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Abstract

e AIM: To determine whether paeonol (Pae), a naturally
occurring phenolic compound, can serve as an effective
pharmacological inhibitor of posterior capsular opacification
(PCO).

e METHODS: A rat model of cataract surgery—induced
PCO was established, and Pae was administered via
anterior chamber injection to evaluate its preventive
effect on capsular opacification and fibrotic remodeling.
Histological and immunohistochemical analyses were
performed to assess epithelial-mesenchymal transition
(EMT)—related changes in lens epithelial cells (LECs). Ex
vivo lens capsule cultures were employed to examine the

expression of Vimentin and Zonula Occludens-1 (Z0-1)
by immunofluorescence and immunohistochemistry. In
the human LEC line SRA01/04, EMT marker expression
at both mRNA and protein levels was analyzed following
transforming growth factor beta 2 (TGF-B2) stimulation, with
Pae treatment. Western blotting and immunofluorescence
were used to investigate the effect of Pae on TGF-B/
Smad signaling and AMP-activated protein kinase (AMPK)
activation. Molecular docking was performed to predict
Pae-AMPK binding, and rescue experiments with AMPK
inhibition were conducted to validate the mechanistic
pathway.

e RESULTS: Pae significantly reduced capsular opacification
and fibrotic remodeling in the rat PCO model compared
with controls. In LECs, Pae markedly suppressed TGF-32-
induced EMT, evidenced by decreased expression of
mesenchymal markers, such as Vimentin, Fibronectin,
Collagen 1A1, o-SMA and preserved epithelial junctional
protein ZO-1. Mechanistically, Pae was predicted to
directly interact with the catalytic pocket of AMPK,
which was experimentally confirmed by enhanced AMPK
phosphorylation and nuclear translocation (P<0.05). This
activation disrupted canonical TGF-B/Smad signaling,
leading to suppression of EMT. Rescue experiments using
AMPK inhibition abrogated the anti-EMT effect of Pae,
further validating the AMPK-dependent mechanism.

o CONCLUSION: Pae exerts a potent inhibitory effect on PCO
formation by blocking EMT of LECs through direct activation of
AMPK and subsequent disruption of TGF-B/Smad signaling.

o KEYWORDS: posterior capsular opacification; paeonol;
epithelial-mesenchymal transition; AMP-activated protein
kinase; transforming growth factor beta
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INTRODUCTION

osterior capsular opacification (PCO) is the most
P common long-term complication following cataract
surgery and a leading cause of postoperative visual
impairment'' ). PCO is primarily driven by residual lens
epithelial cells (LECs) within the capsular bag'*. Under
altered aqueous humor conditions influenced by inflammation,
oxidative stress, and surgical trauma, these cells undergo
proliferation, migration, and epithelial-mesenchymal transition
(EMT)". EMT promotes excessive extracellular matrix
deposition and capsular contraction, ultimately resulting in
opacification and compromised visual function!"”. Although
preventive strategies—such as optimized intraocular lens
selection and refined surgical techniques—can reduce the
incidence of PCO, they do not fully prevent its occurrence"' .
Epidemiological studies report an incidence of 11.8% within
the first postoperative year, 20.7% within three years, and
up to 28.4% within five years. The overall incidence ranges
from 50% in adults within 2mo to Sy after surgery to nearly
100% in pediatric patients. Beyond visual deterioration, PCO
interferes with posterior segment evaluation, including optical

M3 Neodymium: yttrium-aluminium-

coherence tomography'
garnet (Nd:YAG) laser capsulotomy remains the standard
intervention for clinically significant PCO, providing rapid

. . 15-16
visual restoration'>"®

| However, this procedure carries inherent
risks, including intraocular lens damage, corneal endothelial
loss, cystoid macular edema, and retinal detachment''”"”. The
residual surgical risk and potential irreversible complications
underscore the need for safe and effective pharmacological
approaches to prevent or mitigate PCO.

Paeonol (Pae) is a naturally occurring phenolic compound
abundant in traditional medicinal plants, including the root
B9 Tt exhibits

diverse pharmacological properties, such as antioxidant, anti-

of Paeonia suffruticosa and Cortex moutan

inflammatory, and antitumor activities”'**. Importantly,
mechanistic studies have demonstrated that Pac can modulate
EMT and fibrosis across multiple organ systems. For
instance, Pae inhibits TGF-B1-induced EMT in pancreatic
ductal adenocarcinoma cells by suppressing Smad 2/3
phosphorylation, thereby reducing cancer cell invasiveness
and metastatic potential*”’. In models of hepatic fibrosis, Pae
attenuates CCls-induced liver injury by inhibiting TGF-1/
Smad3 signaling and suppressing hepatic stellate cell
activation™!. Furthermore, Pae exhibits protective effects
in cardiovascular and renal fibrotic models, mitigating
extracellular matrix deposition, decreasing a-smooth muscle
actin (a-SMA) expression, and restoring normal tissue
architecture™””. Despite these compelling findings, whether
Pae can exert protective effects against ocular fibrotic
disorders, particularly in PCO, remains unexplored.
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Here, we demonstrate that Pae effectively prevents PCO using
both in vitro human LEC models and in vivo rat models of
capsular opacification. Pae directly engages AMP-activated
protein kinase (AMPK), promoting its phosphorylation and
nuclear translocation, which in turn inhibits canonical TGF-f/
Smad signaling induced EMT, leading to reduced capsular
opacification and fibrosis. These findings establish Pae as a
promising pharmacological candidate for PCO prevention and
highlight its potential as an alternative or adjunct to current
surgical interventions.

MATERIALS AND METHODS

Ethical Approval All animal procedures were conducted
in strict accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The experimental
protocol was approved by the Institutional Animal Care and
Use Committee of Heze Medical College (Ethics Approval
No0.2025-007), ensuring compliance with established animal
welfare standards.

Animals Sprague-Dawley rats (8-10 weeks old) were obtained
from Jinan Jinfeng Laboratory Animal Co., Ltd. (Jinan, China)
and housed under specific pathogen-free conditions at the
Animal Research Center of Heze Medical College. Rats were
randomly assigned to control and experimental groups.

Rat Model of Posterior Capsular Opacification SD rats
were pretreated with 1% tropicamide in the right eye for Smin.
General anesthesia was induced by intraperitoneal injection
of propofol (100 mg/kg), supplemented with topical corneal
anesthesia (proparacaine) and subconjunctival injection of
lidocaine hydrochloride (0.1 mL). A corneal puncture was
created approximately 2 mm from the limbus, followed by
injection of viscoelastic into the anterior chamber. A 3-mm
central anterior capsulotomy was performed using a custom-
made needle, and hydrodissection was carried out to separate
the lens capsule from the cortex. The corneal incision was then
enlarged to 4-5 mm, and the lens nucleus was removed.

In the treatment group, the capsular bag and anterior chamber
were filled with Pae (20 umol/L; MCE, Shanghai, China) in
balanced salt solution. In the control group, the capsular bag
and anterior chamber were filled with balanced salt solution
alone. The corneal incision was closed with 2-3 interrupted
10-0 nylon sutures, and 50 pL Pae solution (20 pmol/L) was
reintroduced into the anterior chamber and capsular bag to
maintain intraocular pressure within the physiological range.
Postoperatively, dexamethasone, gentamicin, and atropine were
administered via peribulbar injection. Topical levofloxacin and
pranoprofen were applied three times daily. The progression of
PCO was assessed by slit-lamp biomicroscopy.

Lens Capsule Isolation and Culture Lens capsules were
carefully dissected from SD rats under a stereomicroscope.
Capsules were transferred immediately to M199 medium
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(Gibco, Grand Island, NY, USA) and maintained under
standard culture conditions. For experimental treatments,
capsules were incubated with transforming growth factor beta
2 (TGF-B2; 10 ng/mL; R&D Systems Minneapolis MN, USA)
and/or Pae (10 pumol/L).

Immunohistochemistry Rat eyes collected 60d post-
surgery and lens capsules cultured for 7d were fixed in 4%
paraformaldehyde (Beyotime, Shanghai, China) at 4°C for
12—-16h, followed by standard paraffin embedding. Serial 4 um
sections were incubated with primary antibodies overnight
at 4°C followed by incubation with corresponding secondary
antibodies for 60min. Then sections were stained with
diaminobenzidine tetrahydrochloride and counterstained with
hematoxylin. A light microscope was used to generate images
of immune stained samples. The following antibodies (dilution,
manufacturer, location) were used in IHC experiments: Zonula
Occludens-1 (ZO-1; 1:100; ABclonal, China) and Vimentin
(1:100; HUABIO, China), HRP Goat anti-rabbit IgG (1:5000;
ABclonal, China).

Cell Culture Human LECs (HLEC-SRAO01/04, #CC4022,
Guangzhou Saiku Biotech) were cultured in DMEM
supplemented with 20% fetal bovine serum (FBS, Grand
Island, NY, USA) under standard conditions (37°C, 5% COx,
humidified). HLECs were divided into Control, TGF-$2
(10 ng/mL) groups, treated with or without Pae (10 pmol/L),
or Compound C (1 umol/L; MCE, Shanghai, China).
Immunofluorescence SRAO01/04 cells were fixed in 4%
paraformaldehyde for 15min, permeabilized with 0.5% Triton
X-100 (Beyotime, Shanghai, China) for 20min, blocked with
blocking buffer (Beyotime) for 2h at room temperature, and
incubation with primary antibodies overnight at 4°C, and
consequently incubated with secondary antibodies conjugated
with fluorescein for 60min. Cell nuclei were counterstained
with DAPI. Nikon ECLIPSE Ti confocal microscope (Nikon,
Melville, NY, USA) was used to capture high-resolution
images. The following antibodies (dilution, manufacturer,
location) were used in IF experiments: Vimentin (1:100;
HUABIO, China), ZO-1 (1:50; ABclonal, China), p-AMPK
(1:100; Wanleibio, Shenyang, China), and p-Smad2/3 (1:50;
Wanleibio, Shenyang, China).

Western Blotting Total protein from cells was extracted with
RIPA buffer. Protein concentrations were measured by BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).
The 40 pg of total protein were loaded and separated on SDS-
PAGE gel, followed by transferred to PVDF membrane. The
PVDF membrane was incubated with primary antibodies
respectively after blocking in 5% skim milk in Tris-buffered
saline with 0.1% Tween-20 (TBST). After washing with TBST
Smin for three times, PVDF membranes were then incubated
with secondary antibodies for 60min at room temperature. The

signals were visualized with the ChemiDoc XRS+Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). The
bands density was quantified with Image Lab Software 6.0
(Bio-Rad Laboratories, software). All expression values
were scaled to GAPDH. The following antibodies (dilution,
manufacturer, location) were used in Western blots assay:
Fibronectin (1:1000; HUABIO, China), ZO-1 (1:1000),
Vimentin (1:2500), AMPK (1:250; ABclonal, China), p-AMPK
(1:750), p-Smad2 (1:1000; HUABIO, China), p-Smad3
(1:1000; HUABIO, China), and Smad2/3 (1:1000; HUABIO,
China).

RT-qPCR Total RNA was extracted using EZB-RN001-plus
kit (EZBioscience, Roseville, MN, USA), and concentration/
purity assessed with a Nanodrop 2000 spectrophotometer
(Thermo Fisher). cDNA was synthesized from 1 pg RNA using
Uni All-in-One Supermix (TransGen Biotech). Quantitative
PCR was performed using SYBR Green (TransGen Biotech)
to measure mRNA levels. All expression values were scaled to
GAPDH. The sequences (from 5’ to 3”) of gene specific primers
(forward primer; reverse primer) used in quantitative real-time
RT PCR are: COLIA1 (GAGGGCCAAGACGAAGACATC;
CAGATCACGTCATCGCACAAC); ACTA2 (TATC
CCCGGGACTAAGACGG; CACCATCACCCCCTGATGTC);
FN’ (CGGTGGCTGTCAGTCAAAG; AAACCTCGGCTTCC
TCCATAA); TJP1 (ACCAGTAA GTCGTCCTGATCC;
TCGGCCAAATCTTCTCACTCC); VIM (ATTCCACTT
TGCGTTCAAGG; GCGAGAAATCC ACGTTCAACQC);
GAPDH (AATGGGCAGCCGTTAGGAAA; GCCCAATACGA
CCAAATCAGAG).

Transwell Assay Cells were trypsinized, washed with PBS,
and resuspended in serum-free medium. Transwell inserts
(8 um pore, 24-well) were seeded with 200 pL cell suspension
(1x10° cells/mL), and 500 pL complete medium added to the
lower chamber. After 7h, non-migrated cells were removed,
and migrated cells were fixed with paraformaldehyde for
10min, stained with crystal violet for 30min, and imaged using
a Leica DMi8 system.

Wound Healing Assay Confluent cells in 6-well plates were
scratched with a 100 pL pipette tip. After washing, cells were
incubated in medium containing TGF-B2, Pae, or Compound
C. Images were acquired at 0, 12, and 24h, to monitor wound
closure using a Leica DMi8 inverted microscope.

CCK-8 Assay Cells were seeded in 96-well plates at
4x10* cells/mL. After adherence, 10 uL. CCK-8 reagent
(Beyotime) was added per well and incubated for 24h. Optical
density at 450 nm was measured using a BioTek plate reader.
Molecular Docking The crystal structure of AMPK (PDB
ID: SUFU) was retrieved from the Protein Data Bank. Ligand
structures (Pae) were obtained from PubChem and prepared in
SDF format. Protein structures were optimized by removing
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water molecules, adding hydrogens, and energy minimization.
The protonation state was set at pH 7. Active sites were
identified using MOE 2008 alpha triangle method, and docking
results were scored using London dG.

Statistical Analysis All experiments were repeated at least
three times. Data are presented as mean+standard deviation
(SD). Comparisons among multiple groups were performed
using one-way ANOVA. Statistical analyses and figure
generation were conducted with GraphPad Prism 9.0. P<0.05
was considered statistically significant.

RESULTS

Pae Inhibits Surgery- and TGF-$2-Induced Lens Capsule
Fibrosis in vivo and ex vivo To determine whether Pae
suppresses the development of PCO, we established a rat
cataract surgery model and infused the anterior chamber
with or without Pae. Over a 90-day follow-up, slit-lamp
examination revealed that control eyes exhibited progressive
PCO, characterized by capsular wrinkling and opacification.
In contrast, Pae-treated eyes displayed markedly reduced
capsular opacification at 30, 60, and 90d (Figure 1A).
Histological analyses at day 60 further confirmed attenuated
fibrotic remodeling in Pae-treated eyes, with reduced Vimentin
expression and restoration of ZO-1 localization at the lens
capsule (Figure 1B).

To complement these in vivo findings, ex vivo lens capsule
explants were cultured under TGF-B2 stimulation. After 24h,
immunofluorescence staining demonstrated robust induction of
Vimentin in Control LECs, which was significantly suppressed
by Pae treatment (Figure 1C). Notably, after 7d of culture,
immunohistochemical analyses revealed pronounced LEC
proliferation, migration, and Vimentin upregulation in TGF-
B2-treated explants, accompanied by loss of ZO-1 (Figure 1D).
Collectively, these data demonstrate that Pae attenuates
both surgery- and TGF-B2-induced lens capsule fibrosis by
maintaining the homeostasis of LEC.

Pae Suppresses TGF-pf2-Induced EMT in HLECs It was
well documented that EMT of HLECs drives key pathogenic
processes underlying PCO. To determine whether Pae
interferes with this response, we examined EMT induction
in TGF-B2-treated HLECs. RT-qPCR analysis showed that
TGF-B2 stimulation markedly upregulated EMT-associated
genes, including COL1A1, fibronectin, Vimentin, and a-SMA,
while suppressing the epithelial marker ZO-1. Pae treatment
effectively reversed these transcriptional changes, restoring
Z0-1 and attenuating mesenchymal gene expression. Notably,
among the tested concentrations, 10 pmol/L Pae demonstrated
the most potent inhibitory effect on TGF-f2—induced EMT,
as evidenced by the most significant reversal of EMT-related
gene expression (Figure 2A).

Functionally, Transwell and wound-healing assays revealed
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that Pae significantly reduced both vertical and horizontal
migration of TGF-B2-treated HLECs. In wound-healing
assays, Pae reduced horizontal migration by nearly 50%
compared with TGF-B2-treated controls, while in Transwell
assays, vertical migration was suppressed by approximately
40% (Figure 2B-2E). At the protein level, immunofluorescence
demonstrated that Pae blocked TGF-B2-induced Vimentin
upregulation and preserved ZO-1 expression (Figure 2F-2G).
Western blot analysis confirmed these effects, showing
decreased fibronectin and Vimentin levels and restored ZO-1
upon Pae treatment (Figure 2H-2I). Together, these findings
establish that Pae effectively suppresses TGF-p2-induced EMT
in HLECs, mitigating both molecular alterations and functional
hallmarks of fibrotic transformation.

Pae Inhibits Smad Phosphorylation to Block TGF-f/Smad-
Driven EMT Given that TGF-B is the principal inducer of
EMT in HLECs, we next examined whether Pae modulates
this process through the canonical TGF-B/Smad pathway.
Immunofluorescence analysis showed that TGF-B2 stimulation
triggered robust nuclear accumulation of phosphorylated
Smad2/3, which was markedly suppressed by Pae treatment
(Figure 3A). Consistently, Western blot analysis demonstrated
that total Smad2/3 protein levels remained unchanged across
conditions, whereas Pae significantly reduced TGF-B2-induced
Smad?2/3 phosphorylation (Figure 3B-3C). These data indicate
that Pac modulate TGF-B2-mediated Smad signaling by
preventing Smad2/3 phosphorylation and nuclear translocation,
thereby blocking downstream EMT activation in HLECs.

Pae Activates AMPK Phosphorylation Through Direct
Binding to AMPK To explore the direct target of Pae, we
performed molecular docking, which showed strong binding
affinity between Pae and AMPK (binding energy=-10.13 kcal/mol).
Pae formed stable hydrogen bonds with ASP88 (2.76 A) and
LYS29 (2.38 A), suggesting its potential to occupy the AMPK
active pocket and promote phosphorylation (Figure 4A-4B).
Supporting this prediction, Western blot analysis revealed that
total AMPK protein levels remained unchanged across groups,
whereas Pae markedly increased AMPK phosphorylation in
TGF-p2—treated HLECs compared with TGF-B2 alone (Figure
4C-4D). Consistently, immunofluorescence staining confirmed
enhanced p-AMPK expression in Pae-treated cells (Figure 4E).
These findings indicate that Pae may directly activates AMPK
phosphorylation in HLECs, providing a mechanistic basis for
its antagonism of TGF-B/Smad-driven EMT.

AMPK Inhibition Abrogates the Anti-EMT Effects of
Pae To further confirm AMPK activation is essential for
Pae-mediated EMT inhibition, we used the selective AMPK
inhibitor compound C. As expected, Pae treatment increased
AMPK phosphorylation, accompanied by reduced Smad2
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Figure 1 Pae suppresses TGF-B2-induced and surgery-induced lens capsule fibrosis in rats A: Slit-lamp microscopy of PCO development
(1d, 7d, 30d, 60d, 90d) after extracapsular lens extraction, with or without Pae injected into the anterior chamber; B: Representative
immunohistochemical images of lens capsule tissue from rat eyes 60d post-surgery (scale bar, 100 um); C: Representative immunofluorescence
staining of lens capsule explants for Vimentin in the presence or absence of Pae for 24h (scale bar, 100 um); D: Representative
immunohistochemical staining of rat lens capsule explants for Vimentin and ZO-1 treated with TGF-B2 in the presence or absence of Pae for 7d

(scale bar, 100 um). PCO: Posterior capsular opacification; Pae: Paeonol; ZO-1: Zonula Occludens-1; TGF-B2: Transforming growth factor beta 2.

and Smad3 phosphorylation. Co-treatment with compound  expression (Vimentin) while restoring epithelial integrity
C abolished these effects, restoring AMPK and Smad2/3  marker ZO-1. Notably, these protective effects were reversed
phosphorylation to levels similar to TGF-B2 treatment by compound C, which increased Vimentin expression and
alone (Figure 5A-5D). In addition, Western blot analyses  reduced ZO-1 to levels comparable to TGF-B2 treatment
demonstrated that Pae suppressed mesenchymal gene  alone (Figure 5E-5F). Functional assays further supported
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these findings. Both Transwell migration (Figure 5G-5H)
and wound-healing assays (Figure 51-5J) showed that Pae
effectively suppressed vertical and horizontal migration of
TGF-p2-treated HLECs. Strikingly, compound C significantly
attenuated this inhibitory effect, restoring migratory capacity
toward that of untreated controls. These data validate that
AMPK activation as a critical upstream event required for Pae
to suppress TGF-B2-induced EMT and migration in HLECs.
DISCUSSION

Current interventions to PCO, such as YAG laser posterior
capsulotomy, which primarily achieve therapeutic effect by
physically disrupting the posterior capsule. In this study, we
identifies Pae as a pharmacological modulator of PCO through
direct targeting of the AMPK/Smad signaling axis™*". Pae
acts upstream of fibrotic signaling, preventing LEC, EMT and
fibrotic remodeling at the molecular level.

TGF-B/Smad signaling is the central driver of EMT in PCO.
Consistent with this paradigm, TGF-B2 stimulation robustly
induced EMT in human LECs, as evidenced by increased
expression of mesenchymal markers, including Vimentin
and fibronectin, along with suppression of epithelial markers
such as ZO-1P"7% Pae treatment effectively reversed these
molecular changes and suppressed functional hallmarks of
EMT, including both horizontal and vertical cell migration”".
These findings demonstrate that Pae interferes with TGF-f32-
driven fibrotic signaling and preserves epithelial integrity in
LECs, providing a pharmacological complement to surgical
prevention strategies.

Mechanistically, our data indicate that Pae directly interacts
with AMPK at its catalytic pocket, forming stable hydrogen
bonds with key residues ASP88 and LYS29, thereby
stabilizing AMPK in an active conformation and promoting its
phosphorylation. Importantly, biochemical analyses confirmed
that Pae enhanced AMPK phosphorylation without altering
total AMPK protein levels, indicating that it functions as a
natural AMPK activator. This mode of regulation differs from
classical pharmacological AMPK agonists and highlights a
novel mechanism linking energy sensing to fibrotic control””.
Previous studies have shown that AMPK activation attenuates
fibrosis in multiple organs, including liver™", kidney"*?%,
lung®™", and heart"™, primarily through inhibition of TGF-p-
driven transcription and extracellular matrix deposition”’. Our
findings extend this paradigm to ocular fibrosis, demonstrating
that AMPK activation can suppress Smad-dependent
transcription and EMT in LECs, thereby connecting systemic
anti-fibrotic pathways to local ocular pathology.

The functional relevance of AMPK activation was further
validated using the selective inhibitor Compound C™*'**'. Pre-
treatment with Compound C abolished Pae-induced AMPK
phosphorylation, reversed suppression of EMT markers, and

restored HLEC migration. These results establish AMPK
as the critical upstream mediator of Pae’s anti-EMT effects,
suggesting a hierarchical interplay between metabolic sensing
and TGF-B/Smad signaling in fibrotic progression. AMPK
acts as a negative regulator of Smad-dependent transcription,
providing direct evidence for its therapeutic potential in ocular
fibrosis and filling a gap in pharmacological strategies for PCO
prevention. While our mechanistic studies were performed
in vitro, confirming AMPK activation in the rat PCO model
would provide important in vivo evidence. This represents
a limitation of the current work and a priority for future
investigation.

Previous studies have shown that Pae inhibits TGF-1-
induced EMT in pancreatic cancer cells™”, attenuates hepatic
fibrosis by suppressing hepatic stellate cell activation, and
reduces extracellular matrix deposition in cardiovascular and

2021844 Our study extends these observations

renal fibrosis'
to ocular fibrosis, demonstrating for the first time that Pae
suppresses TGF-B2-induced EMT in HLECs and attenuates
post-surgical capsular fibrosis in vivo. Notably, the effect of
Pae on AMPK activation provides a new mechanistic insight,
complementing prior reports focusing on its antioxidant and
anti-inflammatory activities. By directly engaging AMPK and
indirectly inhibiting Smad2/3 phosphorylation, Pae bridges
metabolic sensing and fibrotic signaling in LECs, underscoring
its potential as a targeted pharmacological agent for PCO
prevention.

From a translational perspective, the natural origin and
favorable safety profile of Pac make it a promising candidate
for intraocular application”’. Compared with synthetic AMPK
agonists, Pae may offer a safer and more biocompatible option
for prophylactic treatment following cataract surgery. Its
ability to modulate multiple pathogenic pathways—including
EMT, oxidative stress, and inflammation—suggests that Pae
may provide broad-spectrum protection against fibrotic eye
diseases beyond PCO. Future directions include optimizing
drug delivery systems, such as nanoparticle formulations or
sustained intraocular delivery platforms, to achieve prolonged
therapeutic activity, as well as exploring combinatorial strategies
with current surgical or pharmacological interventions*.

In summary, our findings identify Pae as a natural AMPK
activator that disrupts TGF-Bf/Smad signaling and suppresses
EMT-driven fibrosis in the lens capsule. By linking metabolic
sensing to fibrotic regulation, Pae establishes a mechanistic
foundation for pharmacological PCO prevention and highlights
a broader potential for AMPK-targeted therapies in ocular
fibrosis.
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