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Abstract

Aluminum chloride is an inorganic polymeric coagulant commonly found in daily life and various materials. Although
male reproductive toxicity has been associated with AICl; exposure, the underlying mechanism remains unclear. This study
aimed to examine the impact of AlICl; exposure on mitophagy and mitochondrial apoptosis in testicular tissue and mouse
spermatocytes. Reactive oxygen species (ROS) and ATP levels were measured in GC-2spd after AICl; exposure using a
multifunctional enzyme labeler. The changes in mitochondrial membrane potential (MMP) and TUNEL were observed
through confocal laser microscopy, and the expression of proteins associated with mitophagy and apoptosis was analyzed
using Western blot. Our results demonstrated that AICl; exposure disrupted mitophagy and increased apoptosis-related pro-
tein expression in testicular tissues. In the in vitro experiments, AICl; exposure induced ROS production, suppressed cell
viability and ATP production, and caused a decrease in MMP, leading to mitophagy and cell apoptosis in GC-2spd cells.
Intervention with N-acetylcysteine (NAC) reduced ROS production and partially restored mitochondrial function, thereby
reversing the resulting mitophagy and cell apoptosis. Our findings provide evidence that ROS-mediated mitophagy and cell
apoptosis play a crucial role in the toxicity of AICl; exposure in GC-2spd. These results contribute to the understanding of
male reproductive toxicity caused by AlCl; exposure and offer a foundation for future research in this area.
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Introduction

According to reports, there is a global increase in infertility
cases, with half of them being attributed to male factors.
Male infertility can be caused by various factors including
genetic and environmental factors [1, 2]. Aluminum (Al),
consisting of 8.8% of the earth’s crust [3, 4], is the most
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abundant metal element. According to the World Health
Organization, too much aluminum can harm human health.
However, AICl, is prevalent in daily life, present in food
additives, raw materials for processing, pharmaceuticals,
and cosmetics [5, 6]. Consequently, humans can come into
contact with and consume AlCl;-containing items and foods.
AICl; contamination poses a significant threat to human and
animal health. Recent studies have repeatedly reported the
toxicity of AlCl; to cells, demonstrating its ability to damage
neuronal cells through various pathways, including ROS-
mediated mitophagy, DDX3X-NLRP3, and others [7, 8].
Moreover, AICl; has been shown to induce intestinal disor-
ders via biochemical and immune pathways [9]. As research
has advanced, the detrimental effects of AICI; on the repro-
ductive system have also emerged. Excessive AICl; intake
has been documented to impact the male mammalian repro-
ductive system [10]. Our research group has previously dis-
covered that exposure to AlCl; can cause proteomic changes
in the testicles of rats, resulting in testicular injury and toxic-
ity. Additionally, we found that AICl; exposure induces the
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production of ROS and transcriptomic changes in mouse
spermatocytes, leading to toxicity in these cells [11, 12].
Furthermore, Studies have shown that aluminum can also
induce the production of ROS, which can in turn lead to an
increase in immobile and malformed sperm, thereby affect-
ing male sperm motility [13]. Additionally, some scholars
have demonstrated the accumulation of Al in germ cells and
associated mitochondrial damage by injecting an AlCl; solu-
tion into mice [14].

Oxidative stress is a significant cellular and in vivo
pathogenesis resulting from the excessive production of
ROS within cells or organisms. Mitochondria, as the pri-
mary organelles responsible for ROS production and being
targeted, play a crucial role in this process [15, 16]. Current
research suggests that Al-induced cellular toxicity is caused
by enhanced production of ROS in the mitochondria due to
extrinsic stimuli, resulting in oxidative stress and eventual
mitochondrial damage [17]. In response to mitochondrial
damage, a selective process of eliminating damaged mito-
chondria known as mitophagy is activated. A previous study
has highlighted that exposure to the heavy metal Cr(VI)
impairs mitochondrial function in chicken kidneys, trigger-
ing mitophagy [18]. Notably, mitophagy are vital for main-
taining spermatogenic cell homeostasis and maturation [19].
When mitochondria are damaged, the outer mitochondrial
membrane protein PINK1 recruits Parkin, leading to mito-
chondrial phosphorylation and subsequent LC3-mediated
engulfment of damaged mitochondria [20, 21]. Addition-
ally, p62 recognizes phosphorylated polyubiquitin chains
on mitochondrial proteins and promotes autophagosome
formation by binding to LC3. Furthermore, PINK1 phos-
phorylates ubiquitin molecules, resulting in the formation
of a polyubiquitin chain receptor protein on the surface of
damaged mitochondria [22]. AICl; exposure can also induce
mitochondrial apoptosis. The mitochondrial pathway plays
a crucial role in apoptosis. When the permeability of the
mitochondrial membrane increases, Cytochrome C (Cyt-
C) is released, altering the ratio of Bax/Bcl2. Cyt-C then
binds to apoptotic protease activator 1 (Apaf-1) to form a
regulatory death complex, which subsequently activates
caspased-9. The activation of caspased-9, along with the
activation of effector caspases such as caspased-3, leads to
cell apoptosis [23, 24]. NAC is a powerful antioxidant and
an effective chelator of heavy metals. Research has indicated
that NAC has the ability to decrease ROS levels and reverse
cell apoptosis and mitophagy. NAC treatment has shown
promising results in alleviating testicular injury caused by
metal exposure [25-27]. However, the specific mechanism
by which NAC reverses mitophagy and apoptosis to amelio-
rate germ cell toxicity induced by AICl; exposure has been
rarely investigated.

AICl, is extensively utilized in numerous industries,
resulting in a rise in human exposure to this metal. This

study aimed to investigate the mechanism of mitophagy and
apoptosis in rat testicular tissue and in the GC-2spd model
exposed to AICl;. The study examined the impact of AlICl;
exposure on cell viability, intracellular ROS and ATP lev-
els, and mitochondrial membrane potential. Additionally, the
expression of mitophagy and apoptosis-related proteins was
analyzed to gain further insights into the toxic mechanism of
ROS-mediated mitophagy and apoptosis in male germ cells
induced by AICI; exposure. Moreover, it offers a theoretical
basis and new ideas for further research on the mechanisms
and preventive strategies against AlCl;-induced damage to
the male reproductive system.

Materials and Methods
Experimental Materials

The GC-2spd cell line was obtained from Chinese Acad-
emy of Sciences (SCSP-5055); aluminum trichloride hexa-
hydrate (AICl;-6H,0) was purchased from Shanghai Alad-
din Biochemical Technology Company (L1706080); ATP
assay kit (S0026), reactive oxygen species kit (S0033S),
mitochondrial membrane potential as say kit (C2006)
were purchased from China Biyuntian Biotechnology
Co., Ltd; TUNEL kit(E-CK-A322)was purchased from
Elabscience; BAX (60267-1-1g,1:5000), BCL-2 (2653-1-
AP,1:1000), Cleaved caspased-9 (66169-1-1g,1:1000),,
Cyt-¢ (66264-1-1g,1:1000), LC3B (14600-1-AP, 1:1000)
were purchased from Wuhan Sanying; Cleaved-caspased-9
(#9664,1:1000),P62 (#5114,1:1000), Parkin (#2132,1:1000)
were purchased from CST. Pink1 (PA5-18770,1:1000) were
purchased from Thermo Fisher. BAX, Cleaved-caspased-9,
Cyt-¢c were murine antibodies, BCL-2, LC3B, Pinkl,
Cleaved-caspased-3, Parkin, P62 were rabbit antibodies.

Animal Experiments and Grouping

Prior to the experiment, a total of 24 male Wistar rats weigh-
ing 180-200 g and aged 8 weeks were given one week to
acclimate. Following the experimental methods outlined
by Xu et al. [28], the rats were randomly assigned to four
groups (six rats per group), including a control group and
three groups exposed to different doses (64.18, 128.36, and
256.72 mg/kg) of AlCl,(This dose was based on the median
lethal dose of rats with a rat mortality rate of 5%, 10% and
20%). The room was set at 25 ‘C+2 “C with a 12-h light/dark
cycle for 16 weeks, which is roughly equivalent to two sper-
matogenic cycles of rats. At the end of the feeding period,
rats were sacrificed by spinal dislocation and testicular tissue
was obtained, A portion of the testicular tissue was fixed
in a 4% paraformaldehyde (PFA) solution for histopatho-
logical evaluation, while another part of the testicular tissue
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was frozen in liquid nitrogen and stored at -80°C for subse-
quent Western blot analysis. The remaining tissue was left
unchanged. Al-containing water for daily consumption of
rats was prepared by dissolving a predetermined amount of
AlCl; in drinking water and stored at ambient temperature
after shaking for a complete dissolution. The feeding diet
was standard rat feed [12]. Animal experiments in this study
received approval from the Laboratory Animal Care and Use
Ethics Committee of the You-jiang Medical University for
Nationalities.

Detection of Aluminum Content in Testicular Tissue
by ICP-AES Spectrometer

Testicular tissue was collected and placed into a container.
Then, 5.0 ml of nitric acid was added, and the mixture was
dried at low temperature. Next, 1.0 ml of perchloric acid
was added until white smoke appeared, resulting in a color-
less solution. A 10% (v/v) hydrochloric acid solution was
transferred into a 10 ml measuring bottle with a fixed vol-
ume. Three blank tests were conducted alongside the sample
treatment, and the aluminum content was determined using
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES) under the specified working conditions.

Cell Culture and Grouping

Exponentially growing cells were seeded in 6-well plates
and incubated until 75% confluency. The cells were then
treated with media containing different concentrations of
AlCl;, including O mM (control), 1 mM, 2 mM, and 4 mM.
The selection of cell culture cycle and cell aluminum con-
centration was determined according to the previous study
[11]. The dose of NAC was determined based on a previ-
ous study by Liu et al. [29]. The GC-2spd cells treatments
were divided into four groups: 0 mM AICI, (0 group), 5 mM
NAC (NAC group), 4 mM AICl; (AL group), and 4 mM
AlCl;+5 mM NAC (NAL group). These groups were cul-
tured until they reached 75% confluence and subjected to
subsequent experiments 24 h after treatment.

Intracellular ROS Detection

For intracellular ROS detection, 6-well plates were seeded
with 3x 10° cells per well and incubated at 37°C in a 5%
CO, incubator for 24 h. The cells were then treated with
the pre-prepared AlCl; and NAC solutions according to the
pre-defined groups mentioned earlier. After incubating for
24 h, the cells were collected and incubated in a diluted solu-
tion of 2',7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) for 20 min at 37 °C. The cells were gently inverted
every 3—5 min to promote interaction between the probe
and the cells. The cells were then washed three times using
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serum-free culture medium to remove any excess DCFH-DA
outside the cells [30]. Finally, the measurements were taken
using a (VICTOR NIVO 3F) multimode microplate reader.

Cell Viability Assay

Cell viability was assessed using the cell counting kit-8
(CCK-8) solution, a commonly used reagent for cell viability
assay. Cells were plated at a density of 5x 10° cells/well in
a 96-well plate and incubated at 37°C with 5% CO, for 24 h.
The cells were then treated with the pre-prepared AlCl; and
NAC solutions based on the pre-defined groups mentioned
earlier. After 24 h of incubation, CCK-8 solution (10 pL)
was added to each well and incubated at 37°C for 2 hours
[31]. The absorbance at 560 nm was measured using a mul-
timode microplate reader (VICTOR NIVO 3F).

Detection of Adenosine Triphosphate (ATP)
Production in Cells

Cell seeding plate and intervention methods were the same
as (Intracellular ROS detection).After 24 h, the medium
was aspirated and discarded. To fully lyse the cells, 200 pL
of lysis buffer was added to each well. The cells were har-
vested and centrifuged at 12,000 x g for 5 min to collect the
supernatant [32]. The relative light unit (RLU) value was
determined using a multimode microplate reader (VICTOR
NIVO 3F).

Assessment of Cellular Mitochondrial Membrane
Potential (MMP)

Cells were cultured following the procedures described in
the ROS detection method. The cells were then treated with
the pre-prepared AlCl; and NAC solutions based on the pre-
defined groups mentioned earlier. After 24 h of incubation,
the cells were washed once with PBS and incubated with
1 mL of JC-1 staining solution for 30 min in a 37°C incuba-
tor [33]. After two washes with JC-1 buffer, the cells were
cultured in a serum-free medium and imaged under a laser
scanning confocal microscope (Stellaris 5, Leica, Wetzlar,
Germany). The fluorescence intensity was analyzed using
ImageJ v 1.8.0.

Cell Apoptosis was Detected by TUNEL Assay

A total of 5% 10* cells were seeded in confocal dishes. The cells
were then treated with the pre-prepared AICl; and NAC solu-
tions according to the pre-defined groups mentioned earlier.
Cells were incubated for 24 h, rinsed with PBS twice, fixed
in 4% PFA for 20 min, then washed in PBS three more times
before being permeabilized for 10 min. Following three PBS
washes, the cells were treated with TdT equilibration buffer (100
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uL per dish) at 37°C for 30 min. The cells were washed three
times with PBS, and a fluorescent quenching agent, 4',6-diami-
dino-2-phenylindole (DAPI), was added [34]. Cell apoptosis
was imaged and analyzed using a laser confocal microscope
(Stellaris 5, Leica, Wetzlar, Germany) after 10 min incubation.

Western Blot Detection of Mitophagy and Cell
Apoptosis-Related Proteins

Rat testes were ground using a tissue grinder and mixed with
the appropriate proportion of protein lysis buffer. For cells
treated in the six-well plates described above, 200ul of protein
lysate was added to each well to extract total protein. The sam-
ples were subjected to gel electrophoresis (30 pg per well) and
then transferred to membranes. The membranes were blocked
with 5% skimmed milk powder for 2 h, followed by overnight
incubation with various primary antibodies. After washing the
membranes, a secondary antibody was added and incubated
at room temperature for 1 h before another round of washing.
Finally, the protein bands were visualized using an (Amersham
Imager 600) chemiluminescent imaging system and their gray-
scale values were analyzed using ImageJ v1.8.0.

Statistical Analysis

Data analysis was performed using SPSS 25. For compari-
son among multiple groups, one-way ANOVA was used.
Prior to analysis, normality test and homogeneity analysis
of variance were conducted. If the variance was homogene-
ous, the SNK-q test was used. In cases where the variance
was not uniform, the Games-Howell test was employed. The
test level was set at a=0.05. Graphpad Prism (version 9.0)
was utilized for plotting the data. Fluorescence intensity was
analyzed using Image Jv1.8.0.

Results

Aluminum Content in Rat Testicular Tissue
after Exposure to AlCl;

Results showed that aluminum deposition increased in tes-
ticular tissue with increasing AlCl; exposure concentration.
Moreover, there was a statistically significant difference
between the medium-dose group and the high-dose group
(P=0.0016, P<0.001) (Fig. 1).

Effect of AICI; Exposure on Mitophagy and Cell
Apoptosis in Rat Testicular Tissues

We investigated the impact of AICl; exposure on mitophagy in rat
testicular tissues through Western blot analysis. It was observed
that as the AICl; exposure concentration increased, all indexes
in the high-dose exposure group showed statistical significance

%k %k %k

. 150
- O
g £ T
= 100
5 2
0
£ .2
: hd
S & 504
E S T
2.0
<

9

0 T T

C L M H
AL**(mg/kg)

Fig. 1 Aluminum content in testis of each group (C: Control Group.
L: Low Dose AICl; Exposure Group. M: Medium Dose AlICl; Expo-
sure Group. H: High Dose AICl; Exposure Group. ** P<0.01, ***
P<0.001)

when compared to the control group. The expressions of PARKIN
(P<0.001), PINKI (P=0.018), and LCB (P=0.019) were upreg-
ulated, while the levels of autophagy substrate P62 (P=0.007)
were decreased. We also investigated the changes in apoptotic
protein levels in rat testicular tissue and observed that the expres-
sion of apoptotic proteins increased with higher concentrations
of AICI; exposure, as shown in Fig. 2A. In comparison to the
control group, the high-dose group exhibited upregulation
of apoptosis-related proteins BAX (P=0.023), Cleaved-cas-
pased-3 (P<0.001), cleaved-Casasded-9 (P=0.004), and Cyt-
¢ (P=0.041). Additionally, the anti-apoptotic protein BCL-2
(P=0.048) showed downregulation (Fig. 2A-J).

Effect of AICI; Exposure and NAC Intervention
on ROS Accumulation in GC-2spd Cells

After the intervention of GC-2spd with different concentra-
tions of AICl,, it was observed in Fig. 3A that the produc-
tion of ROS changed. The production of ROS was higher in
each AlCl;-exposed group compared to the control group,
and it increased with increasing AICl; concentration. The
highest ROS production was observed at 4 mM (P < 0.001).
NAC, an oxidative stress inhibitor, effectively suppressed
the production of ROS. In Fig. 4A, it was found that NAC
successfully inhibited the ROS production induced by AICl,
in spermatocytes, and the ROS production in the NAC group
was significantly lower than in the AICl; group (P=0.03).
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Fig.2 Western blot analysis of mitophagy and cell apoptosis-related
proteins in testicular tissues of rats exposed to different concentra-
tions of AICl;. A Western blots of the mitophagy and cell apopto-
sis-related proteins in testicular tissues of AlCl;-exposed rats. B—J
Quantitative analysis of protein levels of mitophagy and cell apop-

Effect of AICI; Exposure and NAC Intervention
on Proliferation and ATP Production in GC-2spd
Cells

We conducted an initial evaluation of the harmful effects of
AICl; on GC-2spd cells using CCK-8 assay, and discovered
that AICl; exposure led to a reduction in the viability of
GC-2spd cells (Fig. 3B). In comparison to the control group,
the viability of cells in the 1 mM, 2 mM, and 4 mM groups
decreased substantially (P=0.015, P=0.014, P <0.001),
and this reduction was attributed to the ability of AICl; to
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tosis-related proteins in testicular tissues of AlCl;-exposed rats. (C:
Control Group. L: Low Dose AICl; Exposure Group. M: Medium
Dose AICl; Exposure Group. H: High Dose AICl; Exposure Group. *
P<0.05, ¥* P<0.01, *** P<0.001)

hinder the proliferation of GC-2spd cells, in accordance
with the nature criteria. Additionally, the production of
ATP also decreased in a dose-dependent manner with the
most significant reduction observed at a concentration of
4 mM (P <0.001) (Fig. 3C). Following the intervention with
NAC, cell viability was restored and cell ATP production
was found to be increased compared to the AlCl; exposure
group. In Fig. 4B, it was observed that cell viability was
improved in the NAC group compared to the AlCl; group
(P=0.014), while Fig. 4C showed an increase in ATP pro-
duction (P=0.037).
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«Fig.3 Impact of AICI; exposure on various parameters in GC-2spd
cells. A Changes in ROS production in GC-2spd after AICl; expo-
sure. B Changes in cell viability in GC-2spd after AICI; exposure.
C Changes in ATP production in GC-2spd after AICl; exposure. D
Quantitative analysis of MMP in GC-2spd after AICl; exposure. E
Representative image showing changes in MMP in GC-2spd after
AICl; exposure. F TUNEL-positive apoptotic cells in GC-2spd after
AICl; exposure. (* P<0.05, ** P<0.01, *** P<0.001)

Effect of AICI; Exposure and NAC Intervention
on MMP in GC-2spd Cells

JC-1 is a fluorescent dye that indicates MMP. When it
aggregates in the mitochondrial matrix, it emits red fluo-
rescence, indicating high MMP. Conversely, when MMP
decreases, it emits green fluorescence, indicating a reduc-
tion in MMP. Compared with the control group (Fig. 3D-E),
the AlICI;-exposed GC-2spd cells showed a decrease in the
ratio of red fluorescence to green fluorescence, indicating
reduced MMP. We observed significant reductions in MMP
in response to AlCl; exposure at concentrations of 1 mM
(P>0.05), 2 mM (P>0.05), and 4 mM (P=0.025). The
decrease in MMP was concentration-dependent. Follow-
ing NAC intervention, we observed an increase in MMP
in the NAL group compared to the AL group (P=0.039)
(Fig. 4D-E), indicating the restoration of mitochondrial
function of GC-2spd cells after NAC intervention.

Effect of AICI; Exposure and NAC Intervention
on Apoptosis of GC-2spd Cells

The localization of red fluorescence, representing apoptotic
bodies, and blue fluorescence, symbolizing the cell nucleus,
increased with the rising concentration of AICl;, indicating a
negative impact on cellular survival. Among the tested con-
centrations, the most significant reduction in cell survival was
observed at an AICl; concentration of 4 mM, as depicted in
Fig. 3F. Subsequent treatment with NAC resulted in a decrease
in apoptotic bodies in Fig. 4F, compared to the AL group, sug-
gesting a protective effect of NAC against apoptosis.

The Impact of AICl; Exposure and NAC Intervention
on Proteins Related to Mitophagy and Cell
Apoptosis in GC-2spd Cells

Proteins related to mitophagy and apoptosis were detected in
GC-2spd cells following exposure to AlCl; and intervention
with NAC. The results indicated that AICI; exposure activated
mitophagy and apoptosis in spermatocytes, as compared to the
control group (Fig. SA-J) and the 4 mM AICI3 exposure group.
The expression levels of Parkin (P <0.001), Pinkl (P<0.001),
LC3B (P<0.001), BAX (P=0.0027), Cleaved-caspased-3
(P=0.031), Cleaved-caspased-9 (P=0.017), and Cyt-c were
upregulated (P <0.05). P62 (P=0.027) and BCL-2 (P=0.026)
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decreased in a concentration-dependent manner. Treatment of
AlCl;-exposed GC-2spd cells with NAC (Fig. 6A-J) reduced
AlCl;-induced mitophagy and apoptosis. Compared to the
AlCl;-treated group (AL), the NAC-treated group (NAL)
showed decreased expression of Parkin (P=0.047), Pinkl
(P=0.017), LC3B (P=0.017), BAX (P=0.038), Cleaved-
caspased-3 (P=0.018), Cleaved-caspased-9 (P=0.048), and
Cyt-c proteins (P <0.05). P62 (P=0.0016) and the expression
of BCL-2 were upregulated (P=0.012).

Discussion

AlCl; is widely demanded in various fields, but its nota-
ble neurotoxicity, cardiotoxicity, and reproductive toxicity
have impeded its application. Previous studies have reported
that Al exposure can induce apoptosis in astrocytes and rat
cardiomyocytes [35]. The present study aims to investigate
the potential mechanisms behind male reproductive toxic-
ity caused by exposure to AlICl;. Our findings demonstrate
that aluminum accumulates in testis tissue and triggers
mitophagy and apoptosis in both testis tissue and sper-
matocytes of rats. This is evidenced by the upregulation
of PARKIN, PINK1, and LC3B expression, as well as the
downregulation of P62 expression. Additionally, the expres-
sion of apoptosis-related proteins such as BAX, Cleaved-
caspased-9, Cyt-c, and Cleaved-caspased-3 was found to
increase, while the expression of BCL-2 decreased. Moreo-
ver, exposure to AlCl; was observed to inhibit spermatocyte
viability, increase ROS production, reduce ATP production,
and decrease mitochondrial membrane potential. In our cell
model, treatment with NAC effectively reduced ROS pro-
duction, enhanced cell viability, ATP production, and mito-
chondrial membrane potential, and suppressed mitophagy
and apoptosis. These results strongly suggest that ROS plays
a significant role in AlCl;-induced GC-2spd toxicity.

The disruption of cellular redox balance by increased
ROS has been widely recognized as a crucial factor lead-
ing to oxidative stress-induced apoptosis [36]. Furthermore,
elevated ROS production can also induce mitochondrial
dysfunction, resulting in impaired mitochondrial oxida-
tive phosphorylation and reduced ATP production. In our
study, exposure to AICl; resulted in a decrease in ATP pro-
duction and cell viability in spermatocytes. This decrease
may be attributed to the increase in ROS. However, treat-
ment with the antioxidant NAC successfully mitigated the
AlCl;-induced increase in ROS levels, leading to the recov-
ery of cell viability and ATP production. This finding is
consistent with a previous study that investigated the effects
of polystyrene microparticles and nanoparticles on neuronal
cells. In that study, cell viability decreased and ROS produc-
tion increased, but treatment with NAC effectively restored
cell viability and reduced ROS levels [37]. ATP is a source
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«Fig.4 Impact of AICl; exposure and NAC intervention on vari-
ous parameters in GC-2spd cells. A Changes in ROS production in
response to NAC intervention in AlCl;-exposed GC-2spd. B Changes
in cell viability in response to NAC intervention in AlCl;-exposed
GC-2spd. C Changes in ATP production in response to NAC inter-
vention in AlCl;-exposed GC-2spd. D Quantitative analysis of MMP
in response to NAC intervention in AlCl;-exposed GC-2spd. E Image
of MMP changes in response to NAC intervention in AlCl;-exposed
GC-2spd. F TUNEL-positive apoptotic cells in response to NAC
intervention in AlCl;-exposed GC-2spd. (* P<0.05, ** P<0.01, ***
P<0.001)

of energy produced by the inner mitochondrial membrane
transition of protons that generates a transmembrane poten-
tial [38]. ATP serves as the source of proton transfer across
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the inner mitochondrial membrane, leading to the formation
of a transmembrane potential [39]. This potential plays a
crucial role in maintaining energy supply and preventing
apoptosis. When mitochondrial function is impaired, ATP
levels decrease, resulting in a reduction in mitochondrial
membrane potential and ultimately leading to cell apopto-
sis. Additionally, the decrease in mitochondrial membrane
potential leads to an upregulation of the pro-apoptotic gene
Bax and a downregulation of the anti-apoptotic gene Bcl-
2. Our in vitro and in vivo studies revealed that exposure
to AICI; increased apoptosis in testicular tissue and GC-
2spd cells. This exposure also resulted in an increase in
the expression of Bax, Cleaved-caspased-3, Cleaved-cas-
pased-9, and Cyt-c, while decreasing the expression of the
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Fig.5 Shows the effects of AICl; exposure on proteins related to mitophagy and cell apoptosis in GC-2spd cells. A Western blots of the relevant
proteins. B—J Quantitative analysis of protein levels in AlC13-exposed GC-2spd cells. (* P<0.05, ** P<0.01, *** P<0.001)
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Fig.6 The effects of AICl; exposure and NAC intervention on the
proteins related to mitophagy and cell apoptosis of GC-2spd cells. A
Western blots of the mitophagy and cell apoptosis-related proteins in
response to NAC intervention in AlCl;-exposed GC-2spd. B—J Quan-

anti-apoptotic protein BCL-2. TUNEL results further dem-
onstrated an increase in the production of apoptotic bodies in
GC-2spd cells exposed to AICI;. Interestingly, we observed
that NAC treatment inhibited AlCl;-induced mitochondrial
pathway apoptosis in vitro. This inhibition was accompanied
by a downregulation of related protein expression and an
increase in the expression of the anti-apoptotic protein BCL-
2. The occurrence of apoptosis in both ammonia treated
porcine IPEC-J2 intestinal epithelial cells and diisononyl
phthalate treated ovarian granulosa cells can be inhibited
by NAC treatment [40, 41]. Additionally, the use of NAC
can also inhibit the apoptosis induced by organic arsenic
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titative analysis of protein levels of mitophagy and cell apoptosis-
related proteins in response to NAC intervention in AlCl;-exposed
GC-2spd. (* P<0.05, ** P<0.01, *** P<0.001)

in gastric cancer cells [42]. These findings align with and
further support the reliability of our results.

The excessive production of ROS can lead to mitochon-
drial dysfunction. When mitochondria are damaged, they
undergo depolarization and activate mitophagy. Mitophagy
is an important pathway that eliminates damaged mito-
chondria, protecting cells from excessive oxidative stress
and cell death by selectively degrading dysfunctional
mitochondria [43, 44]. The activation of mitophagy has
been observed to be involved in the reproductive toxic-
ity caused by different pollutants [45, 46]. Our findings
revealed an upregulation of Parkin and PINK1 expression
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Fig. 7 Mechanistic hypothesis
diagram
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with increasing concentrations of AlCl; exposure. Fur-
thermore, we observed an increase in the expression of
the autophagy marker protein LC3B and a decrease in p62
expression, an autophagy substrate, indicating the acti-
vation of autophagy. Molybdenum and cadmium disrupt
mitochondrial function in the duck hypothalamus and trig-
ger mitophagy [46, 47]. In hepatocytes, fluoride exposure
can also induce mitophagy by damaging mitochondria
[48]. Also, DEHP can cause damage to MC3T3-El cells by
increasing ROS generation and activating Parkin/PINK1-
mediated mitophagy [49]. Furthermore, we conducted
additional experiments by treating GC-2spd with NAC. We
observed a decrease in the expression of PARKIN, PINK]I,
and LC3B, while the autophagy substrate P62 showed an
increase after NAC treatment. Interestingly, we also found
that NAC intervention can mitigate the mitophagy and
apoptosis induced by fluoride exposure in bone cells [24].
In a separate study, it was discovered that Imidacloprid
(IMI), a widely used neonicotinoid compound in agricul-
tural production, can induce mitophagy in hepatocytes.
However, the intervention of NAC was able to reverse this
effect [50]. Consistent with these previous findings, our
results indicate that the toxicity of AICl; on GC-2spd is
attributed to ROS-mediated mitophagy.
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Based on previous studies, we hypothesized that
mitophagy could potentially serve as a novel mechanism
in mediating AlCl;-induced spermatocyte death. How-
ever, there are still several unknown mechanisms that
need to be investigated. Mitophagy is a double-edged
sword, as moderate levels of mitophagy can be beneficial
for cell survival, while excessive levels can trigger apop-
tosis. For instance, in acrylamide exposed Purkinje cells,
activation of mitophagy has been shown to prevent cell
apoptosis [51], whereas in DEHP exposed cells, inhibi-
tion of mitophagy can reduce cell death [33]. These find-
ings highlight the complexity of the relationship between
mitophagy and apoptosis, which may be influenced by
factors such as the duration and intensity of mitophagy
activation. Further research is needed to fully understand
this relationship. In our study, we observed that AICI,
exposure led to the activation of mitophagy and apopto-
sis, which could be reversed by using NAC. However, the
specific relationship between mitophagy and apoptosis in
GC-2spd cells induced by AICl; exposure has not been
explored in depth. Therefore, we plan to investigate this
relationship by utilizing mitophagy activators and inhibi-
tors. Our study aims to contribute to the understanding of
the male reproductive toxicity caused by AlCl; (Fig. 7).
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Conclusion

To sum up, our study unveiled that AICl; exposure could
activate mitophagy and cell apoptosis in rat testes. Moreover,
AICl; exposure increased ROS production, decreased cell
viability and ATP production, as well as mitochondrial dys-
function, autophagy activation, and cell apoptosis. However,
intervention with NAC could reverse the cytotoxicity caused
by AICI; and curb mitophagy and cell apoptosis. However,
intervention with NAC effectively reversed the cytotoxic
effects on GC-2spd cells induced by AICl; and inhibited
mitophagy and cell apoptosis. Overall, this research provides
a foundational framework for investigating the reproductive
toxicity associated with AICl; exposure.
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