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ARTICLE INFO ABSTRACT

Keywords: Myopia, a predominant cause of visual impairment, is often associated with scleral extracellular matrix (ECM)

Quercetin remodeling and axial elongation. Currently, effective therapeutic strategies for addressing scleral ECM remod-

FMYOPla ) eling remain limited, necessitating the development of new treatments. Quercetin, a natural flavonoid, has been
erroptosis

shown to alleviate ECM remodeling. However, its hydrophobic nature limits clinical application. To address this,
we developed a quercetin-loaded exosome delivery system (Exo-Que) to enhance quercetin bioavailability and
investigated its effects and mechanisms in myopia prevention. This system exhibited excellent aqueous solubility,
enhanced corneal permeability, and prolonged precorneal retention, enabling low-dose administration with
significant efficacy. In the initial phase of treatment, Exo-Que showed a pronounced myopia prevention effect,
with reductions of 58.41 % in refractive error progression and 38.46 % in axial length growth after two weeks of
treatment. As the treatment duration extended to four weeks, its therapeutic efficacy remained robust, achieving
reductions of 59.97 % and 35.85 %, respectively. The therapeutic efficacy of Exo-Que was comparable to that of
the 0.1 % atropine group (at two weeks, reducing 59.07 % and 35.9 %, respectively; at four weeks, 59.84 % and
37.74 %, respectively). Mechanistically, Exo-Que inhibited the activation of the IRE1-XBP1, PERK-eIF2, and
ATF6 pathways, alleviating endoplasmic reticulum stress. Furthermore, it suppressed ferroptosis by modulating
GRP78-ACSL4 and GRP78-GPX4 protein interactions, thus mitigating ECM remodeling and slowing myopia
progression. Besides, Exo-Que showed excellent biosafety in both in vitro and in vivo studies. Collectively, these
results highlight the promising therapeutic potential of Exo-Que for myopia prevention.

Endoplasmic reticulum stress
Drug delivery

1. Introduction mechanical stress had been implicated in scleral ECM remodeling during

myopia development [5-8], the precise mechanisms were not yet fully

Myopia is an extremely widespread ocular disorder, which has
emerged as an urgent global concern due to its rapidly escalating
prevalence [1,2]. Similar to other complex diseases, the underlying
mechanism of myopia remains incompletely understood. Numerous
studies have verified that myopia is often accompanied by scleral
extracellular matrix (ECM) remodeling, which can reduce scleral
strength and thickness, weaken its mechanical support in maintaining
the shape of the eyeball, and subsequently result in axial length (AL)
elongation [3,4]. Although scleral hypoxia, inflammation, and
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elucidated. Therefore, it is still imperative and challenging to explore
the mechanism and develop novel control strategies with high efficacy
for myopia control.

Scleral fibroblasts, the most preponderant cells in scleral ECM, are
responsible for synthesizing all ECM components and play a crucial role
in scleral ECM remodeling during myopia progression [3,4]. Recently,
new evidence confirms that endoplasmic reticulum (ER) stress in scleral
fibroblasts mediates scleral ECM remodeling [9,10]. ER stress is a pro-
tective cellular response aimed at maintaining homeostasis. When ER
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homeostasis is disrupted, cells upregulate GRP78 to assist with protein
refolding and activate key signaling pathways, including IRE1, PERK,
and ATF®6, to initiate the unfolded protein response (UPR). This response
contributes to increase in protein-folding capacity and restores homeo-
stasis [11,12]. However, prolonged UPR activation can induce a com-
plex signaling pathways network leading to cell death, such as apoptosis,
autophagy, ferroptosis, and so on [13]. Ferroptosis, as a new form of cell
death dependent on lipid peroxidation and iron overload, had been
proven to promote ECM remodeling in other fibrotic diseases [14,15].
Owing to the fact that ECM remodeling drives myopia progression and
effective therapeutic strategies for it remain scarce, the development of
promising and targeted strategies for myopia control is highly urgent.
Kazuo Tsubota et al. reported that 4-phenylbutyric acid could alleviate
ER stress-mediated scleral ECM remodeling, and then significantly
inhibit AL prolongation in mice [9]. These findings suggest that tar-
geting ER stress and ferroptosis in scleral fibroblasts might be an
appealing strategy to inhibit scleral ECM remodeling and retard myopia
progression.

Quercetin, as a flavonoid possesses rich biological activity and high
medicinal value, is naturally distributed in a variety of fruits and veg-
etables, such as cabbage, tea, apple, pear, blueberry, onion [16]. These

SRV

™ A

("N

Stem cell Exo Quercetin

FDM

“ \ + Y0y > g

Materials Today Bio 32 (2025) 101896

sources exhibit good medicinal-food homology and have attracted sig-
nificant research attention. Quercetin has been proven to exert strong
anti-fibrosis, antioxidant, anti-inflammatory and other biological ac-
tivities, which render it to possess a favorable therapeutic potential in
ER stress- and ferroptosis-related diseases [17-20]. Additionally, Zhang
et al. found that quercetin could inhibit ER stress and improve scleral
ECM remodeling by regulating the PERK-EIF2a pathway. However, due
to the hydrophobicity of quercetin, dimethyl sulfoxide (DMSO) was used
as the solvent for intraperitoneal injection in this experiment, which
lead to certain limitations [21]. After being absorbed into the blood-
stream, only a small amount of quercetin reaches the eye due to physi-
ological barriers such as metabolic, blood-aqueous, and blood-retinal
barriers, resulting in low bioavailability. Moreover, DMSO also has po-
tential toxic effects on cells [22]. Consequently, it is of great significance
to innovate safe drug delivery strategies to solve the problems of hy-
drophobicity and low bioavailability of quercetin, thereby enhancing its
therapeutic potential.

Natural nanocarrier exosomes possess excellent biocompatibility,
strong biological barrier penetration and low immunogenicity. Notably,
these vesicles possess intrinsic targeting abilities, allowing them to
deliver drugs effectively to specific cells or tissues while avoiding
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Fig. 1. Schematic illustration of Exo-Que eye drops for myopia prevention.
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immune responses and lysosomal degradation. These advantages make
exosomes superior to synthetic nanocarriers for drug delivery, particu-
larly in ophthalmic diseases [23,24]. Increasing evidence shows that
exosome-based drug delivery systems have achieved favorable thera-
peutic outcomes in treating ophthalmic disease, including corneal
injury, dry eye, vitreoretinal diseases, and choroidal neovascularization
[25-32]. Particularly, their ability to traverse biological barriers and
distribute extensively in posterior ocular tissues, such as the retina and
choroid, enhances their potential for treating myopia. However, there is
no report on myopia prevention with exosome-based drug delivery
system. It would be intriguing to use such strategies to deliver natural
products for the treatment of myopia progression.

In this study, we developed a quercetin-loaded exosomes delivery
system (Exo-Que) to improve the bioavailability of quercetin for myopia
prevention (Fig. 1). The physical properties, storage stability, cytotox-
icity, cellular uptake, and precorneal residue of the fabricated Exo-Que
were further evaluated. Subsequently, the effect of Exo-Que on the
treatment of myopia was investigated using form-deprivation myopia
(FDM) guinea pig model. Additionally, to elucidate the underlying
therapeutic mechanisms, we explored the role of ferroptosis in scleral
ECM remodeling during myopia progression, and further investigated
the effects of quercetin on ferroptosis and ER stress-related pathways.
Furthermore, we also assessed the biosafety of Exo-Que, which are ex-
pected to provide promising strategies for myopia prevention.

2. Materials and methods
2.1. Materials and reagents

Fetal bovine serum (FBS), penicillin-streptomycin, CCK-8 assay Kkit,
4',6-diamidino-2-phenylindole (DAPI), 4 % paraformaldehyde, Triton X-
100 and bovine serum albumin were purchased from Servicebio
(Wuhan, China). DMEM/F12, fibroblast culture system, and Nuwacell®
ncMission hMSC Medium were obtained from Sigma-Aldrich, ICell
Bioscience Inc., and Shownin Biotechnologies Co., Ltd., respectively.
Quercetin (CAS No.: 117-39-5, purity: 99.8 %) and tunicamycin (CAS
No.: 11089-65-9, purity: 99.0 %) were purchased from Med Chem ex-
press (Shanghai, China). 1,1-dioctadecyl-3,3,3,3-tetramethylindo-
tricarbocyanine  iodide (DiR) and 1,1-dioctadecyl-3,3,3,3"
tetramethylindodicarbocyanine perchlorate (DiD) were bought from
Macklin Biochemical Co., Ltd. (Shanghai, China). The micro-reduced
glutathione (GSH) assay kit, micro-malondialdehyde (MDA) assay kit,
and Iron assay kit were bought from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). BCA protein concentration kit, phenyl-
methylsulfonyl fluoride, protein A + G agarose, and cell lysis buffer for
western blotting and immunoprecipitation were purchased from Beyo-
time Biotech Inc. (Shanghai, China). Capillary western blot reagents
were obtained from ProteinSimple (Santa Clara, CA, USA).

2.2. Cell culture

Human umbilical cord-derived mesenchymal stem cells (HUCMSCs),
human corneal epithelial cells (HCECs) and human scleral fibroblast
cells (HSFCs) were provided by Shenzhen Wingor Biotechnology Co.,
Ltd. and ICell Bioscience Inc. (Shanghai, China), respectively. All these
cells were cultured in growth medium with 10 % FBS and 1 % penicillin-
streptomycin as specified by the manufacturers and maintained in an
incubator with 5 % CO; at 37 °C. The HSFCs were firstly identified by
vimentin detection as previously described (Supplementary Fig. S1)
[10]. All the three types of cells between 3 and 5 passages were used for
the experiments.

2.3. Preparation and characterization of Exo-Que

2.3.1. Exosome extraction
HUCMSCs were plated in serum-free MSC medium and incubated at
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37 °C and 5 % CO-,. When the cells reached 90 % confluence, the culture
supernatants were collected and subjected sequential to centrifugation
at 2000 rpm for 20 min and 12,000 rpm for 30 min at 4 °C to eliminate
cellular debris, dead cells, microvesicles, and protein aggregates. Sub-
sequently, the supernatant was then passed through a centrifugal filter
unit with a pore size of 0.22 pm to eliminate apoptotic bodies and
microvesicles. Then, exosomes were isolated from the cell supernatants
using the ultrafast-isolation system (EXODUS) device (Huixin Lifetech,
Shenzhen, China) [33]. The obtained exosomes were resuspended in
PBS and stored at — 80 °C until further use.

2.3.2. Preparation of Exo-Que

Exo-Que was prepared using a method previously reported by Tao
et al., with modifications [28]. Briefly, quercetin was incorporated into
DMSO to reach a drug concentration of 1 mg/mL. 1 mL quercetin so-
lution and 9 mL exosomes solution were thoroughly mixed (containing
1.0 x 10'2 particles/mL) and incubated at 37 °C for 2 h, facilitating the
incorporation of quercetin into the exosomes to form Exo-Que. Subse-
quently, Exo-Que was isolated from the amalgamated solution by the
EXODUS device. Finally, the Exo-Que was resuspended in PBS for eye
drop preparation (containing 2.0 x 10 particles/mL) and stored at
—80 °C until further use.

2.3.3. Characterization and stability assessment of Exo-Que

To observed the morphology, 10 pL of exosomes and Exo-Que were
placed on a carbon-coated copper grid and stained with 2 % uranyl
acetate for 2 min. Then, the exosomes and Exo-Que were air dried and
viewed under a transmission electron microscopy (TEM, FEI Tecnai G2
12, USA) at 100 kV. The concentration, zeta potential, and size distri-
bution of exosomes and Exo-Que were examined using nanoparticle
tracking analysis (NTA) with ZetaView PMX-120 (Particle Metrix, Ger-
many). Total exosomal protein content was determined using a Qubit
protein assay kit (Thermo Fisher, USA), and western blotting was per-
formed to detect the expression of exosomal markers, including CD9
(1:1000, 13174S, Cell Signaling Technology, USA), CD81 (1:1000, sc-
166029, Santa Cruz, USA), TSG101 (1:1000, ET1791-59, HUABIO,
China), and Alix (1:1000, sc-53540, Santa Cruz, USA). To evaluate the
stability of Exo-Que after storage at —80 °C, NTA was used to assess
changes in concentration, zeta potential, and size distribution at 15 and
30 days after freezing. Morphological changes were observed by TEM at
the same time.

2.3.4. Entrapment efficiency of quercetin and in vitro drug release

The drug loading of Exo-Que was determined using HPLC (Agilent,
USA), and the entrapment efficiency was subsequently calculated. To
disrupt the Exo-Que membrane structure and release quercetin, 5 mL of
methanol was added to 1 mL of Exo-Que. The supernatant was collected
after centrifugation at 1000xg for 5 min and analyzed by HPLC. During
the HPLC analysis, the mobile phase consisted of a 0.1 % methanol
aqueous solution-acetonitrile (70:30, v/v) with a flow rate of 0.2 mL/
min, and the detection wavelength was set at 370 nm. The entrapment
efficiency of quercetin was calculated based on its quantified content.
For the in vitro sustained-release assessment, a dialysis bag (MWCO
3500 Da) containing 4 mL of Exo-Que was placed in PBS and dialyzed at
37 °C on a constant-temperature water bath shaker. At 30 min, 1 h, 2 h,
4h,8h,12h, 24 h, 36 h, and 48 h, 1 mL of dialysate was removed and
replaced with an equal volume of fresh PBS. The amount of quercetin
released into the dialysate was measured by HPLC, and the cumulative
release profile over time was plotted using GraphPad Prism 9.

2.4. In vitro biocompatibility

2.4.1. Cytotoxicity study

The viability and cytotoxicity of HCECs were assessed using a CCK-8
assay kit to evaluate the safety of Exo-Que. HCECs were seeded into 96-
well plates at a density of 10000 cells/well and cultured in standard
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culture media (DMEM/F12, 10 % FBS, and 1 % antibiotic/antimycotics)
for 24 h at 37 °C and 5 % CO5. The medium was then replaced with 100
pL of DMEM/F12 containing different concentrations of Exo-Que (0, 1.0
x 100 particles/mL, and 2.0 x 10'° particles/mL). Cell proliferation
was evaluated using a CCK-8 assay after incubation for 12, 24, 36, and
48 h.

2.4.2. Invitro scratch wound assay

The HCECs were plated into 12-well plates at a density of 2 x 10°
cells/well. The cell monolayer was scratched using a 200 pL pipette tip
at 90 % confluence and washed with PBS to remove the damaged cells.
Fresh medium containing different concentrations of Exo-Que (0, 1.0 x
10'° particles/mL, and 2.0 x 10'° particles/mL) was added and co-
incubated for 36 h. Photographs of the wound area were captured at
0, 12, 24, and 36 h and analyzed using ImageJ software.

2.5. Fluorescent labeling of Exo-Que

As previously reported [34], DiR and DiD were used to label
Exo-Que. In brief, the Exo-Que solution was stained with DiR for 2 h at
37 °C. Excess fluorescent dyes were removed using an ultrafast-isolation
system (EXODUS). DiD-labeled Exo-Que solution was prepared using the
same method. All DiR-labeled and DiD-labeled Exo-Que solutions were
stored at —80 °C until further use.

2.6. Uptake of Exo-Que by HCECs and HSCFs

HCECs and HSCFs were seeded at a density of 1.5 x 10* cells/dish
into observation dishes, respectively. After adhesion, cells were incu-
bated in medium containing DiD-labeled Exo-Que and fixed at different
time points to observe cellular uptake [35]. For confocal analysis,
HCECs and HSCFs were washed three times with PBS and fixed with 4 %
paraformaldehyde for 30 min. After gently washing, the cells were
treated with 0.1 %Triton X-100 for 20 min. The cells were then washed
three times and stained using DAPI for 10 min. Ultimately, the cells were
observed by a laser scanning confocal microscope (Olympus, Japan).

2.7. In vivo fluorescence imaging of precorneal retention

To evaluate the ocular surface retention of Exo-Que eye drops, 10 pL
of free DiR (5 pM) or DiR-labeled Exo-Que was instilled on the ocular
surface of guinea pigs after anesthesia, and their head regions were
imaged using the IVIS Lumina imaging system (PerkinElmer) at different
time points. Data analysis was performed using Living Image software
(version 4.5.5). The experiment was repeated three times.

2.8. Animal study

Guinea pigs (tricolor strain, male, 110g-130g) aged 2 weeks were
purchased from Jinan Jinfeng Experimental Animal Company and
maintained in a 12 h/12 h light/dark cycle environment with suitable
temperatures and abundant food. All animal experiments were approved
by the Ethics Committee of Shandong University of Traditional Chinese
Medicine (Jinan, China, Approval No.: SDUTCM20240306402, March 6,
2024) and conducted following the guidelines outlined in the ARVO
Statement for the use of animals in ophthalmic and visual research.

After excluding eye diseases, guinea pigs were randomly divided into
five groups: (1) negative control (NC, n = 55), (2) FDM (n = 55), (3)
FDM with Exo-Que eye drops (FDM + Exo-Que group, n = 55), (4) FDM
with blank exosomes (FDM + Exo group, n = 30), and (5) FDM with 0.1
% atropine eye drops (0.1 % atropine group, n = 30). For the FDM an-
imal model, a 3D-printed removably hood was modified by a latex
balloon with 60 % light transmission to cover the right eye of the guinea
pig, leaving the ears, left eye, nose, and mouth exposed [36]. The FDM
+ Exo-Que, FDM + Exo and 0.1 % atropine groups used Exo-Que, blank
exosomes and 0.1 % atropine eye drops six times per day (10 pL/time),
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respectively. At the same time, FDM group only removed and reworn the
3D-hood without eye drops. To minimize any possible effect of light on
recovery from FDM, all operations were performed within 10s under
dim conditions, and the 3D-hoods were put back instantly once the
operation finished.

2.9. Measurement of ocular biometry and refraction

Refraction and ocular biometric parameters were performed before
and after 2-week or 4-week treatments. Changes of ocular biological
parameters were measured by A-scan ultrasonography (Sunkingdom,
China), and refractive errors were measured after cycloplegia using an
infrared photorefractor (Striatech GmbH, Germany) in a darkened room.
The AL of each eye was repeated for 10 times and refraction was
measured 3 times, and the average values were taken as final results.

2.10. Biocompatibility assessment of Exo-Que in vivo

After 4 weeks of intervention, six guinea pigs in each group (NC,
FDM, and FDM + Exo-Que) were randomly selected to evaluate corneal
health under a slit-lamp microscope, and subsequently euthanized with
an intraperitoneal injection of 4 % pentobarbital. Three guinea pigs
were randomly selected from each group, and their right eyes and major
visceral organs (including the liver, kidney, lung, and heart) were fixed
to perform hematoxylin and eosin (H&E) staining for histological
observation. Orbital blood samples were taken from all guinea pigs for
biochemical examinations.

2.11. TEM of scleral tissue

After 2- and 4-week treatments, three guinea pigs from each group
were randomly selected at each time point, and scleral tissues (1 mm®)
were isolated and fixed with TEM fixative for 48 h at 4 °C, then post-
fixed with 1 % osmium for 2 h at room temperature, protected from
light. After dehydration, tissues were embedded in an epoxy resin
mixture at 60 °C for 48 h and sliced into 50-60 nm sections for TEM
examination (HT7800, Hitachi, Japan). Before ultrastructure observa-
tion, all sections were stained with 2 % uranium acetate saturated
alcohol solution to avoid light staining for 10 min, and then 2.6 % lead
citrate avoid COj staining for 10 min.

2.12. Iron, GSH and MDA assay

Iron, GSH, and MDA assay kits were used to measure the contents of
iron, GSH, and MDA in scleral tissue, respectively. According to the
instructions of reagents, reagent was added into 20 mg of scleral tissue,
then the tissue was homogenized and centrifuged to collect the super-
natants. Subsequently, supernatants were reacted with working reagents
and transferred to 96-well plates, which absorbances at 520 nm, 405 nm
and 532 nm were measured by ultraviolet spectrophotometer to calcu-
late the concentration of iron, GSH and MDA.

2.13. Western blot analysis

The relative protein levels of GRP78, PERK, ATF6, elF2, p-elF2, IRE1,
XBP1, ACSL4, GPX4, CHOP, TGF-f1, MMP2, a-SMA and f-actin were
evaluated using the Protein Simple Abby capillary western blotting
analyzer (Protein Simple, CA, USA). Three scleral tissue samples per
group were randomly selected for protein extraction. Protease inhibitor,
phosphatase inhibitor, and RIPA lysis buffer (100 pL:10 mg) were added
to scleral tissue, which was thoroughly ground at 4 °C and centrifuged at
10,000 rpm for 5 min. Subsequently, the supernatants were collected,
and protein concentrations were measured using a BCA protein con-
centration kit. The final protein concentration used was 2.5 pg/pL.
Primary antibodies used were: GRP78 (1:100; 11587-1-AP, Proteintech
Bio, China), IRE1 (1:25; 27528-1-AP, Proteintech Bio, China), PERK
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(1:25; 24390-1-AP, Proteintech Bio, China), p-eIF2 (1:50; 11170-1-AP,
Proteintech Bio, China), elF2 (1:250; 28740-1-AP, Proteintech Bio,
China), XBP1 (1:50; 24868-1-AP, Proteintech Bio, China), GPX4 (1:50;
67763-1-AP, Proteintech Bio, China), ACSL4 (1:100; 22401-1-AP, Pro-
teintech Bio, China), CHOP (1:25; AF6277, Affinity Bio, China), ATF6
(1:25; DF6009, Affinity Bio, China), MMP2 (1:50; AF5330, Affinity Bio,
China), TGF-pl (1:25; BF8012, Affinity Bio, China), a-SMA (1:50;
19245t, CST, USA) and f-actin (1:250; 66009-1-lg, Proteintech Bio,
China). Quantitative analysis of the bands was performed using Compass
software (version 6.1.0).

2.14. Real-time PCR

After 2 and 4 weeks of intervention, three guinea pigs in each group
were randomly selected for PCR analysis. Total RNA was isolated from
scleral tissues using Trizol (Thermo Fisher Scientific, USA). cDNA was
synthesized using HiScript II QRT SuperMix for quantitative polymerase
chain reaction. gPCR was performed on ¢cDNA using Hieff gPCR SYBR
Green Master Mix on a StepOnePlus Real-Time PCR System. The primer
sequences were as follows: guinea pig actin forward: GTGGATCAG-
CAAGCAGGAGT, reverse: CTGTCACCTTCACCGTTCCA; guinea pig eIF2
forward: TCAGAATATGAAATCACAGCCAGGA, reverse: GGTGCCA-
CATCTGGAGTCTTG; guinea pig GPX4 forward: AACCAGTTCGGGAAG-
CAGGA, reverse: GTGGGCGTCATCTCCATTCA; guinea pig GRP78
forward: ACATGGACCTGTTCCGCTCTAC, reverse: GCCTCATCTGGGTT-
TATGCCTC; guinea pig CHOP forward: GCCTTTCTCCTTCGGGACACT,
reverse: TCCTCAGTCAGCCACGCAAG; guinea pig IRE1 forward:
GGCTTGACGAAACTTCCCTT, reverse: CAAAGTCTGCTGCTTCTCACC;
guinea pig PERK forward: CTGCAATTATGCCATCAAGAGGA, reverse:
TCGTCTTTCAGCCAGATTTCAT; guinea pig ACSL4 forward: GACCAGA-
GAAGTCCTAAGTGAAGAA, reverse: CCTGGTCTCACAGAAAATAGCAAG;
guinea pig ATF6 forward: CCAGAGGCTTAAAGTTCCCAGTC, reverse:
GCCTCCTTTGATTTGCAGTGTTC; guinea pig XBP1 forward: GTGGATT
CTGATGGCATTGACTC, reverse: GACATTTGAAGAACATGACTGGGT.

2.15. Molecular docking and protein—protein interaction networks

Interactions between quercetin and target proteins, including
GRP78, PERK, ATF6, IRE1, ACSL4 and GPX4, were conducted in MOE
2019.01. The structure of quercetin was downloaded from Pubchem
(https://pubchem.ncbi.nlm.nih.gov/). The predicted structure of ACSL4
was generated by Alphafold (https://alphafold.ebi.ac.uk/) and those of
the other proteins were downloaded from Protein Data Bank (htt
ps://www.resb.org/). Before docking, the proteins were edited to
remove water molecules and add hydrogen atoms. The activity of the
ligand for a specific receptor was assed using an S-score.

Protein-protein interaction network was built through the STRING
database (http://string-db.org/), with species limited to Homo sapiens.
The confidence score was set to >0.4 (medium confidence). Protein-
protein docking was predicted by AutoDock 1.5.7. To ensure the accu-
racy of the docking results, proteins and the resulting protein-protein
complex were all edited to remove all water molecules and add
hydrogen atoms. Finally, protein-protein interactions were predicted,
and the interaction figure was generated by PyMOL.

2.16. Co-immunoprecipitation (Co-IP) assay

To identify the interaction of GRP78 with ACSL4 and GRP78 with
GPX4, Co-IP was performed in HSFCs ER stress model and FDM guinea
pig sclera tissue. In brief, HSCFs were treated with 200 ng/mL tunica-
mycin for 24 h to induce ER stress model when the cells reached 80 %
confluence [9]. Then, the cells were collected and lysed within 200 pL
cell lysis buffer for western blotting and immunoprecipitation contain-
ing 1 x protease inhibitor cocktail for 20 min on ice. The supernatant
with protein were obtained by centrifugation at 10,000 rpm for 15 min
at 4 °C. Protein concentration was determined using the BCA Kkit.

Materials Today Bio 32 (2025) 101896

One-tenth volume of supernatant with protein was taken out as input,
and the remaining portion was mixed with 50 pL of protein A + G
agarose for 1 h at 4 °C to reduce non-specific binding and background.
Subsequently, the supernatant with protein was mixed with GRP78
(1:100; 11587-1-AP, Proteintech Bio, China) or ACSL4 (1:50; sc-365230;
Santa Cruz, America) or GPX4 (1:50; sc-166570; Santa Cruz, America)
respectively, as the bait protein, at 4 °C overnight. The incubation was
sustained for 3 h, followed by the addition of protein A + G agarose. The
immunocomplexes were washed 4 times by PBS supplemented with
protease inhibitor. Finally, western blot analysis was performed with
ACSL4 or GPX4 or GRP78, as the prey protein. IgG (1:50; ACO005,
ABclonal, China) was used as the protein loading control. All the bio-
logical replicates for western blots were three (n = 3).

2.17. Immunofluorescence staining

Immunofluorescence intensity was used to analyze the co-
localization of GRP78 with GPX4 or ACSL4 in the scleral tissues and
HSCFs. Briefly, HSCFs were seeded in a 12-well plate containing slides
and co-incubated with tunicamycin (200 ng/mL) or tunicamycin (200
ng/mL) and Exo-Que (2.0 x 10'° particles/mL) for 24 h. The cells were
then fixed with 4 % paraformaldehyde for 30 min, permeabilized with
0.1 % Triton X-100 for 15 min, and blocked with 10 % BSA for 1 h at
37 °C. Subsequently, the cells were incubated with particular primary
antibodies, GRP78 (1:50; 11587-1-AP, Proteintech Bio, China) and
GPX4 (1:50; 67763-1-AP, Proteintech Bio, China) or GRP78 (1:50;
11587-1-AP, Proteintech Bio, China) and ACSL4 (1:50; sc-365230, Santa
Cruz, America) overnight at 4 °C. After washing, the cells were incu-
bated with a fluorescent secondary antibody for 1 h at 37 °C (in the
dark). Finally, the cells were stained using DAPI for 10 min and observed
by a laser scanning confocal microscope (Olympus, Japan). The immu-
nofluorescence staining of scleral tissues were performed using the
similar method. The co-localization analysis was carried out using the
Image J software. All experiments were repeated for three iterations to
ensure the authenticity and reliability of the results.

2.18. Statistical analysis

Statistical analyses were performed using SPSS version 24.0. Quan-
titative data are expressed as mean + standard deviation. The Shapiro-
Wilk normality test was used to analyze the distribution of all datasets.
One-way ANOVA was used to assess the differences among different
groups for normally distributed data, whereas the Kruskal-Wallis non-
parametric test was utilized for non-normally distributed data. The in-
tensity of co-localization was quantified using the Pearson correlation
coefficient. P-value <0.05 was considered statistically significant.

3. Results
3.1. Preparation and characterization of Exo-Que

Although quercetin exhibits certain efficacy in controlling myopia
progression, its therapeutic potential remains unclear. Moreover, its
hydrophobic nature and interference from ocular physicochemical
barriers reduce its bioavailability for in vivo applications. In this study,
we prepared a novel quercetin delivery system, which was referred to as
Exo-Que, aiming to improve the bioavailability of quercetin (Fig. 2A).
Firstly, we identified the exosomes which were isolated from the su-
pernatants of cultured HUCMSCs. TEM observation showed that the
exosomes had a cup-like appearance (Fig. 2B). Importantly, exosome
markers, including CD9, CD81, TSG101 and ALIX, were successfully
detected by western blotting (Fig. 2C). NTA revealed that the exosomes
had an average diameter of 125.87 + 21.32 nm and an average zeta
potential of —44.22 + 2.08 mV (Fig. 2D and E). All these results verified
that we had successfully extracted exosomes.

Subsequently, we used the co-incubation method to prepare Exo-Que
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Fig. 2. Construction and characterization of Exo-Que. (A) Synthetic reaction; (B) TEM images of Exo-Que in different states; (C) Western blotting analysis of Exo-Que
using exosome markers including ALIX, TSG101, CD9 and CD81; (D, E) Particle size and Zeta potential of Exo-Que; (F) In vitro release profiles of the Exo-Que.**p <
0.01, p-values represent the statistical comparisons before and after drug loading, as well as before and after cryopreservation.

and evaluated its preparation feasibility, physical characterization, and
storage stability. As expected, Exo-Que maintained the cup-like
morphology with an average diameter of 151.13 + 44.82 nm and an
average zeta potential of —41.17 + 1.75 mV. The marker protein iden-
tification results were consistent with those observed before drug
loading (Fig. 2B-E). This indicated that the drug-loading process did not
destroy the unique morphological structure and properties of exosomes.
Furthermore, the drug entrapment efficiency of Exo-Que was 20.15 +
1.10 %. In vitro release profile of Exo-Que at predetermined time points
was presented in Fig. 2F. Approximately 4.57 % and 23.33 % of quer-
cetin were rapidly released from Exo-Que within the first 30 min and 4
h, respectively. At 24 and 48 h, the cumulative release of quercetin
reached approximately 36.67 % and 44.01 %, respectively. All these
results clearly demonstrated the sustained-release characteristics of Exo-
Que. Additionally, storage stability evaluations of Exo-Que at —80 °C for
15 and 30 days revealed that the morphology of Exo-Que did not change
significantly after cryostorage. NTA results showed that the average
diameter of Exo-Que after 15 and 30 days of freezing was 178.90 +
57.29 nm and 172.53 + 77.01 nm, respectively, with no significant
differences compared to pre-freezing values (p > 0.05). The zeta po-
tential became —62.04 + 0.86 mV and —72.32 + 1.41 mV, which was
lower than before, but still within the normal range (Fig. 2D and E). In
summary, Exo-Que is an ideal drug delivery system with good storage
stability.

Good biocompatibility and low cytotoxicity are essential for in vivo
applications. To assess whether Exo-Que possesses these properties, we
proceeded to evaluate its in vitro performance. CCK-8 and scratch wound
assays confirmed that Exo-Que had no toxic effect on the proliferation
and migration ability of HCECs (Fig. 3A). Interestingly, the high con-
centration of Exo-Que (2.0 x 1010 particles/mL) promoted scratch
wound healing at 24 h (Fig. 3B and C), indicating that Exo-Que is a safe
drug delivery system.

Additionally, enhancing drug permeability and extending the ocular
surface residence time constitute crucial strategies for improving drug
bioavailability. To assess the uptake of Exo-Que by HCECs and HSFCs,
the fluorescent probe DiD was encapsulated into Exo-Que for fluores-
cence tracing. As depicted in Fig. 3D, the red fluorescence from DiD-
labeled Exo-Que accumulated around the perinuclear region (blue
fluorescence) in both HCECs and HSFCs, which gradually intensified
with the extension of incubation time. The cellular internalization was
nearly complete within 15-30 min, suggesting excellent cell perme-
ability of Exo-Que. Subsequently, we used in vivo fluorescence imaging
system to assess the precorneal retention of Exo-Que. Results demon-
strated that the fluorescence intensity of free DiR group decreased
rapidly, which retained about 54 % within 10 min and 30 % within 40
min, validating the rapid precorneal elimination. While the DiR-labeled
Exo-Que exhibited good precorneal retention ability, with a fluores-
cence intensity of approximately 90 % within 10 min and 74 % after 40
min (Fig. 3E and F). Overall, the high cellular uptake and prolonged
retention time of Exo-Que provide adequate quercetin bioavailability.
These characteristics are reflective of a promising drug delivery system.

3.2. Prevention efficacy of Exo-Que in the FDM Guinea pig model

Encouraged by the advantages of Exo-Que, we evaluated its efficacy
in preventing myopia in FDM guinea pigs. We first established FDM
models and administered Exo-Que drops (Fig. 4A). After two and four
weeks of treatment, the refraction in the NC groups was 0.67 + 0.92 D
and —0.24 + 0.60 D, respectively. While form-deprivation induced
significant myopic in both the FDM group (—1.84 + 1.07 D at two weeks
and —4.84 + 1.26 D at four weeks) and the FDM + Exo group (—1.96 +
1.02 D at two weeks and —4.50 + 1.20 D at four weeks). Conversely, the
FDM + Exo-Que group did not show significant myopia at two and four
weeks (0.80 + 0.95 D at two weeks and —0.33 £ 0.63 D at four weeks)
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treatments with PBS, Exo-Que (1.0 x 10'° particles/mL), and Exo-Que (2.0 x 10'° particles/mL); (D) Cellular uptake of DiD-labeled Exo-Que by HCECs and HSFCs.
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fluorescence signals from free DiR or DiR-labeled Exo-Que (n = 3).

(Fig. 4B). At the same time, the ALs of guinea pigs in the FDM and FDM
+ Exo groups were significantly extended compared to that in the NC
group (at two weeks, NC vs. FDM: 8.04 + 0.05 mm vs. 8.21 + 0.07 mm,
p < 0.001; NC vs. FDM + Exo: 8.04 £+ 0.05 mm vs. 8.20 + 0.06 mm, p <
0.001; at four weeks, NC vs. FDM: 8.15 £ 0.07 mm vs. 8.35 £ 0.09 mm,
p < 0.001; NC vs. FDM + Exo: 8.15 + 0.07 mm vs. 8.36 + 0.08 mm, p <
0.001). However, Exo-Que significantly inhibited AL elongation (at two
weeks, FDM + Exo-Que vs. FDM: 8.06 + 0.08 mm vs. 8.21 + 0.07 mm, p
< 0.001; at four weeks, FDM + Exo-Que vs. FDM: 8.16 + 0.07 mm vs.
8.35 £+ 0.09 mm, p < 0.001) (Fig. 4C). Additionally, no significant dif-
ferences in AL or refraction were observed between the FDM + Exo and
FDM groups (p > 0.05). This confirms that blank exosomes exert no
therapeutic effect in preventing myopia progression, and the observed
therapeutic outcomes are attributable to quercetin.

In order to quantify the myopia-controlling effect of Exo-Que, we
used atropine as a positive control. Compared with the FDM group, Exo-
Que and 0.1 % atropine reduced the myopic refractive error by 58.41 %
and 59.07 % at 2 weeks, 59.97 % and 59.84 % at 4 weeks, respectively.
The axial length was reduced by 38.46 % and 35.90 % at 2 weeks, 35.85
% and 37.74 % at 4 weeks, respectively (Fig. 4B and C). These data

demonstrated that the Exo-Que was comparable to atropine in inhibiting
the progression of myopic refractive error and AL, making it an effective
strategy for myopia treatment.

3.3. Exo-Que targeted ER stress and ferroptosis to inhibit scleral ECM
remodeling in myopic eyes

To explore the potential mechanism underlying both the pathogen-
esis and treatment of myopia, we observed the ultrastructural changes in
scleral fibroblasts using TEM. After two weeks of treatment, the sclera
ER of guinea pigs in FDM and FDM + Exo group exhibited swelling and
distension, while the mitochondria showed signs of shrinkage and a
reduction in cristae. By four weeks, the ER in these groups was markedly
distended and ruptured, with mitochondrial cristae either lysed or ab-
sent, and outer mitochondrial membranes ruptured. Inversely, the
morphologies of the ER and mitochondria in the Exo-Que-treated and
NC groups were normal (Fig. 5A and B). Further detection showed that
the GSH level was decreased, while MDA and iron level were signifi-
cantly increased in sclera tissues of FDM and FDM + Exo groups. In
contrast, Exo-Que treatment reversed the changes of GSH, MDA and iron
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Fig. 4. Preventive effect of Exo-Que on myopia. (A) Schematic indicating the experimental design for evaluating the prevention effect of Exo-Que eye drops in the
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(Fig. 5C). Together, these data confirm that ferroptosis, together with ER
stress, were involved in myopia development and Exo-Que could
negatively regulate both ferroptosis and ER stress in scleral fibroblasts.
The therapeutic efficacy of Exo-Que was primarily attributed to quer-
cetin, rather than the blank exosomes serving as a vehicle.

Given the complexity of the mechanisms of ER stress and ferroptosis,
it is crucial to identify the molecules involved in both myopia patho-
genesis and Exo-Que treatment. We used western blotting and qPCR to
assess the protein and mRNA expressions of ER stress-related and
ferroptosis-related markers. Western blot analysis demonstrated that 2-
and 4-week of FD activated IRE1-XBP1, PERK-eIF2 and ATF6 pathways,
leading to XBP1 activation and elF2 phosphorylation. Simultaneously,
the expression levels of GRP78, CHOP, and the ferroptosis-related pro-
tein ACSL4 increased, while the expression of GPX4 decreased.
Conversely, Exo-Que inhibited the activation of IRE1-XBP1, PERK-eIF2
and ATF6 pathways, and reversed the expression levels of ferroptosis-
related proteins ACSL4 and GPX4 (Fig. 5D-G). qPCR data further
revealed that the mRNA expression levels of GRP78, PERK, ATF6, IRE1,
XBP1, ACSL4, and CHOP were significantly elevated, while GPX4 mRNA
expression was reduced (Fig. 5H and I). In summary, these data further
verified that the three major effector pathways of the UPR and
ferroptosis-related markers ACSL4 and GPX4 are involved in the onset
and progression of myopia, with Exo-Que regulating these signaling
molecules to inhibit ER stress and ferroptosis.

To further investigate the effects of ER stress and ferroptosis on the
sclera, we examined changes in scleral collagen fibers using TEM and
evaluated the expression of matrix remodeling-related proteins,
including TGF-f1, MMP2 and a-SMA, in different groups. TEM results
confirmed that scleral collagen fibers were thinner and more sparsely
arranged in eyes with FDM (Fig. 6A and B). Western blotting demon-
strated that the expression level of TGF-f1 was significantly down-
regulated, while MMP2 and a-SMA levels were significantly upregulated
after four weeks of form deprivation (Fig. 6C and D), indicating the

transformation of scleral fibroblasts into myofibroblasts and remodeling
of the scleral matrix (Fig. 6E). In contrast, the changes were inhibited by
Exo-Que (Fig. 6A-D). Taken together, these results suggest that Exo-Que
decreases myopia through inhibiting ER stress, ferroptosis and ECM
remodeling.

3.4. Exo-Que targets the protein-protein interaction of GRP78-ACSL4 and
GRP78-GPX4 to regulate related signaling pathways

To investigate potential connections between these signaling mole-
cules, molecular docking and STRING database were used to assess drug-
protein and protein-protein interactions. As drug-protein docking results
showed that quercetin had strong binding ability to GRP78, ACSL4, and
GPX4, with docking scores of —6.62 kcal/mol, —6.55 kcal/mol, and
—5.58 kcal/mol, respectively (Fig. 7A-F, Supplementary Fig. S2, and
Table S1). Moreover, protein-protein interactions results revealed that
the seven proteins, including GRP78, IRE1, XBP1, PERK, elF2, ATF6 and
CHOP, formed one network, while the GRP78, GPX4 and ACSL4 formed
another network, indicating the interaction between these proteins
(Fig. 8A). Interestingly, GRP78 was the key target linking the two pro-
tein interaction networks of ER stress and ferroptosis. Further protein-
protein docking predictions confirmed the strong interaction between
GRP78 and ACSL4, with multiple residues forming hydrogen bonds or
electrostatic interactions, such as the hydrogen bond formed by ALA54
of GRP78 and ASN230 of ACSL4, and the electrostatic interaction
formed by ARG49 of GRP78 and GLU252 of ACSL4. Under these inter-
action forces, the docking score of GRP78-ACSL4 was as high as —646
(Fig. 8B, Supplementary Table S2). Similarly, significant interactions
were observed between GRP78 and GPX4 (score: —498), with residues
forming hydrogen bonds and electrostatic interactions, such as the
hydrogen bond formed by ARG279 of GRP78 and ARG93 of GPX4, and
the electrostatic interaction formed by ASP333 of GRP78 and HIS42 of
GPX4 (Fig. 8C, Supplementary Table S§2).
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Fig. 5. Exo-Que inhibits ER stress and ferroptosis in scleral fibroblasts during myopia progression. (A, B) Morphological changes of scleral ER and mitochondria as
detected by transmission electron microscopy in different groups at 2 weeks and 4 weeks (n = 3). Blue arrows indicate the ER, green arrows indicate the mito-
chondria, and red arrows indicate disruptions of the ER or mitochondria; (C) Quantitative analysis of iron content, MDA level, and GSH level (n = 3); (D-G)
Expression levels of ER stress- and ferroptosis-related proteins GRP78, PERK, elF2, p-elF2, IRE1, XBP1, ATF6, CHOP, ACSL4, and GPX4 in sclera tissues at 2 and 4
weeks (n = 3 at each time point), *p < 0.05, **p < 0.01, ***p < 0.001; (H and I) The mRNA levels of GRP78, PERK, elF2, IRE1, XBP1, ATF6, CHOP, ACSL4, and GPX4
were measured by qPCR in the sclera tissues at 2 and 4 weeks (n = 3 at each time point).*p < 0.05, **p < 0.01, ***p < 0.001, p-values represent the statistical
comparisons between different groups and the FDM group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 7. 3D interaction diagrams of protein binding simulations involving quercetin binding to GRP78, IRE1, PERK, ATF6, ACSL4 and GPX4. (A) GRP78; (B) IRE1; (C)
PERK; (D) ATF6; (E) ACSL4; (F) GPX4. Residues are annotated with their 3-letter amino acid code.

Encouraged by the molecular docking predictions, we used Co-IP
assay to verify that these protein-protein interactions were really
existing during myopia progression. As anticipated, we successfully
captured GPX4 and ACSL4 using GRP78 as the bait protein (Fig. 8D).
Satisfyingly, GRP78 was also captured in reciprocal Co-IP assay using
GPX4 and ACSL4 as bait proteins, respectively (Fig. 8E and F). Given
that the ER and mitochondria are common organelles in vertebrates, we
used HSCFs to determine whether the GRP78-ACSL4 and GRP78-GPX4
protein interactions are highly conserved across species. We first used
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tunicamycin to induce ER stress in HSCFs and then carried out Co-IP and
reciprocal Co-IP assay. Consistent with that in FDM guinea pig model
(Fig. 8G-I), the results provided evidence that strong protein in-
teractions exist among GRP78-ACSL4 and GRP78-GPX4.

Combined with the molecular docking results showing the interac-
tion of quercetin with GRP78, ACSL4, and GPX4, as well as changes in
the expression of these proteins following Exo-Que treatment, we hy-
pothesize that the protein-protein interaction among GRP78-ACSL4 and
GRP78-GPX4 arrive the targets for quercetin to regulate ferroptosis. To
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ER stress model.

validate our hypothesis and visualize the protein interactions among
GRP78-ACSL4 and GRP78-GPX4 in scleral tissue and HSCFs, we con-
ducted immunofluorescence co-localization labeling and confocal
analysis using the FDM guinea pig model and the HSFCs ER stress model.
Furthermore, the effects of Exo-Que on the co-localization among
GRP78-ACSL4 and GRP78-GPX4 were investigated. Co-localization re-
sults demonstrated that GRP78 and ACSL4 exhibited significant co-
localization in the scleral tissue of myopic animals (PCC = 0.85) and
in the HSCFs ER stress model (PCC = 0.80). Whereas Exo-Que treatment
could effectively reduce this co-localization (PCC = 0.69 in animal tissue
and PCC = 0.66 in the cell model) (Fig. 9A and C). Additionally, GRP78
and GPX4 also showed co-localization in both the scleral tissue of
myopic animals and the HSCFs ER stress model (PCC = 0.61 and 0.79,
respectively), which was enhanced by Exo-Que intervention (PCC =
0.75 in animal tissue and PCC = 0.88 in the cell model) (Fig. 9B and D).
These findings confirmed that Exo-Que regulates the interactions among
GRP78-ACSL4 and GRP78-GPX4.

3.5. In vivo biosafety evaluation of Exo-Que

Given the favorable therapeutic effects of Exo-Que, evaluating its
biosafety for future clinical applications is crucial. In this study, we
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evaluated the in vivo biocompatibility of Exo-Que through corneal ex-
amination, histomorphological assessment (H&E staining), and blood
biochemical test. After 4 weeks of Exo-Que administration, no evidence
of corneal inflammation, neovascularization, opacity, or conjunctival
hyperemia was observed in the FDM + Exo-Que group (Fig. 10A).
Furthermore, H&E staining showed the corneal morphology in all
groups was regular, with cells closely and orderly arranged, without
observable impairment, inflammatory cells and corneal neo-
vascularization (Fig. 10B). All these results indicate that Exo-Que
possess excellent ocular tolerance and can be used as a safe therapeu-
tic agent. Subsequently, we further compared the blood biochemical
parameters (liver and renal function) and morphological changes of vital
organs under physiological, pathological conditions (FDM) and
following Exo-Que administration. H&E staining of the liver, kidney,
lung and heart revealed that the tissue morphology in the Exo-Que-
treated group was similar to that in the control group, with no
obvious inflammatory infiltration or signs of acute or chronic toxicity
(Fig. 10C). This indicates that Exo-Que is a selective agent in-vivo.
Additionally, the liver and kidney function remain within normal
ranges, with no significant differences between the groups (Fig. 10D). In
conclusion, Exo-Que demonstrates no toxic effects and exhibits high
biocompatibility, providing a solid foundation for future clinical trials.
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Fig. 9. Exo-Que negatively regulate the interactions of GRP78-ACSL4 and GRP78-GPX4. (A, B) Representative co-localization images of GRP78-ACSL4 and GRP78-
GPX4 in the scleral tissue (n = 3), Scale bar: 20 pm; (C, D) Representative co-localization images of GRP78-ACSL4 and GRP78-GPX4 in HSFCs (n = 3), Scale bar: 10
pm. Green color represented ACSL4 or GPX4, red color represented GRP78, and blue color represented DAPI. PCC = Pearson’s correlation coefficient. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

Myopia constitutes the principal cause of visual impairment, and its
prevalence has escalated to nearly pandemic proportions. Although
scleral ECM remodeling is known to play an important role in myopia
progression, which can be induced by hypoxia, ER stress, inflammation
and other factors [5-8], effective therapeutic strategies targeting scleral
ECM remodeling remain scarce, and advanced therapeutic strategies
still need to be developed. Quercetin, as a natural product endowed with
rich biological activity, has demonstrated excellent therapeutic poten-
tial in diseases related to ER stress and ferroptosis [17-20]. Our previous
study had shown that quercetin could alleviate scleral remodeling and
control myopia progression [21]. However, given the poor water solu-
bility of quercetin and the challenges posed by ocular physiological
barriers when administering therapeutic drugs to posterior ocular tis-
sues, investigating a novel quercetin delivery system to enhance its

13

bioavailability and effectively control myopia progression becomes
compelling. In this context, we developed the Exo-Que delivery system
to overcome these challenges, and investigated its myopia prevention
effects and the therapeutic mechanism in a FDM model. As expected,
Exo-Que significantly improve the aqueous solubility of quercetin,
enhance permeability and prolong precorneal retention time, which
provides sufficient time for drug passage through the cornea, or enter
the vascular network such as conjunctival and iris-suprascleral blood
vessels. Satisfyingly, the effectiveness of Exo-Que is further strengthened
by its enhanced corneal permeability and prolonged retention time,
making the effect of myopia prevention comparable to that of atropine, a
recognized drug for myopia prevention. After 4 weeks of treatment,
Exo-Que could reduce the progression of myopic refractive error by
59.97 %, and inhibited the elongation of AL by 35.85 %, showing a great
potential for myopia prevention. Notably, quercetin is naturally
distributed in a variety of fruits and vegetables, demonstrating good



L. Zhao et al. Materials Today Bio 32 (2025) 101896

A Baseline

FDM
FDM

Exo0-Que

a 2 <) =l
=2 40 = 100 K gls
: 5 B =
= = a <
0 (7 X C < 0 o
o o
O o O o
ns ns
1.0 120 - _ns _mns 18 180
fole ofe} o
~ =
= o = )
¢ - i, 3
3 051 H H g %0
z z
o = =]
0.0 - 0- 0 0
(0 o o ¢ e N
oo SO gt o WO ot Ll L

Fig. 10. In vivo biocompatibility assessments of Exo-Que. (A, B) Ocular irritation tests. Slit lamp observation and H&E staining of corneas after PBS and Exo-Que
interventions on 4 weeks (n = 3), Scale bar: 200 pm; (C) H&E staining images of main visceral organs, including liver, kidney, lung and heart after different in-
terventions (n = 3), Scale bar: 50 pm; (D) Representative blood biochemistry indices of liver and kidney function (n = 6). ALT, alanine transferase; ALP, alkaline
phosphatase; TP, total protein; ALB, albumin; A/G, albumin/globulin; CRE, creatinine; Urea, urea nitrogen; UA, uric acid.
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medicinal-food homology. Quercetin can effectively inhibit myopia
progression while avoiding safety issues such as mydriasis, photophobia,
and allergic reactions associated with high-concentration atropine eye
drops. Therefore, it is anticipated to serve as a safe alternative strategy
for myopia prevention.

Although Exo-Que has exhibited satisfactory effects, its therapeutic
mechanism is not yet fully understood. Exploring the regulation of
signaling pathways by Exo-Que during intervention is critical for iden-
tifying potential myopia prevention targets. In this study, the scleral
fibroblasts of guinea pigs in FDM and FDM + Exo groups showed
characteristic morphological alterations of ferroptosis and ER stress.
Exo-Que treatment significantly inhibited these morphological changes,
confirming that the myopic therapeutic effect of Exo-Que was attributed
to quercetin rather than the blank exosomes serving as a vehicle. Given
that the activation of ER stress pathways can promote ferroptosis and
aggravate tissue damage under some pathological conditions [37-42],
and those scleral fibroblasts are responsible for synthesizing all ECM
components [3,4], we speculate that ER stress and ferroptosis in scleral
fibroblasts involve in scleral ECM remodeling, and that Exo-Que alle-
viates ECM remodeling by negatively regulating ferroptosis and ER
stress. Based on these preliminary findings, we further investigated the
parameters associated with ER stress, ferroptosis and scleral ECM
remodeling in different groups of scleral tissues. The results confirm that
Exo-Que effectively reverse the FD-induced up-regulation of ER
stress-related markers GRP78, IRE1, XBP1, PERK, p-elF2, ATF6, CHOP
as well as the ferroptosis-related marker ACSL4, while upregulating the
expression of GPX4. Simultaneously, Exo-Que inhibits the accumulation
of iron and lipid peroxidation products in the sclera. While Exo-Que
inhibit ER stress and ferroptosis, the expression of TGF beta-1 is upre-
gulated and MMP-2 expression fell. These changes could promote
collagen accumulation and inhibit its degradation, thereby suppressing
scleral ECM remodeling and delaying AL elongation [5,10]. Collectively,
all these results demonstrate that Exo-Que could alleviate scleral ECM
remodeling by inhibiting ER stress and ferroptosis, presenting a prom-
ising strategy for myopia prevention.

Noteworthily, the relationship between ferroptosis and ER stress is
highly complex, and the underling mechanisms of their interaction re-
mains elusive. Accumulating evidence indicated that ferroptosis, as a
new form of cell death similar to apoptosis and autophagy, is also
regulated by ER stress [37,38,43,44]. As reported, ER stress could
regulate ferroptosis through PERK-ATF4 pathway [37,43,44], and
aggravate ferroptosis-related epithelial-mesenchymal transition pro-
gression through XBP1-Hrd1-Nrf2 axis [38]. Xu et al. demonstrated that
activation of the AMPK/SIRT1 pathway could inhibit ER stress-mediated
ferroptosis through the ATF4-CHAC1 axis [39]. Besides, Guan et al.
clarified that exogenous melatonin inhibits hepatic ferroptosis by
ameliorating ER stress via the MT2/cAMP/PKA/IRE1 signaling pathway
[40]. Consequently, further exploration of the regulatory mechanism
between ferroptosis and ER stress is of great significance for elucidating
the mechanism of scleral ECM remodeling and screening specific ther-
apeutic targets. In this work, we constructed a protein-protein interac-
tion network of ER stress- and ferroptosis-related proteins, and the
results show GRP78 is the key target linking the ER stress and ferroptosis
protein interaction networks. Satisfyingly, protein-protein docking and
Co-IP assays prove that there were strong protein interactions among
GRP78-ACSL4 and GRP78-GPX4. Additionally, immunofluorescence
co-localization results confirmed that GRP78-ACSL4 and GRP78-GPX4
were co-localized in the sclera of FDM animals and in the ER stress
model of HSCFs. Exo-Que treatment effectively reduced the
co-localization of GRP78-ACSL4 while promoting the co-localization of
GRP78-GPX4. Given the pivotal roles of GPX4 and ACSL4 in lipid per-
oxidation and the evidence that overexpression of GRP78 inhibits GPX4
degradation and suppresses ferroptosis [45-50], we speculate that
Exo-Que may inhibit the enzymatic activity of ACSL4 by weakening the
protein interaction between GRP78 and ACSL4, thereby reducing the
accumulation of lipid peroxidation. Concurrently, Exo-Que could
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enhance the interaction between GRP78 and GPX4, thereby stabilizing
the structure of GPX4, preventing its degradation, and ultimately
inhibiting lipid peroxidation and alleviating ferroptosis.

Although the therapeutic efficacy of Exo-Que in the FDM model is
promising, given safety concerns regarding therapeutic drug adminis-
tration in adolescents with myopia, verifying its biosafety before clinical
application is essential. In this study, we assessed the ocular surface
health of guinea pigs using slit-lamp microscopy after continuous
administration of Exo-Que for four weeks. Upon examination, it was
ascertained that the cornea and conjunctiva appeared healthy, with no
signs of inflammation, corneal opacity, or conjunctival hyperemia.
Similarly, H&E staining outcomes verified that the corneal epithelial
cells were regular and compactly arranged, with no signs of inflamma-
tory infiltration or cytopathology. These results indicate that Exo-Que is
well tolerated in the eyes and could be used as a safe mode of ocular
administration. In addition, Exo-Que did not show obvious toxic effects
in subsequent blood biochemical tests or in morphological studies of
important organs, indicating its good biocompatibility and supporting
its potential for clinical application.

There are some limitations in the study. The therapeutic efficacy of
Exo-Que on myopia was only evaluated in the FDM guinea pig model.
Future investigations should extend to other animal models and
encompass broader studies to validate these findings. Furthermore, the
potential immunogenicity risks associated with human-derived exo-
somes in guinea pigs, as well as whether physiological differences be-
tween guinea pig and human eyes influence drug absorption, necessitate
further exploration. The drug-loading efficiency and pharmacokinetic
properties of exosomes require optimization to facilitate their trans-
lational application in clinical settings. Notably, our study represents the
pioneering introduction of an exosome-based drug delivery system for
myopia prevention. The developed quercetin-loaded exosome delivery
system effectively inhibits myopia progression. Additionally, our
research elucidates the previously unexplored role of ferroptosis in
myopia, demonstrating that Exo-Que suppresses ferroptosis by modu-
lating the protein interactions of GRP78-ACSL4 and GRP78-GPX4.
Collectively, these findings indicate that Exo-Que constitutes a highly
promising nanodrug delivery system with transformative potential for
myopia treatment, offering a non-invasive and scalable therapeutic
strategy applicable in clinical practice.

5. Conclusion

This study successfully established a quercetin-loaded exosome de-
livery system for myopia treatment. The Exo-Que system improves the
solubility, corneal permeability and precorneal retention time of quer-
cetin, thereby enhancing its efficacy. Additionally, Exo-Que alleviates
ER stress by inhibiting the IRE1-XBP1, PERK-eIF2 and ATF6 pathways,
and may regulate ferroptosis by targeting the GRP78-ACSL4 and GRP78-
GPX4 protein interactions to delay myopia progression. Although Exo-
Que exhibits favorable efficacy and excellent biocompatibility, further
studies are still needed to explore the mechanism of ferroptosis and ER
stress in myopia. Optimization of the drug delivery system and evalua-
tion of its safety and effectiveness in preclinical and clinical trials are
also required. Overall, our study enhances the understanding of the
mechanisms underlying myopia and offers new strategies for its
prevention.
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