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Background: To determine the effect of senescence marker protein 30 (SMP30) regulation on the levels of p-STAT3 in the 
pathophysiology of lens epithelial cells (LECs) pyroptosis in cataracts.
Methods: Initially, cataracts were induced in rats using ultraviolet B (UVB) irradiation. Transmission electron microscopy was 
utilized to observe morphological changes in rat LECs, and RT-qPCR was utilized to quantify SMP30 and pyroptosis-related marker 
genes (GSDMD, Caspase-1, NLRP3, IL-1β, and IL-18). Subsequently, SMP30-AAV2 vectors were injected into the vitreous cavity to 
overexpress SMP30 in rat lenses. Proteomic analysis identified differential proteins associated with pyroptosis post-SMP30 over
expression. Stable SMP30-overexpressing human LECs (SRA01/04 cells) were established via lentiviral transfection. Western blot, 
ELISA, and RT-qPCR were used to investigate the role of SMP30 in the pyroptosis of LECs treated with H2O2. Additionally, rescue 
experiments with p-STAT3 agonists and inhibitors elucidated SMP30’s molecular mechanisms in H2O2-induced LECs pyroptosis.
Results: After UVB irradiation, SMP30 expression significantly decreased in rat lens capsules, while pyroptosis-related marker gene 
expression markedly increased. Ten crucial pyroptosis-related proteins were identified by proteomic analysis following SMP30 
overexpression, with STAT3 receiving the highest score. SMP30 overexpression during H2O2-induced pyroptosis in SRA01/04 cells 
significantly decreased the expression of pyroptosis-related markers (GSDMD, Caspase-1, NLRP3, IL-1β, and IL-18). The p-STAT3 
agonist Colivelin weakened the anti-pyroptotic effect of SMP30, while the p-STAT3 inhibitor Stattic enhanced the anti-pyroptotic 
effect of SMP30.
Conclusion: The expression levels of SMP30 were downregulated in cataract cell pyroptosis. When overexpressed, SMP30 can 
reduce lens epithelial cell pyroptosis by downregulating the expression of p-STAT3. Thus, SMP30 demonstrates promising potential in 
preventing and treating cataracts.
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Introduction
Cataracts are a primary contributor to blindness and vision loss in adults globally. According to the Global Burden of 
Disease Study 2021 (GBD 2021; https://ghdx.healthdata.org/gbd-2021), the global prevalence of cataracts reached 
100.57 million cases in 2021. China accounted for 19.79 million of these cases, representing approximately 19.7% of 
the global burden.1 The incidence of cataracts is rising annually due to the increasing world’s aging population, posing 
a serious threat to public health.2,3 Research revealed that various factors, including genetics, age, oxidative stress, 
inflammation, and ultraviolet radiation, are linked to the occurrence of cataracts.2 However, its pathogenesis remains 
undetermined. Some studies suggest that oxidative stress-induced lens epithelial cells (LECs) apoptosis is a pathological 
mechanism of cataract formation.4 However, current research indicates that cataract occurrence and development are 
mediated by several types of cell death, including ferroptosis,5 autophagy,6 and pyroptosis.7 Among these, pyroptosis has 
attracted increasing attention from researchers.
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Pyroptosis is a recently discovered type of programmed cell death (PCD),8 it is defined by inflammasome activation, 
cell membrane permeabilization, membrane rupture, and the development and release of pro-inflammatory cytokines IL- 
1β and IL-18.9 It is triggered by caspases-1 through a classical pathway. Inflammasomes activate caspase-1, which then 
cleaves GSDMD, releasing the N-terminal domain (GSDMD-N). The release of this domain creates holes in the 
membrane of the cell. When this occurs, the cell membrane becomes compromised, allowing sodium ions to enter 
along with water molecules, leading to increased osmotic pressure inside the cell and causing it to swell. Eventually, the 
cell membrane ruptures, releasing cellular contents and triggering an inflammatory response.10 Furthermore, pro-IL-1β 
and pro-IL-18 are concurrently cleaved into their active forms by activated caspase-1, IL-1β, and IL-18, which are 
subsequently released through the pores made by GSDMD to induce inflammation. Another mode of pyroptosis 
activation is through the non-classical pathway. This pathway is mediated by caspase-4/5/11. The direct binding of 
lipopolysaccharides (LPS) to caspase-4/5/11 can activate these enzymes, cleaving GSDMD and causing pyroptosis.11 

Moreover, pyroptosis is closely associated with oxidative stress and inflammation, with studies reporting that reactive 
oxygen species (ROS) are crucial to the process.12

The identification of senescence marker protein 30 (SMP30) dates back to 1978. A study revealed that SMP30 
constitutes rat liver protein and its expression decreased with age in the rats.13 From this study, it can be observed that 
SMP30 is linked with the aging process. In human cataract patients aged above 60, the expression levels of SMP30 were 
observed to be decreased when compared to individuals aged below 60,14 thus implicating its function in the aging 
process. With a molecular weight of 34 kDa, SMP30 is broadly expressed in the liver, kidneys, lungs, brain, thymus, 
heart, testicles, ovaries, and eyeballs, with higher expression levels in the liver and kidneys. SMP30 has multiple 
biological functions; it contributes to the synthesis of vitamin C, helps protect against oxidative damage, inhibits pro
liferation and apoptosis, and influences the synthesis of DNA and RNA.15,16 Additionally, it regulates important cellular 
processes like proliferation, antioxidation, and anti-apoptosis, which protect against cataracts.17–19 Ishikawa et al20 

discovered that SMP30-knockout mice were more prone to the development of cataracts following UVB exposure 
than wild-type mice. SMP30 was revealed to be expressed within the anterior capsule’s LECs in human lenses.14 

According to recent studies, SMP30 has also been linked to the regulation of proteins associated with pyroptosis.21 

However, the relationship between SMP30 and cell pyroptosis in the development of cataracts has not been established 
and requires further investigation.

In our investigation, we used ultraviolet B (UVB) irradiation to induce cataracts in rats, and we discovered 
that pyroptosis was activated in the LECs. Subsequently, we constructed a rat cataract model with overexpressed 
SMP30 and identified the downstream protein STAT3 of SMP30 through proteomic analysis. In H2O2-induced pyroptosis 
of the human LECs SRA01/04, we found that SMP30 alleviates pyroptosis by reducing the levels of p-STAT3. 
Consequently, targeting SMP30 may be a useful strategy for treating and preventing cataracts.

Methods and Materials
Experimental Animals
A total of 55 Wistar rats, aged 2 months and weighing approximately 200 g (27 males and 28 females), were obtained 
from Beijing Vital River Laboratory Animal Technology Co., Ltd. (License number, SCXK (Jing) 2021–0006). The rats 
were maintained in an SPF-grade laboratory and fed standard food under a cycle of 12 hours of light and darkness. All 
animal studies were approved by the Guangxi Medical University Animal Research Committee (Approval number, 
202107443) and conducted in accordance with the ARRIVE Guidelines 2.0. The animal experimental procedures of this 
study were strictly in accordance with the Guidelines for the Ethical Review of Animal Welfare (GB/T 35892–2018). 
Three groups of rats were established, the normal control (NC) group, the ultraviolet B irradiation (UVB) group, and the 
overexpression SMP30+UVB irradiation (SMP30+UVB) group.

Injection of Adeno-Associated Virus
The SMP30-AAV2 virus (GeneChem, Shanghai, China) was intravitreally injected into the SMP30+UVB group follow
ing a week of adaptive feeding. First, the rats were anesthetized with isoflurane gas (Ruwode, China). Their pupils were 
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dilated using compound tropicamide eye drops (Santen, Japan). Then, proparacaine hydrochloride eye drops (Alcon, 
USA) were applied for surface anesthesia. A 33G injection needle was used to make a small hole 1mm posterior to the 
corneal limbus. A Hamilton microsyringe (Hamilton Company, USA) was then used to slowly inject 2 μL of the SMP30- 
AAV2 virus (1×10¹² v.g./mL) into the vitreous cavity. The microsyringe was carefully removed 60 seconds after 
administering the SMP30-AAV2 virus. Ultimately, tobramycin-dexamethasone eye ointment (Alcon, USA) was used 
to treat the eyes. Four weeks after the virus injection, UVB irradiation was performed to establish the cataract model.

UVB-Induced Rat Cataract Model
An intraperitoneal injection of 7% chloral hydrate was used to sedate the rats. Following sedation, the pupils were 
dilatated with compound tropicamide eye drops for approximately 5 minutes. The eyes were then exposed to a 308 nm 
ultraviolet lamp, adjusted to an appropriate height to achieve an irradiation intensity of 1×10³ μW/cm². The eyes were 
irradiated for 15 minutes daily for 7 consecutive days, with a total irradiation dose of 9 KJ/m². After irradiation, ofloxacin 
eye ointment (Xingqi, China) was applied to prevent corneal infection, and the rats were allowed to wake up naturally.

Cell Culture and Transfection
The SRA01/04 cell line was obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,Ltd. and cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum and 1% 
antibiotics (streptomycin and penicillin). Cells were maintained in an incubator at 37°C with 5% CO2. For experiments, 
cells were exposed to 500 μmol/L H2O2 for 24 hours. Cells were transfected with SMP30 overexpression lentivirus 
(GenePharma, Shanghai, China), and stable cell lines were selected using 1 μg/mL puromycin. The manufacturer’s 
recommendations were followed when using the STAT3 agonist Colivelin (HY-P1061, MCE, USA) and inhibitor Stattic 
(HY-13818, MCE, USA).

Transmission Electron Microscope
The rats were euthanized. After being quickly fixed at 4 °C for the entire night, the eyes were washed using phosphate 
buffer solution. After being fixed in a 1% osmium acid solution in the dark, the samples were once more rinsed with 
phosphate buffer solution. Following dehydration using a series of ethanol and acetone solutions at varying concentra
tions, the samples underwent treatment with acetone and 812 embedding resin at 37 °C, followed by infiltration and 
embedding in pure 812 resin. Polymerization was conducted in an oven at 60 °C for 48 hours. Next, the polymerized 
samples were sliced into 60–80 nm thick pieces using an ultramicrotome, and then they were put onto 150-mesh square 
copper grids. The slices were first incubated in a saturated alcoholic uranyl acetate solution before being stained with 
a lead citrate solution. Following staining, the sections were washed, dried, and then examined and studied using 
a transmission electron microscope.

4D-FastDIA Proteomics
4D-FastDIA proteomics were conducted by PTM BIO CO., Ltd. (Hangzhou, China). Proteomic analysis was performed 
on rat lens capsules from the NC group, UVB group, and SMP30+UVB group. Six rat lens capsules were pooled into 
a single sample because the low protein content in a single rat lens capsule makes it unsuitable for proteomic analysis. 
Three pooled samples were available to each group for biological replicate detection. The raw data for every sample was 
obtained using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The DIA-NN (v.1.8) search engine was 
used to process the data. Rattus_norvegicus_10116_PR_20230103.fasta (47945 items) concatenated with the reverse 
decoy database was searched against tandem mass spectra.

Analysis of Pyroptosis-Related Differential Proteins
For protein mass spectra data analysis, we used the limma package22 to identify the differentially expressed proteins 
(DEPs) between the two groups. The comparison groups were UVB/NC and SMP30+UVB/UVB. The screening criteria 
were established as follows, significant upregulation was defined as a P value < 0.05 and at least 1.2-fold change (FC > 
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1.2), while significant downregulation was defined as an FC < 1/1.2. A volcano plot was constructed to display the results 
of the differential expression using the R package ggplot2 (version 3.3.6).

For the acquisition of pyroptosis-related proteins (PRPs), we searched the GeneCards database (http://www.gene 
cards.org/)23 using the keyword “Pyroptosis”. Genes classified as “Protein Coding” were defined as PRPs. To identify 
pyroptosis-related differentially expressed proteins (PRDEPs) associated with SMP30, we intersected DEPs with PRPs 
and visualized the results using a Venn diagram drawn with the R package ggplot2. Additionally, the differential analysis 
results were presented with a heatmap created using the R package ComplexHeatmap.24

Gene Ontology (GO) Analysis
We conducted GO annotation analysis on PRDEPs using the R clusterProfiler package.25 Results were considered 
statistically significant if the adjusted p-value (p.adj) was less than 0.05. Additionally, we corrected the p-values using the 
Benjamini-Hochberg (BH) method. We used the R ggplot2 tool to display the GO enrichment analysis results for better 
comprehension and interpretation of the data.

Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis
We performed annotation analysis on PRDEPs using the KEGG pathway database; a P value < 0.05 was regarded as 
statistically significant. The results are presented in bubble plots using the R package ggplot2 (version 3.3.6).

Protein-Protein Interaction (PPI) Analysis
For PPI analysis on the PRDEPs, we used the STRING database (STRING v11.0) (https://string-db.org/).26 Using 
Cytoscape (version 3.9.1), DEPs with a minimum interaction score greater than 0.4 were displayed. Additionally, the 
PRDEPs’ maximal clique centrality (MCC) scores were determined using the CytoHubba plugin. The top 10 highest- 
scoring proteins were identified as hub proteins and were subsequently visualized using Cytoscape software.

Moreover, a heatmap was used to show the pairwise protein expression correlations of the hub proteins, which were 
investigated using a Spearman correlation analysis.

Cell Viability Assay
The vitality of SRA01/04 cells was assessed under different H2O2 stimulation levels using the Cell Counting Kit-8 
(CCK-8) reagent (HYCEZMBIO, Wuhan, China) according to the manufacturer’s protocol.

Real-Time Quantitative PCR (RT-qPCR) Assay
Total RNA was isolated using the QIAGEN, Germany-produced RNeasy Plus Mini Kit. For reverse 
transcription, HiScript® III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) was utilized. The 
qPCR procedure was carried out using the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). 
The 2−ΔΔCt technique was utilized to determine the relative mRNA expression of target genes, with the housekeeping 
gene ACTB acting as an internal reference control. Supplementary File 1, Table S1 contains a list of primer sequences.

Western Blot Assay
Following the manufacturer’s protocol, sample protein concentrations were calculated using the BCA Protein 
Concentration Assay Kit (NCM Biotech, Suzhou, China). Supplementary File 2, Table S2 contains a list of the primary 
antibodies utilized in this investigation, together with information on their suppliers and dilutions. HRP-labeled goat anti- 
mouse and anti-rabbit IgG antibodies (diluted 1:10,000) were obtained from Abmart (Shanghai, China). ECL chemilu
minescence (Tanon, Shanghai, China) was used to visualize protein bands.

ELISA Assay
Using the ELISA kits (UpingBio, Zhejiang, China), the levels of IL-18 and IL-1β in the SRA01/04 cells’ growth media 
were measured.
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Statistical Analysis
The expression for quantitative data is presented as mean ± standard deviation (�x� S). An independent samples T-test 
was used to compare two groups; a one-way ANOVA was used to compare more than two groups; and the Tukey method 
was used for post-hoc analysis. Correlations between various compounds were computed using Spearman correlation 
analysis. Every P value was two-sided, and a value of P < 0.05 was viewed as statistically significant. R and GraphPad 
Prism 9.0 were used for statistical analysis and visualization.

Results
Pyroptosis and Down-Regulation of SMP30 Expression Were Observed in 
UVB-Induced Cataracts in Rats
Based on the UVB-induced cataract rat model, we first investigated the variations in pyroptosis and SMP30 expression levels 
at the tissue level. A successful rat model of cataract was developed following 1 week of UVB irradiation (Figure 1A). 
According to the results from transmission electron microscopy, the cell membrane of the LECs in the NC group (Figure 1B) 
was intact and the overall structure of the cells was relatively normal. There was uniform chromatin, an oval nucleus (N), and 
a clear double nuclear membrane. Furthermore, mitochondria (M) were abundant, with intact membrane, uniform matrix in 
the membrane, and parallel ridges. The matrix was light in certain LECs, and there was no obvious expansion of rough 
endoplasmic reticulum (RER). Moreover, ribosome attachment could be observed on the surface. Lastly, there was no obvious 
hyperplasia and hypertrophy of the Golgi apparatus (Go). In the UVB group, LECs exhibited relatively severe damage. The 
cell membranes appeared incomplete and the concentration of the intracellular matrix had a high electron density. Notably, 
there was a high accumulation of significantly swollen and vacuolated organelles. Additionally, there was nuclear (N) 
pyknosis, the heterochromatin was increased, and the nuclear membrane was significantly expanded. The mitochondria 
appeared swollen, the nuclear gap was widened, the matrix in the membrane was dissolved, and the ridges had disappeared 
with altered vacuoles. There were some severe cases where the membrane was damaged. The RER appeared enlarged, 
degranulated, and vacuolated. From these findings, it was observed that the cells in the UVB group showed the induction of 
pyroptosis (organelle swelling, vacuolar degeneration, and incomplete cell membrane). The UVB group had substantially 
higher mRNA expression of NLRP3, Caspase-1, GSDMD, IL-18, and IL-1β in comparison to the NC group (Figure 1C), and 
the UVB group had substantially lower mRNA and protein levels of SMP30 (Figure 1D–F). From these results, we can 
surmise that pyroptosis contributes to the occurrence of cataract, and SMP30 may be involved in regulating this process.

SMP30 Was Down-Regulated in H2O2-Induced Pyroptosis of SRA01/04 Cells
Next, we investigated the expression of SMP30 in human LECs and whether its expression changed in H2O2-induced 
pyroptosis. The findings show a progressive decline in cell viability with increasing H2O2 concentration over time as 
depicted in Figure 2A.

The cells were treated for 24 and 48 hours with H2O2 at a concentration of 500μmol/L when the cell viability was 
decreased by 50% (which was the closest to the half inhibition rate (IC50) of the cells). To improve the modeling 
efficacy, we selected 500μmol / L H2O2 treatment for 24 hours as the follow-up modeling standard. Following H2O2 

treatment, SMP30’s mRNA and protein expression levels were significantly decreased (Figure 2B–D). Figure 2E shows 
a significant increase in the mRNA expression of genes related to pyroptosis, including NLRP3, Caspase-1, GSDMD, IL- 
18, and IL-1β. These findings suggest that SMP30 may participate in cataract pyroptosis.

SMP30 Overexpression Alleviated H2O2-Induced Pyroptosis in LECs
To gain additional insight into the function of SMP30 in pyroptosis, we screened stable SRA01/04 cell lines overexpressing 
SMP30. The results showed that, when compared to the LV-Control and NC groups, the LV-SMP30 group successfully 
overexpressed SMP30 (Figure 3A–C). After overexpressing SMP30, cell viability increased (Figure 3D), and the expression 
of NLRP3, Caspase-1, GSDMD, IL-18, and IL-1β genes was significantly decreased (Figure 3E). Moreover, NLRP3, 
Caspase-1 p20 and GSDMD-N protein levels (Figure 3F and G), as well as the concentrations of IL-18 (Figure 3H) and 
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IL-1β (Figure 3I), were all considerably lower in the cell culture supernatant. This suggests that the overexpression of SMP30 
mitigates the degree of pyroptosis in H2O2-induced SRA01/04 cells.

Molecular Mechanism of SMP30 in UVB-Induced Pyroptosis of Cataract in Rat Based 
on Proteomic Analysis
We first overexpressed SMP30 levels in rat LECs by intravitreal injection of the AAV2 virus to establish the molecular 
mechanism by which SMP30 mitigates cell pyroptosis in cataracts.27 Then, we ran a 4D-FastDIA proteomic analysis on 

Figure 1 Pyroptosis and decreased SMP30 levels in the lens capsule of UVB-induced cataract in rats. (A) Cataract formation in rats induced by ultraviolet B irradiation. (B) 
The morphology of LECs in two groups under transmission electron microscope. (C) RT-qPCR analysis of the NLRP3, Caspase-1, GSDMD, IL-18, IL-1β and SMP30. (D) 
mRNA expression in the lens capsule of rats in the NC and UVB groups. (E and F) Quantification of densitometry and Western blot investigation of SMP30 expression in 
the lens capsule. In comparison to the NC group, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
Abbreviations: M, mitochondria; N, nucleus; RER, rough endoplasmic reticulum; Go, Golgi apparatus; ASS, autolysosome.
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Figure 2 Levels of SMP30 decreased during pyroptosis. H2O2 stimulated SRA01/04 cells. (A) The CCK8 assay was used to determine cell viability. Different concentrations 
(0, 50, 100, 200, 400, 600, and 800 μmol/L) of H2O2 were applied to SRA01/04 cells for 6, 12, 24, and 48 hours, respectively. (B) The mRNA level of SMP30. (C and D) 
Protein level of SMP30. (E) The mRNA levels of NLRP3, Caspase-1, GSDMD, IL-18 and IL-1β. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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the lens capsules of rats from the UVB, SMP30+UVB, and NC groups. A total of 2060 DEPs with fold change (FC) 
greater than 1.2 or less than 1/1.2 and a p-value less than 0.05 were found in both the UVB and NC groups. The UVB 
group showed downregulation of 1070 proteins and upregulation of 990 proteins. In contrast, 2861 DEPs satisfying the 
same threshold criteria were found in the SMP30+UVB and UVB group. In the SMP30+UVB group, there were 1343 
upregulated and 1518 downregulated proteins. Volcano plots illustrating the results of the DEP analysis are presented in 
Figure 4A and B. Furthermore, a search in the Gencard database for “Pyroptosis” yielded 425 PRPs. To obtain PRDEPs, 
the intersection of DEPs between the UVB/NC groups and the SMP30+UVB/UVB groups with PRPs was calculated, 

Figure 3 SMP30 overexpression alleviated H2O2-induced pyroptosis in SRA01/04 cells. (A–C) RT-qPCR and Western blot were utilized to determine the efficacy of f SMP30 
overexpression in SRA01/04 cells. (D) The CCK-8 assay was used to evaluate how SMP30 overexpression affected the viability of H2O2-induced cells. (E) The expression of 
NLRP3, caspase-1, GSDMD, IL-18, and IL-1β genes was assessed using RT-qPCR. (F and G) The expression of NLRP3, caspase-1 p20, and GSDMD-N was assessed by 
Western blot. The concentration of IL-18 (H) and IL-1β (I) in cell supernatant. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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resulting in a total of 38 PRDEPs. A Venn diagram (Figure 4C) and a heatmap (Figure 4D) were constructed to illustrate 
these findings. The results demonstrated a distinct clustering pattern of these 38 PRDEPs across different groups.

For these 38 PRDEPs, we ran GO and KEGG enrichment analyses to analyze their functions in molecular functions, 
biological pathways, biological processes, and cellular components. As demonstrated by GO analysis results (Figure 4E), 
they were primarily associated with biological processes, including aging, pyroptosis, and the regulation of apoptotic 
signaling pathways. Furthermore, they are involved in molecular processes like heat shock protein binding, transcription 
factor binding, RNA polymerase II-specific DNA binding, and protein serine/threonine kinase activity, as well as cell 
components like microtubules, nuclear envelopes, and polarized growth sites. In the KEGG enrichment analysis 
(Figure 4F), we found a total of 90 KEGG signaling pathways, mainly enriched in NOD-like receptor signaling pathway, 
PI3K-Akt signaling pathway, IL-17 signaling pathway, cell senescence, and apoptosis signaling pathways.

Utilizing the STRING database, we conducted a PPI analysis on 38 PRDEPs to acquire hub proteins. We constructed 
a PPI network with 28 nodes and 70 edges, using a minimum correlation coefficient greater than 0.4 as the criteria. The 
PPI network diagram was generated using Cytoscape software (Figure 5A). Then, we utilized the CytoHubba plug-in to 
compute the Maximum Cluster Centrality (MCC) score and identify the top 10 hub proteins. The results showed that the 
top 10 proteins from high to low were STAT3, EGFR, PARP1, GSK3B, MAPK14, CASP8, CDK1, HDAC2, NFKB1, 
DNMT1 (Figure 5B), indicating that these 10 proteins may be the key targets of SMP30 regulating pyroptosis. Notably, 
STAT3 emerges as one of the most prominently upregulated proteins upon SMP30 overexpression. Additionally, we 
created a heat map (Figure 5C) and used Spearman to conduct correlation analysis to establish the correlation between 
10 hub proteins.

The results revealed significant correlations among various proteins. A notable negative correlation was observed 
between STAT3 and EGFR (r = −0.943, P = 0.0048), as well as between STAT3 and NFKB1 (r = −0.886, P = 0.0188).

Overexpression of SMP30 Decreased the Expression Level of p-STAT3
To corroborate the proteomic analysis findings, we analyzed how the overexpression of SMP30 affected STAT3. 
Following H2O2 exposure, STAT3 mRNA expression was significantly decreased; however, following SMP30 over
expression, STAT3 mRNA expression was significantly increased (Figure 6A). The expression of total STAT3 (T-STAT3) 
protein significantly decreased after H2O2 exposure, and significantly increased after overexpression of SMP30 
(Figure 6B and C). However, the active form of STAT3, phosphorylated STAT3 (p-STAT3), showed an opposite trend 
to T-STAT3 (Figure 6B and D). The findings suggested that SMP30 and p-STAT3 might have a negative regulatory 
relationship.

SMP30 Alleviated H2O2-Induced Pyroptosis in SRA01/04 Cells via Regulating p-STAT3
We performed a rescue experiment to determine if SMP30 reduces H2O2-induced pyroptosis in SRA01/04 cells through 
the regulation of the level of p-STAT3. Colivelin is a STAT3 agonist that increases p-STAT3 expression in cells, while 
Stattic is a STAT3 inhibitor that decreases p-STAT3 levels. We respectively added Colivelin (50 nM) and Stattic (2 μM) 
to the cells in co-culture to observe if the protective effect of SMP30 on cell pyroptosis changes.

The findings showed that p-STAT3 expression increased in response to the addition of Colivelin (Figure 7A and B). 
The H2O2+LV-SMP30+Colivelin group exhibited substantially elevated expression levels of NLRP3, GSDMD, Caspase- 
1, IL-1β, and IL-18 when compared to the H2O2+LV-SMP30+DMSO group (Figure 7C–G). This suggests that Colivelin 
reduced the protective effect of SMP30 in H2O2-induced pyroptosis. After adding Stattic, the expression of p-STAT3 
decreased (Figure 8A and B). Compared with the H2O2+LV-SMP30+DMSO group, the expression levels of NLRP3, 
GSDMD, Caspase-1, IL-1β, and IL-18 in the H2O2+LV-SMP30+Colivelin group were significantly decreased 
(Figure 8C–G). This suggests that Stattic enhanced the protective effect of SMP30 against H2O2-induced pyroptosis.

Discussion
SMP30, a newly discovered anti-aging agent, possesses antioxidant and anti-inflammatory characteristics. Our previous 
research has demonstrated the beneficial effects of SMP30 in preventing oxidative stress-induced damage and anti- 
apoptosis in cataract.14,17,28–30 The mechanism of SMP30 is currently being thoroughly investigated by a number of 
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Figure 4 Analysis of differentially expressed proteins. (A) volcano plots illustrating the DEPs for the NC and UVB groups. (B) volcano plots illustrating the differences in 
DEPs between the UVB group and SMP30+UVB group. (C) Venn diagram depicting the intersection between DEPs and PRPs. (D) Heatmap of the expression levels of 38 
PRDEPs in SMP30+UVB and UVB group rats. (E) Bubble chart illustrating GO enrichment analysis. (F) Bubble chart depicting KEGG enrichment analysis. 
Abbreviations: DEPs, differentially expressed proteins; PRP, pyroptosis-related proteins; PRDEPs, Pyroptosis-related differentially expressed proteins; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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research teams in an effort to provide fresh approaches to the treatment of cataracts and associated conditions. In the 
study by Teng et al,31 they induced oxidative stress in human LECs using 4-hydroxynonenal (4-HNE). Their findings 
indicated that SMP30 overexpression significantly suppressed the accumulation of mitochondrial ROS and restored 
mitochondrial function. SMP30 protects LECs from damage caused by oxidative stress through the Nrf2/Keap1 signaling 
pathway. According to a different study, SMP30 protects retinal ganglion cells from apoptosis induced by high glucose, 
oxidative stress, and inflammatory damage by increasing Nrf2 expression via the Akt/GSK-3β pathway.32 These studies 
indicate that SMP30 can inhibit the accumulation of ROS in mitochondria and exhibit anti-inflammatory effects. 
Oxidative stress is intricately linked to cell pyroptosis, where elevated ROS levels can trigger activation of the 
NLRP3/caspase-1 complex. This activation ultimately leads to cell pyroptosis by promoting the release of IL-1β and 
IL-18.33

Using SMP30 knockout mice, a recent study examined the impact of SMP30 on the NLRP3/Caspase-1 inflammatory 
pathway and oxidative stress damage following myocardial infarction.21 SMP30 is involved in the regulation of oxidative 

Figure 5 Screening of hub proteins. (A) The PPI network of 38 PRDEPs. (B) The PPI network of 10 hub proteins, the deeper the red, the higher the MCC score. (C)A 
heatmap illustrating the correlation analysis among the ten hub proteins, where positive and negative correlations are represented by the colors red and blue, respectively. 
Abbreviations: PPI, protein-protein interaction; PRDEPs, Pyroptosis-related differentially expressed proteins; MCC, maximum cluster centrality.
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stress and pyroptosis-related proteins, as evidenced by the results, which showed that SMP30 knockout mice had more 
severe oxidative stress damage, increased MDA levels, significantly reduced SOD activity, downregulated antioxidant 
stress markers SOD2 and NQO1, upregulated pro-oxidant stress marker gp91phox, and elevated pyroptosis-related 
markers Cleaved-caspase-1 and NLRP3.21 The relationship between SMP30 and the pyroptosis effector protein 
GSDMD was not investigated in this experiment. Recent studies have revealed that pyroptosis also contributes to the 
initiation and progression of cataracts.7 However, whether SMP30 exerts anti-pyroptotic effects in cataracts remains 
unclear. In this work, we used UVB to induce cataracts in rats, and we showed that these conditions were associated with 
lens epithelial cell pyroptosis, as well as decreased SMP30 mRNA and protein levels in the cataract capsular tissue. To 
further investigate the role of SMP30 in cataract cell pyroptosis, we overexpressed SMP30 in rat LECs by injecting an 
AAV2 virus overexpressing SMP30 into the vitreous cavity.27 Using 4D-FastDIA proteomics to detect protein expression 
changes, we found that overexpression of SMP30 reduced the expression of GSDMD, indicating that SMP30 might have 
an anti-pyroptotic effect, though its specific mechanism is unclear. Consequently, we used GO, KEGG, and PPI to further 
analyze PRDEPs and discovered that STAT3 expression increased following SMP30 overexpression. To verify the role of 

Figure 6 The effect of SMP30 overexpression on STAT3 in H2O2-induced SRA01/04 cells. (A) The effect of SMP30 overexpression on STAT3 mRNA in H2O2-induced 
SRA01/04 cells was determined via RT-qPCR. (B–D) The effect of overexpressing SMP30 on the levels of T-STAT3 and p-STAT3 proteins. n=3, *p < 0.05, **p < 0.01, ****p < 
0.0001.
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SMP30 in pyroptosis and its correlation with STAT3, we constructed lentiviruses overexpressing SMP30 and transfected 
them into SRA01/04 cells to obtain stable cell lines overexpressing SMP30. The results showed that upon exposure to 
H2O2, SRA01/04 cells exhibited elevated expression levels of GSDMD, NLRP3, Caspase-1, IL-1β, and IL-18. 
Conversely, overexpression of SMP30 mitigated H2O2-induced pyroptosis in SRA01/04 cells, proving that SMP30 has 
an anti-pyroptotic effect. Furthermore, after overexpression of SMP30, the phosphorylation level of STAT3 decreased, 
suggesting that SMP30 alleviates cell pyroptosis possibly through downregulating the phosphorylation of STAT3.

The 1994 discovery of the signal transducer and activator of the transcription (STAT) family is crucial for the 
transduction of cytokine signals and interferon-mediated antiviral effects.34 By facilitating signal transmission from the 

Figure 7 Colivelin attenuates the protective role of SMP30 in H2O2-induced pyroptosis in SRA01/04 cells. SRA01/04 cells transfected with SMP30 were co-cultured with or 
without the p-STAT3 agonist Colivelin with H2O2 for 24h. (A and B) The protein expression level of p-STAT3 was elevated following the addition of Colivelin. (C and D) 
The protein expression levels of NLRP3, GSDMD-N, and Caspase-1 p20 detected with Western Blot. The concentration of IL-18 (E) and IL-1β (F) in cell supernatant. (G) 
The mRNA levels of NLRP3, GSDMD, Caspase-1, IL-1β, and IL-18 were detected by RT-qPCR. n=3, *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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cell membrane to the nucleus, these proteins help trigger the transcription of genes downstream. Seven STAT genes 
(STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6) are found in the human genome. They are essential for 
immune system regulation, angiogenesis, tumorigenesis, apoptosis, and cell proliferation.35 STAT3 is the most exten
sively researched of the genes. The STAT3 signaling pathway has become a therapeutic target for a variety of cancer 
types because STAT3 is essential in regulating antitumor immune responses.36 Additionally, STAT3 is also associated 
with pyroptosis, autophagy, and ferroptosis.37–39 Several investigations have revealed how crucial the STAT3 signaling 
pathway is to pyroptosis.40–43 However, there are differing views on whether STAT3 promotes or inhibits pyroptosis. In 
a study involving breast cancer mice treated with polydatin, it was found that polydatin could increase the levels of 

Figure 8 Stattic enhances the protective role of SMP30 in H2O2-induced pyroptosis in SRA01/04 cells. SRA01/04 cells transfected with SMP30 were co-cultured with or 
without the p-STAT3 inhibitor Stattic with H2O2 for 24h. (A and B) The protein expression level of p-STAT3 was elevated following the addition of Stattic. (C and D) The 
protein expression levels of NLRP3, GSDMD-N, and Caspase-1 p20 detected with Western Blot. The concentration of IL-18 (E) and IL-1β (F) in cell supernatant. (G) The 
mRNA levels of NLRP3, GSDMD, Caspase-1, IL-1β, and IL-18 were detected by RT-qPCR. n=3, *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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pyroptosis-related genes by inhibiting p-JAK2 and p-STAT3. This suggests that the JAK2/STAT3 pathway is related to 
pyroptosis, and the reduction of p-STAT3 increased pyroptosis.42 However, another study found that p-STAT3 could 
promote the transcription of NLRP3, thereby mediating pyroptosis through caspase-1.41 Furthermore, p-STAT3 inter
acted with programmed death-ligand 1 (PD-L1) during TNFα-induced apoptosis, facilitating PD-L1 nuclear translocation 
and thereby enhancing GSDMC gene transcription. This mechanism leads to caspase-8 specific cleavage of GSDMC, 
producing its N-terminal domain, which creates holes in the cell membrane and ultimately initiates pyroptosis.43 The 
relationship between SMP30 and STAT3 in cataracts has not yet been the subject of any research. This study demon
strated that STAT3 inhibition (using Stattic) reduced p-STAT3 expression, which consequently attenuated pyroptosis and 
enhanced SMP30’s anti-pyroptotic effects. Conversely, STAT3 activation (via Colivelin) increased p-STAT3 levels and 
compromised SMP30’s protective function. These findings collectively establish that SMP30 alleviates H2O2-induced 
LECs pyroptosis through downregulation of STAT3 phosphorylation.

Conclusions
In summary, this preclinical study (rat models and LECs) demonstrates that SMP30 attenuates cataract progression by 
regulating p-STAT3 to suppress pyroptosis. However, it must be emphasized that these conclusions are based on 
preclinical models, and their translational potential requires further validation through human sample studies.
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