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PURPOSE. To investigate potential modes of programmed cell death in the lens epithelial
cells (LECs) of patients with early age-related cortical cataract (ARCC) and to explore
early-stage intervention strategies.

METHODS. Anterior lens capsules were collected from early ARCC patients for
comprehensive analysis. Ultrastructural examination of LECs was performed using
transmission electron microscopy. Cell death–associated protein markers were
quantified via Western blot analysis, including those for paraptosis (ALIX, GRP78),
apoptosis (cleaved caspase 3 and caspase 9), pyroptosis (N-GSDMD), and ferroptosis
(GPX4). Intracellular vesicle–organelle colocalization was assessed through
immunofluorescence. OGG1 protein expression and activity were evaluated through
multiple methods, including Western blot, laser micro-irradiation, and immunofluores-
cence. The therapeutic potential of the OGG1 activator TH10785 on paraptosis was
investigated using an ex vivo rat lens model.

RESULTS. Morphologic changes revealed significant endoplasmic reticulum (ER) swelling
in ARCC patient LECs, with no characteristic apoptotic features. Paraptosis-related
proteins exhibited significant alterations, while other cell death pathway markers
(apoptosis, pyroptosis, and ferroptosis) remained unchanged. In the reactive oxygen
species–induced paraptosis model, vesicular structures showed exclusive colocalization
with ER-specific fluorescence. Elevated levels of the DNA damage marker 7,8-dihydro-8-
oxoguanine were observed concurrent with decreased OGG1 activity. The OGG1 activa-
tor TH10785 showed efficacy in suppressing LECs paraptosis in ex vivo rat lens cultures.

CONCLUSIONS. Paraptosis was identified in the LECs of patients with early ARCC. TH10785
activates OGG1 to suppress paraptosis in LECs, suggesting a novel therapeutic approach
for early ARCC intervention.
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Age-related cataract (ARC) is a primary cause of blind-
ness worldwide, with a reported prevalence of 17.2%.1

Although surgical intervention remains an effective treat-
ment, patients in remote or impoverished areas may
encounter complications that could lead to blindness.2

Contemporary pharmacologic interventions have demon-
strated limited efficacy in treating cataracts. This is mainly
because lens crystallins have already denatured in late-stage
cataracts, and drugs cannot effectively reverse this damage
in vivo to restore transparency,3 highlighting the urgent
need for early intervention strategies. Therefore, we aimed
to intervene in the early pathologic stages of age-related
cortical cataract (ARCC). The earliest sign of ARCC under
slit-lamp microscopy is vacuole formation in the anterior or
equatorial cortical regions of the lens.4 With the progression
of ARCC, lens opacity begins to appear. It has been reported
that if the cataratogenic stimulus is withdrawn, the watery
vacuoles in the lens cortex may be reversible.5 This provides
a theoretical foundation for our intervention during the early
pathologic stages of ARCC. The homeostasis of fiber cells
and the clarity of the lens depend on the function of its

overlying epithelium.6 To date, no studies have explored the
pathologic changes in lens epithelial cells (LECs) during the
early stages of ARCC.

ARC is influenced by multiple risk factors, including
aging, ultraviolet B radiation exposure, and lifestyle factors
such as smoking and alcohol consumption.7 These diverse
pathogenic factors converge on a common molecular mech-
anism: the induction of oxidative stress in LECs.8 LECs form
a vital monolayer covering the anterior lens surface, serv-
ing as the primary regulatory interface for lens homeosta-
sis.9 Consequently, LECs may already be affected by oxida-
tive stress before vacuole in early ARCC. While apoptosis
represents the predominant mode of cell death in LECs,10

emerging research has revealed significant contributions of
ferroptosis11 and autophagy12 in the pathogenesis of ARC.
However, the participants in these studies were patients with
moderate or advanced ARC exhibiting cuneiform opacity,
and the precise pathologic mechanisms underlying early
ARCC remain poorly understood.13 Paraptosis, a distinct
form of programmed cell death, has been increasingly recog-
nized as a significant contributor to the early pathologic
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processes in age-related diseases.14 It is characterized by
extensive abnormal dilation of the endoplasmic reticulum
(ER) and/or mitochondria, without nuclear fragmentation,
chromatin condensation, or formation of apoptotic bodies.15

Of particular interest, some studies have observed the vacuo-
lating cytoplasmic changes in LECs of presenile cataract
patients.16,17 Nevertheless, the potential role of paraptosis
as a mechanism of LECs death during the early stages of
ARCC requires further investigation.

Reactive oxygen species (ROS), recognized as principal
mediators of paraptosis, play a pivotal role in the patho-
genesis of ARC. They induce extensive oxidative damage to
DNA bases,18 with 7,8-dihydro-8-oxoguanine (8-oxoG) serv-
ing as a well-established marker of DNA oxidative damage.
Notably, significantly elevated levels of 8-oxoG have been
documented in LECs from ARC patients.19 In the cellu-
lar defense against such oxidative insults, 8-oxoguanine
deoxyribonucleic acid glycosylase 1 (OGG1) emerges as
a crucial enzyme within the base excision repair path-
way, specifically recognizing and eliminating 8-oxoG lesions.
Our previous research has demonstrated that diminished
OGG1 activity significantly contributes to ARC progres-
sion.19 However, the precise mechanistic role of OGG1
during the early pathologic stages of ARCC remains to be
fully delineated.

In this study, we employed transmission electron
microscopy (TEM) to characterize the ultrastructural features
of LECs in early ARCC. Mechanistically, we evaluated the
expression profiles of protein markers associated with vari-
ous forms of programmed cell death, including paraptosis,
apoptosis, pyroptosis, and ferroptosis. Our findings revealed
that ROS-induced paraptosis may represent a predominant
mode of programmed cell death in LECs during early ARCC
development. To explore potential therapeutic interventions
for early ARCC, we investigated the efficacy of the OGG1
activator TH10785 in modulating paraptosis, both in LECs
exposed to low-concentration H2O2 and in an ex vivo rat
lens model. Collectively, our study elucidates the distinc-
tive pathologic characteristics of early-stage ARCC, suggest-
ing that targeted intervention during this critical period may
provide a promising novel therapeutic strategy for ARCC
management.

MATERIALS AND METHODS

Human Samples

This study was approved by the Ethics Committee of the
Affiliated Hospital of Nantong University. All patients signed
informed consent according to the tenets of the Decla-
ration of Helsinki. The anterior lens capsules of trans-
parent lenses were sourced from cadaveric eyes at the
eye bank of the Nantong Red Cross. Additionally, the
anterior lens capsules were collected from patients with
early ARCC aged over 50 years who exhibited local-
ized or beaded vacuoles in the lens cortex under slit-
lamp microscopy, affecting visual function. The exclusion
criteria included high myopia, uveitis, eye trauma, glau-
coma, previous intraocular surgeries in either eye, and
systemic diseases, such as diabetes mellitus and autoim-
mune disease. The anterior lens capsules were obtained by
the same experienced surgeon during capsulorrhexis. The
tissue samples were immediately frozen in liquid nitrogen
and stored at −80°C for Western blotting. A self-made 20-
gauge syringe needle was then used to extract the vacuo-

lar cortex. The cortex was fixed in 4% paraformaldehyde
and stained with hematoxylin and eosin (H&E). The remain-
ing cortex was fixed with 2.5% glutaraldehyde and observed
using TEM.

Experimental Animals

Sprague-Dawley (SD) rats were obtained from the Labora-
tory Animal Center of Nantong University. Their care was
in accordance with the guidelines established by ARVO
regarding animal use in research. The Institutional Ethics
Committee for Animal Experimentation at Nantong Univer-
sity approved all experimental procedures involving these
animals and ensured adherence to established institutional
guidelines (No. S20210226-051).

Cell Culture and Treatment

The LEC line (SRA01/04) was supplied by Professor Yao Ke
from Zhejiang University, and authentication was performed
by Suzhou Genetic Testing Biotech Co., Ltd. (Suzhou, China)
via STR profiling to verify their identity.20 This cell line
was maintained in Dulbecco’s modified Eagle’s medium
(Gibco Rockville, MD, USA), enriched with 10% fetal bovine
serum (Gibco) and supplemented with 100 IU/mL penicillin-
streptomycin (Procell, Wuhan, China). The culture condi-
tions were maintained at 37°C in an atmosphere containing
5% CO2. LECs were treated with hydrogen peroxide (H2O2)
at varying concentrations (0, 25, 50, 100, 200, and 400 μM)
for 24 hours. Withaferin-A (WA) (MCE, Monmouth Junction,
NJ, USA), an inducer of paraptosis, was used at 3 μM for
12 hours. ZVAD-FMK (Beyotime Biotechnology, Shanghai,
China), a pan-caspase inhibitor, was pretreated at 10 μM for
2 hours. TH10785 (MCE), an OGG1 activator, was used at
10 μM for 8 hours. TH5487 (MCE), an OGG1 inhibitor, was
used at 10 μM for 8 hours.

Hematoxylin and Eosin Staining

The vacuolar cortex was fixed with 4% paraformaldehyde,
embedded in paraffin, and sectioned to a thickness of 5 to
6 μm. These sections were prepared in paraffin and stained
with H&E. Subsequently, the sections were dewaxed and
hydrated using a series of xylene and alcohol treatments.
Images were recorded using an inverted microscope (DMi8;
Leica, Wetzlar, Germany).

Immunofluorescence Staining

LECs were fixed with 4% paraformaldehyde for 30 minutes
at room temperature. Blocking and permeabilization were
performed in a solution containing 0.1% Triton X-100 and
3% bovine serum albumin for an hour at room temperature.
The cells were incubated with anti–oxoguanine-8 antibody
(1:50, ab206461; Abcam, Cambridge, MA, USA) diluted in the
blocking buffer overnight at 4°C. After washing with PBS
for three times, the cells were incubated with the corre-
sponding secondary antibody, Alexa Fluor 568 goat anti-
mouse IgG (1:250, 31160; Invitrogen, Carlsbad, CA, USA),
for 2 hours at room temperature in the dark. DAPI was
used to visualize cell nuclei. Images were captured using a
fluorescence microscope (LSM 900; Carl Zeiss Meditec, Jena,
Germany).
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Measurement of Reactive Oxygen Species

ROS generation was measured using a CM-H2DCFDA probe
(Invitrogen) according to the manufacturer’s instructions.
Briefly, LECs were plated into 24-well plates at a density
of 8 × 104 cells per well. The cells underwent incubation
with a 10-μM solution of CM-H2DCFDA dye for 30 minutes
at 37°C. The plates were then washed with PBS. Images were
captured using a fluorescence microscope (DMi8; Leica).

For human lens epithelium, a mixed staining solution
containing 10 μM CM-H2DCFDA and Hoechst (1:1000) was
prepared in advance. After obtaining fresh lens epithelium,
the sample was immediately immersed in the staining solu-
tion and incubated at 37°C for 30 minutes, followed by two
washes with PBS. The lens epithelium was then spread onto
a glass slide, and images were promptly captured using a
fluorescence microscope (LSM 900; Carl Zeiss Meditec).

Transmission Electron Microscopy

The lens capsules and cortex and LECs were fixed in 2.5%
glutaraldehyde in phosphate buffer. Subsequently, the spec-
imens were washed with phosphate buffer and fixed in %
OsO4 in phosphate buffer for 1 hour. After dehydration in
graded ethanol solutions, the specimens were embedded in
epoxy resin. Ultrathin sections were observed using a TEM
(HITACHI, Tokyo, Japan).

Live-Cell Imaging

ER-Tracker green (Beyotime Biotechnology), Mito-Tracker
red (Beyotime Biotechnology), Lyso-Tracker red (Beyotime
Biotechnology), DAPRed (DOJINDO, Kumamoto, Japan),
ECGreen (DOJINDO), and Lucifer yellow (Invitrogen) were
used to label the ER, mitochondria, lysosomes, autophago-
somes, endosomes, and macropinosomes, respectively,
according to the manufacturers’ instructions. LECs were
plated on 35-mm glass bottom dishes (Cellvis, Moun-
tain View, CA, USA) and treated with 50 μM H2O2 for
24 hours. Subsequently, the cells were incubated with
medium containing ER-Tracker Green, Mito-Tracker Red,
Lyso-Tracker Red, DAPRed, and ECGreen for 30 minutes,
while Lucifer Yellow was incubated for 10 minutes. The
cells were then washed with PBS, and images were captured
using fluorescence microscopes (HIS-SIM [Guangzhou,
China] and LSM 900 [Carl Zeiss Meditec]).

Cell Viability Assay

An Enhanced Cell Counting Kit-8 (CCK-8) (DOJINDO) was
used to measure cell viability. LECs were plated into 96-well
plates at a density of 1 × 104 cells per well. After different
treatments of LECs, 10 μL CCK-8 reagent was added to each
well. The plates were evaluated using a microplate reader
(Invitrogen) after 2 hours of incubation at 37°C with 5% CO2.

Reverse Transcription–Quantitative Real-Time
PCR

Three anterior lens capsules from the same group were
pooled as one sample, and each group contained three
pooled samples. The samples were stored at –80°C before
RNA purification. Total RNA from rat lens capsules was
extracted using TRIzol reagent (Invitrogen). Total RNA was
quantified using a Nanodrop 2000 (Thermo Scientific, Wilm-

ington, DE, USA) and then reverse-transcribed into cDNA
using the HiScript III RT Supermix Kit (Vazyme, Nanjing,
China). A combination of Oligo (dT) and random hexamer
primers was used for cDNA synthesis, with 600 ng RNA
used per reverse transcription reaction. Quantitative real-
time PCR was performed with the ChamQ Universal SYBR
qPCR Master Mix Kit (Vazyme). Primers were designed to
span introns, and no-reverse-transcriptase reactions were
included as controls. Technical replicates were conducted
three times, with an acceptable variation in Cq values of
no more than 0.2. The relative expression levels of mRNAs
were calculated using the 2–��Ct method and normalized
to GAPDH. Primer details for the amplification process are
provided in Supplementary Table S1.

Western Blotting

RIPA buffer supplemented with protease and phosphatase
inhibitors (Beyotime Biotechnology) was utilized to lyse
lens capsules or LECs. The total protein concentration was
determined using a BCA Protein Assay Kit (Invitrogen).
Subsequently, the protein samples were separated on SDS-
polyacrylamide gels and transferred to 0.22-μm polyvinyli-
dene fluoride membranes (Millipore, Burlington, MA, USA).
The membrane was blocked with 5% nonfat milk in TBST for
2 hours at room temperature and incubated overnight at 4°C
with primary antibodies (listed in Supplementary Table S2).
The membranes were washed with TBST three times and
incubated with diluted goat anti-rabbit or mouse IgG-HRP
(Santa Cruz Biotechnology, Dallas, TX, USA) for 2 hours at
room temperature. The protein bands were scanned using an
enhanced chemiluminescence method (Vazyme) and quanti-
fied using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Laser Micro-Irradiation

LECs were transfected with the OGG1-mCherry (Public Plas-
mid Library, Nanjing, China) vector and selected with 1
μg/mL puromycin (Beyotime Biotechnology). LECs stably
expressing mCherry-tagged wild-type OGG1 were plated on
a 35-mm glass bottom plate for 24 hours. For laser micro-
irradiation, LECs were presensitized with 5 μg/mL Hoechst
33342 (Beyotime Biotechnology) for 10 minutes at 37°C.
Subsequently, the LECs were transferred to a 37°C cham-
ber attached to a confocal microscope (LSM 900; Carl Zeiss
Meditec). DNA damage was induced by selecting a nuclear
spot (10 × 10 pixels) using the ZEN software’s circular
region tool (ZEN; Carl Zeiss Meditec) and exposing it to
a 405-nm diode laser at 100% power (spot irradiation, one
iteration, zoom 4, and pixel dwell time of 14.29 μs). Quanti-
tative analysis involved evaluating recruitment kinetics by
adjusting the fluorescence intensity at the irradiated spot
and assessing the total nuclear fluorescence loss over time.
Normalization was performed at the preirradiation level. The
experiments were performed in duplicate, and six cells were
assessed per experiment.

Lens Organ Culture Ex Vivo

Adult SD rats were sacrificed by intraperitoneal injection of
excess pentobarbital sodium. The intact rat lenses were sepa-
rated without destroying the lens capsule in PBS buffer. The
lenses were transferred into 1 mL serum-free M199 medium
(Gibco) with an antibiotic mixture at 37°C with 5% CO2.
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Approximately 24 hours after lens preparation, transparent
lenses were selected and cultured within M199 medium in
the control group or 50 μM H2O2 and 50 μM H2O2 + 10 μM
TH10785 treatments in the experimental groups.

Statistical Analysis

All experiments were repeated at least three times, and the
data are presented as the mean ± SEM. Statistical analy-
ses were performed using the GraphPad Prism 8.0 soft-
ware (GraphPad Software, La Jolla, CA, USA). The analysis
involved a Student’s t-test for two-group comparisons and a
one-way ANOVA for more than two groups. Statistical signif-
icance was established at a P value < 0.05.

RESULTS

Paraptosis Occurs in the LECs of Early ARCC

We frequently observed isolated or beaded vacuoles in the
superficial cortex of early ARCC patients under a surgical
microscope (Fig. 1A). H&E staining revealed disordered fiber
arrangement and enlarged intercellular spaces in the vacuo-
lar cortex, while no Morgagnian globules were observed
(Fig. 1B). The arrangement and morphology of the corti-
cal fibers observed by TEM were consistent with those seen
in H&E staining (Fig. 1C). The ultrastructure of LECs was
examined using TEM, revealing notable ER dilation, with
intact cell membranes, nuclear envelopes, and normal chro-
matin distribution (Fig. 1D). These ultrastructural features
are inconsistent with the typical morphologic characteristics
of apoptosis and more closely align with those observed
in paraptosis. Although various forms of programmed cell
death are difficult to decipher conclusively and exclusively,
specific markers may assist in identification. To determine
whether early ARCC is associated with paraptosis, we exam-
ined markers of paraptosis and several other cell death
modalities reported in cataracts, including apoptosis, pyrop-
tosis, and ferroptosis, within the lens epithelium of patients
with early ARCC. In comparison with transparent human
lenses, the expression levels of paraptosis-related proteins
GRP78, p-ERK, and p-P38 were increased, whereas ALIX was
decreased in the LECs of early ARCC patients (Figs. 1E, 1F).
Compared to the positive controls, the cleaved forms of
caspase 3 and caspase 9 were not detected in either group
(Fig. 1G). Additionally, the pyroptosis execution protein N-
GSDMD was not identified (Fig. 1H). There was no signifi-
cant difference in the levels of the ferroptosis marker protein
GPX4 between the two groups (Figs. 1I, 1J). We also exam-
ined autophagy components, including P62, BECN1, and
LC3B. In the early ARCC group, the levels of P62 and BECN1
were significantly elevated, whereas LC3B showed no signif-
icant difference (Figs. 1I, 1J). In summary, these data suggest
that paraptosis may be the predominant mode of cell death
in LECs during the early stages of ARCC.

ROS Induces Paraptosis in LECs

ROS is a key mechanism that induces paraptosis. ROS gener-
ation was increased in the lens epithelium of patients with
early ARCC (Supplementary Fig. S1). To explore whether
ROS serves as a potential mechanism for paraptosis in
LECs of early ARCC, we treated LECs with different concen-
trations of H2O2. After a 24-hour exposure of LECs to
H2O2 from 25 to 400 μM, compared to the control group,
ALIX expression decreased with the 50-μM H2O2 treatment,

while GRP78 expression increased. The BAX/BCL-2 expres-
sion ratio showed no significant difference (Figs. 2A, 2B).
However, at a concentration of 200 μM H2O2, the BAX/BCL-
2 ratio significantly increased (Figs. 2A, 2B). TEM obser-
vations revealed extensive vacuolization of the ER in cells
exposed to 50 μM H2O2 compared to control cells (Fig. 2C).
To further investigate the origin of vesicles induced by
50 μM H2O2, we conducted live-cell staining with fluores-
cent trackers targeting the ER, mitochondria, lysosomes,
autophagosomes, endosomes, and macropinosomes. Inter-
estingly, the vesicles exclusively colocalized with ER fluo-
rescence, without colocalization with any other trackers
(Figs. 2D, 2E). Additionally, treatment with 50 μM H2O2

significantly increased the paraptosis-related protein levels
of GRP78, p-ERK, and p-P38, whereas ALIX expression
inversely decreased (Figs. 2F, 2G). The morphology and
protein expression in cells treated with 50 μM H2O2 were
consistent with those observed in cells treated with the
paraptosis inducer, WA (Supplementary Fig. S2). To deter-
mine whether apoptosis was involved in the cell death of
LECs mediated by 50 μM H2O2, we pretreated the LECs
with ZVAD-FMK, a pan-caspase inhibitor. ZVAD-FMK failed
to reduce cell death induced by 50 μM H2O2; however, it
significantly decreased cell death caused by 200 μM H2O2,
although not eliminating it (Fig. 2H). Taken together, these
data indicate that ROS induces paraptosis in LECs.

Activation of OGG1 Inhibits ROS-Induced LEC
Paraptosis

The immunofluorescence results showed significant accu-
mulation of 8-oxoG in the LECs treated with 50 μM H2O2

(Figs. 3A, 3B), and OGG1 expression significantly increased
(Figs. 3C, 3D). To assess the regulatory role of OGG1 in
paraptosis in LECs, we enhanced its expression through
liposome-mediated transient transfection. However, OGG1
overexpression did not positively regulate the expression of
paraptosis-related proteins (Supplementary Fig. S3). These
results indicate that simply increasing OGG1 expression
levels could not inhibit paraptosis. OGG1 specifically recog-
nizes and excises 8-oxoG generated in double-stranded
DNA through its DNA glycosylase and β,δ-lyase activities.21

The laser micro-irradiation experiment demonstrated that
in LECs treated with 50 μM H2O2, OGG1-mCherry recruit-
ment kinetics was impaired, as exemplified by a reduced
accumulation of OGG1-mCherry. However, the addition of
the OGG1 activator TH10785 significantly increased OGG1’s
recruitment to sites of DNA damage (Figs. 3E, 3F). Subse-
quently, we evaluated the effects of TH10785 on ROS-
induced paraptosis in LECs. It was found that TH10785
significantly inhibited the protein levels of GRP78, p-ERK,
and p-P38 under H2O2 treatment, while increasing the level
of ALIX (Figs. 3G, 3H). Morphologically, TH10785 signifi-
cantly alleviated the dilated ER (Figs. 3I, 3K). TH10785 also
effectively reduced the elevated cellular ROS levels in LECs
induced by treatment with 50 μM H2O2 (Figs. 3J, 3L). To
strengthen our findings regarding OGG1’s role in parap-
tosis, we employed the OGG1-specific inhibitor TH5487.22

Compared to the H2O2 group, cotreatment with TH5487
and H2O2 further increased the expression levels of GRP78,
p-ERK, and p-P38 while inhibiting the expression of ALIX
(Supplementary Fig. S4). In brief, the inhibition of OGG1
activity exacerbated paraptosis.

It has been reported that the kinase activity of insulin-like
growth factor I receptor (IGFIR) may be involved in para-
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FIGURE 1. Paraptosis occurs in the LECs of early ARCC. (A) Representative surgical microscope images of lens vacuolar degeneration
cortex from patients with early ARCC. The white dotted box indicates the cortical vacuolar degenerative area. (B, C) Representative H&E
staining and TEM images of lens vacuolar degeneration cortex from patients with early ARCC. (D) Representative TEM images of LECs from
patients with early ARCC. The red arrows indicate the dilated ER, and the yellow arrows highlight the ribosomes attached to the rough ER.
(E, F) Representative Western blot bands and statistical analysis of ALIX, GRP78, p-ERK, and p-P38 expression levels in the lens epithelium
of transparent human lenses (control group) and patients with early ARCC (early ARCC group). (G) The expression levels of apoptosis-
associated proteins (cleaved forms of caspase 9 and caspase 3) in the two groups. The HeLa cells treated 7 hours with 30 ng/mL TNF-α
and 10 μg/mL cycloheximide (CHX) apoptosis system served as a positive control. (H) The expression levels of the pyroptosis-associated
protein (N-GSDMD) in the two groups. The RAW 264.7 cells pretreated 4 hours with 1 μg/mL lipopolysaccharide, then stimulated with
nigericin for 12 hours, served as a positive control. (I, J) Representative Western blot bands and statistical analysis of P62, BECN1, LC3B, and
GPX4 expression levels in the two groups. Data are displayed as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01,
****P < 0.0001, ns = no statistical significance.
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FIGURE 2. ROS induces paraptosis in LECs. (A, B) LECs were treated with different concentrations of H2O2 (0 μM, 25 μM, 50 μM, 100 μM,
200 μM, and 400 μM) for 24 hours; the Western blot images and statistical analysis displayed the relative protein expression levels of ALIX,
GRP78, and the BAX/BCL-2 ratio, normalized to β-actin. (C) The ultrastructure of LECs was observed by TEM after a 24-hour treatment
with 50 μM H2O2. The red arrows indicate the ER. (D) After LECs were exposed to 50 μM H2O2 for 24 hours, ER and mitochondria were
labeled with ER-Tracker green and Mito-Tracker red, respectively. (E) After LECs were exposed to 50 μM H2O2 for 24 hours, lysosomes were
labeled with Lyso-Tracker red (red), autophagosomes with DAPRed (violet), endosomes with ECGreen (lime green), and macropinosomes
with Lucifer yellow (yellow). (F, G) The Western blot images and statistical analysis display the relative protein expression levels of ALIX,
GRP78, p-ERK, and p-P38, normalized to β-actin, after treatment with 50 μM and 200 μM H2O2 for 24 hours. (H) Cell viability of LECs was
assessed following treatment with 50 μM or 200 μM H2O2 for 24 hours, in the presence or absence of 10 μM ZVAD-FMK pretreated for
2 hours. Data are displayed as mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns = no statistical
significance.
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FIGURE 3. Activation of OGG1 inhibits ROS-induced LEC paraptosis. (A) Representative immunofluorescence images of indicated LECs
against 8-oxoG. (B) Quantification and statistical analysis of 8-oxoG fluorescence intensity. (C, D) The Western blot images and statistical
analysis display the relative protein expression levels of OGG1, normalized to β-actin, after treatment with 50 μM H2O2 for 24 hours.
(E) Representative confocal images of OGG1-mCherry LECs following treatment at the indicated time points after laser micro-irradiation
sites pointed by white arrows. (F) Connecting lines of mean values representing OGG1-mCherry recruitment kinetics. (G, H) The Western
blot images and statistical analysis display the relative protein expression levels of ALIX, GRP78, p-ERK, and p-P38, normalized to β-actin.
(I) ER and mitochondria were labeled with ER-Tracker green and Mito-Tracker red, respectively, after LECs were treated as indicated. Red
arrowheads indicate the dilated ER. (K) Quantification and statistical analysis of intracellular vesicles. (J, L) Representative images of ROS
generation and statistical results of indicated LECs treated with 50 μM H2O2 and 10 μM TH10785. Data are displayed as mean ± SEM from
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 4. Effects of TH10785 on ROS-induced paraptosis and vacuoles in rat lens. Rat lenses were subjected to control, H2O2 (50 μM), and
H2O2 (50 μM) with TH10785 (10 μM) medium for 5 days. (A, B) Representative images of cultured rat lenses and the percentage of lens
opacity in the control, H2O2, and H2O2 + TH10785 groups. (C, D) TEM showed that TH10785 treatment alleviated the dilated ER in LECs
under H2O2 stress. (E, F) H&E staining shows that TH10785 treatment reduced the area of vacuoles in the superficial cortex of rat lenses.
(G, H) Reverse transcription–quantitative real-time PCR was performed to detect the mRNA levels of paraptosis-related genes (GRP78 and
ALIX) in the LECs. Data are displayed as mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 5. Schematic illustrating the mechanism of ROS-induced paraptosis in LECs of early ARCC patients. This comprehensive mechanism
reveals that the elevated ROS orchestrates a cascade of cellular events, including ER stress induction, IGFIR activation, and subsequent
mitogen-activated protein kinase pathway signaling. These molecular events result in ER dilation-formed intracellular vesicles and, ultimately,
paraptosis in LECs. Notably, TH10785-mediated enhancement of OGG1 activity effectively suppresses ROS-induced paraptosis and vacuolar
degeneration in the superficial lens cortex. AC, anterior chamber; C, cornea; CB, ciliary body; I, iris; N, nucleus; PC, posterior chamber;
V, vacuoles.

ptosis.23 Clinical specimens analysis revealed significantly
elevated IGFIR phosphorylation in LECs of early ARCC
patients compared to transparent human lenses (Supple-
mentary Figs. S5A, S5B). Enhanced IGFIR phosphorylation
was also observed in the in vitro paraptosis model (Supple-
mentary Figs. S5C, S5D). Consistent with previous find-
ings in C2C12 myocytes showing H2O2-induced IGFIR phos-
phorylation and its attenuation by ROS inhibition,24 our
results revealed significant reduction in IGFIR phosphoryla-
tion following TH10785 treatment in LECs (Supplementary
Figs. S5E, S5F). These findings suggested that ROS-mediated
activation of IGFIR might be involved in paraptosis. The
demonstrated ability of TH10785 to attenuate IGFIR phos-
phorylation further supports its potential as an optimal ther-
apeutic candidate for inhibiting ROS-induced paraptosis in
LECs.

Effects of TH10785 on ROS-Induced Paraptosis
and Vacuoles in Rat Lens

The results above indicate that OGG1 plays an inhibitory
role in the paraptosis of LECs; therefore, we conducted ex
vivo rat lens culture experiments to determine whether para-

ptosis occurs in rat lenses when treated with low concen-
trations of H2O2 and whether an OGG1 activator could
suppress this process. The lenses in the 50-μM H2O2 group
exhibited obvious opacities in the peripheral cortex on day
5. Interestingly, when TH10785 was added to the H2O2-
stressed lenses, only mild opacities were observed in the
peripheral cortex (Figs. 4A, 4B). In the lenses of the 50-
μM H2O2 group, there was dilation of the ER in LECs
and prominent vacuoles in the superficial cortex; more-
over, TH10785 largely reversed these changes (Figs. 4C–
F). Meanwhile, reverse transcription–quantitative real-time
PCR analysis revealed an increase in GRP78 mRNA levels
and a decrease in ALIX mRNA levels in H2O2-stressed rat
LECs, which were reversed by treatment with TH10785
(Figs. 4G, 4H).

DISCUSSION

The reversal of cataract formation remains a formidable
challenge in ophthalmology. Despite the identification of
several compounds capable of reversing crystallin aggrega-
tion, none have successfully transitioned to clinical appli-
cation. This limitation has prompted our investigation into
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the fundamental pathogenic mechanisms underlying early
ARC formation, with the goal of developing targeted ther-
apeutic interventions. First, we identified paraptosis as a
novel mode of programmed cell death in LECs during early
ARCC. We subsequently conducted a comprehensive assess-
ment of various cell death mechanisms previously docu-
mented in cataract literature, including apoptosis, pyropto-
sis, and ferroptosis, to evaluate their presence and relative
contributions in LECs of early ARCC. Mechanistically, oxida-
tive damage repair protein OGG1 may serve as a promis-
ing therapeutic target for paraptosis intervention. To vali-
date this hypothesis, we employed an ex vivo rat lens culture
model and demonstrated that the OGG1 activator TH10785
effectively suppressed paraptosis in LECs. This intervention
successfully mitigated early pathologic alterations in the lens
and impeded ARCC progression. Our research suggests that
early therapeutic intervention through mechanism-based
drug therapy may represent a viable strategy for preventing
or delaying ARCC progression.

Paraptosis represents a unique and distinct modal-
ity of programmed cell death that exhibits fundamental
differences from classical apoptosis.25 Morphologically,
paraptosis is characterized by extensive cytoplasmic
vacuolization involving the dilation of the ER and/or mito-
chondria. Notably, this process occurs in the absence of
typical apoptotic features, such as nuclear fragmentation,
chromatin condensation, and apoptotic bodies formation.15

In our study, we observed significant dilation of the ER in
LECs from patients with early ARCC. Mechanistically, ROS
serve as the primary initiating factor of paraptosis.26 The
kinase activity of IGFIR, along with the activation of the
mitogen-activated protein kinase signaling pathway, is also
associated with paraptosis, which is specifically inhibited
by ALIX.23 ER stress also contributes to the development
and progression of paraptosis due to extensive ER dilation.
Herein, we observed significant alterations in the expres-
sion profiles of paraptosis-related proteins within the lens
epithelium of early ARCC specimens. To validate these clin-
ical observations, we established in vitro cell models utiliz-
ing both specific paraptosis inducers and low-concentration
H2O2 treatments, which successfully recapitulated the para-
ptotic phenomena observed in patient samples.

While apoptosis is well established as the predomi-
nant mode of cell death in LECs during mature ARCC,27,28

recent studies have suggested potential roles for pyropto-
sis and ferroptosis in ARC development.11,29 However, the
involvement of these cell death mechanisms in early ARCC
remains largely unexplored. Morphologically, TEM revealed
no distinctive morphologic features characteristic of apop-
tosis, pyroptosis, or ferroptosis in early ARCC specimens.
Mechanistically, neither cleaved caspase 3 nor caspase 9 was
detected in the lens epithelium of early ARCC patients or
transparent lens controls. Similarly, we observed no expres-
sion of the pyroptosis executor N-GSDMD, and levels of the
ferroptosis marker GPX4 showed no significant differences
between groups. Given the crucial role of autophagy in LEC
homeostasis, we conducted a comprehensive analysis of key
autophagy-related proteins. P62, a multifunctional protein,
plays pivotal roles in autophagy, proteolysis, and aggregate
formation.30 During ER stress, a known trigger for parap-
tosis, P62 upregulation facilitates the degradation of accu-
mulated unfolded and misfolded proteins.31 BECN1 serves
as a key initiator of autophagy, participating in autophago-
some formation through complex protein interactions and
promoting autophagic membrane development.32 During

the autophagic process, LC3-I is converted to LC3-II and
associates with the autophagosome membrane, marking its
maturation.33 Our findings revealed elevated levels of both
P62 and BECN1 in LECs from early ARCC patients, while
LC3B expression remained unchanged. This suggests acti-
vation of the autophagy pathway, although autophagosome
formation has not yet reached a level sufficient for effective
substrate degradation. Our previous research demonstrated
elevated levels of both LC3B and P62 in mature cataract
patients, suggesting enhanced autophagic activity during
ARC progression despite potential impairment in autophagic
flux.34 Hence, we concluded that paraptosis likely represents
the predominant mode of cell death in LECs during early
ARCC development.

ROS have been identified as primary initiators of para-
ptosis26,35,36 and crucial risk factors in ARC pathogene-
sis.37,38 DNA molecules exhibit particular vulnerability to
ROS-mediated attacks, leading to oxidative damage and
subsequent progression of age-related diseases.21 We found
elevated ROS levels in the lens epithelium of early ARCC.
Our previous research indicated that the aberrant expres-
sion of oxidative damage repair proteins, such as Ku70 and
OGG1, contributed to ARC development.19,39 Notably, Ku70
depletion significantly elevated intracellular ROS levels, trig-
gering cytoplasmic vacuolization and paraptosis.40 This find-
ing implies that dysfunction in oxidative damage repair
proteins may initiate paraptosis through ROS-dependent
mechanisms. Intriguingly, studies have indicated that dimin-
ished OGG1 function may induce cellular vacuolization in
neuronal cells, although the precise molecular mechanisms
remain to be elucidated.41 OGG1, a specialized DNA repair
enzyme, plays a pivotal role in the base excision repair path-
way by specifically targeting and removing 8-oxoG, a critical
marker of oxidative DNA damage.42 Our previous research
found that OGG1 protein expression was increased in the
lens epithelium of ARC.19 After paraptosis was induced in
LECs by low concentrations of H2O2, the protein expres-
sion of OGG1 increased, yet the level of intracellular 8-
oxoG remained significantly high. Further overexpression
of OGG1 did not suppress paraptosis. Some researchers
believe that elevated ROS levels during oxidative stress may
inhibit the enzyme activity of OGG1 through posttransla-
tional modifications.43,44 The enzyme activity and functions
of OGG1 may be impaired under oxidative damage. There-
fore, merely increasing its protein content does not address
the issue of inadequate repair functionality.

TH10785, a novel small-molecule synthetic compound,
interacts with the phenylalanine-319 and glycine-42 amino
acids of OGG1, enhancing enzyme activity by 10-fold.45

In the present study, TH10785 augmented OGG1 recruit-
ment to sites of DNA damage under oxidative stress condi-
tions, thereby facilitating the repair of oxidative DNA
lesions. Besides, TH10785 demonstrated significant efficacy
in suppressing H2O2-induced LECs paraptosis. Conversely,
inhibition of OGG1 activity by TH5487 resulted in exac-
erbation of paraptotic cell death. The therapeutic poten-
tial of TH10785 was further validated in an ex vivo rat
model, where it effectively mitigated H2O2-induced para-
ptosis in LECs and significantly reduced the formation of
cortical vacuoles in the lens. Therefore, our findings high-
light the critical role of OGG1-mediated oxidative damage
repair in preventing paraptosis in LECs. The specific acti-
vation of OGG1 by TH10785, characterized by minimal off-
target effects, represents a promising therapeutic strategy
for early intervention in ARCC. However, limited safety data
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on the potential risks and contraindications associated with
OGG1-targeted therapies are available from current stud-
ies. Further investigations utilizing rodent models are essen-
tial to comprehensively evaluate the pharmacokinetic prop-
erties, safety profile, and therapeutic efficacy of TH10785.
We also propose to establish patient-specific ARCC models
in vitro using mature lentoid bodies derived from human
induced pluripotent stem cells.46 This innovative approach
will enable more precise and clinically relevant evaluation
of TH10785’s potential effects on human lens tissue, bridg-
ing the gap between preclinical research and clinical appli-
cation. To enhance therapeutic outcomes while minimiz-
ing adverse effects, we will explore advanced drug delivery
strategies by combining small molecules with either cell-
penetrating peptides or engineered nanoparticles.47 Such
targeted delivery systems hold promise for improving ocular
bioavailability and tissue-specific drug distribution. Through
this comprehensive series of investigations, encompassing
both fundamental research and translational studies, we aim
to establish TH10785 as a novel, effective, and safe therapeu-
tic strategy for early-stage ARCC intervention.

Taken together, our study reveals that ROS-induced para-
ptosis occurred in the LECs of patients with early ARCC.
OGG1 plays a protective role in the paraptosis of LECs.
TH10785 exhibits a potent capacity to activate OGG1
enzyme activity, effectively suppressing paraptosis in LECs
and alleviating vacuolar degeneration in the superficial lens
cortex (Fig. 5). These findings hold significant clinical poten-
tial, offering promising strategies for drug treatment in early
ARCC.
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