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ABSTRACT: Oligospermia (OA) represents a significant contributor to male infertility, with a pressing need for 

effective and low-side-effect therapeutic strategies. This study aims to investigate the ameliorative effects of 

mangiferin (MG) on OA and its underlying molecular mechanisms. To this end, an OA rat model was induced using 

busulfan (BU), wherein the effects of MG on sperm quality, testis histopathology, and serum hormone levels were 

assessed. Furthermore, an in vitro model of testicular Sertoli cells was prepared using benzimidazole (DRB) to 

evaluate the impact of MG on cell viability and apoptosis. Integrative bioinformatics approaches predicted targets and 

pathways associated with MG, supplemented by molecular docking and validation experiments employing Western 

blot and RT-qPCR techniques to elucidate the regulation of the NLRP3-ASC-Caspase-1-GSDMD signaling pathway. 

Results demonstrated that MG significantly enhanced sperm quality and rescued testicular tissue damage in OA rats 

while restoring hormonal balance. In vitro experiments corroborated these findings by showing increased Sertoli cell 

viability and reduced apoptosis. Network pharmacology and enrichment analysis indicated that MG exerts its effects 

primarily by inhibiting NLRP3 inflammasome activation. Mechanistic investigations revealed that MG downregulated 

the expression of NLRP3, ASC, Caspase-1, and GSDMD, thereby suppressing pyroptosis while mitigating oxidative 

stress (lowering MDA and enhancing SOD) and inflammatory responses (reducing TNF-α and IL-1β). In conclusion, 

MG regulates cell pyroptosis via the NLRP3-ASC-Caspase-1-GSDMD axis, thereby mitigating oxidative stress and 

modulating the inflammatory microenvironment in OA, suggesting its potential as a promising therapeutic agent for 

male infertility. 
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1. Introduction 

The global incidence of male infertility is on the rise due to various factors, including increasing work 

burdens, employment pressures, genetic predispositions, psychological stress, poor dietary habits, and 
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environmental pollution[1–4]. According to data from the World Health Organization (WHO), infertility affects 

approximately 20% of reproductive-aged couples, with male factors contributing to 40–60% of these cases—a 

proportion that is increasing annually. Abnormal semen parameters are responsible for 70–80% of male 

infertility cases, with oligospermia (OA) accounting for approximately 10% of these. Alarmingly, human 

sperm counts are declining at an annual rate of 1%, indicating a progressive deterioration in testicular 

spermatogenic function. Current therapeutic approaches, including pharmacotherapy, surgery, and assisted 

reproductive technologies (ART)[5–7], face significant limitations. Pharmacological treatments demonstrate 

variable efficacy due to individual differences and adverse effects that compromise the quality of life, while 

they often lack etiology-specific targeting. Surgical interventions may be beneficial in select cases, but they 

carry high risks and require prolonged recovery, imposing substantial physical and psychological burdens on 

patients[8]. Although ART, such as in vitro fertilization, can assist certain patients, it remains financially 

burdensome, and success rates are influenced by multiple factors multiple factors influence success rates. 

Consequently, the suboptimal efficacy of current therapies highlights the urgent need to elucidate OA's 

pathogenesis and develop novel interventions. Such advancements are essential for delivering effective 

treatments and improving fertility outcomes and quality of life for affected individuals. 

The core pathological basis of OA lies in testicular injury, primarily driven by the synergistic effects of 

oxidative stress and inflammation. Oxidative stress impairs sperm function through excessive reactive oxygen 

species (ROS), inducing sperm membrane lipid peroxidation, DNA fragmentation, and protein oxidation, 

ultimately reducing sperm motility and fertilization capacity[9]. Concurrently, elevated inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, in the testicular microenvironment disrupt the blood-testis barrier 

(BTB) and impair spermatogenic cell proliferation. Notably, oxidative stress and inflammation form a vicious 

cycle, mutually reinforcing each other and exacerbating testicular damage and dysfunction[10]. Studies 

demonstrate that NADPH oxidase inhibition reduces ROS accumulation, thereby attenuating inflammation 

and suppressing NLRP3 inflammasome activation, highlighting a promising therapeutic strategy. 

Pyroptosis, an inflammasome-mediated programmed cell death mechanism, exacerbates tissue damage 

by releasing pro-inflammatory cytokines and ROS[11]. Research indicates that testicular spermatogenic cells 

undergo pyroptosis under oxidative stress and inflammatory stimuli, leading to structural disintegration of 

the seminiferous epithelium and significant declines in sperm count[12]. Activation of pyroptosis-associated 

proteins such as GSDMD-N induces cell membrane pore formation, which results in the release of 

inflammatory mediators including IL-1β and IL-18[13]; these mediators recruit immune cell infiltration, 

perpetuating a pro-inflammatory microenvironment that contributes to extensive germ cell loss in OA 

patients[14,15]. 

The NLRP3 inflammasome is a central molecular switch linking oxidative stress to pyroptosis. In OA 

models, toxic agents such as busulfan[16] trigger NLRP3 inflammasome assembly by inducing K⁺ efflux, 

ROS accumulation, and lysosomal rupture. Activated NLRP3 recruits Caspase-1 via ASC, which cleaves 

pro-IL-1β and pro-IL-18 into their active forms and processes GSDMD into the pore-forming GSDMD-N 
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fragment, thereby driving pyroptosis[17]. Additionally, NLRP3 activation promotes ROS generation through 

positive feedback loops, further exacerbating oxidative stress[18]. Notably, inhibition of the NLRP3 pathway 

has been shown to significantly reduce testicular cell pyroptosis and improve spermatogenesis, highlighting 

its therapeutic potential[19,20]. 

Mangiferin (MG), a polyphenolic bioactive compound predominantly found in mangoes, has garnered 

significant attention as a potential dietary supplement due to its multifaceted biological activities, including 

potent antioxidant, anti-inflammatory, and anti-apoptotic properties. Emerging research highlights the role 

of dietary supplements in mitigating testicular damage and enhancing spermatogenesis. For instance, Yu et 

al. [21] demonstrated that sea cucumber-derived male gonad peptides exert testicular protective effects by 

suppressing inflammatory responses and promoting spermatogenesis. Similarly, MG has been shown to 

alleviate oxidative stress by modulating intracellular antioxidant enzyme activity [22]. Nevertheless, the 

therapeutic efficacy of mangiferin in oligospermia remains unexplored. In this study, we first investigated 

the therapeutic potential of mangiferin in an OA animal model, then predicted its molecular targets using 

network pharmacology, and finally validated the underlying mechanisms through in vitro experiments. Our 

findings revealed that MG possesses robust antioxidant activity and ameliorates reproductive function by 

suppressing germ cell pyroptosis by inhibiting the NLRP3-ASC-Caspase-1-GSDMD signaling pathway, 

effectively attenuating inflammatory responses and oxidative damage. 

2. Materials and methods  

2.1 Drugs and reagents 

Mangiferin (MG, purity ≥98% [HPLC], Cat. No. M875869) and busulfan (BU) (Cat. No. B803921) were 

purchased from Macklin Inc. (Shanghai, China), and sodium carboxymethyl cellulose (CMC-Na) (Cat. No. 

30036365) was obtained from China National Pharmaceutical Group Corp. (Beijing, China). 

2.2 Animals 

A total of sixty healthy male Sprague-Dawley (SD) rats, aged 8 weeks and weighing 250-280g, were 

procured from Yizhicheng Biotechnology Co., Ltd. (Animal License No.: SYXK 2022-0124). Upon arrival, 

the animals underwent a one-week acclimatization period. They were housed in a SPF facility, where 

conditions were strictly controlled at a temperature of 24-26°C and a relative humidity of 50-60%, with a 

12-hour light/dark cycle. All rats had ad libitum access to a standard rodent diet and sterilized water 

throughout the experimental period. This experimental protocol was approved by the Ethics Committee of 

Wuhan Polytechnic University (Approval No. BME-2024-2-14) and strictly adheres to the ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines, the National Institutes of Health (NIH) Guidelines 

for the Care and Use of Laboratory Animals and the breeding standards for rodents, so as to maximize animal 

welfare. 

2.3 Establishment of busulfan-induced oligospermia (OA) rat model and MG intervention 
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Sixty rats were randomly assigned to seven groups (n=10 per group): (1) blank control, (2) 

busulfan-induced model, (3–5) mangiferin treatment (15, 30, and 60 mg/kg) [23], and (6) vitamin E positive 

control (100 mg/kg) [24]. The grouping was performed using a random number table method. Specifically, all 

rats were numbered according to their body weights, and random numbers were generated to assign them into 

different groups, ensuring comparable average body weights and baseline conditions across groups. 

Oligospermia was induced by intraperitoneal injection of busulfan (3 mg/kg in saline) for five consecutive 

days. Subsequently, mangiferin and vitamin E were administered daily for 30 days via oral gavage, suspended 

in 0.5% CMC-Na. 

2.4 Body weight monitoring and testis index assessment  

Body weight was measured every 3 days, and general health status (e.g., fur condition, activity level) was 

monitored. 24 h after the final treatment, rats were anesthetized with 1% sodium pentobarbital (50 mg/kg, i.p.) 

(Sigma-Aldrich, Shanghai, China, Cat. No. P3761). Blood samples were collected via cardiac puncture, 

followed by euthanasia. Testes were promptly excised and weighed, and the testis index was determined as 

testis weight (mg) relative to body weight (g) (expressed as mg/g). 

2.5 Evaluation of sperm count, motility, and deformity rate 

Sperm samples were obtained from the caudal epididymis. For quantitative analysis, a 10 μL aliquot of 

sperm suspension was placed on a hemocytometer, and sperm concentration and progressive motility were 

evaluated under a microscope at 200× magnification. For morphological assessment, an additional 10 μL 

aliquot was stained with Diff-Quik solution (Solarbio Science & Technology Co., Ltd., Beijing, Cat. No. 

G1541), and sperm abnormalities were examined according to standardized criteria. 

2.6 Histopathological evaluation of testicular tissue by Hematoxylin-Eosin (H&E) staining 

Testicular tissue samples were fixed in 4% paraformaldehyde for 24h at 4°C. Following fixation, 

tissues were processed through a graded ethanol series (70%-100%) for dehydration, cleared in xylene, and 

embedded in paraffin. Sections (4 μm thick) were cut using a microtome, mounted on glass slides, and dried 

overnight at 37°C. For staining, sections were deparaffinized in xylene, rehydrated through graded alcohols, 

and stained with hematoxylin (5 min) followed by eosin (2 min). After dehydration and clearing, slides were 

covered with neutral balsam. Histopathological examination was performed under a light microscope at 

200× magnifications. 

2.7 Serum sex hormone analysis 

Whole blood samples obtained via cardiac puncture from anesthetized rats were incubated at room 

temperature for 2 h to allow complete clotting. The serum was subsequently separated by centrifugation at 

3500 × g for 20 min at 4°C. The concentrations of follicle-stimulating hormone (FSH), luteinizing hormone 

(LH), and testosterone (T) were determined in the serum using commercially available ELISA kits 

according to the manufacturer's protocols. 

2.8 Network pharmacology analysis of mangiferin’s mechanism of action 
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2.8.1 Identification of drug and disease targets 

MG Potential targets were predicted using three bioinformatics platforms: SwissTargetPrediction, 

TargetNet, and SuperPred. After removing duplicates, a set of candidate targets was obtained. Concurrently, 

OA-related targets were retrieved from four databases (GEO, GeneCards, OMIM, and CTD). Duplicates 

among the disease targets were also removed to compile a non-redundant list of OA-associated targets. 

2.8.2 Identification of drug-disease common targets 

The intersection between MG's potential targets and OA-related targets was analyzed using Venn 2.1.0, 

yielding overlapping targets representing potential therapeutic interactions. 

2.8.3 Construction of protein-protein interaction (PPI) 

PPI data for the overlapping targets were retrieved from the STRING database, with interactions 

filtered at a high-confidence threshold (combined score ≥ 0.700). The network was constructed and 

visualized using Cytoscape 3.10.0. Core targets among the overlapping targets were identified based on 

topological analysis of degree centrality, closeness centrality, and betweenness centrality. Additionally, the 

CytoHubba plugin with the Maximal Clique Centrality (MCC) algorithm was applied to further identify hub 

genes. 

2.8.4 Functional enrichment analysis 

The overlapping targets were analyzed using the DAVID database for GO functional annotation 

(including biological processes [BP], molecular functions [MF], and cellular components [CC]) and KEGG 

pathway enrichment analysis, with all analyses performed through the Weishengxin bioinformatics platform. 

2.8.5 Molecular docking validation 

The two-dimensional structure of MG was obtained from PubChem and converted to its 

three-dimensional conformation using Chem3D. Following hydrogenation in AutoDockTools 1.5.7, the 

ligand was prepared in PDBQT format. Crystal structures of core target proteins were retrieved from the 

PDB with the following selection criteria: (1) Homo sapiens origin, (2) X-ray diffraction method, (3) 

resolution ≤2.5 Å, and (4) publication between 2020-2025. PyMOL 2.5 removed water molecules and 

non-essential ligands from the protein structures. The receptor proteins were then processed in 

AutoDockTools 1.5.7 by adding polar hydrogens and converting them to PDBQT format. Molecular 

docking was performed using AutoDock Vina 4.2. Result visualization and analysis were conducted with 

PyMOL 2.5 and Discovery Studio 2019. 

2.9 Sertoli cell culture 

Primary Sertoli cells isolated from Sprague-Dawley rat testes (Shangen Biotechnology, Cat. No.: 

SNP-R071) were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin (100 

U/mL penicillin and 100 μg/mL streptomycin). Cells were maintained at 37°C in a humidified atmosphere 

containing 5% CO₂. 

2.10 Establishment of in vitro OA model and pharmacological interventions 
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An in vitro model of oligospermia was established by treating Sertoli cells with 1000 μg/mL 

benzimidazole (DRB) [25,26] (Sigma-Aldrich, Shanghai, China, Cat. No. D1916) for 24 h, followed by 24-h 

recovery in normal medium. For drug intervention studies, DRB-pretreated cells were exposed to MG at 

concentrations ranging from 25 to 400 μg/mL (25, 50, 100, 200, and 400 μg/mL) for 24 h. Control groups 

were untreated Sertoli cells maintained in a normal culture medium throughout the experimental period. 

2.11 CCK-8 assay 

Cells were seeded in 96-well plates at a density of 1×10^3 cells per well and allowed to adhere for 24 h. 

Following the treatment protocols described in Section 2.10, each experimental group was assayed with six 

replicate wells. Additionally, a separate set of cells was treated with a gradient concentration of mangiferin 

and benzimidazole (DRB) specifically for IC50 calculation. After treatment, the medium was carefully 

aspirated and replaced with 100 μL of fresh medium containing 10% (v/v) CCK-8 reagent. The plates were 

incubated at 37°C in a light-protected environment for 1 h. Absorbance was measured at 450 nm using a 

microplate reader. In addition, the calculated IC50 value and the corresponding dose-response curve are 

provided in Supplementary Figure 1. 

 
Figure 1. Mangiferin (MG) attenuated weight loss and improved testis index in oligospermia (OA) rats. (A) Body weight 

and (B) testis index were monitored. The testis index was calculated as the ratio of testis weight to body weight at 
dissection. Data were presented as Mean ± SD (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001. 

2.12 Hoechst 33342 staining 

Cells cultured on coverslips in 6-well plates were washed twice with PBS and fixed with 4% 

paraformaldehyde for 15 min at room temperature. After PBS washing, cells were stained with 0.5 mL 

Hoechst 33342 solution (10 μg/mL in PBS) for 25 min at room temperature in the dark. Following three 

5-minute PBS washes, coverslips were mounted using an antifade mounting medium and visualized under 

an inverted fluorescence microscope. 

2.13 Measurement of oxidative stress biomarkers 

For tissue analysis, testicular samples (100 mg) were homogenized in ice-cold PBS (1:9, w/v) using a 

tissue homogenizer. The homogenates were centrifuged at 5000 × g for 15 min at 4°C, and the supernatants 

were aliquoted for analysis. For cellular analysis, Sertoli cells (5×10⁶ cells/well) were cultured in 6-well 

plates. Following treatment, cells were washed with ice-cold PBS and lysed with RIPA buffer containing 
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protease inhibitors. The supernatants were collected after centrifugation at 12,000 × g for 15 min at 4°C. 

Protein concentrations were determined by using a BCA protein assay. Oxidative stress markers, including 

malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) activities, 

were measured using commercial assay kits according to manufacturers' protocols. 

2.14 Quantification of inflammatory cytokines 

Both testicular tissue homogenates and Sertoli cell lysates were centrifuged at 12,000 × g for 15 min at 

4°C to obtain clear supernatants. Total protein concentration was determined using the BCA protein assay. 

The concentrations of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and anti-inflammatory cytokine 

(IL-10) were measured in both supernatants using commercially available ELISA kits according to the 

manufacturer's instructions. 

2.15 Western blot 

Cell lysates were centrifuged at 12,000 × g for 15 min at 4°C, and protein concentrations were 

determined by BCA assay. Equal amounts of protein (50 μg) were separated on 10% SDS-PAGE and 

transferred to PVDF membranes using a wet transfer system. Membranes were blocked with 5% non-fat 

milk in TBST for 2 hours at room temperature, followed by incubation with primary antibodies overnight at 

4°C, including anti-NLRP3 (Rabbit, Proteintech, Beijing, China, Cat. No. 30109-1-Ap), anti-Caspase-1 

(Rabbit, ZENBIO, Chengdu, China, Cat. No. 342947), anti-GSDMD (Rabbit, Affinity, Chengdu, China, 

Cat. No. AF4012), and anti-β-actin (Rabbit, BIOSS, Beijing, China, Cat. No. BS-0061R) at 1:1000 dilution. 

After washing with TBST (3 × 10 min), membranes were incubated with HRP-conjugated goat anti-rabbit 

secondary antibody (Abcam, Cambridge, UK, No. ab205718) at a 1:4000 dilution for 1 hour at room 

temperature. Protein bands were detected using an ECL substrate and quantified using ImageJ software after 

image acquisition with an AI600 imaging system. 

2.16 RT-qPCR 

Total RNA was extracted from testicular tissues or cell samples using an RNA extraction kit. The 

concentration and purity of RNA were measured by UV spectrophotometry. Following the manufacturer’s 

instructions for the cDNA synthesis kit, cDNA was synthesized from RNA templates by adding reverse 

transcriptase and specific primers. For RT-qPCR, the reaction began with an initial denaturation at 95°C for 

10 min, followed by 45 cycles of denaturation at 95°C for 15 sec and annealing/extension at 60°C for 1 min. 

β-actin was used as the internal reference gene, and the relative expression of target genes was calculated 

using the 2−ΔΔCt method. Primer sequences are provided in Supplementary Table 1. 

2.17 Targeted energy metabolism metabolomics 

2.17.1 Sample Preparation 

Testicular tissue samples from SD rats were used for targeted energy metabolism metabolomics 

analysis. Approximately 50 mg (±2.5 mg) of each sample was accurately weighed into a 2 mL centrifuge 

tube. Immediately, 500 μL of pre-chilled (−20°C) 70% methanol aqueous solution was added, followed by 3 
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min vortex mixing. After centrifugation at 12,000 × g for 10 min at 4°C, 300 μL of supernatant was 

transferred to a 1.5 mL tube and stored at −20°C for 30 min. The samples were then recentrifuged under 

identical conditions. Finally, 200 μL of supernatant was filtered through a protein precipitation plate and 

stored at −20°C before LC-MS analysis. 

2.17.2 Chromatographic and mass spectrometric conditions 

Chromatographic separation was achieved using an ACQUITY UPLC BEH Amide column (1.7 μm, 

100 × 2.1 mm) maintained at 40°C. The binary mobile phase consisted of (A) 10 mM ammonium acetate 

and 0.3% ammonia in ultrapure water and (B) acetonitrile/water (90:10, v/v), delivered at 0.40 mL/min with 

the following gradient program: 5% A (0-1.2 min), linear increase to 30% A (8.0 min), 50% A (9.0-11.0 

min), and re-equilibration to initial conditions (11.1-15.0 min). The injection volume was 2 μL. 

Mass spectrometric detection was performed using a Q-Trap® 6500+ system with an electrospray 

ionization source operated at 550°C in positive (5500 V) and negative (-4500 V) ion modes. The curtain gas 

was maintained at 35 psi. Optimized declustering potentials and collision energies were established for each 

analyte through individual ion pair optimization. 

2.17.3 Data processing and analysis 

Mass spectrometry data were processed using Analyst 1.6.3 and MultiQuant 3.0.3 software. 

Chromatographic peaks were integrated and retention time-aligned using reference standards to ensure 

accurate identification and quantification. 

Multivariate statistical analysis was performed in R software (version 4.3.1). PCA was conducted using 

the prcomp function with unit variance scaling. OPLS-DA was implemented through the MetaboAnalyst R 

package. 

Differential metabolite screening employed a two-tiered approach: (1) preliminary selection based on 

VIP scores (VIP >1) from OPLS-DA models (n≥3 biological replicates), followed by (2) confirmation using 

univariate analysis (P-value/FDR <0.05 and |log2FC|≥1, n≥2 biological replicates). Metabolites meeting 

both criteria were considered significantly differentially expressed. 

2.18 Statistical analysis 

Data analysis and visualization were performed using SPSS 25.0 and GraphPad Prism 10.1.2. 

Continuous variables were presented as Mean ± SD. Body weight differences between groups were analyzed 

by two-way ANOVA, while other parameters were compared using one-way ANOVA. Post hoc pairwise 

comparisons were conducted with Fisher's LSD test. A threshold of P < 0.05 was considered statistically 

significant. Data were tested for normality and homogeneity of variances using the Shapiro–Wilk test and 

Levene’s test, respectively. The results of these tests are provided in Supplementary Table 2. 

3. Results 

3.1 Therapeutic effects of mangiferin (MG) in an oligospermia (OA) rat model 

3.1.1 MG ameliorated body weight loss and testicular atrophy 
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To evaluate the therapeutic potential of MG, we monitored body weight dynamics and calculated the 

testis index (testis-to-body weight ratio) in OA model rats. All groups showed initial weight gain followed by 

stabilization, but the model group exhibited significantly attenuated weight gain from day 9 onward compared 

to normal controls. While MG-treated groups initially mirrored the model group's weight pattern, extended 

treatment (30 days) significantly prevented weight loss versus the model group. The vitamin E (VE) positive 

control showed marginal effects on body weight (Figure 1A and Supplementary Table 3). 

The model group displayed significant testicular atrophy (reduced testis index versus controls, P < 

0.001), which was markedly reversed by MG treatment (Figure 1B). These results demonstrate that MG 

effectively counteracts systemic metabolic impairment and testicular dysfunction in OA. 

3.1.2 MG attenuated busulfan-induced sperm quality impairment in OA rats 

The defining pathological feature of OA is a systemic deterioration in sperm quality. This study 

comprehensively assessed the therapeutic effects of MG on sperm concentration, motility, and deformity 

rate (Figure 2A-D). Results showed that busulfan-induced OA model rats exhibited significantly impaired 

sperm motility, a declining sperm concentration trend, and increased deformity rate, aligning with OA 

characteristics. MG treatment at all doses (15, 30, and 60 mg/kg) markedly restored sperm concentration and 

motility while reducing deformity rates. Dose-response analysis revealed comparable efficacy in improving 

sperm concentration and motility across dose groups. However, the 30 and 60 mg/kg groups outperformed 

the 15 mg/kg group in ameliorating sperm deformity rates. In contrast, VE (positive control) only 

significantly reduced the deformity rate without notable effects on other parameters. These findings 

conclusively demonstrate MG’s multifaceted reproductive protective effects, enhancing sperm quantity 

(concentration) and quality (motility and morphology). 
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Figure 2. The ameliorative effects of MG on sperm quality, testicular pathology, and hormone levels in OA rats. (A) Sperm 
concentration and (B) sperm motility were detected in epididymal sperm. (C) Sperm abnormality rate was observed by Diff 
staining. (D) Representative images of Diff staining of sperm from each group. (E) Testicular tissue damage observed by HE 
staining, with (F) diameter of seminiferous tubules, (G) thickness of seminiferous tubule epithelium, and (H) cross-sectional 
area of seminiferous tubules calculated. (I) Representative images of HE staining of testicular tissue. (J) Serum T, (K) LH, and 
(L) FSH levels were detected. Scale bars: 100 μm. Data were presented as Mean ± SD (n=10 for sperm parameters, n=5 for 

others). *P < 0.05, **P < 0.01, ***P < 0.001. 

3.1.3 MG mitigated busulfan-induced testicular damage in OA rats 

The structural integrity of testicular tissue is essential for spermatogenesis, and seminiferous tubule 

morphology directly reflects the extent of testicular injury in OA rats. This study evaluated key 

morphological parameters, including seminiferous tubule epithelial thickness, diameter, and area (Figure 

2E-H). Compared to the normal group, the busulfan-induced model group exhibited significant reductions in 

all three parameters, confirming severe testicular structural damage. MG treatment at all doses (15, 30, and 

60 mg/kg) partially restored these morphological indices, with the 30 mg/kg group demonstrating the most 

pronounced recovery in epithelial thickness, diameter, and area. These findings indicate that MG effectively 

repairs testicular tissue damage and reconstructs a spermatogenesis-supportive microenvironment, providing 

histological support for its sperm quality-enhancing effects. Notably, the superior efficacy of the 30 mg/kg 

dose suggests its potential as the optimal therapeutic dosage for testicular repair. 

3.1.4 MG Restored busulfan-induced hormonal imbalance in OA rats 

This study systematically evaluated the endocrine regulatory effects of MG in OA rats by measuring T, 

LH, and FSH levels (Figure 2I-K). Experimental data revealed that, compared to the control group, the 

model group exhibited a significant decrease in serum T levels alongside markedly elevated LH and FSH 

levels, reflecting characteristic endocrine dysfunction in OA rats. VE intervention notably reduced LH and 

FSH levels but negatively affected T levels. In contrast, MG treatment demonstrated a clear dose-dependent 

regulatory effect. The 30 mg/kg dose group showed the most pronounced efficacy, significantly attenuating 

busulfan-induced elevations in LH and FSH levels and restoring them to near-normal ranges. Although the 

impact on T levels was relatively limited, a modest upward trend was observed. These results confirm MG’s 

endocrine-modulating properties, with the 30 mg/kg dose exhibiting optimal hormonal regulation. 

3.2 Exploration of MG’s therapeutic targets for OA using network pharmacology and molecular docking 

3.2.1 Prediction of MG targets for OA 
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To identify potential therapeutic targets of MG for OA, a network pharmacology-based analysis was 

performed. First, DEGs associated with OA were screened from the GEO database using R (Supplementary 

Table S4). Additionally, disease-related targets were retrieved from GeneCards, OMIM, and CTD database, 

yielding 14,011 unique targets after duplicate removal. Next, 153 potential MG targets were predicted using 

Swiss Target Prediction, TCMSP, and Pharm Mapper (Supplementary Table S5). By intersecting the MG 

targets with disease-related targets, we identified 125 overlapping genes (Supplementary Table S6), which 

were proposed as potential therapeutic targets for MG in OA (Figure 3A-B). 

 
Figure 3. Prediction of the therapeutic targets of MG for oligospermia. (A) The volcano plot showed the 

differentially expressed genes (DEGs) between oligospermia and normal samples in the GEO database, with 
significantly upregulated and downregulated genes indicated in red and blue, respectively. (B) The Venn 
diagram identified 125 targets between MG and OA. (C)The PPI network screened core targets based on 
DC, CC, and BC. (D) Network analysis further divided targets into core targets (red nodes) and non-core 

targets (orange nodes). (E) The top 10 hub genes screened by the CytoHubba algorithm were likely to serve 
as key therapeutic targets. 

3.2.2 Screening of core targets via PPI analysis 

To further investigate the potential mechanisms of MG in treating OA, the 125 common targets were 

imported into the STRING database and filtered using a high-confidence threshold (0.700). A PPI network 

consisting of 113 nodes and 517 edges was constructed. Topological analysis revealed that the median 

values of DC, CC, and BC were 6, 0.405, and 0.002, respectively. Subsequently, according to the criteria of 
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DC≥6, CC≥0.405, and BC≥0.002, the core PPI network was screened, and 22 key targets closely related to 

the therapeutic effects of MG on OA were identified (Figure 3C-D). Using the CytoHubba plugin in 

Cytoscape 3.10.0 based on the MCC algorithm, 10 hub genes were further screened and identified (Figure 

3E), including HSP90AA1, NFKB1, SIRT1, RELA, ESR1, DNMT1, CDK1, HDAC2, CDK2, and AR. 

Notably, several members of these hub genes, such as NFKB1 and RELA[27], are key transcription factors 

regulating inflammatory responses, while SIRT1[28] and HSP90AA1[29] are involved in the regulation of 

oxidative stress responses. In particular, SIRT1, as an important oxidative stress sensor, can regulate cellular 

redox balance by modulating NAD+ metabolism. These findings suggest that MG may alleviate OA by 

concurrently targeting inflammatory and oxidative stress pathways, offering mechanistic insights for further 

research. 

3.2.3 Key pathways screening by functional enrichment analysis 

Based on the preliminary results of the PPI network analysis, we initially speculated that MG primarily 

functioned through anti-inflammatory and antioxidant pathways. To further elucidate its molecular 

mechanisms, we conducted GO and KEGG enrichment analyses. The GO analysis revealed that the targets 

of MG were mainly involved in BP such as positive regulation of reactive oxygen species metabolic process, 

cellular response to hypoxia, and inflammatory responses. In terms of CC, they were primarily enriched in 

structures like synapses, chromatin, and the cytoplasmic membrane. Regarding MG, they were significantly 

enriched in key functional domains such as protein kinase activity, ATP binding, and protein binding 

(Figure 4A). The KEGG pathway analysis further indicated that the mechanisms of MG in treating OA 

involv pathways related to oxidative stress and inflammatory responses (Figure 4B). Among these, the 

NOD-like receptor signaling pathway was of significant importance. Within this category of signaling 

pathways, the NLRP3 inflammasome pathway is the most crucial. This pathway perceives danger signals 

through the pattern recognition receptor NLRP3, recruits the ASC adaptor protein, and activates Caspase-1. 

This subsequently cleaves the GSDMD protein, promoting the maturation and release of pro-inflammatory 

cytokines such as IL-1β, ultimately leading to pyroptosis. This programmed cell death not only directly 

damages the testicular spermatogenic epithelium but also continuously activates inflammatory responses and 

oxidative stress, forming a vicious cycle that leads to spermatogenic dysfunction[30]. 
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Figure 4. Functional enrichment analysis and molecular docking. (A-B) GO and KEGG predicted key 

pathways for MG to improve OA. (C) The binding mode of mangiferin with NLRP3 protein was intuitively 
presented in a three-dimensional structure diagram through molecular docking technology, (D) while the 

two-dimensional interaction diagram detailed the key binding sites and molecular interactions. 

3.2.4 Molecular docking analysis of the binding affinity between ligand (MG) and receptor (NLRP3) 

Informed by predictions derived from network pharmacology, it is postulated that MG may exert its 

reproductive protective effects through the modulation of the NLRP3 inflammasome activation pathway, 

thereby mitigating pyroptosis. To substantiate this proposed mechanism, we utilized molecular docking 

techniques to evaluate the binding interactions between MG and NLRP3. The docking analyses revealed that 

MG exhibits a strong binding affinity with the NLRP3 protein, characterized by a binding free energy of 

-9.6 kcal/mol, which suggests a stable interaction between the two entities (Figure 4C). Further examination 

indicated that MG engages in intermolecular interactions with several critical amino acid residues of 

NLRP3, including ILE-521, GLN-509, ILE-151, TRP-416, ILE-234, PRO-412, and THR-169 (Figure 4D). 

These interactions may influence the conformation and function of NLRP3. The findings from this structural 

biology investigation provide significant evidence supporting the direct targeting of the NLRP3 

inflammasome by MG, thereby corroborating its mechanism in ameliorating OA through the inhibition of 

NLRP3 inflammasome activation. 

3.3 In vitro and in vivo studies to elucidate the molecular processes of MG in the treatment of OA 

3.3.1 MG reduced cell damage in vitro 
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Benzimidazole (DRB) was employed to produce damage to Sertoli cells for the establishment of an in 

vitro OA model. The CCK-8 assay results (Figure 5A) indicated that DRB intervention markedly decreased 

cell viability, effectively replicating the pathological condition of OA. Cell viability was greatly enhanced 

following treatment with MG, with the most effective protective effect noted at a dose of 200 μg/mL (this 

dose was utilised for future mechanistic investigations). Hoechst staining provided additional indication that 

MG greatly prevented DRB-induced apoptosis in Sertoli cells (Figure 5B-C). 

 
Figure 5. The effects of MG on benzimidazole-induced Sertoli cell damage and oxidative 

stress/inflammatory responses in vitro and in vivo. (A) Cell viability detected by CCK-8 assay. (B) 
Apoptosis levels analyzed by Hoechst 33342 staining. (C) Representative Hoechst staining images (normal 

cells: light blue; apoptotic cells: bright blue). (D) SOD activity, (E) MDA levels, and (F) GSH-PX activity in 
Sertoli cells. (G–J) Inflammatory cytokine levels (TNF-α, IL-1β, IL-6, IL-10) in Sertoli cells. (K) SOD 

activity, (L) MDA levels, and (M) GSH-Px activity in testicular tissue. (N–Q) Inflammatory cytokine levels 
(TNF-α, IL-1β, IL-6, IL-10) in testicular tissue. Data were presented as Mean ± SD (n=5). *P < 0.05, **P < 

0.01, ***P < 0.001. 

3.3.2 MG alleviated oxidative stress and inflammatory responses in cell and animal models of OA 

KEGG pathway analysis based on network pharmacology predicted that MG treats OA by modulating 

oxidative stress and inflammatory pathways. This mechanism was experimentally validated in vitro and in 

vivo. DRB-induced Sertoli cells demonstrated oxidative stress features, including significantly decreased 

SOD activity and elevated MDA levels. MG intervention partially restored SOD and MDA levels, though its 
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impact on GSH-Px was marginal. Inflammatory profiling revealed that DRB markedly upregulated 

pro-inflammatory cytokines (TNF-α and IL-1β), while MG treatment suppressed their expression. However, 

MG’s effects on IL-6 and IL-10 were less pronounced (Figure 5D-J). 

Consistent with in vitro data, busulfan-induced OA rats exhibited testicular oxidative stress (reduced 

SOD/GSH-Px, elevated MDA) and inflammation (increased TNF-α/IL-1β). 30 mg/kg MG administration 

significantly ameliorated these pathological alterations (Figure 5K-Q). Collectively, these findings 

demonstrated that MG protected testicular cells by mitigating oxidative damage and attenuating 

inflammatory responses. 

3.3.3 Mangiferin inhibits pyroptosis by suppressing NLRP3 inflammasome activation 

Network pharmacology analysis predicted that MG exerts reproductive protective effects by regulating 

NLRP3 inflammasome-mediated pyroptosis. To validate this hypothesis, we performed molecular 

experiments (Figure 6). Western blot analysis revealed elevated protein levels of NLRP3, Caspase-1, and 

GSDMD in Sertoli cells from the model group compared to controls, which were significantly reduced upon 

MG intervention. RT-qPCR further confirmed these findings, demonstrating that NLRP3, ASC, Caspase-1, 

and GSDMD mRNA levels were markedly increased in the model group but suppressed by MG. Notably, in 

vivo experiments in OA rats yielded consistent results, with MG downregulating NLRP3 

inflammasome-related genes in testicular tissue. These data collectively indicat that MG alleviats oxidative 

stress and inflammation by inhibiting NLRP3 inflammasome activation and subsequent pyroptosis. 
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Figure 6. Regulation of the NLRP3 inflammasome signaling pathway by MG in Sertoli cells and OA rats. Western blot was 

used to determine the protein expression of NLRP3, Caspase-1, GSDMD, and β-actin in the control (Ctrl) group, model 
group, MG intervention group (M+MG), and Ctrl + MG group. (A and C) Protein immunoblot bands. (B and D) Quantitative 
analysis of protein expression levels. RT-qPCR was used to detect the mRNA levels of (E) NLRP3, (F) ACS, (G) Caspase-1, 

and (H) GSDMD in Sertoli cells. (I-L) RT-qPCR analysis of mRNA expression levels of NLRP3, ASC, Caspase-1, and 
GSDMD in OA rats. Data were presented as Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 

Interestingly, even in non-modeled, normally cultured cells, MG slightly reduced NLRP3, Caspase-1, 

and GSDMD protein expression. These observations suggest that MG, as a natural compound, may not only 

exert therapeutic effects under pathological conditions but also serve as a safe dietary supplement for 

maintaining reproductive health. 

4. Discussion 

OA is a common reproductive disorder affecting approximately 10% of men of reproductive age, 

characterized by a significant decline in sperm count and quality, often leading to infertility. Existing 

therapeutic drugs are often associated with notable side effects, thus highlighting the clinical significance of 

developing novel treatment strategies and elucidating their mechanisms of action. This study is the first to 

demonstrate that MG significantly improves reproductive function in a rat model of OA induced by 

busulfan, as evidenced by the regulation of sex hormone levels, enhancement of sperm quality, and 

alleviation of testicular tissue pathological damage. Through integrated network pharmacology analysis and 

experimental validation, the study further unraveled the mechanism of action of MG, which involves 

inhibiting the activation of the NLRP3-ASC-Caspase-1-GSDMD signaling pathway, effectively blocking 
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the pyroptosis process, thereby reducing inflammatory responses and oxidative stress damage, and 

ultimately achieving therapeutic effects on OA. 

OA is pathologically characterized by reduced sperm count and quality, endocrine dysfunction, and 

testicular atrophy. The busulfan-induced rat model in this study successfully recapitulated these features[31], 

including significantly decreased testosterone levels—a key hormone regulating spermatogenesis. 

Testosterone (T) deficiency impairs Sertoli cell function, by compromising the blood-testis barrier integrity, 

disrupting sperm adhesion, and hindering apoptotic cell clearance[32]. Additionally, Sertoli cell damage 

affects FSH signaling, which governs spermatogonial maintenance and differentiation[32]. Consistent with 

OA pathology, the model group exhibited endocrine dysregulation, including reduced T alongside elevated 

FSH and LH levels. MG treatment effectively normalized these hormonal imbalances. Histopathological 

analysis further revealed seminiferous tubule atrophy, epithelial thinning, and extensive Sertoli cell death in 

model rats, resulting in impaired spermatogenesis and poor sperm quality[33]. In contrast, mangiferin 

intervention markedly ameliorated these defects, evidenced by restored spermatogenic epithelium thickness, 

viable Sertoli cells, and improved sperm count and motility. These findings demonstrate that mangiferin 

alleviates oligospermia by repairing the testicular microenvironment and rebalancing endocrine homeostasis. 

Network pharmacology, a pivotal tool in systems biology, enables the systematic prediction of drug 

mechanisms. Specifically, its predictions indicated that the key hub targets of MG in alleviating OA include 

SIRT1 and NFKB1. These targets are mainly involved in counteracting mitochondrial oxidative damage, 

maintaining mitochondrial homeostasis, and suppressing inflammatory responses. Additionally, GO analysis 

further suggested that MG targets participate in regulating oxidative stress, inhibiting inflammation, and 

modulating apoptosis. Critically, our experimental validation closely matched these predictions, confirming 

that MG can mitigate oxidative stress and reduce inflammatory responses. Regarding its antioxidant 

properties, MG significantly increased SOD activity while reducing MDA levels. This effect likely stems 

from its direct free radical scavenging capacity and catechol structure, which effectively terminates radical 

chain reactions[22]. The limited impact on GSH-Px activity suggests that MG's antioxidant mechanism 

operate independently of the glutathione pathway, or alternatively, reflected temporal variations in 

antioxidant enzyme system responses. In terms of anti-inflammatory effects, MG exhibited selective 

inhibition of pro-inflammatory cytokines (TNF-α and IL-1β) rather than IL-6. This specific inhibition 

pattern aligns with its targeted regulation of the NLRP3 inflammasome pathway. The minimal effect on 

IL-10 production may indicate selective action on particular immune cell subsets[34,35].  

Furthermore, KEGG pathway enrichment analysis predicted several pathways closely related to MG 

treatment of OA, including the NOD-like receptor signaling pathway, NF-κB pathway, and oxidative 

stress-related pathways, with the NOD-like receptor pathway being particularly prominent. Subsequently, 

experimental validation was highly consistent with these predictions. Our experimental validation using 

western blot and RT-qPCR demonstrated that MG consistently downregulated the NLRP3-ASC-Caspase-1 

signaling axis at both protein and mRNA levels, suggesting its potential to suppress NLRP3 inflammasome 
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activation through transcriptional regulation. Thus, this result directly confirmed the inhibitory effect of MG 

on the NOD-like receptor signaling pathway as identified in the enrichment analysis. Mechanistically, given 

the pivotal role of NLRP3 in bridging oxidative stress and pyroptosis, where benzimidazole-induced ROS 

overproduction activates NLRP3 via NF-κB signaling [36], and subsequent NLRP3 inflammasome assembly 

triggers Caspase-1-dependent GSDMD cleavage, leading to pyroptosis and cytokine release[37]. Our 

findings reveal MG's dual therapeutic mechanism. It not only directly scavenges ROS to mitigate oxidative 

stress but also inhibits NLRP3 expression and downstream inflammatory cascades. Notably, MG markedly 

reduced ASC adapter protein expression. As ASC serves as the essential scaffold for NLRP3 inflammasome 

formation[38], its downregulation may directly impair NLRP3-ASC-Caspase-1 complex assembly[39], 

thereby effectively disrupting the pyroptosis signaling pathway. This finding offers novel insights into MG's 

anti-pyroptotic action. 

In addition, network pharmacology analysis suggested that MG regulation of OA also involves energy 

metabolism pathways, reflected by the close relationship between the identified hub targets and mitochondrial 

homeostasis, as well as GO molecular functions related to ATP synthesis. Based on this, we propose that MG 

may influence inflammasome activation through modulation of energy metabolism, thereby implying that its 

protective effects involve both direct molecular inhibition and metabolic reprogramming. Recent studies have 

demonstrated that cellular energy metabolism reprogramming plays a pivotal role in NLRP3 priming and 

activation[40]. The shift from oxidative phosphorylation to anaerobic glycolysis promotes NLRP3 

inflammasome assembly and activation[41]. To elucidate the mechanism underlying MG-mediated NLRP3 

suppression, we performed targeted energy metabolomics analysis[42] of testicular tissues from oligospermia 

model rats. Metabolomics data (Figure 7) revealed decreased acetyl-CoA and itaconate levels in the model 

group, indicating suppressed tricarboxylic acid (TCA) cycle activity[43]. Elevated lactate coupled with 

reduced glucose-6-phosphate and fructose-6-phosphate suggested metabolic reprogramming toward 

anaerobic glycolysis[44]. Paradoxically, the concurrent decrease in glycolytic intermediates implied their 

potential diversion to alternative pathways. Further analysis showed increased 6-phosphogluconate, 

confirming redirection of glucose-6-phosphate to the pentose phosphate pathway[45]. This metabolic 

adaptation likely represents a compensatory mechanism to enhance NADPH production for combating 

oxidative damage[46] in testicular cells, as evidenced by increased oxidative stress markers in oligospermia. 

Importantly, integrated analysis of targeted metabolomics, molecular pathways, and pharmacodynamics 

revealed a close link between metabolic reprogramming and therapeutic outcomes. MG treatment restored 

TCA cycle intermediates (acetyl-CoA) and anti-inflammatory metabolites (itaconate), which were positively 

correlated with improved sperm quality, elevated serum testosterone, and enhanced oxidative stress markers. 

This suggests that MG-mediated metabolic remodeling may act as an upstream regulator connecting cellular 

energy metabolism, pyroptosis inhibition, and hormonal recovery. Activation of the pentose phosphate 

pathway to restore NADPH metabolism further supports antioxidant capacity, forming a continuous 

mechanism from metabolic regulation to anti-pyroptotic and reproductive protection. Overall, oligospermia 
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causes testicular metabolic disturbances, characterized by reduced TCA cycle activity and enhanced 

glycolysis, which elevate ROS levels and activate the NLRP3 inflammasome. Inflammasome activation 

damages Sertoli cells, ultimately reducing sperm count, motility, and testosterone levels. MG treatment 

reverses these metabolic disturbances, inhibits NLRP3-mediated pyroptosis, and restores reproductive 

function. Building upon these findings, future investigations should systematically evaluate MG's regulatory 

effects on key metabolic intermediates and elucidate how metabolic reprogramming mechanistically links to 

NLRP3 inflammasome activation in oligospermia, which may reveal novel therapeutic targets for male 

infertility. 

 
Figure 7. Differential metabolites analysis and KEGG pathway enrichment. (A-P) Violin plots of differential 
metabolites. (Q-R) Heatmap and KEGG pathway enrichment results of differential metabolites. *P < 0.05, 

**P < 0.01, ***P < 0.001. 
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5. Conclusion 

Mangiferin showed significant efficacy in improving reproductive function through both in vivo and in 

vitro studies. In vivo experiments demonstrated its ability to enhance sperm quality, restore sex hormone 

balance, and mitigate testicular tissue damage. In vitro studies confirmed its protective effects on Sertoli 

cells, including increased viability and suppressed apoptosis. Network pharmacology analysis combined 

with experimental validation identified NLRP3 inflammasome inhibition as mangiferin's key mechanism, 

effectively blocking pyroptosis. This dual action not only directly reduced inflammatory responses and 

oxidative stress but also established a critical negative feedback loop, the attenuated oxidative stress further 

suppresses NLRP3 activation, creating a self-sustaining cycle of pyroptosis reduction. This unique 

regulatory mechanism positions mangiferin as a promising candidate for oligospermia treatment and offers 

novel insights for developing male infertility therapies.  
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