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Purpose: Doxorubicin (DOX) precipitates cell apoptosis in testicular tissues, and it is imperative to develop drugs to alleviate the
spermatogenic disorders it causes. Eugenia caryophyllata Thunb is often used to treat male sexual disorders. Eugenol, a major
component of Eugenia caryophyllata Thunb. has inadequate stability and low solubility, which limits its pharmacological effects.
Eugenol nanoparticles (NPs) (ENPs) are expected to overcome these limitations. The protective effects of ENPs against DOX-induced
reproductive toxicity were studied in mice.

Methods: Eugenol was encapsulated in Methoxy-Poly(ethylene glycol)-Poly(lactide-co-glycolide) nanoparticles (mPEG-PLGA-NPs),
and their role in ameliorating spermatogenic dysfunction was verified in vivo and in vitro.

Results: We present a promising delivery system that encapsulates eugenol into mPEG-PLGA-NPs and forms them into nanocom-
posites. In vitro, ENPs significantly reduced doxorubicin-induced ROS and inflammatory factors in GC-1 cells and regulated the
expression of the mitochondrial autophagy protein PINK1 and meiosis-related protein SCP3. In vivo, ENPs significantly increased
sperm motility in mice, reduced apoptosis and oxidative stress in the testes, inhibited the testicular PINK1/Parkin and BNIP3/NIX
signaling pathways, and enhanced the expression of factors associated with meiosis.

Conclusion: Given their safety and efficacy, these ENPs have potential application prospects in mitigating doxorubicin-induced
spermatogenic dysfunction.

Keywords: Eugenol nanoparticles, Doxorubicin, spermatogenic dysfunction, PINK1/Parkin and BNIP3/NIX signaling pathways,
Mitochondrial autophagy

Introduction

Doxorubicin specifically targets rapidly dividing cells, where it triggers chromosomal abnormalities in spermatogonia,
arrests the cell cycle, and promotes apoptosis. This process leads to impaired spermatogenesis and ultimately results in
male infertility."* Due to its effectiveness for cancer treatment, doxorubicin continues to be the top choice for managing
and mitigating cancer-related complications.’

Facing the demand of patients for doxorubicin and the significant side effects of doxorubicin in cancer treatment,
preventing and alleviating spermatogenic disorders caused by the toxic side effects of doxorubicin chemotherapy, and
seeking preventive and therapeutic drugs are related to the health and quality of life of the people.

Eugenia caryophyllata Thunb has been used as a native remedy for treating male sexual disorders in Asian countries.*
Eugenol is the main component of Eugenia caryophyllata Thunb. It can inhibit oxidative stress levels in the testes in rats
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with diabetes® and improve testicular toxicity caused by nitrate and acrylamide.”® Eugenol improved the hormone
production and antioxidant defense in rat testing after exposure to the chemotherapy drug cisplatin. However, its
protective effect on spermatogenic disorders caused by doxorubicin remains to be studied. Given that its poor water
solubility and low bioavailability limit its application, we examined the protective effects of eugenol nanoparticles
(ENPs) on Doxorubicin -induced spermatogenic dysfunction in vitro and in vivo.

Material and Methods

Chemicals

Eugenol was obtained from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China). Methoxy-Poly(ethylene
glycol)-Poly(lactide-co-glycolide) (mPEG-PLGA; molecular weight (MW) = 18 kDa; LA/GA = 50:50; PEG MW = 2
kDa) was purchased from Jinan Daigang Biomaterials (Jinan, China). Poly (vinyl alcohol) (PVA; MW = 30-70 kDa; HD,
80%) and doxorubicin were obtained from Shanxi PUDE Pharmaceutical Co. Ltd. (Shanxi, China). All other chemicals
and reagents utilized were of analytical grade.

Preparation of ENPs

Briefly, the eugenol aqueous solution (50 mg/mL) was combined with the PLGA dichloromethane (DCM) solution
(40 mg/mL) in a 1:12 volume ratio. Following 1 minute of ultrasonication in an ice bath, the mixture was dispersed
within a 1% PVA aqueous solution, maintaining a 1:8 volume ratio. It was further treated with ultrasonication for
5 minutes using an ice bath. The emulsion was stirred for 2 h to obtain a stable double emulsion. DCM was evaporated to
obtain a suspension of ENPs. Large particles were removed by centrifugation at 2500x g for 2 min at 4°C and at 6000x
g for 10 min at 4°C to obtain ENPs. The unsealed drugs and impurities were removed by washing twice with water. The
precipitate was dispersed in physiological saline and stored at 4°C.

Characterization Studies of ENPs
The Nano ZS ZEN 3600 employs dynamic light scattering (Malvern, UK) to assess the polydispersity index (PDI), mean
particle size, and size distribution of ENPs. The test sample was diluted tenfold for measurement. Each sample was

measured in triplicate.
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The morphology of particle size was observed using transmission electron microscopy. The SEM images of the ENPs
were viewed using a Scanning Electron Microscope (JEOL, Japan, 200kv).” A small-animal in vivo imaging system
(Pearl™ Imager, LI-COR, USA) was used to detect the distribution of OIL-NPs in vivo.'°

Evaluation of the Encapsulation Efficiency of ENPs

We dissolved 30 mg of ENPs in 3 mL of 90% methanol and further sonicated it for 5 min to break down the
nanoparticles and release encapsulated eugenol. The resulting solution was centrifuged at 10,000 x g, and the supernatant
was collected. The absorbance of the supernatant was measured to quantify eugenol at 280 nm using a spectrophotometer
(Thermo, MA, USA)."

Cell Culture

A spermatogonia cell line from mice (GC-1) was obtained from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in high glucose Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum, 1% l-glutamine, and 1% penicillin-streptomycin mixture. Cells were incubated at 37°C in a humidified atmo-
sphere with 5% carbon dioxide.

Determination of ROS and Cell Viability

GC-1 cells were seeded uniformly into 96-well plates at a concentration of 2 x 10*/mL or into 6-well plates at
a concentration of 4 x 10%/mL. The normal group was cultured under standard conditions, whereas the model group
and other groups underwent damage with 0.25 uM doxorubicin for 24 hours. The ENPs-L and ENPs-H groups were
treated with ENPs (5 or 10 nM of eugenol). The levels of ROS in the cells were determined by staining with the DCFH-
DA probe and employing an appropriate assay kit from Elabscience (Wuhan, China). Cell viability was assessed using
the Cell Counting Kit (CCK)-8 assay (Abcam, Cambridge, UK), and absorbance was measured at 450 nm.

Evaluation of the Mitochondrial Autophagy Protein and Meiosis-Related Protein in

GC-1 Cells Using a High-Content Imaging System

The GC-1 cells were seeded in 96-well plates (E190236X; PerkinElmer) at a density of 2x10* cells/mL. The levels of
PTEN-induced putative kinase 1 (PINK1, 1:100 dilution; 6946; Cell Signaling Technology, Danvers, MA, USA) and
synaptonemal complex protein (SCP) 3 were detected (1:100 dilution; 23024-1-AP; Proteintech, Wuhan, China). The
cells were scanned using a high-throughput imaging system (Opera Phenix, PerkinElmer, USA) and the relative protein
expression levels were normalized using Harmony 4.8 high-throughput imaging and analysis software (PerkinElmer:
Waltham, Massachusetts, USA).'*>!3

Animal Model

Forty Kunming mice (25+2 g) were purchased from Beijing Victoria Experimental Animal Center (Beijing, China).
Approval for the use of animals for experimental purposes was obtained from SCXK (Beijing, 2021-0006). Animal
experiments were approved by the Henan University of Traditional Chinese Medicine (Zhengzhou, China) (Ethics No.
DWLL201908112). The experiments were performed according to the guidelines and regulations of the Animal Care and
Use Committee of the National Organization Engineering Center (Zhengzhou, China).

The mice were randomly divided into four groups (n=10): control (CON), doxorubicin-induced injury (model), ENPs-
L, and ENPs-H. Mice in the CON and model groups were administered normal saline (10 g/0.1 mL, i.v). Mice in the
ENPs-L and ENPs-H groups received intravenous injections of ENPs every three days for 15 days, preceding doxor-
ubicin-induced injury. For each injection, the mice received ENPS-L (0.25mg/kg eugenol-loaded PLGA nanoparticles) or
ENPS-H (1.25mg/kg eugenol-loaded PLGA nanoparticles). Doxorubicin (30 mg/kg, i.p.) was administered two days
after the final administration.'*'> All the mice were euthanized two days later. The tissues were stored at —80°C.
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Histopathological Evaluation

Following dissection, the testes were fixed in 4% paraformaldehyde overnight, embedded in paraffin, sectioned to
a thickness of 5 pm, and mounted on individual glass slides.'® After hematoxylin and eosin staining, testicular sections
were examined under a light microscope (NIKON Eclipse ci, Tokyo, Japan).

Determination of Sperm Content and Motility

The epididymis was removed and immersed in a physiological saline solution. Following mincing, the sample was
incubated at 37°C and filtered through a 70-pm filter using physiological saline. A sperm quality analyzer (Huazhong
Medical Products Co., Ltd., Shijiazhuang, China) was used to assess sperm motility. This was followed by fixation of
100 pL of the filtrate in 5 mL of 5% NaHCOs, and the sperms were counted.

Assessment of Oxidative Stress

Testis tissue samples were homogenized in ice-cold phosphate-buffered saline. The homogenate was centrifuged at 4°C,
15000 x g for 10 min. The activities of superoxide dismutase (SOD; A006-2-1), malondialdehyde (MDA; A003-1-2), and
catalase (CAT; A007-2-1) (Nanjing Jiancheng Bioengineering Institute, China) were determined according to the
manufacturer’s instructions.

Immunofluorescence
The levels of the testicular tissue-related proteins PINK1 and Bcl-2/E1B-19kDa interacting protein 3 (BNIP3; 44060;
Cell Signaling Technology) were detected. Fluorescent Cy3-coupled secondary antibodies were used for detection.'’

Western Blotting

The expression of PINKI1, Parkin (1:1000 dilution; 4211; Cell Signaling Technology), Optineurin (OPTN; 1:1000;
58981, Cell Signaling Technology), BNIP3, BCL2/Adenovirus EIB 19 kDa protein-interacting protein 3-like (NIX,
1:1000; 12396; Cell Signaling Technology), SCP3, REC8 meiotic recombination protein (RECS8; 1:1000; ab192241;
Proteintech), NDP52, nuclear dot protein 52 kDa (NDP52, 1:1000; 60732; Cell Signaling Technology), microtubule-
associated protein light chain 3B (LC3B, 1:1000; 3868, Cell Signaling Technology), and Sequestosome 1 (P62, 1:1000;

8025, Cell Signaling Technology) was assayed by Western blotting.'”-'®

Real-Time RT-qPCR

The RNA were extracted from the testicular tissue or GC-1 cells using the RNA extraction kit (R1200, Solarbio, China).
The RNA purity and concentration were determined by measuring absorbance at 260 and 280 nm. Next, the HiScript® I
first-strand cDNA synthesis kit (D7185; Beyotime, China) was employed to reverse-transcribe 2 pg of total RNA into
cDNA. Subsequently, the ChamQ™ Universal SYBR® qPCR Master Mix (Q711-02, Vazyme Biotech, China) was used
for PCR. The primer sequences used are listed in Table 1.

Statistical Analyses

The data are summarized as mean = SD. The data were analyzed using SPSS (version 25.0; IBM, Armonk, NY, USA).
Significant differences between groups were determined using one-way ANOVA. P < 0.05 denoted statistical
significance.

Results

Characterization of ENPs

The maximum loading capacity and efficiency of the ENPs were 5.03+0.21% and 62.43+1.76%, respectively. The
morphology and distribution of ENPs were determined using transmission electron microscopy and photodynamics. The
ENPs were small compact spheres (Figure 1A). The particle size distribution of the ENPs was between 37 and 295 nm,
which was consistent with the normal distribution characteristics (Figure 1B).
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Table | Primer Sequences

Target Forward primer (5'-3') Reverse primer (5'-3') Accession number | Product size
PINK TTCTTCCGCCAGTCGGTAG CTGCTTCTCCTCGATCAGCC NM_026880.2 141
PARKIN GAGGTCGATTCTGACACCAGC CCGGCAAAAATCACACGCAG NM_016694.5 95
NIX CTGGAGCACGTTCCTTCCTC ACAGTGCGAACTGCCTCTTG NM_009761.4 11
OPT ATGTCCCATCAACCTCTGAGC TCAAATCGCCCTTTCATAGCTTG | NM_001356487.1 209
DAZI ATACCTCCGGCTTATACAACTGT GACTTCTTTTGCGGGCCATTT NM_010021.5 128
CYCLIN-1 CAGTTTCCCCAATGCTGGTTG CCTCTGCATACTCCGTTACGTTA | NM_001305221.1 99
SCP3 AGCCAGTAACCAGAAAATTGAGC | CCACTGCTGCAACACATTCATA | NM_0I1517.2 106
REC8 GGTCATCACCTTACAGGAGGC TCTGCGATCAGCAGTTCTAAGT | NM_001360390.1 105
TNF-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA | NM_013693.3 122
IL-1B GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG NM_008361.4 Ié
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG NM_008084.3 150

The Polydispersity Index of the ENP suspension was <0.2. This suggests the successful construction of the ENP
nanoparticles. In vivo imaging of small animals showed that ENPs were accumulated in the testes of mice 24 h after drug
administration (Figure 1C).

Effect of ENPs on the ROS and Survival and Inflammatory Factors of GC-I Cells
Damaged by Doxorubicin

Doxorubicin markedly increased the ROS levels in GC-1 cells and markedly decreased their survival rate (P < 0.01),
whereas ENPs effectively decreased ROS levels and enhanced cell survival (P < 0.01) (Figure 2A—C).

Intensity (%)

100 1000

Figure | Characterization of ENPs: (A) ENPs transmission electron microscope. (B) Dynamic light scattering of Eugenol nanoparticles (ENPs) and (C) in vivo distribution
and targeting of ENPs. Black arrows mark showing that accumulation of ENP in the testes.
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Figure 2 Effect of ENPs on the ROS, survival and inflammatory factors of GC-1 cells: (A—C) Effect of ENPs on percent apoptosis and survival of GC-| cells in each group.
(D) (E)Effects of ENPs on mRNA expression of TNF-a and IL-1f in GC-1 cells.

Notes: Data are the mean £ SD (n = 6). ¥P < 0.01 vs the CON group. *P < 0.01 vs the Model group.

Abbreviations: CON, control group underwent standard culture; M, model group; ENPS-L, 0.5uM Eugenol-loaded PLGA nanoparticles; ENPS-L, 1uM Eugenol-loaded
PLGA nanoparticles; TNF-0, tumor necrosis factor-a; IL-1p, interleukin-1p.

Furthermore, ENPs markedly suppressed the mRNA expression of TNF-o and IL-1B in GC-1 cells (P < 0.01)
(Figure 2D and E). These findings confirm that ENPs can significantly mitigate ROS levels and enhance the survival of
GC-1 cells damaged by doxorubicin, while reducing the levels of inflammatory cytokines.
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Effect of ENPs on the Mitochondrial Autophagy Protein PINKI| and Meiosis-Related
Protein SCP3 of GC-| Cells Damaged by Doxorubicin

The effects of ENPs on the mitochondrial autophagy protein PINK1 and the meiosis-related protein SCP3 in GC-1 cells
damaged by doxorubicin were detected using a high-connotation imaging system. Compared with the normal group, the

PINK1 protein level in the model group was significantly increased while the SCP3 protein level was significantly
decreased (P < 0.01). ENPs significantly reversed the levels of PINK1 and SCP3 (P < 0.01) (Figure 3).

Effects of ENPs on Bodyweight, Testicular Indices, Testes Histology, and Sperm

Motility of Doxorubicin-Treated Mice

Testicular structure and the number of spermatogenic cells in the CON group were normal. Doxorubicin reduced the
thickness of germ cell layer and cell shedding in mouse testicular tissues. Compared with the model group, the ENPs-L
and ENPs-H groups demonstrated a significant increase in germ cell layers and showed improved cell shedding
(Figure 4). No abnormal deaths occurred in any group. There were no significant differences in bodyweights among
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Figure 3 Effect of ENPs on the Mitochondrial autophagy protein PINK| and meiosis-related protein SCP3 in GC-I cells damaged by doxorubicin: (A=D) Protein expression
of PINKI and SCP3 in GC-1 cells, scale bar 50 pum.

Notes: Data are the mean # SD (n = 6). **P < 0.01 vs the CON group. **P < 0.01 vs the Model group.

Abbreviations: CON, control group underwent standard culture; M, model group; ENPS-L, 0.5uM Eugenol-loaded PLGA nanoparticles; ENPS-H, |uM Eugenol-loaded
PLGA nanoparticles; PINKI, PTEN-induced putative kinase |; SCP3, small C-terminal domain phosphatase 3.
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Figure 4 Effect of ENPs on testicular histology in mice. The CON group showed a normal organizational structure. The Model group showed cell shedding and a decrease
in the spermatogenic-cell layer. Compared with the Model group, the ENPS-L group and ENPS-H group had significantly improved histology, and the ENPS-H group had the
best effect. Black arrows mark showing spermatogenic cell layers.

Abbreviations: CON, Control group; M, Model group with 30 mg/kg Adriamycin, i.p.; ENPS-L, 0.25 mg/kg PSE, i.v.; ENPS-H, 1.25 mg/kg PSE-PLGAs, i.v.

the four groups (Figure 5A). Figure 5B and C display the effect of ENPS on testicular and epididymal indices
(representing the ratio of testicular or epididymal weight to bodyweight) in mice. The testicular and epididymal indices
in the model group significantly decreased (P < 0.01), whereas those in the ENPS-H group significantly increased (P <
0.01). Doxorubicin significantly reduced the number of sperms and sperm motility in mice (P < 0.01), whereas ENPs
significantly increased sperm count and motility (P < 0.01); ENPS-H had a better effect (Figure 5D and E).

Effect of ENPs on Oxidative Stress

Treatment with doxorubicin led to a significant reduction in the levels of SOD and CAT, while concurrently increasing
the levels of MDA (P < 0.01) (Figure SF—H). ENPs restored SOD and CAT levels and reduced MDA levels (P < 0.01).
Our findings suggest that ENPs reduce oxidative stress in DOX-treated mice.

Effect of ENPs on Percent Apoptosis, Mitochondrial Membrane Potential, and

Inflammatory Factors in the Testicular Cells of Doxorubicin-Treated Mice

Apoptosis and mitochondrial membrane potential in testicular cells were detected using flow cytometry. Doxorubicin
significantly increased the percentage of apoptotic cells and mitochondrial membrane potential of testicular cells (P <
0.01). The ENPs significantly reduced the percentage of apoptotic cells by regulating mitochondrial membrane potential
(P <0.05, P<0.01) (Figure 6A-D). RT-qPCR revealed that doxorubicin upregulated the mRNA expressions of TNF-a
and IL-1B (P < 0.01), whereas ENPs significantly inhibited them (P < 0.05, P < 0.01, respectively) (Figure 6E and F).
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Figure 5 Effects of ENPs on bodyweight, testicular indices, and sperm motility of doxorubicin-treated mice. Effect of ENPs on (A) bodyweight, (B) testicular indices,
(C) Epididymis indices, (D) sperm count, (E) motility, (F) SOD, (G) MDA and (H) CAT of doxorubicin-treated mice.

Notes: Data are the mean * SD (n = 6). *P < 0.01 vs the CON group. P < 0.05 and **P < 0.01 vs the Model group.

Abbreviations: CON, Control group; M, Model group with 30 mg/kg Adriamycin, i.p.; ENPS-L, 0.25 mg/kg PSE, i.v.; ENPS-H, 1.25 mg/kg PSE-PLGAs, i.v.

Effects of ENPs on the PINK|/Parkin and BNIP3/NIX Signaling Pathways and

Meiosis-Related Indices in the Testes of Doxorubicin-Treated Mice
Using Western blotting, we assessed the expressions of proteins associated with the PINKI1/Parkin and BNIP3/NIX
signaling pathways in the testes of mice across all groups. Relative to the control group, the expressions of PINKI,
Parkin, OPTN, BNIP3, NIX, NDP52, and LC3B markedly increased in the model group, whereas the expression of P62
markedly decreased (P < 0.05, P < 0.01). Treatment with ENPs significantly decreased the expressions of these proteins
and increased the expression of P62 (P < 0.05 or P < 0.01, respectively) (Figure 7A). We used Real-time RT-qPCR to
measure the mRNA expressions of PINK1/Parkin and BNIP3/NIX signaling pathway-related proteins. The mRNA
expressions of PINK1, Parkin, OPTN and NIX in the model group was significantly higher than that in the control
group (P < 0.01). The ENPs reversed these effects (P < 0.05 or P < 0.01, respectively) (Figure 7B). Furthermore, we
detected the PINK1 and BNIP3 levels using immunofluorescence, which was consistent with the results of WB and RT-
gPCR (Figure 7C).

Doxorubicin significantly suppressed the expressions of SCP3 and REC8 (P<0.01) (Figure 7A), whereas treatment
with the ENPs markedly enhanced the expressions of SCP3 and REC8 (P<0.01). We also assessed the mRNA levels of
other meiotic proteins deleted in azoospermia, protein (Daz) 1, and CYCLIN-D1. Compared with the control group, the
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Figure 6 Effects of ENPs percent apoptosis, mitochondrial membrane potential and inflammatory factors in mouse testicular cells: (A—C) Percent apoptosis in the testicular
tissue of mice in each group. (B-D) Effects of ENPs on mitochondrial membrane potential in the testicular tissue of mice in each group. (E and F) mRNA expression of TNF-
o and IL-IBin the testicular tissue of mice each group measured by RT-qPCR.

Notes: Data are the mean  SD (n = 6). ¥P < 0.0l vs the CON group. #P < 0.05 and **P < 0.01 vs the Model group.

Abbreviations: CON, Control group; M, Model group with 30 mg/kg Adriamycin, i.p.; ENPS-L, 0.25 mg/kg PSE, i.v.; ENPS-H, 1.25 mg/kg PSE-PLGAs, i.v.; TNF-0, tumor
necrosis factor-o; IL-1p, interleukin-1p.

expressions of these genes in the model group was significantly reduced (P<0.01) (Figure 7B), but ENP treatment
markedly increased them (P<0.01).

Discussion

Adriamycin, a first-line chemotherapeutic drug, is used to treat various cancers. However, it has severe side effects and
can cause testicular damage.'® Eugenia caryophyllata Thunb is used to treat male infertility.* Studies have shown that
eugenol can improve sperm motility.® It is metabolized readily and has a short half-life in vivo,”* and eugenol was used
to develop ENPs. PLGA has good biocompatibility, safety, and stability. Reproductive toxicity has not been reported and
compared with that of other metallic materials. MPEG-PLGA block copolymers are amphiphilic.?' The nanoparticles are
coated with a hydrophilic PEG layer, enabling them to circumvent macrophage clearance and bolster the therapeutic
effectiveness of the loaded drugs. Consequently, PEG-PLGA was selected for drug loading. The final nanoparticles
diameters of approximately 105 nm, with good PDI, encapsulation efficiency, and drug loading. ENPs were accumulated
in the testes of mice, which helps eugenol exert its therapeutic effect.
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Figure 7 Effects of ENPs on the PINKI/Parkin signaling pathway and meiosis-related indices in the testes of doxorubicin-treated mice. (A) Protein and (B) mRNA expression of
PINK I /Parkin and BNIP3/NIX signaling pathway and meiosis-associated proteins in the testicular tissue of mice in each group was measured by Western blotting and RT-qPCR. (C) The
protein expression of PINK| and SCP3 in the testicular tissue of mice in each group was measured by Immunofluorescence, scale bar 50 pm.

Notes: Data are the mean * SD (n = 6). *P < 0.05 and **P < 0.01 vs the CON group. “P < 0.05 and "P < 0.01 vs the Model group.

Abbreviations: CON, Control group; M, Model group with 30 mg/kg Adriamycin, i.p.; ENPS-L, 0.25 mg/kg PSE, i.v.; ENPS-H, 1.25 mg/kg PSE-PLGAs, i.v.; PINKI, PTEN-induced
putative kinase |; OPT, Optineurin; BNIP3, Bcl-2/E|B- 1 9kDa interacting protein 3; NIX, BCL2/Adenovirus EIB 19 kDa protein-interacting protein 3-like; NDP52, nuclear dot protein
52 kDa; LC3B, microtubule-associated protein light chain 3B; P62, Sequestosome |; SCP3, small C-terminal domain phosphatase 3; REC8: meiotic recombination protein; DAZI:
deleted in azoospermia protein |.
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Doxorubicin led to increased ROS levels in GC-1 cells, but ENPs significantly reduced the ROS levels and
significantly inhibited the levels of the inflammatory factors TNF-a and IL-1 . This improved the survival rate of
GC-1 cells. In this study, we used a high-content imaging system to detect the expressions of the PNIK1 signaling
pathway and meiosis-related proteins. We found that ENPs significantly inhibited the expression of PNIK1 and increased
the expression of SCP3. These results confirmed that ENPs could effectively inhibit cell apoptosis, regulate the PNIK 1
signaling pathway, and promote the level of meiotic division proteins. Therefore, we conducted in vivo experiments to
further explore the mechanism of action of the ENPs.

Post-administration, we found that the ENPs did not significantly affect the bodyweight of the mice. Doxorubicin
significantly reduced testicular and epididymal coefficients in mice, inhibited sperm motility, and decreased sperm
counts. ENPs significantly increased testicular and epididymal coefficients, total sperm count, and sperm motility.
Mitochondria play a crucial role in testicular tissue; they are associated with the proliferation, division, and apoptosis
of germ cells. The decline in mitochondrial membrane potential corresponds to the early stages of cell apoptosis.”* We
used flow cytometry to observe the levels of testicular cell apoptosis and mitochondrial membrane potential. The results
indicated that ENPs significantly inhibited testicular cell apoptosis and enhanced the mitochondrial membrane potential.

Oxidative stress is regarded as the initial event in reproductive toxicity. Consequently, MDA accumulates excessively
as a marker of lipid peroxidation, while SOD and CAT become depleted as the primary ROS scavengers.*** TNF-q
mediates doxorubicin apoptosis by activating IL-1B.%> ADM can cause significant apoptosis and oxidative stress in GC-1
cells; promote the expressions of TNF-q, IL-1p, and MDA; and downregulate the expressions of SOD and CAT. ENPs
significantly increased the expressions of antioxidant-related proteins and reduced the excessive increase in apoptosis-
related protein expression.

Mitochondria are highly sensitive to oxidative damage mediated by ROS. Mitochondria are not only one of the main
sites for DOX metabolism, but are also the preferred target for DOX-mediated attacks.”® Mitochondria also destabilize
the functioning of cells, tissues, and organs. The classic mitophagy pathways consist of the ubiquitin-dependent pathway
mediated by PINK1-Parkin and the ubiquitin-independent pathway mediated by non-Parkin-dependent mitochondrial
receptor proteins.”’ Research has shown that testicular injury is accompanied by excessive mitophagy in testicular
cells.”®?° Parkin and p62 can recognize and bind to LC3 to form isolation membranes and trigger lysosomes to degrade
damaged mitochondria.’® BNIP3 interferes with mitochondrial dynamics by promoting the division of damaged
mitochondria.®’ In addition, BNIP3/NIX interacts with LC3 to accelerate autophagy and degradation.®? LC3 is
a specific marker of mitophagy.>® P62 is a classic receptor for autophagy involved in proteasomal degradation of
ubiquitinated proteins.** In response to stress, the adaptor protein P62 identifies phosphorylated ubiquitin chains as the
initial signal for binding to LC3B and mitosis. OPTN is a prototypical selective autophagy receptor capable of escorting
ubiquitinated substrates to autophagosomes for degradation.®® In addition to P62, NDP52 is a newly identified key
protein related to autophagy that binds to microtubule-associated LC3 on the autophagic surface.’® We found that
doxorubicin overactivates mitochondrial autophagy in the testes, accompanied by the upregulation of the PINK1/Parkin
and BNIP3/NIX pathways. ENPs significantly inhibited the PINK1/Parkin and BNIP3/NIX signaling pathways and
mitigated the excessive activation of mitochondrial autophagy.

Excessive ROS activates mitochondrial autophagy, thereby impeding spermatogenesis.>’ > We found that DOX
significantly inhibited the expression of SCP3 in mice testes, and ENPs improved the expression of SCP3. We also
assessed the levels of proteins associated with meiosis in sperm, specifically REC8, DAZ1, DDX4, and CYCLIN-
D1.*9*2 We discovered that ENPs significantly improved the expressions of meiosis-related genes.

Conclusion

Our results suggest that ENPs ameliorate doxorubicin-induced spermatogenic dysfunction. This action may be associated
with the inhibition of the PINK1/Parkin and BNIP3/NIX signaling pathways and may augment the expression of factors
related to meiosis. The clinical application of ENPs deserves further research.
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