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ABSTRACT: Titanium dioxide nanoparticles (TiO, NPs) have
been extensively utilized in various applications. However, the
regulatory mechanism behind the reproductive toxicity induced by
TiO, NP exposure remains largely elusive. In this study, we

prolonged exposure to lower concentrations of TiO, NPs (0.4S
mg/mL) for 30 days did not manifest reproductive toxicity,
exposure at concentrations of 0.9 and 1.8 mg/mL significantly
impaired spermatid elongation in Drosophila testes. Notably, bulk [ FiyFooss_| [[Exposure for 30 Days |

RNA-seq analysis revealed that TiO, NP exposure affected multiple
metabolic pathways including carbohydrate metabolism and

cytochrome P450. Importantly, the intervention of glutathione (GSH) significantly protected against reproductive toxicity induced
by TiO, NP exposure, as it restored the number of Orb-positive spermatid clusters in Drosophila testes. Our study provides novel
insights into the specific detrimental effects of TiO, NP exposure on spermatid elongation through multiple metabolic alterations in
Drosophila testes and highlights the protective role of GSH in countering this toxicity.

employed a Drosophila model to assess potential testicular injuries Tt
during spermatogenesis and conducted bulk RNA-Seq analysis to
elucidate the underlying mechanisms. Our results reveal that while
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1. INTRODUCTION structure.'” Particle size impacts the toxicity and accumulation
of TiO, NPs in different organs, with larger particles (80 nm)
primarily accumulating in the liver, while smaller particles (25
nm) are found in the spleen, kidneys, and lungs."> TiO, NPs
exist in various morphologies, including spherical, rod-shaped,
and nanoplate forms.'*"> TiO, NPs exist in three crystalline
forms: rutile, anatase, and brookite.'® Due to the higher
photocatalytic activity of anatase, it increases the production
of reactive oxygen species (ROS) and cellular damage, making it
the most toxic form.”"”"” In summary, different morphological
structures of TiO, NPs may induce toxic effects through various
intracellular mechanisms, including oxidative stress, cell
apoptosis, and inflammatory responses.

Recent advances in nanoparticle research, including studies of
TiO, NPs, have highlighted significant health and environ-

Nanoparticles (NPs) are known for their unique physical and
chemical properties, which can be attributed to their small size
and large surface-to-volume ratio." These properties have led to
their widespread application in various fields, including optical
materials, medical imaging, drug delivery, and material
reinforcement.”” Titanium dioxide (TiO,) NPs, in particular,
are widely used due to their exceptional stability, corrosion
resistance, and photocatalytic capabilities. TiO, NPs constitute a
significant portion of environmental contaminants, with
approximately 760 tons of TiO, NPs being discharged into
the soil annually via sewage and sludge.”” Oral ingestion
represents the primary route through which TiO, NPs enter the
human body, with an estimated intake of 15—37.5 mg/kg per
day for an adult weighing 75 kg.® They are found in a variety of
products such as sunscreens, food packaging materials,

pharmaceuticals, and toothpaste.7‘8 Despite their extensive Received: February 4, 2024
use, the omnipresence of TiO, NPs in everyday products raises Revised: ~ May 10, 2024
concerns regarding inhalation and skin exposure risks.” ™! Accepted: May 14, 2024

Different morphological structures of TiO, NPs may exhibit Published: May 20, 2024

distinct toxic mechanisms. The toxicity of TiO, NPs is
influenced by various factors such as size, shape, and crystal

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c01140

v ACS Pu b| ications 23613 ACS Omega 2024, 9, 23613-23623


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinmeng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuru+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaxin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiuwen+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoqi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuxin+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaonan+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaonan+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyuan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaorong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c01140&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01140?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01140?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01140?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01140?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01140?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/22?ref=pdf
https://pubs.acs.org/toc/acsodf/9/22?ref=pdf
https://pubs.acs.org/toc/acsodf/9/22?ref=pdf
https://pubs.acs.org/toc/acsodf/9/22?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

mental implications. This includes evidence of hepatotoxicity,
nephrotoxicity, splenic toxicity, neurotoxicity, and cardiotoxicity
associated with TiO, NP exposure.”” > For instance, exposure
to TiO, NPs has been shown to induce hydropic degeneration
and apoptosis in hepatocytes.24 Moreover, the intragastric
administration of TiO, NPs leads to renal inflammation and cell
necrosis.”” Related studies warn about potential risks posed by
TiO, NPs on the reproductive and developmental health of
invertebrates and vertebrates.”>*® Considering the significance
of the reproductive system in life sciences research, substantial
attention has been devoted to investigating the potential toxic
effects of TiO, NPs on this system.” Experimental evidence has
demonstrated that upon exposure, TiO, NPs accumulate in
ovaries and testes, resulting in damage to the reproductive
system.”””® Prolonged exposure of female mice to anatase TiO,
NPs disrupts hormonal balance, alters ovarian gene expression,
and reduces fertility.”” Furthermore, changes in key ovarian
genes suggest that TiO, NPs directly affect ovarian function.”
In mammalian testicles, TiO, NP exposure can cross the blood—
testis barrier (BTB), resulting in testicular lesions, sperm
malformations, and alterations in serum sex hormone levels.””**
TiO, NP exposure also induces ROS production, activating
ROS—MAPK(ERK1/2)—StAR pathway, which is necessary for
the inhibition of testosterone synthesis.”” Quercetin and rutin,
by preserving endogenous antioxidant capacity and scavenging
free radicals, have beneficial effects on the reproductive toxicity
induced by TiO, NPs in male rats.”’ However, the regulatory
mechanism underlying the spermatogenic toxicity induced by
TiO, NPs remains largely unexplored.

Given this backdrop, there is growing interest in using
alternative models for toxicological studies. Drosophila, with its
short life cycle, small size, genetic tractability, and low
maintenance costs, presents a viable alternative to traditional
mammalian models.**™*° Importantly, both Drosophila and
mammals exhibit highly conserved spermatogenesis processes
that are well understood anatomically and histologically.***”
Furthermore, Drosophila is recommended as an alternative
animal model for investigating developmental toxicology related
to environmental pollutants.”® Given that one of the primary
pathways for NPs to enter the human system is via oral ingestion,
it is noteworthy that the Drosophila model can replicate this
mode of entry through the intestinal barrier.’”™"" Simulta-
neously, the discernible structure of the Drosophila testes
facilitates the precise identification of distinct stages affected by
toxic compounds during spermatogenesis.* As a result, the use
of Drosophila as a model organism has significantly advanced our
understanding of spermatogenesis and toxicity induced by
contaminants.**~**

Therefore, in this study, we utilized a Drosophila model to
investigate the impact of TiO, NP exposure on spermatogenesis.
We provide novel insights into the specific disruptions caused by
TiO, NP exposure in spermatid elongation and identify genetic
alterations associated with spermatid differentiation through
RNA sequencing. Our findings also highlight the role of TiO,
NPs in altering various metabolic pathways and demonstrate the
potential of antioxidant drugs in mitigating oxidative stress
caused by these nanoparticles. This study aims to deepen our
understanding of TiO, NP-induced reproductive toxicity and
identify potential therapeutic targets.

2. RESULTS

2.1. Characterization of TiO, NPs. The morphological
properties and particle size distribution of TiO, NPs were

assessed using scanning electron microscopy (SEM) and
dynamic light scattering (DLS) techniques, as depicted in
Figure 1A,B. The analyses revealed that the TiO, NPs
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Figure 1. Characteristics of the TiO, NPs. (A) SEM image of the TiO,
NPs. (B) The diameters of TiO, NPs. (C) The ¢ potential (mV) of
TiO, NPs measured in water. Scale bar: 100 nM.

predominantly exhibited an average particle size of around
100 nm. Furthermore, the { potential of the TiO, NPs in
aqueous suspension was determined, registering at —8.005 mV
(Figure 1C). These characterizations provide foundational
insights into the physicochemical properties of TiO, NPs,
which are essential for understanding their biological
interactions and subsequent functional analyses.

2.2. TiO, NP Exposure Induces Spermatid Elongation
Defects. We subsequently examined the reproductive toxicity
by subjecting male flies to concentration gradients of 0.45, 0.9,
and 1.8 mg/mL of TiO, NPs for a duration of 30 days. To assess
elongated spermatids, we employed immunofluorescence
staining with the Orb protein, a marker specific to Drosophila
testes. Our findings revealed a reduction in the quantity of
elongated spermatid clusters following exposure to TiO, NPs at
concentrations of 0.45 mg/mL in comparison to the control
group. However, no statistically significant variance was
observed between these two groups (Figure 2). Moreover,
exposure to 0.9 and 1.8 mg/mL resulted in marked reductions in
the number of elongated spermatid clusters (Figure 2),
underscoring the dose-dependent effect of TiO, NPs on
spermatid development. Within our model, we also assessed
male fertility and observed that exposure to TiO, NPs (1.8 mg/
mL) in adult males (30 days) significantly impaired male fertility
when compared with control (Figure S1).
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Figure 2. Phenotype analysis of spermatid elongation for TiO, NP exposure. (A) Immunostaining of Orb (green) to label elongated spermatids in
control and TiO, NP exposure at 0.45, 0.9, and 1.8 mg/mL. DNA was stained with Hoechst33342 (blue). (B) The number of Orb-positive spermatid
cluster. ***P < 0.001, n.s. represents no statistical difference. Scale bar: 50 uM.
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Figure 3. Phenotype analysis for TiO, NP exposure at the apex of testes. (A) Immunostaining of LamDm0 (green) to label spermatogonia in control
and TiO, NP (1.8 mg/mL)-exposed testes. (B) Immunostaining of LamC (green) to label spermatocytes in the control and TiO, NP (1.8 mg/mL)-
exposed testes. (C) Immunostaining of DE-cad (green) to identify cyst cells and hub cells in control and TiO, NP (1.8 mg/mL)-exposed testes. (D)
Immunostaining of Tj (green) was used to examine the distribution of early-stage cyst cells in control and TiO, NP (1.8 mg/mL)-exposed testes. (E)
The number of Tj positive cells. DNA was stained with Hoechst33342 (blue). n.s. represents no statistical difference. Scale bar: SO yM.
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Figure 4. Transcriptional network of TiO, NP exposure in Drosophila testes. (A) Statistics of DEGs between the control and TiO, NP (1.8 mg/mL)
groups. (B) Volcano plot based on —log 10(FDR) and log2(FC) from the comparison of control and TiO, NP (1.8 mg/mL) groups. (C) Clustering
heatmap of DEGs for the comparison between the control and TiO, NP (1.8 mg/mL) groups. (D, E) Top 20 of GO enrichment of cellular
components (D) and molecular function (E) for DEGs between the control and TiO, NP (1.8 mg/mL) groups. (F) KEGG enrichment analysis of
DEGs between the control and TiO, NP (1.8 mg/mL) groups.
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Figure S. Verifications of representative DEGs mediated by TiO, NP exposure. (A) Relative mRNA of GstD8 and GstD2 in the control and TiO, NP
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2.3. TiO, NP Exposure Does Not Induce Toxicity for
Early-Stage Germ Cells and Somatic Cells. Further
exploration was conducted to assess the impact of TiO, NPs
on early-stage germ and somatic cells. We subsequently
examined the cellular distributions at the apex of Drosophila
testes and did not observe any conspicuous phenotypic evidence
of the significant loss of cellular clusters following exposure to
TiO, NPs at concentrations of 0.45, 0.9, and 1.8 mg/mL
compared to the control group (Figure S2). Using specific
markers, LamDmO and LamC, for labeling spermatogonia and
spermatocytes, respectively, no significant abnormalities were
observed in these cells post exposure to 1.8 mg/mL of TiO, NPs
(Figure 3A,B). Similarly, DE-cad, a marker for cyst and hub cells,
indicated no notable changes post exposure (Figure 3C). The

23617

quantification of early-stage cyst cells, using Tj as a marker, also
did not reveal any significant alterations post exposure (Figure
3D,E). These observations collectively suggest that a high-dose
TiO, NP exposure selectively affects spermatid elongation while
sparing early-stage germ cells, hub cells, and cyst cells.

2.4. Transcriptomic Alterations Induced by TiO, NPs.
To elucidate the transcriptional changes induced by TiO, NP
exposure, bulk RNA-seq analysis was performed. This analysis
identified 251 differentially expressed genes (DEGs), compris-
ing 181 upregulated and 70 downregulated genes (Figure 4A).
Visualizations including volcano plots and heatmaps were
utilized to present the distribution of these DEGs (Figure
4B,C). Gene Ontology (GO) enrichment analysis pointed to
significant changes in cellular components, molecular functions,
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mg/mL) + GSH (0.015 and 0.15 mg/mL)-exposed testes. DNA was stained with Hoechst33342 (blue). (B) The number of Orb-positive spermatid
cluster. ***P < 0.001, n.s. represents no statistical difference. Scale bar: 50 uM.

and biological processes, particularly related to glucosidase
activities and extracellular regions (Figures 4D,E and S3). The
KEGG pathway analysis highlighted alterations in several
metabolic pathways, notably those related to vitamin digestion
and glycerolipid metabolism (Figure 4F).

To validate these findings, qRT-PCR was conducted for
representative DEGs. Notably, the relative mRNA expressions
of GstD8 and GstD2 were upregulated (Figure SA). To delve
deeper into comprehending the modulation of oxidative stress
equilibrium following TiO, exposure in Drosophila testicular
tissue, we performed a lipid peroxidation (LPO) assay, a pivotal
metric for assessing oxidative harm. Our results demonstrated
that TiO, NP exposure led to an increase in LPO levels in
Drosophila testes (Figure S4). Interestingly, Mal-Al, Mal-A2,
and tobi exhibited significantly increased expression levels
following TiO, NP exposure (Figure SB). Furthermore,
Acp98AB and MstS7 Da showed a dramatic decrease after
TiO, NP exposure, potentially leading to defects in spermatid
elongation (Figure SC). Our validations of the aforementioned
DEGs were consistent with the RNA-seq data, aiding in a deeper
comprehension of TiO, NP exposure-mediated testicular
toxicity in Drosophila.

2.5. Glutathione (GSH) Restores Spermatid Elongation
Defects, Which Result from TiO, NP Exposure. Previous
studies have highlighted the role of oxidative stress in
reproductive toxicity induced by metal exposure in Drosophila.**
Given our observation of the upregulated expression of GstD8
and GstD2, which encode enzymes associated with GSH
metabolism, subsequent in vivo GSH rescue assays were
conducted using varying doses of GSH (0.015 and 0.15 mg/
mL) in conjunction with TiO, NPs (1.8 mg/mL). Our findings
unequivocally demonstrate that GSH supplementation effec-
tively mitigates reproductive toxicity induced by TiO, NP
exposure, leading to the restoration of the number of Orb-
positive spermatid clusters in Drosophila testes (Figure 6). These
results imply that the administration of the GSH antioxidant
alone is sufficient to ameliorate testicular damage caused by
TiO, NP exposure.
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3. DISCUSSION

The escalating deployment of TiO, NPs has precipitated
growing apprehension about their potential deleterious effects
on health, as underscored in the recent literature.'® In
mammalian males, experimental evidence indicates that
exposure to TiO, NPs leads to damage in the testes and
epididymis, resulting in a reduced sperm concentration and
motility, as well as an increased proportion of abnormal
sperm.’*™*® These phenomena are ostensibly linked to
perturbations in testicular enzyme activity and augmented levels
of oxidative stress.*”*® Nonetheless, a comprehensive under-
standing of the transcriptional regulatory mechanisms involved
remains elusive. Our study explored the effects of prolonged
TiO, NP exposure (30 days) at varying concentrations and
found that TiO, NP exposure resulted in a marked decrease in
elongated spermatid clusters within Drosophila testes, signifying
the dose-dependent effect of TiO, NP exposure-induced
spermatid elongation defects. Our findings exclusively unveiled
a phenotype linked to spermatid elongation. It was possible that
the differences in findings were due to variations between the
species studied in Drosophila and mammalian testicles. Another
explanation could be that the concentrations or durations of
exposure to the experimental conditions in our study were lower
or shorter than those in the other studies.

To elucidate the regulatory mechanisms underlying these
effects, we embarked on comprehensive transcriptome profiling
via bulk RNA-Seq, aimed at deciphering the biological processes
and pathways affected by TiO, NP exposure in Drosophila testes.
Moreover, our data demonstrated that carbohydrate metabolism
and cytochrome P450-associated metabolic pathways were
enriched for DEGs between the control and TiO, NP groups. In
testicular germ cells, carbohydrate metabolism-associated path-
ways were involved in multiple stages during spermatogenesis.>'
Evidences have indicated that multiple cytochrome P450-
related genes, which encoded key enzymes for steroidogenesis
pathway, were essential for the maintenance and differentiation
of germ cells.”>>” Significantly, we observed alterations in genes
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associated with galactose metabolism and glucosidase activity,
such as Mal-Al, Mal-A2, and tobi. Moreover, Mal-Al, Mal-A2,
and Tobi encoded proteins with maltase a-glucosidase activity,
participating in carbohydrate metabolism processes.”*>> Mal-A1
and Mal-A2 genes also exhibited significant enrichment in
maltose and disaccharide metabolic pathways, as indicated by
GO enrichment analysis of biological processes. A recent study
indicated that the intestinal carbohydrate metabolism processes
mediated by these genes played a crucial role in the male-biased
intestinal metabolic state, controlling food intake and sperm
production through gut-derived citrate in Drosophila.”® These
findings, in conjunction with the data presented, implied that the
modulation of glycometabolism or carbohydrate metabolism
might have repercussions on spermatogenesis.

Acp98AB was primarily expressed at high levels in the male
accessory gland and responsible for physiological and behavioral
changes in female Drosophila.’” Mst57 Da encoded an
antimicrobial peptide that was predominantly expressed in the
male accessory glands and transferred to females during
mating.”* "% Single-cell RNA-seq results of Drosophila testes
also suggested that Sb exposure could mediate changes in the
expression of the Acp98AB and MstS7 Da genes in testicular
germ cells,*” indicating their crucial roles during spermiogenesis.
Our study found that TiO, NP exposure led to decreases in the
expression levels of Acp98AB and MstS7 Da, revealing that TiO,
NP exposure could disrupt the differentiation of elongated
spermatids through these genes. Currently, little has been
known about their regulatory mechanisms of reproductive
toxicity. Our validations of the aforementioned DEGs were
consistent with the RNA-seq data, aiding in a deeper
comprehension of the TiO, NP exposure-mediated testicular
toxicity in Drosophila.

Previous studies have delved into the amelioration of germ
cell quality through the mitigation of oxidative stress. For
instance, mitochondrial dysfunction and redox changes induced
by 4-methylimidazole (4-MI) have been implicated in oocyte
damage.”' Mogroside V (MV), a major extract of Siraitia
grosvenorii, has been investigated for its potential to ameliorate
oxidative stress-induced meiosis defects by restoring mitochon-
drial integrity in oocytes.”” The role of ROS signaling in
apoptosis and autophagy in methotrexate (MTX)-induced GC2
cells has been documented.®” Besides, puerarin has been shown
to reverse oxidative stress and spermatogenesis changes induced
by busulfan.®* Our previous study demonstrated that prenatal
exposure to metals, such as antimony (Sb), significantly
impaired larval growth and development by disrupting oxidative
stress homeostasis.” Sb exposure in male testes could also
induce reproductive toxicity during spermatogenesis.”” In
models of oligospermia, interventions such as ferroptosis
inhibition and peptide administration derived from the croceine
croaker have shown promise.*>*® Additionally, oxidative stress
damage induced by zinc oxide (ZnO) NPs in meiosis was
partially mitigated by antioxidants.”’ Notably, TiO, NP
exposure has been linked to excessive ROS production in testes,
impeding spermatogenesis.*” GstD8 and GstD2 were subunits of
the Drosophila glutathione S-transferase superfamily that were
involved in the glutathione metabolic process.”**” Previous
studies have shown that exposure to the heavy metal antimony
(Sb) in Drosophila led to the upregulation of GstD8 and
GstD2.*” In our study, an increased expression of GstD8 and
GstD2 following TiO, NP exposure suggested disrupted
oxidative stress homeostasis in Drosophila testes. Morin/rutin
have shown enhanced efficacy against TiO, NP-induced

reproductive toxicity, safeguarding endo$enous antioxidant
mechanisms and neutralizing free radicals.”

GSH acted as a tripeptide thiol antioxidant, engaging in direct
or enzymatic interactions with oxidants, leading to the
production of glutathione disulfide (GSSG) and thus regulatin%
cellular redox balance to protect cells from damage.””’
Simultaneously, GSH assumed pivotal functions in a wide
array of metabolic and physiological processes, including cell
differentiation, proliferation, apoptosis, ferroptosis, and im-
munity.”” Operating as an antioxidant, GSH scavenged ROS and
safeguards against oxidative damage, possessing the ability to
influence gene expression through various signaling pathways.*
GSH protected lipid oxidation, neutralized peroxides, and
inhibited oxidation, thereby mitigating the impact of oxidative
stress reactions during spermatogenesis. Sustaining optimal
glutathione levels and its redox equilibrium was imperative for
bolstering the structural and functional metamorphoses for
spermatid maturation.”””* Therefore, we employed GSH to
rectify the spermatid elongation defects induced by TiO, NP
exposure by mitigating oxidative stress damage. Evidence
suggested that metal exposure-induced oxidative stress imbal-
ance could be mitigated by the antioxidant properties of GSH in
Drosophila.*® Our study further demonstrated that exposure to
TiO, NPs led to an increase in the LPO levels in Drosophila
testes. Quantification of sperm elongation indicated the
successful restoration of the compromised state through dietary
supplementation with GSH, highlighting the central role of GSH
in restoring oxidative stress homeostasis.

4. CONCLUSIONS

In conclusion, our findings demonstrate that TiO, NP exposure
specifically induced defects in spermatid elongation through
multiple metabolic pathways in Drosophila testes. Furthermore,
the intervention of GSH significantly ameliorated testicular
damage caused by TiO, NPs, highlighting the potential of
targeting oxidative stress homeostasis as a therapeutic avenue for
countering nanoparticle toxicity.

5. MATERIALS AND METHODS

5.1. Fly Strains and Culture. w'''® line was used for in vivo
experiments. With a relative humidity of 40—60% and the same
photoperiod as outside, all Drosophila were raised at 25 °C and
replicated in vials containing standard cornmeal molasses agar
media.

5.2. TiO, NP Characteristics. TiO, NPs were purchased
from Beijing Deke Daojin Science and Technology Co., Ltd.
The morphology of TiO, NPs was analyzed by SEM. The
diameters and { potential of TiO, NPs were measured by DLS
using a Malvern Zetasizer Nano ZS 90.

5.3. TiO, NP Exposure Methods. TiO, NP powder was
dispersed in 1 X phosphate-buffered saline (PBS), treated
ultrasonically for 5 min, and then mechanically vibrated for 10
min. The solutions containing TiO, NPs were then added to
normal foods for flies to achieve the final exposure
concentrations (0.45, 0.9, and 1.8 mg/mL). 2—3 day old male
flies of the w'!'® line were then placed in standard Drosophila
food medium containing TiO, NPs for 30 days. Control males
were placed in standard Drosophila food medium without TiO,
NPs for 30 days.

5.4. Immunofluorescence. Immunofluorescence was
carried out as described previously.** Briefly, Drosophila testes
were dissected in 1m PBS, fixed for 30 min in 4%
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paraformaldehyde (PFA), washed three times with 0.3% PBS-
Triton X-100 (PBST), and incubated in 5% bovine serum
albumin (BSA) for 30 min. Primary antibodies were diluted in
5% BSA, and testes were incubated at 25 °C for 1 h and then
washed three times with 0.3% PBST. Secondary antibodies were
conjugated with Cy3 or A647 (Jackson ImmunoResearch
Laboratories, West Grove, PA), diluted at a ratio of 1:400, and
incubated at room temperature for 1 h, avoiding light. The testes
were then washed three times with 0.3% PBST and stained with
Hoechst33342 (1.0 mg/mL, C0031; Solarbio, Beijing, China),
which were diluted with PBS according to the potency of 1:800
for 5 min before finalizing. Detailed information about the
primary antibodies is provided in Table S1.

5.5. RNA Extraction and RNA Sequencing (RNA-seq).
Drosophila testes were treated with TRIzol (no. 15596026,
Invitrogen), according to the manufacturer’s instructions, to
extract the total RNA. The Nanodrop 2000 instrument
(Thermo Fisher Scientific) was used to measure the total
RNA concentration and purity. Gel electrophoresis was used to
determine the integrity of the RNA, and the RNA integrity
number (RIN) values were calculated using an Agilent 2100
instrument (Agilent Technologies). Utilizing the TruSeq RNA
Library Prep Kit v2 (Illumina) following the manufacturer’s
instructions, libraries for indexed RNA-Seq were created from
800 ng of total RNA. In this experiment, poly(A) mRNA was
purified using oligo-dT magnetic beads, RNA was fragmented,
double-stranded ¢cDNA was produced using SuperScript II
Reverse Transcriptase (Invitrogen), indexed Illumina adapters
were ligated, and limited-cycle PCR was used to amplify the
results. After the libraries underwent qualification testing, the
DNA nano ball (DNB) was created and loaded onto the
sequencing chip and sequenced using Illumina HiSeq2500 by
Gene Denovo Biotechnology Co. (Guangzhou, China).

5.6. Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR) Analysis. The qRT-PCR was
carried out by the manufacturer’s instructions. Drosophila testes’
RNA were extracted using the Trizol Reagent (#15596026,
Invitrogen), and cDNA was then generated through reverse
transcription using the PrimeScript II first Strand ¢cDNA
Synthesis Kit (#6210A, Takara). gRT-PCR analysis was carried
out using Light Cycler equipment (Roche). The relative
expression level of each mRNA was determined and stand-
ardized to Gapdh mRNA. Detailed information for primers used
in this study is shown in Table S2.

5.7. GSH Prevention and Intervention Treatment. A set
of experiments involving cotreatment with TiO, NPs and GSH
(#G4251, Sigma-Aldrich) were initiated, for which the following
treatment groups were formed: control (TiO, NPs, 0 mg/mL),
TiO, NPs (1.8 mg/mL), TiO, NPs (1.8 mg/mL) + GSH (0.015
and 0.15 mg/mL). TiO, NP powder was dispersed in 1 X PBS,
subjected to ultrasonication for 5 min, and then subjected to
mechanical vibration for 10 min. Likewise, GSH powder was
dissolved in 1 X PBS and then mechanically vibrated for 10 min.
Subsequently, TiO, NP solution was introduced to the regular
diet, followed by the addition of the GSH solution to the diet
containing TiO, NPs.

5.8. LPO Assay. According to the manufacturer’s protocol,
LPO level was assessed by using an LPO content assay kit
(BCS24S, Solarbio). Drosophila testes were extracted and
homogenized in ice-cold saline using an ultrasonic homogenizer,
followed by centrifugation at 12,000g for 10 min. The
supernatants were gathered for quantification of the LPO
contents.
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5.9. Male Fertility Assay. Male flies aged 2—3 days from the
w''® line were introduced into a nutrient medium with or
without TiO, NPs for a duration of 30 days. In individual male
fertility assessment, a single male and three virgin w'''® female
flies were cohabited in a tube at ambient temperature. The male
was deemed infertile if no larvae were observed within 7 days.
Subsequently, data on the male fertility rate was recorded.

5.10. Statistical Analysis. The quantitative results were
given as the mean =+ standard error of the mean (SEM) and were
performed using GraphPad Prism 8.0 (GraphPad Software,
CA). Two-tailed Student’s t test was used to determine
significant differences between two groups, and one-way analysis
of variance (ANOVA) was conducted to examine multiple
comparison using Dunnett’s test. The chi-square test was used to
evaluate for ratio results. * P < 0.05; ** P < 0.01; *** P < 0.001;
n.s. represents no statistical difference.
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