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Abstract

Introduction: Oxidative stress and mitochondrial dysfunction are key contributors to age-related

cataract (ARC) development. This study investigated the role of DLGI in oxidative injury in human lens
epithelial cells (HLECs) and whether puerarin (Pue) could alleviate oxidative stress and mitochondrial
dysfunction.

Material and methods: Gene co-expression networks were constructed for differentially expressed
genes (DEGs) in GSE3040 along with GSE213546. Expression, diagnostic performance, and enrich-
ment analyses were performed on the overlapping genes in the two datasets. Functional assays were
performed in hydrogen peroxide (H,0,)-induced HLECs to evaluate the role of DLG1 and Pue’s impact
on oxidative stress and mitochondrial function.

Results: DLG 1, histone H4 (HISTIH4L), N alpha acetyltransferase 16 (NAA16), and Scratch family
transcriptional repressor 1 (SCRT1) were consistently upregulated in ARC and exhibited high diagnos-
tic performance. In HLECs, H,0, increased the mRNA levels of all four genes, whereas co-treatment
with Pue reversed these changes. Functionally, small interfering RNA (siRNA)-mediated DLG1 silenc-
ing mitigated oxidative stress-induced cell injury, while DLG1 overexpression produced the opposite
effect. Molecular docking indicated a favorable Pue—DLG binding affinity. Pue significantly attenuated
HZOZ—induced decreases in cell viability, mitochondrial membrane potential, and increased mitochon-
drial reactive oxygen species (ROS). Notably, DLG1 overexpression attenuated the protective effects of
Pue against oxidative damage and mitochondrial dysfunction.

Conclusions: DLGI plays a pro-damage role in oxidative stress-induced HLEC damage, while Pue
exerts a protective effect partly through modulation of DLG1 expression. These findings suggest that
DLGI may serve as a potential target for ARC, with Pue representing a potential intervention candidate.

Key words: age-related cataracts, puerarin, DLG1, oxidative stress, mitochondrial dysfunction,

human lens epithelial cells.

Introduction

The most frequent kind of cataract is age-related cata-
ract (ARC) [1], with its development influenced by multi-
ple factors including oxidative stress, metabolic disorders,
genetic predisposition, environmental exposures, and life-
style habits [2, 3]. Multiple studies have shown that oxi-
dative stress is a key driver in ARC onset and progression
[4, 5]. Under normal circumstances, the antioxidant system
of the lens can eliminate excess reactive oxygen species
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(ROS), thereby protecting the lens from oxidative damage
and maintaining its transparency [6]. However, with aging,
this antioxidant capacity gradually declines, leading to a de-
crease in glutathione (GSH) reserves and increased protein
oxidation and aggregation, ultimately impairing lens struc-
ture and function [7]. In lens epithelial cells, mitochondria
are the main ROS source, and aging or oxidative stress can
disrupt the electron transport chain, causing electron leak-
age and ROS overproduction [8]. Excess ROS aggravates
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mitochondrial damage, creating a vicious cycle that drives
protein aggregation, lens opacity, and ARC progression
[9]. Thus, interventions targeting this process may provide
new insights into the prevention and treatment of ARC.

Discs large MAGUK scaffold protein 1 (DLG1) is
a multidomain scaffold protein involved in maintaining
cell polarity and neuronal function, as well as the devel-
opment and progression of related diseases [10, 11]. For
example, knocking out DLGI expression inhibits microg-
lial activation and alleviates lipopolysaccharide-induced
depressive-like behavior in mice [12]. Supporting this
conclusion, another study showed that the loss of DLGI in
microglia ameliorates depressive-like behavior induced by
chronic restraint stress by reducing the number of activated
microglia and reversing their morphological changes [13].
Another study demonstrated that DLG/ enhances antiviral
innate immune responses by inhibiting p62-mediated au-
tophagic degradation of ikB kinase epsilon (IKKg) [14].
However, its potential role in the pathogenesis of ARC
remains unclear.

Puerarin (Pue) is an isoflavone derivative extracted
from the traditional Chinese medicine Pueraria lobata [15,
16]. It has been shown to enhance blood circulation, reduce
blood stasis, improve microcirculation, dilate coronary and
cerebral arteries, and decrease myocardial oxygen con-
sumption [17, 18]. Clinically, Pue injections are also used
to treat cardiovascular and cerebrovascular diseases, retinal
vascular issues, fundus conditions, and sudden deafness
[19, 20]. Recently, some research has been concentrated
on the molecular mechanisms of Pue activity. Literature
reports suggest that Pue can regulate signaling pathways
such as nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB), mitogen-activated protein kinases
(MAPKSs), and phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT), influencing the expression of inflammatory
factors, thereby exerting anti-inflammatory, antioxidant,
as well as anti-apoptotic effects in diseases [21-24]. Addi-
tionally, Pue eye drops can lower intraocular pressure by
blocking (-receptors and are used clinically to treat ocular
hypertension and glaucoma [25]. However, the role of Pue
in cataracts and oxidative stress in lens epithelial cells re-
mains unclear. Therefore, exploring the antioxidant and pro-
tective mechanisms of Pue in lens epithelial cells is vital for
understanding its potential in preventing and treating ARC.

Based on high-throughput transcriptome data, com-
bined with bioinformatics methods such as weighted gene
co-expression network analysis (WGCNA), this study
screened key regulatory genes associated with ARC and
identified DLG1 as a hub gene. The role of DLG1 in oxi-
dative stress-induced damage in human lens epithelial cells
(HLECSs) and whether Pue affects DLGI, cell survival, and
mitochondrial activity in this process were examined using
an in vitro model. By elucidating the function of DLG1 in
ARC pathogenesis and its interaction with Pue, this study

is expected to provide potential molecular targets and drug
candidates for targeted intervention of ARC.

Material and methods

Searching for ARC-related datasets

Transcriptome datasets (GSE3040, GSE213546) were
obtained from the Gene Expression Omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov/geo/). GSE3040 was
generated on the GPL96 [HG-U133A] Affymetrix Human
Genome U133A array and includes 12 HLE B-3 lens epi-
thelial cell samples treated with vehicle or dexamethasone
(DEX) for 4 or 16 h [26]. GSE213546 was generated on
the GPL10558 Illumina HumanHT-12 V4.0 platform and
contains six anterior lens capsule samples from human do-
nors (three ARC and three normal). Normalized data were
analyzed using “limma” (version 3.42.2) in R to identify
differentially expressed genes (DEGs), with thresholds of
fold change (FC) > 1.5 or FC < 0.67 and p < 0.05.

Construction of gene co-expression network
and module-trait correlation analysis

To explore gene co-expression patterns and identi-
fy cataract-related modules, WGCNA was performed
on DEGs identified from the GSE3040 and GSE213546
datasets using the “WGCNA” package (version 1.71) in
R software. First, a sample cluster dendrogram was gen-
erated to assess outliers. The adjacency matrix was con-
structed using a soft-threshold power that met the scale-
free topology condition, and it was then translated into
a topological overlap matrix (TOM). Gene clustering was
performed using average linkage, and modules were de-
tected via dynamic tree cutting. Module eigengenes (MEs)
were then associated with clinical characteristics (cases
and controls) to identify modules most relevant to the dis-
ease phenotype.

Identification, diagnostic evaluation,
and functional annotation of candidate genes

The Bioinformatics platform (https://www.bioinfor-
matics.com.cn/) was applied to screen and identify in-
tersection genes from the key modules of the GSE3040
and GSE213546 datasets. Subsequently, the “pheatmap”
package (version 1.0.12) was used to visualize the ex-
pression patterns of these intersection genes across both
datasets. Receiver operating characteristic (ROC) curve
analysis was then performed using the R package “pROC”
(version 1.18.0) to assess the diagnostic performance of
these overlapping genes in two datasets. For functional
enrichment analysis, Gene Ontology (GO) analysis was
performed using the Enrichr website (https://maayanlab.
cloud/Enrichr/) to explore the potential roles of candidate
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genes in the biological process (BP), cellular component
(CC), and molecular function (MF) categories.

HLEC:S culture and H202-induced oxidative
stress model

Cell Research (Shanghai, China; cat. no. 6550) pro-
vided the HLECs. The cells were grown in Epithelial Cell
media (EpiCM, cat. no. 4101), which was made up of
500 ml of baseline media, 10 ml of fetal bovine serum
(FBS) (cat. no. 0010), 5 ml of epithelial cell growth sup-
plement (EpiCGS, cat. no. 4152), and 5 ml of Penicil-
lin-Streptomycin (cat. no. 0503). All cells were kept in
a humid incubator with 5% CO, at 37°C. To mimic oxida-
tive stress conditions associated with ARC in vitro, HLECs
were exposed to hydrogen peroxide (H,0,) at a concentra-
tion of 200 uM [27].

Transfection and drug treatment

Following the manufacturer’s instructions, model cells
were transfected with small interfering RNAs (siRNAs)
targeting DLGI (si-DLG1-1/2/3) using Lipofectamine
RNAiIMAX (Thermo Fisher, USA) for siRNA transfection
or with a DLG1 overexpression plasmid using Lipofect-
amine 3000 (Invitrogen, USA) for plasmid transfection.
The siRNAs targeting DLGI and the overexpression plas-
mid encoding DLG1 (DLGI-OE) were constructed by Ge-
nePharma (Shanghai, China). Pue (50 uM, Pue; MCE, cat.
no. HY-NO145R), a compound reported to exert protective
effects in ocular diseases, was applied to cells [16], which
were harvested 24 hours later for subsequent analyses.

Analysis of molecular docking

The 3D structure of human DLG1 was retrieved from
the Protein Data Bank (https://www.rcsb.org/), and the
chemical structure of puerarin was obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
Molecular docking between puerarin and DLG1 was con-
ducted using AutoDock Vina (version 1.1.2) after prepro-
cessing the ligand and protein structures with AutoDock-
Tools (version 1.5.7), including hydrogen addition, charge
assignment, and PDBQT format conversion. The docking
grid covered the predicted active pocket of DLG1, and re-
sults were visualized in PyYMOL (version 2.4), with DLG1
shown in green and puerarin in orange.

Table 1. Primer sequences for candidate genes

Puerarin protects HLECs via DLG1 modulation

Quantitative real-time polymerase chain
reaction (QRT-PCR)

Following the manufacturer’s instructions, TRIzol re-
agent (Invitrogen, USA) was used to extract total RNA
from HLECs. A NanoDrop 2000 instrument (Thermo Fish-
er, USA) was used to measure the concentration and purity
of the RNA. The PrimeScript RT Kit with gDNA Eraser
(Takara, Japan) was used to reverse-transcribe one mi-
crogram of total RNA into cDNA. Next, using TB Green
Premix Ex Taq II (Takara) on a QuantStudio 5 machine
(Applied Biosystems, USA), qRT-PCR was carried out.
Gene mRNA levels were quantified by qRT-PCR using the
2-44¢ method after normalization to B-actin [28]. Primer
sequences for all targets are presented in Table 1.

Western blot

Proteins were extracted from HLECs using radioim-
munoprecipitation assay (RIPA) buffer (Beyotime, China)
with protease/phosphatase inhibitors (Thermo Fisher,
USA). Lysates were cleared by centrifugation at 12,000 xg
for 15 min at 4°C, and protein concentrations were deter-
mined with the Pierce bicinchoninic acid (BCA) assay
(Thermo Fisher, USA). Equal amounts of protein were
denatured at 95°C for 5 min, separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to polyvinylidene difluo-
ride (PVDF) membranes. After blocking with 5% non-fat
milk in Tris-buffered saline with Tween 20 (TBST) for
1 h, membranes were incubated overnight at 4°C with
anti-DLGI1 (1 : 1000, ab300481, Abcam) or anti--actin
(1 : 5000, ab8226, Abcam), followed by horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1 : 5000,
Abcam) for 1 h at room temperature. Protein bands were
visualized by ECL (Thermo Fisher, USA) and quantified
using ImagelJ (version 1.8.0), normalized to B-actin.

Cell viability assay

Cell viability was measured with the Cell Counting
Kit-8 (CCK-8) kit (Dojindo, Japan) following the suppli-
er’s protocol. Briefly, cells (5 x 10%/well) were plated in
96-well plates and cultured overnight. After adding 10 ul
of CCK-8 solution to 100 pl of medium in each well, the
mixture was incubated for two hours at 37°C. Absorbance

Gene Forward primer (5'-3') Reverse primer (5'-3')
DLGI CTGCTGAGTGAGGTTGAGGG CTTCCGGACCGGCATTTTTC
HISTAH4L TATACGAGGAGACACGCGGA GGCCTTTGAGGAACCGTGTA
NAAIG6 TGGACAGTATTCTTTGGCTTTGG CAGGGTGCCCTAGAACTTGT
SCRTI GGAATCATGCCCAGGTCCTT GGCGTCGCCATCGTAGAC
P-actin TCGTGCGTGACATTAAGGAG ATGCCAGGGTACATGGTGGT
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was then measured at 450 nm using a microplate reader
(BioTek, USA).

MitoSOX staining

The MitoSOX Red mitochondrial superoxide indicator
(Invitrogen, USA) was used to measure the levels of mito-
chondrial reactive oxygen species (mtROS) in accordance
with the directions provided by the supplier. Following
the recommended treatment, cells cultured on glass cov-
erslips in 24-well plates were incubated for 10 minutes at
37°C in the dark with 5 uM MitoSOX Red reagent diluted
in HBSS that had been warmed beforehand. Cell nuclei
were counterstained with Hoechst 33342 (5 pg/ml; cat. no.
C1022; Beyotime, China) following three HBSS washes.
A Leica DMi8 microscope (Germany) was used to capture
fluorescence images.

JC-1 staining for measurement of mitochondrial
membrane potential (MMP)

Mitochondrial membrane potential (MMP) was mea-
sured using the JC-1 Mitochondrial Membrane Potential
Assay Kit (cat. no. C2006; Beyotime, China) according to
the manufacturer’s instructions. After treatment, cells on
coverslips were incubated with JC-1 at 37°C for 20 min
in the dark, rinsed twice with JC-1 buffer, and counter-
stained with Hoechst 33342 (5 pg/ml; Beyotime, China).
Fluorescence images were captured using a Leica DMi8
microscope (Germany).

A

Statistical analysis

Data were collected from three biologically indepen-
dent replicates, and data are expressed as mean + stan-
dard deviation (SD). Data normality was assessed using
the Shapiro-Wilk test, and sphericity was evaluated with
Mauchly’s test where applicable. Statistical analyses were
conducted using GraphPad Prism 9.0 and R 4.1.0. Group
differences were evaluated by unpaired two-tailed Stu-
dent’s z-test or one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. Values of p < 0.05 were con-
sidered significant.

Results

Identification and enrichment analysis of DEGs
in the ARC dataset

GSE3040 revealed 928 upregulated and 22 downreg-
ulated genes, while GSE213546 showed 351 upregulated
and 369 downregulated genes (Supplementary Fig. 1A, B).
WGCNA was then performed on the DEGs of the two
datasets, identifying blue and yellow as key modules
in GSE3040 as well as blue and turquoise as key mod-
ules in GSE213546 (Fig. 1A-D). Cross-analysis of the key
modules in the two datasets revealed 15 overlapping genes
(Supplementary Fig. 2A). GO analysis of these overlap-
ping genes revealed that in terms of biological process-
es, they were mainly involved in inflammatory respons-
es and host defense mechanisms, including responses to

0.9 1

0.8 =

0.7 1

Height

0.6 <

Module colors
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Fig. 1. Weighted gene co-expression network analysis (WGCNA) of differentially expressed genes (DEGs) in age-related
cataract (ARC)-related datasets. A, B) Cluster dendrogram of genes in the GSE3040 (A) datasets.
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Fig. 1. Cont. B) Cluster dendrogram of genes in the GSE213546 (B) datasets. Modules were identified using dynamic
tree cutting, with each color representing a distinct module. C, D) Module-trait relationships in the GSE3040 (C) and
GSE213546 (D) datasets. Each cell displays the correlation coefficient between the module eigengene and the clinical
trait (case or control), with the corresponding p value shown in parentheses. Red indicates a positive correlation, while

blue indicates a negative correlation

molecules of bacterial origin (GO: 0002237), neutrophil
chemotaxis (GO: 0030593), and cellular responses to
interleukin-1 (GO: 0071347) (Supplementary Fig. 2B).
Molecular function terms were dominated by calcium ion
binding (GO: 0005509), metal ion binding (GO: 0046872),
arachidonic acid binding (GO: 0050544), RAGE recep-

tor binding (GO: 0050786), and histone H3 kinase ac-
tivity (GO: 0140996) (Supplementary Fig. 2C). Cellular
component enrichment pointed to cell-cell junction (GO:
0005911), adherens junction (GO: 0005912), desmosome
(GO: 0030057), gap junction (GO: 0005921), and others
(Supplementary Fig. 2D).
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Fig. 2. Expression and receiver operating characteristic (ROC) analysis of overlapping genes in the GSE3040 and
GSE213546 datasets. A, B) Heatmaps showing the expression levels of 15 overlapping genes in case and control samples
from the GSE3040 (A) and GSE213546 (B) datasets. Red indicates high expression, and blue indicates low expression.
C-F) ROC curves for DLG1 (C), HISTIH4L (D), NAA16 (E), and SCRT! (F) in the GSE3040 dataset.
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Fig. 2. Cont. G-J) ROC curves for DLGI (G), HISTIH4L (H), NAA16 (I), and SCRT1 (J) in the GSE213546 dataset.
The area under the curve (AUC) and 95% CI are indicated in the lower right corner of each figure. DLGI — discs large
MAGUK scaffold protein 1, HISTIH4L — histone H4, NAA16 — N-alpha-acetyltransferase 16, NatA auxiliary subunit,
SCRTI — Scratch family transcriptional repressor 1

DLGI1, HIST1H4L, NAA16, and SCRT1
are upregulated in ARC

Subsequently, the expression of 15 overlapping genes
in different groups of the GSE3040 and GSE213546 data-
sets was analyzed (Fig. 2A, B). Among them, DLGI,
histone H4 (HISTIH4L), N alpha acetyltransferase 16
(NAA16), and Scratch family transcriptional repressor 1

(SCRT1I) showed consistent upregulation in the case groups
of both datasets. In ROC analysis of GSE3040, the AUC
values for DLG1, HISTIH4L, NAA16, and SCRTI were
0.861, 0.806, 0.875, and 0.833, respectively (Fig. 2C-F).
In GSE213546, the AUCs for all four genes reached 1.000
(Fig. 2G-J), indicating excellent discrimination between
cataract and control samples. Further validation using
gRT-PCR in HLECs showed that H,O, treatment signifi-
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Fig. 3. Quantitative real-time polymerase chain reaction (qQRT-PCR) analysis of the effects of puerarin (Pue) on the
expression of DLGI, HISTIH4L, NAA16, and SCRT! in H,0,-induced HLECs. A) Relative DLGI mRNA expression in
human corneal endothelial cells (HLECs) across control, H,0,, and H,O, + Pue (50 uM) groups. B) Relative HISTIH4L
mRNA expression in HLECs under the same conditions. C) Relative NAA/6 mRNA expression in HLECs under the
same conditions. D) Relative SCRTI mRNA expression in HLECs under the same conditions. Data were collected from
three biologically independent replicates. HLECs — human lens epithelial cells, DLGI — discs large MAGUK scaffold
protein 1, HIST1H4L — histone H4, NAA16 — N-alpha-acetyltransferase 16, NatA auxiliary subunit, SCRT1 — Scratch
family transcriptional repressor 1
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cantly upregulated the mRNA levels of DLG1, HISTIH4L,
NAA16, and SCRTI, and this effect was reversed by
co-treatment with Pue (Fig. 3A-D). These results suggest
that DLG1, HISTIH4L, NAA16, and SCRTI not only have
robust diagnostic potential in ARC, but also participate in
oxidative stress-related molecular alterations and can be
modulated by Pue.
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DLG1 regulates oxidative stress-induced cell
damage in HLECs

After HLECs were induced with H,O, to establish the
model, H,O, exposure significantly increased the mRNA
and protein levels of DLGI compared with the control
group (Fig. 4A-C). Among the three siRNAs, si-DLG1-1
showed the highest knockdown efficiency, as reflected

B Control H,0

272

DLGI — -

C — --1 100 kDa

[ ————

42 kDa

B-actin

D 0.456

0.321

<0.0001

—

1.0

0.5

Relative mRNA level of DLG1

I
si-NC  si-DLG-1 si-DLG-2  si-DLG-3

Fig. 4. Effects of knockdown or overexpression of DLG1 on the viability of human lens epithelial cells (HLECs) treated
with H,O,. A) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis shows the mRNA level of DLG1
in HLEC:s after H,O, treatment. B) Western blot analysis of DLGI protein expression in HLECs, with and without H,O,
treatment; 3-actin was used as a loading control. C) Quantification of band intensity in panel B, and calculation of the
relative expression level of DLG1/B-actin after normalization with -actin. D) qRT-PCR analysis was used to evaluate the
knockdown efficiency of DLGI mRNA in HLECs after transfection with si-DLG1-1/-2/-3 and si-NC using Lipofectamine
RNAiIMAX. Data were collected from three biologically independent replicates. DLG1 — discs large MAGUK scaffold

protein 1, siRNAs — small interfering RNAs
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Fig. 4. Cont. E) Western blot analysis of DLG1 protein knockdown efficiency in HLECs using si-DLG1-1/-2/-3; -actin
was used as a loading control. F) Quantification of band intensity in panel E, followed by normalization with -actin to
determine the relative expression level of DLG1/B-actin. G) gqRT-PCR validation of the upregulation of DLGI mRNA
in HLEC:s after transfection with over-DLG1 and empty vector using Lipofectamine 3000. H) Western blot validation of
the upregulation of DLG1 protein by the over-DLG1 vector compared to the empty vector; -actin was used as a loading
control. I) Quantification of band intensity in panel H, followed by normalization with B-actin to determine the relative
expression level of DLG1/B-actin. J) Cell viability assay shows the changes in HLECs’ viability after DLGI knockdown
or overexpression under H,0,-induced oxidative stress. Data were collected from three biologically independent repli-
cates. DLGI — discs large MAGUK scaffold protein 1, siRNAs — small interfering RNAs
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by the reduction of DLGI mRNA and protein levels, and
was therefore used in subsequent experiments (Fig. 4D-F).
gqRT-PCR and Western blot analysis also verified the effec-
tiveness of transfected overexpressed DLGI (Fig. 4G-I).
Further functional experiments (Fig. 4J) demonstrated
that under H,O,-induced oxidative stress, DLGI silenc-
ing resulted in a substantial reduction in cell viability,
indicating that DLGI may play a pro-survival role during
oxidative stress. Conversely, DLGI overexpression sig-
nificantly increased cell viability and, to some extent,

A

C Ctrl  Ctrl+Pue H,0, H,0,+Pue

B-actin |‘—'-—-—"-‘-'—' 42 kDa

Puerarin protects HLECs via DLG1 modulation

offset the cell damage induced by H,O, treatment. These
findings indicate that DLGI may be involved in ARC-
related HLEC damage by modulating cell survival under
oxidative stress.

Pue attenuates oxidative stress-induced HLEC
damage and DLG1 upregulation

Molecular docking analysis demonstrated that Pue has
a high affinity for DLGI (Fig. 5A). Pue treatment alone

B
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=}
|
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o
n
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Fig. 5. Puerarin (Pue) alleviates H,O_-induced decreases in HLEC cell viability and DLG1 protein expression. A) Mo-
lecular docking model showing the binding of Pue (orange) to DLG! (green). B) Cell Counting Kit-8 (CCK-8) assay
assessing cell viability of HLEC:s in different treatment groups (Control [Ctrl], Ctrl + Pue (50 uM), H,0,, and H,O, + Pue
(50 uM)). C) Representative Western blot images of DLG1 and B-actin in different treatment groups. D) Quantification of
DLGI1 protein levels normalized to B-actin. Data were collected from three biologically independent replicates. HLECs
— human lens epithelial cells, DLGI — discs large MAGUK scaffold protein 1
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Fig. 6. Effects of puerarin (Pue) on mitochondrial reactive oxygen species (ROS) and mitochondrial membrane poten-
tial (MMP) in human lens epithelial cells (HLECs). A) Representative MitoSOX staining images of the Control (Ctrl),
Ctrl + Pue (50 uM), H,O,, and H,O, + Pue (50 uM) groups. Mitochondrial ROS are visualized in red, and nuclei are
counterstained with Hoechst 33342 (blue). “Merge” represents the overlay of the two channels. B) JC-1 staining shows
mitochondrial aggregates (red) and monomers (green) for assessment of MMP. Hoechst 33342 nuclear staining is shown
(blue). Data were collected from three biologically independent replicates
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did not significantly alter cell viability as compared to the
control group. However, when combined with H,O, ex-
posure, Pue markedly reversed the H,0O,-induced reduc-
tion in HLEC viability (Fig. 5B). Western blot analysis
showed that H,O, treatment significantly increased DLG1
protein expression, while Pue treatment significantly in-
hibited H,0O,-induced DLG1 upregulation (Fig. 5C, D).
These results suggest that Pue may protect HLECs from
oxidative stress-induced cell damage by modulating DLG1
expression.

Pue alleviates mitochondrial dysfunction
in HLECs induced by oxidative stress

In comparison with the control group, H,O, treatment
considerably increased mitochondrial ROS generation,
while Pue therapy dramatically decreased H,O, -induced
ROS accumulation, according to mito-SOX staining
(Fig. 6A). JC-1 staining showed that H,0, markedly re-
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Puerarin protects HLECs via DLG1 modulation

duced MMP, reflected by lower red (aggregates) and
higher green (monomers) fluorescence. In comparison
to the H,O, group, the red/green fluorescence ratio was
increased, indicating that the Pue treatment successfully
preserved MMP (Fig. 6B). These findings indicate that Pue
can mitigate mitochondrial oxidative damage and preserve
mitochondrial function in HLECs subjected to oxidative
stress.

DLGI1 overexpression attenuates the protective
effect of Pue against oxidative stress-induced
mitochondrial dysfunction in HLECs

According to earlier research, Pue has a significant
regulatory effect in suppressing inflammation as well as
restoring mitochondrial function [29, 30]. To further de-
termine whether DLG 1 mediates the protective effect of
Pue against oxidative stress in HLECs, we overexpressed
DLG] using plasmid transfection. Cell viability exper-
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Fig. 7. DLG1 overexpression attenuates the protective effect of puerarin (Pue) against oxidative stress-induced mi-
tochondrial dysfunction in human lens epithelial cells (HLECs). A) Cell viability was assessed using the Cell Count-

ing Kit-8 (CCK-8) assay in Control (Ctrl), H,O

27

H,O, + Pue (50 uM), and H,0, + Pue (50 uM) + DLGI groups.

B, C) Western blot analysis and quantification of DLG1 protein levels. 3-actin was used as a loading control. Red flu-
orescence indicates JC-1 aggregates (high MMP), and green fluorescence indicates JC-1 monomers (low MMP). Data
were collected from three biologically independent replicates. DLGI — discs large MAGUK scaffold protein 1
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mitochondrial membrane potential (MMP) changes. Red fluorescence indicates JC-1 aggregates (high MMP), and green
fluorescence indicates JC-1 monomers (low MMP). Data were collected from three biologically independent replicates.
DLGI — discs large MAGUK scaffold protein 1
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iments revealed that Pue protected HLECs from H,O,-
induced viability loss, while overexpression of DLG]
significantly attenuated this protective effect (Fig. 7A).
Western blot analysis showed that Pue treatment reversed
the upregulation of DLG1 expression in the H,0O, group.
However, overexpression of DLG1 reversed the inhibito-
ry effect of Pue, restoring DLG1 protein levels to levels
close to those in the H,0, group (Fig. 7B, C). Mito-SOX
staining revealed that Pue treatment significantly attenuat-
ed H,0,-induced mitochondrial ROS accumulation, while
overexpression of DLGI reversed this effect (Fig. 7D).
Furthermore, JC-1 staining revealed that Pue restored the
H,0,-induced decrease in mitochondrial membrane po-
tential, while overexpression of DLG! counteracted this
effect, as demonstrated by an increase in the ratio of red
fluorescence (aggregates) to green fluorescence (mono-
mers) (Fig. 7E). These results suggest that Pue alleviates
oxidative stress-induced mitochondrial dysfunction in
HLEC:S, at least in part, by inhibiting the upregulation of
DLGI.

Discussion

Age-related cataract, also known as senile cataracts,
is primarily caused by aging and lens deterioration [31].
With aging, excessive ROS production in lens epithelial
cells leads to oxidative damage to proteins, lipids, and
nucleic acids, ultimately causing lens opacity, primarily
manifesting as decreased vision and blurred vision [32].
Research on key regulatory genes of cataracts and their
potential biomarkers is increasing. These biomarkers are
crucial for uncovering the molecular mechanisms of cat-
aracts and promoting early diagnosis. For example, a me-
ta-analysis investigated the association between crystal-
lin alpha A (CRYAA) gene polymorphisms and cataract
susceptibility and found that carriers of the rs7278468
polymorphism had a significantly reduced risk of cataract
[33]. A study by Wu et al. [34] demonstrated that gluta-
thione S-transferase pi 1 (GSTPI) expression is markedly
decreased in the lenses of ARC patients and Emory mice.
This gene promotes mitochondrial fusion by upregulating
the mitochondrial fusion-related proteins mitofusin 1/2
(MFN1/2), thus providing a potential therapeutic target
for ARC. In another ARC study, the antioxidant genes
GSTP1 and thioredoxin reductase 2 (TXNRD?2) were also
shown to help mitigate oxidative damage in the lens [35].
Therefore, intervention targeting molecular targets relat-
ed to oxidative stress may offer novel strategies for ARC
treatment.

This study integrated bioinformatics analysis data from
two independent GEO databases and identified 15 overlap-
ping genes. Enrichment analysis revealed that these genes
were enriched in pathways related to neutrophil chemotax-
is, cellular responses to interleukin-1, calcium ion binding,
RAGE receptor binding, histone H3 kinase activity, and

Puerarin protects HLECs via DLG1 modulation

adherens junctions. Further expression analysis revealed
that four genes (DLG1, HISTIH4L, NAA16, and SCRTI)
were upregulated in ARC samples in both the GSE3040
and GSE213546 datasets, and exhibited high diagnostic
performance in ROC analysis. In pan-cancer genetic anal-
yses, HISTIH4L was identified as a pleiotropic suscepti-
bility gene for esophageal and lung cancers, and showed
potential regulatory roles in multi-tissue analyses integrat-
ing eQTL data [36]. Aberrant methylation/expression of
HISTIH4L was significantly associated with Parkinson’s
disease [37]. Through genome-wide and Mendelian ran-
domization analyses, NAA16 was identified as a gene po-
tentially causally associated with traumatic brain injury
(TBI), suggesting that NAA16 may participate in the “gut
microbiota-host” regulatory axis influencing TBI suscep-
tibility/progression [38]. SCRTI is highly expressed in
the cluster B subtype of glioblastoma, which also exhibits
low expression of immune-related genes and low immu-
nogenicity, suggesting that SCRT1 may mark an immuno-
suppressive tumor microenvironment [39]. Furthermore,
research has shown that SCRT expression in pancreatic
B-cells positively correlates with insulin secretion capacity
and INS gene expression, and is downregulated in [3-cells
of type 2 diabetes (T2D) patients. Knockdown of SCRT1
impairs glucose-stimulated insulin secretion and reduces
Ins1/multiple key B-cell transcription factor expression;
its activity is regulated by glucose and GSK3f-dependent
phosphorylation, suggesting it as a potential biomarker/
therapeutic target for B-cell dysfunction and T2D [40]. At
present, these genes have not been systematically investi-
gated in ophthalmic diseases; therefore, further studies are
needed to elucidate their ARC-specific roles and potential
clinical value.

By scavenging free radicals and lowering oxidative
stress, Pue flavonoids have anti-inflammatory and antiox-
idant properties [24]. Importantly, accumulating evidence
indicates that the protective effects of Pue are closely as-
sociated with its ability to suppress ROS generation and
preserve mitochondrial function. A study showed that Pue
protects mitochondrial function by inhibiting oxidative
stress, preventing cadmium (Cd)-induced mitochondrial
ultrastructural damage, as well as alleviating cytotoxicity
in AML-12 mouse hepatocytes by restoring mitochon-
drial network fragmentation [41]. In addition, Pue has
been reported to alleviate cerebral ischemia/reperfusion
(CIR)-induced neuronal oxidative stress and apoptosis
[42]. Furthermore, Pue inhibits spinal Src activity, there-
by restoring mitochondrial function and attenuating can-
cer-induced bone pain [43]. Given that excessive ROS
production and mitochondrial dysfunction are central
events in ARC pathogenesis, these findings suggest that
Pue may exert similar protective effects in lens epithe-
lial cells. Our study demonstrated that in H,0,-induced
HLECS, the expression levels of DLGI, HISTIH4L,
NAAI6, and SCRTI were upregulated, and this upregu-
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lation could be partially reversed by treatment with Pue.
Notably, Pue significantly reduced mitochondrial ROS
levels and restored mitochondrial membrane potential,
indicating that its protective effect is largely mediated
through attenuation of oxidative stress and preservation
of mitochondrial integrity.

Given that DLG1, HISTIH4L, NAA16, and SCRTI
were induced by H,O, and partly reversed by Pue treat-
ment in HLECs, we next focused on DLGI as a putative
mediator of Pue’s effects. A previous study suggested that
claudin 6 (CLDN6) may contribute to ferroptosis-associat-
ed oxidative stress and mitochondrial dysfunction through
the DLG1/PBK complex in breast cancer [44]. In addition,
p38y has been reported to regulate lipid accumulation and
oxidative stress via DLGI in liver injury [45]. Together,
these studies further support the involvement of DLGI in
oxidative stress-related pathological processes. In vitro ex-
periments revealed that DLGI expression was significantly
upregulated after H,O, induction, and its silencing reduced
cell viability damage under oxidative stress, while over-
expression had the opposite effect, suggesting that DLG1
may amplify oxidative stress-induced cellular injury in
ARC. Molecular docking analysis demonstrated that Pue
has a high binding affinity for DLGI. Pue treatment sig-
nificantly suppressed DLG1 upregulation induced by oxi-
dative stress, accompanied by reduced ROS accumulation
and improved mitochondrial function. Further experiments
showed that DLG1 overexpression attenuated the protec-
tive effects of Pue against oxidative stress and mitochon-
drial dysfunction, suggesting that DLG1 may function as
a key downstream mediator of Pue-induced antioxidant
and mitochondria-protective effects.

By integrating bioinformatics analysis and cell exper-
iments, this study identified DLGI as a potential mediator
of oxidative stress-induced damage in ARC and character-
ized the protective effects of Pue. Our findings suggest that
DLGTI upregulation contributes to ROS accumulation and
mitochondrial dysfunction in HLECs, thereby aggravating
ARC-related cellular injury. Pue attenuates these effects by
suppressing DLG1 expression, reducing oxidative stress,
and preserving mitochondrial function. However, the study
has some limitations. First, this study only established an
in vitro H,0,-induced HLEC model and has not been vali-
dated in an animal model. Second, although the expression
levels of four candidate genes (DLG1, HISTIH4L, NAAI6,
and SCRTI) were consistently elevated and had diagnos-
tic value, we only performed functional experiments on
DLGI; the mechanisms of the other genes require further
investigation. Third, while molecular docking and func-
tional experiments suggest that baicalin may regulate
DLG1, its precise molecular mechanism remains to be
elucidated. Furthermore, this study did not systematical-
ly evaluate the pharmacokinetics of baicalin at different
doses and administration times; therefore, further research
is needed.

Conclusions

In summary, this study identified DLG/ as a potential
contributor to oxidative stress-induced damage in ARC.
Pue alleviated oxidative stress-induced HLEC damage and
mitochondrial dysfunction, at least in part, by attenuating
DLG]1 upregulation. Mechanistically, Pue may exert its
protective effects by reducing mitochondrial ROS produc-
tion and maintaining mitochondrial membrane potential.
These findings suggest that DLGI may represent a poten-
tial therapeutic target in ARC and that Pue is a promising
candidate for further investigation as an intervention for
ARC.
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