces energy imbalances that trig-
ger metabolic abnormalities via the IRS1/AKT and PPARy/RXRa pathways [3]. TEB
also induces liver damage along with disturbances in hepatic metabolism mediated by
reactive oxygen species (ROS) [4]. TEB stimulates apoptotic cell death via the mitochon-
drial pathway and ROS-mediated endoplasmic reticulum (ER) stress in HCT116 intestinal
cells [5].

Several studies have reported that triazole fungicides negatively affect the reproduc-
tive system. Prochloraz and TEB are azole fungicides and share common characteristics,
including the extension of gestational length in dams, virilization of female pups, and
alterations in steroid hormone levels in fetuses and/or dams [6-8]. In utero exposure of
pregnant rats to 50-100 mg/kg TEB is associated with reproductive developmental effects
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in their offspring. Specifically, critical enzymes associated with steroid hormone synthesis
have shown disrupted activity rat offspring [6].

In bovine studies, TEB affected the physiological functions of testicular cells and
epididymal spermatozoa. Although TEB did not affect spermatozoa motility and plasma
membrane integrity, spermiotoxicity was observed when spermatozoa were treated with
1-100 pM TEB for 6 h [9]. Treatment of bovine luteal cells with 100 uM TEB for 5 days
resulted in a 65% decrease in progesterone levels. Therefore, TEB negatively impacts both
male testicular cells and female luteal steroidogenic cells [10].

In addition to its effects on mammals, TEB induces accelerated metamorphosis at
low concentrations (0.001 mg/L), accompanied by increased mortality and significant
differences in the larval weight of Rhinella arenarum [11]. Additionally, parental exposure to
TEB induces thyroid endocrine disruption in both the Fy and F; generations and leads to
defects in neuronal and cardiovascular development in the offspring of zebrafish. TEB also
causes an imbalance in steroid synthesis with reduced expression of cyp194, consistent with
decreased levels of E2 protein [12,13].

A recent study showed that pubertal and gestational exposure to TEB affects the
development of rat testes, with effects limited to Leydig cells [14,15]. During the pubertal
stage, rats were exposed to 25-100 mg/kg-day TEB for 21 days. The results showed
that the levels of serum testosterone increased and those of estradiol decreased without
affecting the levels of serum luteinizing hormone and follicle-stimulating hormone. In
addition, the expression levels of Cyp11al, Hsd11b1, and Fshr, which are related to Leydig
cell development, were up-regulated in the testes but did not stimulate the proliferation of
Leydig cells [14].

Another study on the effects of gestational exposure to TEB on the development of fetal
Leydig cells (FLCs) in rats revealed that the number of FLCs and levels of testosterone were
increased after TEB exposure. TEB also up-regulated AKT1/mTOR/ERK1/2 signaling,
which led to reduced autophagy. However, these studies focused only on the development
of FLCs and the results do not reflect the overall effects of TEB exposure on fetal testes [15].
In the current study, we examined the damage to germ cells and FLC development caused
by exposure to TEB and the underlying mechanisms.

The biological action of TEB in vitro may slightly differ from that in vivo, as the
endocrine system is a complex network of glands and organs that is difficult to replicate
in vitro. Nevertheless, in vitro systems have various advantages, such as reduced ethical
considerations and an easily controlled environment that allows for more precise analysis
of the effects of specific conditions or treatments on the organ of interest. In addition,
in vitro systems enable the study of complex cell—cell and cell-matrix interactions in a
three-dimensional context. Particularly, experiments involving TEB can inflict pain on the
animal under study; in vitro systems can greatly reduce the use of laboratory animals to
assess reproductive toxicity.

In the present study, we investigated the effects of TEB on murine fetal testes using
in vitro organ culture models. Specifically, we tested the effects of TEB on different testicular
cell types, such as germ cells, Sertoli cells, and Leydig cells, to identify the mechanisms
underlying cellular damage.

2. Results
2.1. TEB Induced Germ Cell Damage in Fetal Testes

To assess the impact of TEB on fetal testes development, 15.5 days post-coitum (dpc)
fetal testes were cultured in vitro for 5 days and the histological alterations were examined.
Histological differences between the control and TEB-treated groups were observed at the
end of the culture. Numerous germ cells were present in the inner basement membrane of
the seminiferous tubules in the control group, whereas fewer cells were observed in the
TEB-treated group. For the precise definition of these histological changes, immunostaining
was performed to detect the germ cell marker DEAD-box helicase 4 (DDX4) (Figure 1A).
DDX4-positive cells were abundant in the control group but were relatively scarce (fewer
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BY 50%) in the TEB-treated group (Figure 1B). The gene expression of the germ cell markers
Ddx4, Oct4, and Dazl and the Sertoli cell markers Sox9 and Amh was examined in fetal testes
exposed to TEB. The results demonstrated significant differences in germ cell markers
between the control and TEB-exposed samples (p < 0.009). In contrast, Sertoli cell markers
did not significantly differ between the two groups (p > 0.314).
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Figure 1. Effects of tebuconazole (TEB) on germ cells of fetal testes. (A) Hematoxylin and eosin
staining for histological evaluation and TEB-exposed fetal testes subjected to immunostaining with
anti-DDX4, a germ cell marker antibody. Germ cells showed red fluorescence (arrowhead). Scale
bar = 200 pm. (B) Quantification of DDX4-positive cells. Data are shown as the mean + standard
error of the mean. (C) Quantitative real-time PCR (qPCR) detection of the gene expression of germ
cell markers (Ddx4, Oct4, and Dazl) and Sertoli cell markers (Sox9 and Amh) in the fetal testes. Data
are presented as the mean =+ standard error of the mean (1 = 5) on a log, scale. ** p < 0.01, compared
with the control. (D) Protein expression of DDX4 and SOX9 in fetal testes cultured in the absence and
presence of TEB (50 uM). Data are presented as the mean =+ standard error of the mean (n = 3), with
the relative quantification of protein expression. 3-actin served as the loading control. ** p < 0.01,
compared with the control.

In agreement with the immunostaining results, the expression of germ cell markers
was significantly decreased following TEB treatment. In contrast, the expression of Sertoli
cell markers was not significantly different between the control and TEB-treated groups
(Figure 1C). The protein expression of DDX4 and SOX9, measured using immunoblotting,
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revealed that DDX4 levels were significantly reduced (p = 0.009), whereas SOX9 levels were
not reduced in TEB-exposed fetal testes (p = 0.306) (Figure 1D).

2.2. Effects of TEB on Leydig Cell Development in Fetal Testes

Two distinct types of Leydig cells are present during testes development: FLCs and
adult Leydig cells (ALCs). FLCs are initially present in the embryonic testes until birth;
however, their numbers rapidly decrease shortly afterward. In contrast, the number of
ALCs increases during puberty [16]. We investigated the effect of TEB on the development
of FLCs. Cyp1lal, a standard FLC marker, was detected using immunostaining, which
revealed that Cyp11lal-positive cells were more abundant in the TEB-exposed fetal testes
than in the control (Figure 2A). Gene expression of the ALC markers Sultlel, Ptgds, and
Veam and the FLC marker Cyp11al was analyzed using quantitative real-time PCR (qPCR).
The results showed that the expression of Cyp11al increased, whereas that of the ALC mark-
ers decreased in TEB-exposed fetal testes compared with that in the control (Figure 2B).
Cypllal protein expression significantly increased with TEB treatment, whereas the ex-
pression of 33-HSD, detected in both FLCs and ALCs, did not significantly differ between
TEB-exposed fetal testes and control (Figure 2C). Therefore, TEB impeded the normal
development of FLCs.
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Figure 2. Expression of fetal (FLC) and adult Leydig cell (ALC) markers in a developing fetal testis.
(A) Co-immunostaining of CYP11A1 (red, arrowhead), an FLC marker (green), and NR2F2, an
interstitial marker, in fetal testes cultured in the absence and presence of TEB. The framed area shows
a 1.5 x magnification of the original image. Scale bar = 200 um. (B) Gene expression of FLC marker
Cyp1lal and ALC markers Sultlel, Ptgds, and Vcam in TEB-treated fetal testes is presented as the
mean =+ standard error of the mean (1 = 5) on a log) scale. (C) Protein expression of CYP11A1 in
TEB-treated fetal testes. The relative protein expression levels are shown as the mean + standard
error of the mean (n = 3). Significant differences between untreated and TEB-treated groups are
indicated by asterisks (1 = 4 and * p < 0.05 and ** p < 0.01 compared with the control).

2.3. TEB-Induced Oxidative Stress in Fetal Testes

Next, we investigated the mechanism of fetal testicular damage upon TEB exposure.
The expression of oxidative-stress-related genes was assayed in cultured fetal testes follow-
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ing TEB treatment. Expression of Ho-1, Nqol, Sod1, Sod2, Cat, and Gpx was significantly
higher in TEB-exposed fetal testes than in the controls (Figure 3A). Similarly, the protein lev-
els of NRF2 and HO-1 were higher in TEB-treated fetal testes than in the control (Figure 3B).
Additionally, ROS production determined using dihydroethidium (DHE) staining was
significantly higher in TEB-exposed fetal testes compared with that in controls (Figure 3C).
DHE-positive cells were present in the seminiferous tubules of the fetal testes (Figure 3C).
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Figure 3. Expression of oxidative-stress-related genes and proteins. (A) Gene expression of Ho-1,
Ngol, Sod1, Sod2, Cat, and Gpx in TEB-treated and control groups. The relative gene expression is
presented as the mean =+ standard error of the mean (1 = 4) on a logy scale. ** p < 0.01 compared with
the control. (B) NRF2 and HO-1 protein expression in each experimental group. Protein expression
levels relative to that of -actin are presented as the mean =+ standard error of the mean (n = 4).
(C) Immunofluorescence images of fetal testes evaluated using dihydroethidium (DHE) staining in
each experimental group. DHE fluorescence (arrowhead) is presented as the mean gray value of DHE
intensity obtained from 300 cells. The framed area shows a 1.5x magnification of the original image.
The data are shown as the mean =+ standard error of the mean (1 = 5). Scale bar = 50 pm. ** p < 0.01
compared with controls.
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2.4. N-Acetylcysteine Protects against TEB-Induced Testicular Damage

Based on the results shown in Figure 3, we found that the testicular damage caused
by TEB involved ROS. Therefore, we investigated whether N-acetylcysteine (NAC), an
antioxidant, could prevent the damage to fetal testes caused by TEB treatment. The results
of immunostaining showed that the number of DDX4-positive germ cells was reduced in
the group treated with TEB alone but not in the group treated with both TEB and NAC.
Therefore, NAC prevented the germ cell damage caused by TEB. To verify this result,
the gene expression of germ cell markers, such as Ddx4, Oct4, and Dazl, was evaluated.
Expression of these genes was significantly decreased in the TEB-treated group but not in
the NAC+TEB-treated group (Figure 4C). The protein expression of DDX4 was reduced in
the TEB-treated group, whereas the expression was similar in the NAC+TEB-treated and
control groups (Figure 4D).
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Figure 4. N-acetylcysteine (NAC) prevents germ cell damage caused by TEB treatment. (A) His-
tological analysis and immunostaining of DDX4 in fetal testes in each experimental group (Ctrl,
TEB, NAC, and TEB+NAC). Arrowheads indicate DDX4-positive cells. DAPI-stained nucleus. Scale
bar =50 um. (B) Quantification of DDX4-positive cells. Data are shown as the mean + standard
error of the mean. (C) Gene expression of Ddx4, Oct4, and Dazl in each group determined using
qPCR. Data are presented as the mean + standard error of the mean (1 = 5). (D) Protein expression of
DDX4 in each group. The level of DDX4 protein expression relative to that of 3-actin is shown as the
mean =+ standard error of the mean (1 = 3). * p < 0.05 and ** p < 0.01 compared with the control.

Our results indicated that TEB prevented Leydig cell development in the fetal testes.
Based on this finding, we investigated whether NAC treatment could prevent the inhibition
of the normal development of Leydig cells caused by TEB in the fetal testes. Immunos-
taining with Cyp11al, an FLC marker, showed that Cyp11al-positive FLCs were abundant
in the TEB-treated group but not in the TEB+NAC-treated group (Figure 5A). Similar
to the staining result, the protein expression of Cypllal was significantly increased in
TEB-treated samples but not in NAC+TEB-treated samples (Figure 5B). To support the
protein expression data, the gene expression of FLC and ALC markers was evaluated.
The expression of Cypllal was similar to that in the control group and the expression
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of the ALC markers Sultlel, Ptgds, and Vcam was up-regulated in the co-treated groups
(Figure 5C).
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Figure 5. Effect of NAC on FLC development in TEB-exposed fetal testes. (A) Immunostaining of the
FLC marker CYP11A1 in fetal testes in each experimental group (Ctrl, TEB, NAC, and TEB+NAC).
Arrowhead indicates a cluster of FLCs. DAPI-stained nucleus. Scale bar = 200 um. (B) CYP11A1
protein expression in each group detected using immunoblotting. The relative protein expression is
presented as the mean =+ standard error of the mean (2 = 3). (C) The relative gene expression of Sultlel,
Ptgds, Vecam, and Cyp11al determined using qPCR. Data are presented as the mean =+ standard error
of the mean (1 = 5). ** p < 0.01 compared with the control.

2.5. NAC Prevents the Increase in Oxidative Stress Caused by TEB in Fetal Testes

Based on our results, the expression of the ROS-production-related genes Ho-1 and
Ngol, which are up-regulated by oxidative stress, was evaluated in each experimental group.
Similar to previous results, the TEB-treated group showed increased expression of Ho-1
and Ngol compared with that in the control group, whereas the NAC+TEB-treated group
showed decreased expression compared with that in the TEB-treated group (Figure 6A).
The protein expression of both NRF2 and HO-1 was higher the TEB-treated group than
in the control group and similar in the control and TEB+NAC groups (Figure 6B). DHE
staining of the fetal testes showed that the DHE-positive cell population was significantly
high in the TEB-treated group but not in the other groups. These results indicate that
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ROS production was suppressed by NAC in the seminiferous tubules of the fetal testes
(Figure 6C).
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Figure 6. Effect of NAC on TEB-induced reactive oxygen species (ROS) in fetal testes. (A) Gene
expression of Ho-1 and Ngol in fetal testes in each experimental group. The data are presented as
the mean =+ standard error of the mean (n = 4). (B) Protein expression of NRF2 and HO-1 relative
to that of 3-actin in each sample, presented as the mean + standard error of the mean (n = 3).
(C) Dihydroethidium (DHE)-positive cells (arrowhead) in the testes. Mean fluorescence intensity of
ROS in each sample. The framed area shows a 1.5x magnification of the original image. Data are
shown as the mean =+ standard deviation (1 = 3). ** p < 0.01 compared with the control.

3. Discussion

TEB is effective against a wide range of fungal diseases that affect a variety of crops,
such as cereals, fruits, and vegetables. It helps prevent yield losses and maintains crop
quality by controlling fungal pathogens [17]. However, TEB is associated with risks such
as human health concerns, residue accumulation in various organisms, and ecological
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impacts [3,4]. We focused on the toxic effects of TEB during the early stages of testes
development and found that the number of germ cells was significantly reduced in TEB-
exposed fetal testes. In support of our findings, a previous study showed that gestational
exposure to TEB affects the development of rat FLCs; however, the effects on germ cells
in the testes were not evaluated [15]. TEB exposure for 10 days starting on day 12 of
pregnancy led to increased levels of fetal serum testosterone and progesterone and an
increased number of FLCs per testis without the induction of cell aggregation. In addition,
TEB up-regulated the expression of steroidogenesis-related genes, such as Star, Cyp11al, and
Hsd17b3, in the fetal testes. In primary Leydig cells derived from fetal testes at gestation day
21, TEB treatment resulted in an increased phosphorylation of AKT1, ERK1/2, and mTOR
and decreased the levels of Beclinl, LC3A /B, and BAX, which are related to autophagy and
proliferation [5]. Similarly, we showed that Cypl1al-positive FLCs were more abundant
in TEB-treated than in untreated fetal testes. In contrast, the expression of ALC markers,
including Sultlel, Ptgds, and Vcam, was significantly decreased in the TEB-treated group
compared with that in the control group. Exposure to TEB resulted in observable damage
to germ cells and an imbalance in FLC development. However, TEB exposure did not affect
fetal Sertoli cells in the testes, as the expression of Sox9 and Amh did not differ from that in
the non-exposed group. Similarly, Ma et al. reported that Sox9 expression in fetal testes did
not change after exposure to TEB [15]. TEB is an endocrine-disrupting chemical; therefore,
most studies have focused on Leydig cells, which are involved in hormone synthesis.
Another research group investigated the effects of TEB in testes until the pubertal stage of
rats and showed an increase in testosterone production via inhibition of aromatase activity
after TEB administration. Interestingly, in the pubertal stage, TEB did not affect the number
of Cyp11A1-positive Leydig cells, which differs from the results of our study [14]. During
FLC development, their numbers rapidly decline after birth. These cells are expected to
undergo either apoptosis or degeneration and are eventually replaced by newly formed
ALCs in the postnatal testes [18,19]. Therefore, we conducted an expression analysis to
distinguish between FLC and ALC markers in TEB-exposed fetal testes. These markers
were confirmed based on our previous study, in which we screened for changes in their
gene expression from 15.5-19.5 dpc during fetal testes development [20].

A reduction in DDX4-positive germ cell numbers following TEB exposure may result
from the direct effects of TEB or indirectly by causing abnormalities in FLC development.
Although toxicity studies have not been performed using early-stage germ cells following
TEB exposure, a study reported that TEB accumulated in the gonads and that cumulative
egg production was clearly reduced in TEB-exposed zebrafish [21]. In the present study,
we observed a decrease in the number of early-stage germ cells following TEB exposure.

The molecular mechanisms underlying the effects of TEB exposure within cells and
tissues are under active research. Othmene et al. found that in human colorectal carcinoma
cells (HCT 116), TEB triggered mitochondria-mediated apoptosis via the ER stress pathway
and induced ROS generation [5]. In one of our previous studies, using a bovine mammary
epithelial cell line (MAC-T cell), we showed that TEB induced ER-stress-mediated cell death
via up-regulation of Bip/GRP78, PDI, ATF4, CHOP, and ERO1-L« [22]. In addition, Li et al.
described that TEB exerted hepatotoxic effects in adult and larval zebrafish by inducing
oxidative stress. The activities of total superoxide dismutase (T-SOD), catalase, peroxidase,
and glutathione S-transferase (GST) were significantly increased in the livers of male
and female zebrafish [23]. Another study demonstrated the cytotoxic and inflammatory
effects of TEB and econazole in TM4 cells, which are murine Sertoli cells. They showed an
increase in ROS production, decrease in SOD and GST activity, and increase in oxidized
glutathione levels. In addition, COX-2 expression was induced and TNF-« production was
increased [24]. Based on these studies, we also investigated testicular damage via ROS
in fetal testes following TEB exposure. We found that the expression of Ho-1, Ngo1, Sod1,
Sod2, catalase, and Gpx was up-regulated in TEB-exposed fetal testes compared with that in
the control testes. Nrf2/HO-1 signaling is a primary regulatory pathway for intracellular
defense against oxidative stress. Nrf2, under the regulation of Keapl, manages oxidative
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stress. Under normal conditions, Nrf2 is inactive in the cytoplasm and bound to Keapl.
Upon oxidative stress, Nrf2 is activated and translocated to the nucleus, where it stimulates
the transcription of cytoprotective genes via the antioxidant response element. This gene
expression enhances cellular defenses against oxidative stress and foreign substrates [25,26].
Chen et al. investigated the protection conferred by the Nrf2-Keapl pathway against the
detrimental effects of oxidative stress upon treatment with deltamethrin (DM), a stress
inducer and type of pesticide. They showed that DM promoted the up-regulation of
Nrf2 expression and nucleation via oxidative stress in Drosophila Kc cells, similar to the
results of our study [27]. Nrf2-mediated transcriptional processes initiate the regulation of
downstream gene expression, activating a cascade of antioxidant enzymes including HO-1,
NQO1, SOD, and glutathione peroxidase. This cascade works to eliminate ROS and other
harmful substances, promoting antioxidative stress, anti-inflammatory, anti-apoptotic, and
other cytoprotective mechanisms [28,29]. In the present study, we observed that various
factors related to ROS production were increased in TEB-exposed fetal testes. The fetal
testes were co-treated with an antioxidant NAC to verify these findings. The number of
DDX4-positive cells in the testes was similar between the co-treated and untreated groups.
Additionally, there was a decrease in the number of Cyp11al-positive FLCs, which were
increased after TEB exposure. Moreover, the expression levels of Ho-1 and Ngol in the
NAC+TEB-treated group were similar to those in the control group, whereas they were
increased in the TEB-treated group.

Interestingly, DHE-positive cells were detected in the seminiferous tubules of the fetal
testes, indicating that ROS production occurs in the germ cells. Although ROS-mediated
cellular damage occurs in germ cells present in the seminiferous tubules, Leydig cell devel-
opment was normal in the testes after NAC treatment. Another study revealed the presence
of germ-cell-derived signals that indirectly or directly affect other testicular cells, including
Sertoli and Leydig cells. The absence of germ cells leads to the up-regulation of numerous
genes in both Sertoli and Leydig cells, suggesting that germ cells play crucial roles in the
structure and function of the mouse testes. Furthermore, testes lacking germ cells may ex-
hibit fluctuations in hormone production, particularly during fetal development. Excessive
testosterone production can affect the masculinization of various tissues [30,31]. Various
events that occur in germ cells likely influence the normal development of Leydig cells.

Regarding TEB accumulation in body, several studies have reported the detection of
TEB residues in the urine of both children and adults, with median levels between 15.6
and 27.6 ug/L (50.8-90 nM); 143.1 ng/g TEB was detected in the hair of an agricultural
worker [32-34]. Approximately 200-1600 ug/kg TEB has been observed in vegetables and
soil [35,36]. Although the concentration of TEB used in this study was higher than that used
in previous studies, cellular damage following TEB exposure is thought to vary widely
depending on the exposure time and environment.

Taken together, developmental disorders in FLCs and decreased germ cell numbers in
the fetal testes may be attributed to the physiological changes induced by oxidative stress.

4. Materials and Methods
4.1. Organ and Cell Cultures

Pregnant CD-1 female mice at 10.5 dpc were acquired from Dae Han Bio Link Co.
(Daejeon, Republic of Korea) and underwent an additional 4 days of breeding in cages
to obtain fetal testes cultures. The mice were maintained under a 12 h photoperiod at an
ambient temperature range of 20-25 °C. All experimental procedures were approved by
the Institutional Animal Care and Use Committee of Sangji University (Registration No.
2023-10). Pregnant mice were euthanized at 15.5 dpc, and 250 mg/kg of avertin was used
to harvest the testes from male fetuses. Organ cultures of the fetal testes were performed as
described previously [20]. Briefly, decapsulated fetal testes were positioned on Millicell
inserts (Millipore, Etobicoke, ON, Canada) and cultured in medium (DMEM/F-12, 15 mM
HEPES, and 1 X gentamicin and amphotericin B; Invitrogen, Carlsbad, CA, USA) with
or without TEB (50 uM). The cultures were incubated at 34 °C under 5% CO,, with daily
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medium changes over a 5-day period. TEB and NAC were dissolved in dimethyl sulfoxide
and diluted in the culture medium to achieve final concentrations of 50 uM TEB and
5mM NAC. The final concentrations were determined based on previous studies and
Figure S1 [37-39].

4.2. Histological Analysis and Immunostaining

The cultured testicular samples were fixed in 4% paraformaldehyde for 2 h, followed
by gradual dehydration, paraffin embedding, and microtome sectioning (5 pm thick sec-
tions) using a Leica Biosystems microtome (Nussloch, Germany). The sections were stained
with hematoxylin and eosin. Five distinct testicular areas were examined by a blinded anal-
ysis using a microscope. Immunostaining was performed as previously described [20] and
the stained samples were observed under a light microscope (Olympus IX73, Shinjuku-ku,
Tokyo, Japan). Protein expression was quantified in at least four samples from each exper-
imental group. For each sample, testicular cross sections with a minimum of 40 tubules
were scored for analysis. Detailed information regarding the primary antibodies used in
this study is provided in Table 1.

Table 1. Antibodies used for immunostaining.

Antibody Company Catalog Number Dilution
Abcam
DDX4 (Waltham, MA, USA) ab13840 1:300
NR2F2 Abcam ab41859 1:300

Cell Signaling Technology

CYP11A1 (Danvers, MA, USA)

#14217 1:200

4.3. Western Blotting

Proteins for Western blot analysis were extracted using RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, USA) containing a protease inhibitor cocktail (Roche, Mannheim,
Germany). The extracted proteins (each 30 pg) were loaded onto 4-20% acrylamide gels
(Bio-Rad, Hercules, CA, USA) and transferred to a polyvinylidene fluoride (PVDF) mem-
brane. The PVDF membrane was then incubated for 16 h at 4 °C with a primary antibody.
Table 1 depicts the details regarding the primary antibodies used in this study. The PVDF
membrane was exposed to a secondary antibody for 1 h at 24 °C. Protein bands were visual-
ized using a West Pico chemiluminescent substrate (Thermo Fisher Scientific, Rockford, IL,
USA), and the blot images were captured on an iBright™ Imaging System (Thermo Fisher
Scientific). The anti-p-actin antibody served as a control for normalizing the expression of
the protein of interest. Table 2 shows the antibodies used for immunoblotting.

Table 2. Antibodies used for immunoblotting.

Antibody Company Catalog Number Dilution
DDX4 Abcam ab13840 1:1000
SOX9 Abcam ab185230 1:1000
NRF2 Sam?Dimzs BTlg’(tegggogy 5365949 1:100
HO-1 Santa Cruz Biotechnology sc136960 1:1000

CYP11A1 Cell Signaling Technology #14217 1:1000

3p3-HSD Santa Cruz Biotechnology sc30820 1:1000
ACTB Santa Cruz Biotechnology ab13840 1:1000

4.4. qPCR Analysis

RNA was extracted using an RNeasy Mini Kit with on-column DNase treatment
(Qiagen, Hilden, Germany). cDNA was generated using reverse transcription with the Re-
vertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qPCR was performed
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on a QuantStudio 1 instrument (Applied Biosystems, Foster City, CA, USA) using a SYBR
mixture (Thermo Fisher Scientific). The reaction conditions and data analyses were in accor-
dance with our previous studies [20,40]. Quantification was performed by normalizing to
endogenous GAPDH levels. The data are presented on a logy scale. The primers used in the
experiments, including those designed using Primer3 software (http://frodo.wi.mit.edu
accessed on 3 June 2021), are listed in Table 3.

Table 3. Primers used for reverse transcription—polymerase chain reaction using mouse cDNA.

Gene Forward Primer Reverse Primer
Dazl 5-GTCGAAGGGCTATGGATTTG-3/ 5-ACGTGGCTGCACATGATAAG-3
Ddx4 5-CCGCATGGCTAGAAGAGATT-3/ 5-TTCCTCGTGTCAACAGATGC-3’
Oct4 5-TGAGGCTACAGGACACCTTTC-3’ 5-GTGCCAAAGTGGGGACCT-3/
Sox9 5-AGTACCCGCATCTGCACAAC-3 5-TACTTGTAATCGGGGTGGTCT-3
Amh 5-GGGCCTCATCTTAACCCTTC-3’ 5-AGTCATCCGCGTGAAACAG-3’
Cypllal 5-GACAATGGTTGGCTAAACCTG-3/ 5-GGGTCCACGATGTAAACTGAC-3'
Sultlel 5-AAAGGGAATTATAGGAGACTGGA-3’ 5 -TGCTGCTTGTAGTGCTCATCAA-3’
Ptgds 5-GCTCTGAGCAAATGGCTGC-3' 5-GGGAATCCCAAGAGACCCAG-3’
Veaml 5-TGCCGAGCTAAATTACACATTG-3’ 5 -CCTTGTGGAGGGATGTACAGA-3
Gapdh 5 -GTCGGTGTGAACGGATTTG-3' 5 -CTTGCCGTGGGTAGAGTCAT-3’

4.5. DHE Fluorescence Staining

The ROS levels in fetal testes were determined using DHE (red) fluorescence, as
previously described [41]. Briefly, after deparaffinization, the testis sections were incubated
with a 10 uM DHE solution for 60 min at 37 °C. Stained sections were washed with water
and visualized under an Olympus IX73 microscope.

4.6. Statistical Analysis

The data are presented as the mean =+ standard error of the mean, based on a minimum
of three independent experiments, each conducted with triplicate samples. Differences in
the means were calculated using one-way analysis of variance, followed by Tukey’s post-
hoc test. Statistical analyses were performed using the SPSS statistical package (version
15.0) for Windows (IBM, Somers, NY, USA). Significant differences between groups are
indicated by one asterisk (*) for p < 0.05 and two asterisks (**) for p < 0.01.

5. Conclusions

We investigated the molecular mechanisms underlying TEB toxicity in fetal testes
cultures in vitro. TEB significantly reduced the number of germ cells and expression levels
of their marker genes; however, the expression of Sertoli cell marker genes remained
unchanged. In addition, although FLCs were abundant, the expression of ALC marker
genes was down-regulated in TEB-treated fetal testes. Moreover, damage to fetal testes
by TEB was suppressed by antioxidant treatment. We focused on the cell types present in
the fetal testes (germ cells, FLCs, and ALCs). Further experiments are required to evaluate
other cell types to clarify the mechanisms underlying TEB cytotoxicity. Our study is the
first to evaluate the germ cells damage caused by TEB and its underlying mechanism.
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Abbreviations

TEB Tebuconazole

OCT4 Octamer-binding transcription factor 4

NAC N-Acetylcysteine

IRS1 Insulin receptor substrate 1

AKT AKT Serine/threonine kinase

PPARy Peroxisome proliferator-activated receptor gamma
RXRax Retinoid X receptor

ER Endoplasmic reticulum

E2 Estradiol

Cypllal Cytochrome P450 family 11 subfamily A member 1
Hsd11bl  Hydroxysteroid 11-beta dehydrogenase 1

Fshr Follicle stimulating hormone receptor

mTOR Mammalian target of rapamycin

ERK1/2  Extracellular signal-regulated protein kinases 1 and 2
DDX4 DEAD-box helicase 4

3BHDS 33-Hydroxysteroid dehydrogenase/A5-4 isomerase
SOX9 SRY-box transcription factor 9

Dazl Deleted in azoospermia like

Amh Anti-Miillerian hormone

ALCs Adult Leydig cells

FLCs Fetal Leydig cells

Sultlel Sulfotransferase 1E1
Ptgds, Prostaglandin D, synthase

Vcam, Vascular cell adhesion molecule 1

Ho-1 Heme oxygenase 1

SOD Superoxide dismutase

Gpx Glutathione peroxidase

NRF2 Nuclear factor erythroid 2-related factor 2
DHE Dihydroethidium

LC3A/B  Microtubule-associated protein 1 light chain 3 alpha/beta
BAX BCL2-associated X, apoptosis regulator
GRP78 Glucose-regulated protein 78

PDI Protein disulfide isomerase

ATF4 Activating transcription factor 4

CHOP C/EBP homologous protein 10
ERO1-La  Endoplasmic reticulum oxidoreductase 1 alpha

GST Glutathione S-transferase
COX-2 Cyclooxygenase 2
Keapl1 Kelch-like ECH-associated protein 1

NQO1 NAD(P)H dehydrogenase 1
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