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Purrosk. Silicone oil (SiO) is commonly employed as an intravitreal tamponade to manage
complex retinal detachments associated with proliferative diabetic retinopathy, trauma,
or severe myopia and to facilitate retinal reattachment. Nevertheless, SiO usage is linked
to several complications, notably secondary glaucoma, which constitutes a significant
proportion of adverse effects. This study investigated the impact of SiO on trabecular
meshwork cells, given their pivotal role in regulating aqueous humor outflow.

MerHops. Human trabecular meshwork cells (HTMCs) were co-cultured with SiO. The
impact on proliferation, fibrosis-related markers, and ferroptosis levels on these cells was
evaluated using 5-ethynyl-2'-deoxyuridine (EdU), western blot, and immunofluorescence
assays. Further gene knockdown experiments with NOX4 and Smad3 were conducted to
elucidate the underlying mechanisms of SiO-induced changes.

Resurts. SiO intervention inhibited HTMC proliferation, upregulated fibrosis-related
markers, and elevated ferroptosis levels. Gene knockdown experiments revealed that
SiO-induced ferroptosis and reactive oxygen species (ROS) increase were mediated
through NOX4 upregulation and Smad3 activation.

Concrusions. These findings highlight the significance of ferroptosis and the
ROS/NOX4/Smad3 axis in the mechanism of SiO-induced intraocular pressure
elevation. The insights gained from this study identify potential therapeutic targets
to mitigate postoperative complications associated with SiO tamponade in ophthalmic
surgery.
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S ilicone oil (SiO) possesses the capability to displace
aqueous humor from the retinal surface, thereby main-
taining the adhesion between the retina and retinal pigment
epithelium.! Since its introduction into ophthalmic surgery
by Cibis et al. in 1962,% SiO has become a staple for intraocu-
lar tamponade following pars plana vitrectomy (PPV). It has
proven beneficial in managing proliferative vitreoretinopa-
thy and extensive tractional retinal detachments associated
with proliferative diabetic retinopathy.>~> Furthermore, in
the treatment of ocular trauma, SiO has been effective in
minimizing the risk of postoperative bleeding, ensuring reti-
nal attachment, and preventing phthisis in cases of severely

traumatized eyes.®
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However, there are also reports indicating that vitreous
filling with SiO is closely linked to postoperative complica-
tions such as keratopathy, cataract, and glaucoma.” Among
these, increased intraocular pressure (IOP) is one of the
most frequent complications following the use of SiO in the
vitreous cavity. The mechanisms proposed include pupillary
block, postoperative inflammation, and migration of SiO into
the anterior chamber.®® In clinical situations, if a patient is
unable to maintain a prone position after surgery, the lower
density of SiO may cause it to migrate toward the upper part
of the eye, nearing the lens and potentially diffusing into
the anterior chamber. This migration can result in mechan-
ical obstruction to aqueous humor filtration.!° Further-
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more, the presence of SiO in the anterior chamber lead-
ing to extensive infiltration of the trabecular meshwork is
another potential cause of elevated IOP following PPV.!!-14
However, The pathogenesis of increased IOP due to the
migration of SiO into the anterior chamber remains poorly
understood.

It is well known that dysfunction of trabecular mesh-
work cells (TMCs) is a critical factor in the pathogenesis
of primary open-angle glaucoma (POAG).!> The trabecu-
lar meshwork, a key structure in the anterior chamber, is
responsible for regulating aqueous humor outflow.'® When
the ability of the trabecular meshwork to regulate outflow
is compromised, drainage efficiency decreases, leading to
elevated IOP.)” TMCs are crucial for maintaining the struc-
ture and function of the trabecular meshwork, primarily
through the production and remodeling of the extracellu-
lar matrix (ECM), which provides the structural framework
of the meshwork.!® In cases of glaucoma, dysregulation of
TMC activity can result in the accumulation of excessive ECM
material, thereby increasing resistance to aqueous humor
outflow."?

Ferroptosis represents a metabolically orchestrated form
of cell demise propelled by iron ion—-dependent lipid peroxi-
dation, manifesting in compromised cell membrane integrity
and subsequent cytoplasmic content leakage.?*?! Its regu-
latory network encompasses intricate pathways concern-
ing iron metabolism,*? lipid metabolism,?> and the modu-
lation of antioxidant signaling cascades.?* The implica-
tion of ferroptosis in diverse pathogenic processes, includ-
ing but not limited to oncogenesis, ischemia-reperfusion
injury, and neurodegenerative maladies, has been exten-
sively documented.?’?>2° Within the domain of ophthal-
mology, scholarly discourse has posited a nexus between
ferroptosis and glaucomatous pathology.?’>?® Investigations
have elucidated the pivotal role of iron homeostasis in
governing the health of the optic nerve and retinal ganglion
cells.®-3! Furthermore, perturbed metal equilibrium and
heightened oxidative stress within the trabecular meshwork
constitute notable observations in glaucomatous condi-
tions.32-3% Notably, oxidative stress, a cardinal downstream
consequence of ferroptosis, emerges as a pivotal deter-
minant in cellular senescence, thereby assuming a crit-
ical role in the etiopathogenesis and predisposition to
glaucoma 35-3

Building upon these insights, we postulated that the
introduction of SiO elicits alterations in ferroptosis within
TMCs, consequently modulating their fibrotic propensity,
which plausibly contributes to the observed elevation in
IOP subsequent to PPV employing SiO. To scrutinize
this conjecture, we conducted an assessment encompass-
ing the biomechanical attributes and ferroptotic indices
of human trabecular meshwork cells (HTMCs) alongside
their ECM following SiO intervention. Additionally, we
embarked on an inquiry into the specific mechanistic under-
pinnings and associated signaling cascades governing these
phenomena.

MATERIALS AND METHODS
Culture of Cells With SiO

Primary HTMCs were obtained from ScienCell Research
Laboratories (6590; Carlsbad, CA, USA). Donor age and
gender are provided in Table 1, and no history of ocular
disease was reported for any donor. All experiments were
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TasLe 1. HTMC Donors

HTMC Donor Sex Age (y)

1 Male 59
Female 62

3 Male 37

performed in triplicate using cells from three independent
donors. HTMCs were cultured in Gibco Minimum Essen-
tial Medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS), antibi-
otics (100 U/mL penicillin + 100 pg/mL streptomycin), and
antimycotics (0.25 pg/mL amphotericin B). The cells were
incubated in a humidified environment with 5% CO, at 37°C.
The culture medium was refreshed 48 hours after initial plat-
ing. The cells underwent passaging through trypsinization
and were utilized for experiments between the second and
fourth passages.

For western blot and quantitative real-time polymerase
chain reaction (qRT-PCR) experiments, TMCs were inoc-
ulated in the lower chamber of Transwell six-well plates
(Corning Inc., Corning, NY, USA), and SiO was applied to
the upper chamber. In contrast, for immunofluorescence (IF)
and 5-ethynyl-2’-deoxyuridine (EdU) assays, HTMCs were
seeded in 24-well plates, where a slide was pre-placed and
SiO was directly added to the culture medium. For Cell
Counting Kit-8 (CCK-8) assays, HTMCs were inoculated in
96-well plates, with SiO again directly added to the culture
medium. In all experiments, the duration of SiO treatment
was maintained at 48 hours. The SiO used in this study
(Oxane 5700) was obtained from Bausch & Lomb (Bridge-
water, NJ, USA). The viscosity of the silicone oil was 5000
to 5900 mPa-s. The concentration of SiO was determined by
the volume ratio of SiO to the culture medium in the cell
culture dish.

EdU Assay

HTMCs were seeded at a density of 5 x 10% cells/well
in 24-well plates with pre-placed slides and treated with
SiO at concentrations of 0%, 5%, 10%, 20%, and 40% for
48 hours. Then, the HTMCs were incubated with 50-mM
EdU medium diluent (RiboBio, Guangzhou, China) in 24-
well plates for 3 hours to facilitate the incorporation of EdU
into newly synthesized DNA. After incubation, the cells were
fixed and permeabilized, followed by a 30-minute reaction
with 100 pL of 1x Apollo reaction cocktail (RiboBio) to visu-
alize the incorporated EdU. Cell nuclei were then stained
with Hoechst 33342 (Solarbio, Beijing, China) to facilitate
visualization of all nuclei.

EdU-positive cells, indicating active DNA synthesis,
were imaged using fluorescence microscopy (Carl Zeiss
Microscopy, Oberkochen, Germany). Images captured were
subsequently analyzed with ImageJ (National Institutes of
Health, Bethesda, MD, USA) to quantify the proportion of
cells undergoing DNA synthesis, providing insights into
cellular proliferation rates.

CCK-8 Assay

HTMCs were seeded at a density of 1 x 10* cells/well in
96-well plates and treated with SiO at concentrations of 0%,
5%, 10%, 20%, and 40% for 48 hours. The culture medium
was then replaced with 90 pL of fresh medium, followed by
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TasLE 2. Gene Primer Sequences
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Gene Forward Sequence Reverse Sequence

B-actin CACTATCGGCAATGAGCGGTTCC CAGCACTGTGTTGGCATAGAGGTC
NOX4 ACTGCCTCCATCAAGCCAAGATTC CTCCAGCCACACACAGACTAACTTC
cOx2 CAATGGGCTGGAAGACATATCA GCCAGGGCTGAACTTCGAA

Ferritin CCATCAACCGCCAGATCAACCTG GTTTCTCAGCATGTTCCCTCTCCTC
GPX4 CCGCTGTGGAAGTGGATGAAGATC CTTGTCGATGAGGAACTGTGGAGAG

the addition of 10 pL of CCK-8 solution to each well. After a
1-hour incubation at 37°C, optical density was measured at
450 nm using an ELISA microplate reader (ELX800; BioTek,
Winooski, VT, USA).

Western Blotting

Protein extraction was conducted when cell confluence
reached approximately 80%. Cells were lysed in RIPA Lysis
Buffer (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with a cocktail of protease inhibitors (1% phenylmethyl-
sulfonyl fluoride + 1% phosphorylase inhibitors) on ice.
Proteins were quantified (20 pg), and equal amounts (10
pL) were separated on 10% polyacrylamide gels, followed
by electrotransfer onto polyvinylidene fluoride membranes
(Merck Millipore, Billerica, MA, USA). The membranes were
blocked for 2 hours in Tris-buffered saline with 0.1% Tween
20 (TBST) containing 5% fat-free milk. They were then incu-
bated overnight at 4°C with primary antibodies diluted in
TBST containing 3% bovine serum albumin. After washing,
the membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 hour at room
temperature. Antigen—antibody complexes were visualized
using a chemiluminescence reagent kit (Thermo Fisher
Scientific).

The densities of the bands were scanned using a
VersaDoc imaging system (Bio-Rad Laboratories, Hercules,
CA, USA) and analyzed with Image Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA). Data are expressed
as the ratio of the protein of interest to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) in the
same sample, facilitating relative quantification of protein
expression.

The primary antibodies were anti-GAPDH (ab8245,
1:10,000 dilution; Abcam, Cambridge, UK), anti-fibronectin
(ab2413, 1:1000 dilution; Abcam), anti-myocilin (ab41552,
1:1000 dilution; Abcam), anti-alpha-smooth muscle actin
(@-SMA; ab7817, 1:1000 dilution; Abcam), anti-acyl-CoA
synthetase long-chain family member 4 (ACSL4; ab155282,
1:5000 dilution; Abcam), anti-cyclooxygenase-2 (COX2;
ab179800, 1:1000 dilution; Abcam), anti-glutathione perox-
idase 4 (GPX4; ab125066, 1:1000 dilution; Abcam),
and anti-ferritin (ab75973, 1:1000 dilution; Abcam). The
secondary antibodies were Goat Anti-Rabbit IgG H&L
(HRP) (ab6721, 1:10,000 dilution; Abcam), and Rabbit
Anti-Mouse IgG H&L (HRP) (ab6728, 1:5000 dilution;
Abcam).

Immunohistochemistry

The HTMCs were fixed in 4% paraformaldehyde for
30 minutes at room temperature and subsequently washed
in PBS to remove any residual mucus layer. The cells were
then blocked and incubated overnight with primary anti-

bodies at 4°C. Following this, the samples were incubated
with donkey anti-rabbit IgG (1:1000 dilution; Abcam) or
phalloidin (1:1000 dilution; Abcam) at room temperature
for 1 hour. Cells were further stained with 4’,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich) for 5 minutes to label
nuclei and then examined under a microscope (Carl Zeiss
Microscopy).

For post-acquisition processing, Photoshop (Adobe, San
Jose, CA, USA) was utilized to uniformly adjust the bright-
ness and contrast of the images. Cell height was quanti-
fied using Image]J software. This approach ensured consis-
tent, reproducible image analysis while minimizing potential
biases in visualization and measurement.

Transfection of siRNA

NADPH oxidase 4 (NOX4) expression was silenced using
NOX4-specific small interfering RNA (siRNA; Life Tech-
nologies, Carlsbad, CA, USA). Cells were plated in 24-
well plates with medium containing 10% FBS and allowed
to grow for 24 hours until they reached approxi-
mately 80% confluency. Subsequently, 50-nM siRNA (target
sequence: F, 5-UGUUUAACCCCUUCGUUGGCG-3; R, 5-
CCAACGAAGGGGUUAAACACC-3") was complexed with
Invitrogen Lipofectamine 3000 (Thermo Fisher Scientific)
following the manufacturer’s instructions and administered
to the cells. The experiment included four groups: a blank
group (no treatment), a liposome group (vehicle control), a
non-targeting siRNA group (negative control), and a target-
ing siRNA group (test group). After 24 hours of treatment,
cells were harvested, and RNA was extracted for subsequent
analysis.

Quantitative Real-Time PCR

RNA extraction was performed when cell confluence
reached approximately 80%. Total RNA was extracted from
HTMCs utilizing Invitrogen TRIzol Reagent in accordance
with the manufacturer’s guidelines. The isolated RNA was
subsequently reverse transcribed into complementary DNA
(cDNA) using the PrimeScript RT Master Mix kit (Takara
Bio, Shiga, Japan). Primer sequences were designed utilizing
Primer Premier 5.0 software, and the specific primer pairs
utilized are shown in Table 2.

Quantitative real-time PCR amplification was conducted
using the SYBR Premix Ex Taq II kit (Takara Bio) in a
total reaction volume of 20 pL on a 7500 real-time PCR
system (Applied Biosystems, Foster City, CA). The amplifi-
cation protocol consisted of an initial denaturation step at
95°C for 30 seconds, followed by 40 cycles of denaturation
at 95°C for 5 seconds, annealing at 60°C for 34 seconds, and
extension at 72°C for 30 seconds. Duplicate measurements
were performed for each sample to ensure accuracy. -Actin
was utilized as an internal reference gene for normalization
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purposes. The relative expression levels of each target gene
were determined using the 27%%% method, as previously
described.’”

Statistical Analysis

Statistical analyses were conducted using SPSS Statistics
19.0 (IBM, Chicago, IL, USA). All results are expressed as
mean + SD. Data were analyzed using a Student’s /-test or
a one-way ANOVA test. P < 0.05 was considered statisti-
cally significant. For graphical representation of the data,
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RESULTS

SiO Modulates Proliferation and Upregulates
Fibrosis-Related Markers in HTMCs

To investigate the impact of SiO on the proliferation of
HTMC s, the cells were co-cultured with varying concentra-
tions of SiO (5%, 10%, 15%, 20%) for a duration of 48 hours.
The EdU incorporation assays revealed a concentration-
dependent decrease in the proliferation rate of HTMCs
(Fig. 1A). The results of the CCK-8 assay demonstrated
a gradual decrease in HTMC viability with increasing

Prism 6.04 (GraphPad Software, Boston, MA, USA) was

SiO concentration (Fig. 1B). Concurrently, we assessed
utilized.

the expression of fibrosis-associated proteins (fibronectin,
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Ficure 1. Changes in proliferation and viability of HTMCs and fibronectin, myocilin, and «-SMA expression within HTMCs when co-cultured

with SiO. (A) EdU test detected the proliferation of TMCs. Results indicated a progressive decline in cell proliferation with increasing SiO
concentrations, reaching a minimum (P < 0.0001) at a concentration of 40% SiO (z = 3). Magnification, 100x. Scale bar: 25 pm. (B) CCK-8
test detected the viability of TMCs. Results demonstrated a gradual decline in cell viability with increasing concentrations of SiO, reaching
the lowest viability (P < 0.0001) at a concentration of 40% SiO (nz = 3). (C) Protein expression of fibronectin, myocilin, and «-SMA in HTMCs
co-cultured with different concentrations of SiO. Fibronectin (P < 0.0001) expression peaked at a SiO concentration of 20%, and myocilin
(P = 0.0005) and «-SMA (P < 0.0001) reached maximum expression at a SiO concentration of 40% (2 = 3). (D) Labeling of fibronectin in
HTMCs co-cultured with SiO. Representative images depict the immunohistochemistry for HTMCs labeled by DAPI (blue), phalloidin (red),
and fibronectin (green). Magnification, 200x. Scale bar: 25 pm. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 versus the control group.
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levels of ACSL4 and COX2 increased progressively with rising SiO concentrations, reaching their highest levels at 40% SiO (P < 0.0001).
Conversely, GPX4 and ferritin expression levels decreased as SiO concentration increased, with GPX4 (P = 0.0005) reaching its lowest
expression at 40% SiO and ferritin (P = 0.0003) at 20% SiO (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 versus the

control group.

myocilin, and «-SMA) in HTMCs post co-culture with SiO.
Western blot analysis indicated that the levels of fibronectin,
myocilin, and a-SMA increased progressively with higher
concentrations of SiO (Fig. 1C). This suggests a significant
role of SiO in promoting fibrosis in HTMCs. Additionally, IF
staining experiments provided a more direct visualization,
showing a marked increase in the fluorescence intensity of
fibronectin in HTMCs after co-culture with SiO (Fig. 1D).
These findings collectively suggest that SiO not only inhibits
the proliferation but also enhances the fibrotic response in
HTMCs.

SiO Upregulates Ferroptosis Level in HTMCs

To further understand the impact of SiO on TMCs, we
assessed its effects on the ferroptotic pathway in HTMCs.
HTMCs were co-cultured with varying concentrations of SiO,
and the expression of key ferroptosis markers was exam-
ined. Western blot analysis revealed that, as SiO concen-
tration increased, the expression of pro-ferroptotic proteins
ACSL4 and COX2 also increased. Conversely, the expres-
sion of GPX4 and ferritin, both of which are protec-
tive against ferroptosis, decreased. These changes suggest
that SiO may enhance the ferroptotic process in HTMCs,
and this effect appears to be dose dependent (Fig. 2).

These data highlight a potential mechanism by which
SiO could influence TMC viability and function, further
supporting the hypothesis that the role of SiO in ocular
complications may involve the induction of ferroptosis
in HTMGCs.

Exploring the Relationship Between Ferroptosis
and Fibrosis in HTMCs After SiO Exposure

The current experimental results demonstrated that SiO
intervention affected the fibrosis and changed the level
of ferroptosis in HTMCs. Accordingly, we speculated that
the effect of SiO on HTMC fibrosis might be achieved
by increasing the ferroptosis level. To test this hypothe-
sis, HTMCs pretreated with 20% SiO were subjected to
either ferroptosis inducers (erastin) or inhibitors (ferrostatin-
1 [Fer-1]), and the subsequent effects on fibrosis were
assessed. Initially, the efficacy of the ferroptosis modu-
lators was established through western blot analysis,
which demonstrated expected changes in ferroptosis mark-
ers following treatment with erastin or Fer-1 in SiO-
pretreated HTMCs (Fig. 3A). IF staining revealed that erastin
significantly reduced ferritin fluorescence, whereas Fer-1
increased it, indicating successful modulation of ferropto-
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Ficure 3. Effects of inducers (erastin) or inhibitors (Fer-1) of ferroptosis on ferroptosis-related indicators. (A) Protein expression of ACSL4
(P = 0.8599 and P = 0.0012), COX2 (P = 0.0015 and P = 0.0024), GPX4 (P = 0.0045 and P < 0.0001), and ferritin (P = 0.0029 and
P = 0.0164) in HTMCs treated with SiO and erastin/Fer-1, respectively (n = 3). (B) Labeling of ferritin in HTMCs treated with SiO and
erastin/Fer-1. Representative images depict the immunohistochemistry for HTMCs labeled by DAPI (blue), phalloidin (red), and ferritin

reen). Magnification, 200 x. Scale bar: 25 pm. *P < 0.05, *P < 0.01, **P < 0.001, *
g n

sis (Fig. 3B). Further analysis showed that induction of
ferroptosis led to a significant increase in the expres-
sion of fibrosis-associated proteins, whereas inhibition of
ferroptosis led to their decrease (Fig. 4). These findings
suggest that SiO may influence HTMC fibrosis through
regulation of ferroptosis, highlighting a potential mecha-
nism by which SiO contributes to changes in the trabecular
meshwork.

SiO Increases Ferroptosis and ROS Levels in
HTMCs Through Upregulation of NOX4

Although previous data have established the role of SiO
in promoting HTMC fibrosis through enhanced ferroptosis,
the upstream mechanisms involved have remained unclear.
Extensive research indicates that the ROS/NOX4/Smad3
pathway is intimately associated with HTMC fibrosis and
implicated in the pathogenesis of open-angle glaucoma.
This led us to hypothesize that this signaling axis medi-
ates the effects of SiO on fibrosis and ferroptosis in
HTMCs. To investigate this hypothesis, we examined NOX4
protein levels in HTMCs after SiO exposure. Additionally, we
assessed changes in ferroptosis and ROS production follow-
ing NOX4 knockdown. Our findings revealed that SiO treat-
ment upregulated NOX4 protein expression and ROS levels
in HTMCs (Figs. 5A, 5D). Conversely, NOX4 suppression
markedly reduced ROS production and ferroptosis levels
in HTMCs (Figs. 5B-F). Moreover, SiO treatment signif-
icantly elevated phosphorylated Smad3 (p-Smad3) levels
without altering total Smad3 levels (Fig. 5B). The upregu-

‘P < 0.0001 versus the control group.
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Ficure 4. Protein expression of fibronectin (P = 0.0006 and

P = 0.0225), myocilin (P = 0.6586 and P = 0.8944), and o-SMA
(P = 0.0018 and P = 0.0435) in HTMCs treated with 20% SiO and
erastin/Fer-1, respectively (n = 3). *P < 0.05, *P < 0.01, **P <
0.001, ***P < 0.0001 versus the control group.

lation of p-Smad3 induced by SiO was attenuated follow-
ing NOX4 inhibition (Fig. 5B). These results suggest that
SiO-induced ferroptosis in HTMCs is mediated through
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Ficure 5. Effect of NOX4 on the modulation of ferroptosis and Smad3 phosphorylation levels. (A) Protein expression of NOX4 (P = 0.0002)
in HTMCs treated with SiO (z = 3). (B) Protein expression of NOX4 (P = 0.0013 and P = 0.0009), COX2 (P < 0.0001 and P < 0.0001), GPX4
(P < 0.0001 and P = 0.0003), ferritin (P < 0.0001 and P = 0.0055), p-Smad3 (P = 0.0003 and P = 0.0001), and total Smad3 (t-Smad3) in
HTMCs across control, SiO, SiO+small interfering RNA negative control (Si-NC), and SiO+Si-NOX4 groups (7 = 3). (C) mRNA expression of
NOX4 (P < 0.0001 and P = 0.0006), COX2 (P = 0.0356 and P < 0.0001), GPX4 (P < 0.0001 and P < 0.0001), and ferritin (P < 0.0001 and P <
0.0001) in HTMCs across control, SiO, SiO+Si-NC, and SiO+Si-NOX4 groups (12 = 3). (D) Labeling of ROS in HTMCs of control, SiO, SiO+Si-
NC, and SiO+Si-NOX4 groups. (E) Labeling of COX2 in HTMCs across control, SiO, SiO+Si-NC, and SiO+Si-NOX4 groups. Representative
images depict the immunohistochemistry for HTMCs labeled by DAPI (blue), phalloidin (red), and COX2 (green). (F) Labeling of GPX4
in HTMCs across control, SiO, SiO+Si-NC, and SiO+Si-NOX4 groups. Representative images depict the immunohistochemistry for HTMCs
labeled by DAPI (blue), phalloidin (red), and GPX4 (green). Magnification, 200x. Scale bar: 25 ym. *P < 0.05, **P < 0.01, ***P < 0.001, ***P
< 0.0001 (P = DMSO vs. 20%SiO and P = 20%SiO+Si-NC vs. 20%SiO+Si-NOX4).

NOX4 activation, with potential involvement of Smad3 ing the mechanism underlying the increase in intraocular
activation. pressure observed following SiO vitreous cavity filling.

. . . D1 ION
SiO Induces Ferroptosis and ROS Levels in SCUSSIO
HTMCs Via Smad3 Activation Physical and Chemical Properties of SiO
To further confirm that Smad3 signaling is pivotal in SiO plays a crucial role in vitreoretinal surgery, primarily
promoting ferroptosis in HTMCs, we introduced the Smad3 serving as an intraocular tamponade. This intervention is

inhibitor, SIS3, to examine its effects on ferroptosis and pivotal in the landscape of ophthalmic surgical management,
ROS levels in HTMCs treated with SiO. Consistent with our largely due to the unique physicochemical characteristics of
hypothesis, SIS3 significantly mitigated the enhanced ferrop- SiO, which include a slightly lower specific gravity, low inter-
tosis and ROS levels induced by SiO (Fig. 6). These results facial tension, and high viscosity, making it highly suitable
suggest that SiO escalates ROS production in HTMCs by for surgical applications.!*®3° Despite its relatively recent
upregulating NOX4 and activating Smad3 signaling, thereby introduction to ophthalmic surgery compared to gases, with

augmenting ferroptosis levels, which in turn contributes U.S. Food and Drug Administration (FDA) approval granted
to the increased expression of fibrosis-related proteins in in 1996, the usage of SiO has expanded significantly. It
HTMCs. is predominantly indicated for managing retinal detach-

Collectively, these results suggest that SiO influences the ments caused by varied etiologies such as proliferative
proliferation and fibrosis of human HTMCs through the vitreoretinopathy, viral retinitis, trauma, severe proliferative
induction of ferroptosis. This regulatory effect is mediated diabetic retinopathy, and high myopia.“*~*3 Clinically, SiO is

by the ROS/NOX4/Smad3 axis (Fig. 7), potentially elucidat- valued for its ability to provide sustained support to the heal-
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FiGure 6. Effect of SIS3 on the modulation of ferroptosis and Smad3 phosphorylation levels. (A) Protein expression of COX2 (P = 0.0179
and P = 0.0159), GPX4 (P = 0.0003 and P = 0.0396), ferritin (P = 0.0005 and P = 0.0157), p-Smad3 (P = 0.0001 and P < 0.0001), and
t-Smad3 in HTMCs across control, SiO, and SiO+SIS3 (z = 3). (B) mRNA expression of COX2 (P < 0.0001 and P < 0.0001), GPX4
(P < 0.0001 and P = 0.0316), and ferritin (P < 0.0001 and P < 0.0001) in HTMCs across control, SiO, and SiO+SIS3 (12 = 3). (C) Labeling
of ROS and HTMCs across control and SiO, SiO+SIS3. (D) Labeling of COX2 in HTMCs across control and SiO, SiO+SIS3. Representative
images depict the immunohistochemistry for HTMCs labeled by DAPI (blue), phalloidin (red), and COX2 (green). (E) Labeling of GPX4
and HTMCs across control, SiO, and SiO+SIS3. Representative images depict the immunohistochemistry for HTMCs labeled by DAPI (blue),
phalloidin (red), and GPX4 (green). Magnification 200x. Scale bar: 25 pm. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001 (P = DMSO

vs. 20%SiO and P = 20%SiO vs. 20%SiO+Si-SIS3).

ing retina. Nonetheless, there has been an increasing number
of reports of visual impairments associated with SiO,*-47
prompting a reevaluation of its necessity in certain surgical
contexts.

SiO Complications and SiO-Related Visual Loss

Cataract and glaucoma are the predominant complications
associated with long-term SiO tamponade. These compli-
cations are often linked to the emulsification and intraoc-
ular migration of SiO, phenomena that are challenging
to prevent. As SiO has become more widely utilized, the
term silicone oil-related visual loss (SORVL) has been intro-
duced, raising concerns regarding the safety of SiO use.®
SORVL is characterized as severe visual loss exceeding
2 Snellen lines either during the period of SiO tampon-

ade or at the time of its removal, in the absence of any
clear alternative cause.”® Although the exact etiology and
incidence of SORVL remain elusive, proposed mechanisms
include a limited potassium sink into the vitreous cavity,
elevated concentrations of fibrotic growth factors in aged
0il,>! and phototoxic damage from ultraviolet light exposure,
among others. Additionally, the duration of SiO tampon-
ade is considered a risk factor for SORVL, leading to
increased advocacy among ophthalmologists for the early
removal of SiO. Given the inherent challenges in mitigating
complications due to the physicochemical properties of SiO,
several alternative materials, such as the foldable capsule
vitreous body,”* hydrogel biomaterials,”® and medium-chain
triglycerides,>* have been explored. However, the clini-
cal viability of these alternatives still requires extensive
investigation.
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anterior chamber and infiltrates HTMCs. It induces ferroptosis in HTMCs through the ROS/NOX4/Smad3 signaling pathway, ultimately
promoting fibrosis of the HTMCs and contributing to the development of elevated IOP.

TMC Dysfunction and the Pathogenesis of
Glaucoma

The TM plays a crucial role in regulating aqueous humor
outflow from the anterior chamber, thus maintaining IOP
through a balance between fluid production by the ciliary
body and drainage via the TM.!7 Structurally, the TM consists
of three distinct layers: the uveal meshwork, corneoscleral
meshwork, and a specialized layer of TMCs.>> Fibrosis of
the TM, a pathological repair process characterized by the
excessive deposition of ECM and proliferation of contrac-
tile myofibroblasts,’°->® leads to persistent ECM buildup and
structural distortion of the TM. This results in increased resis-
tance to aqueous humor outflow and elevated IOP and ulti-
mately contributes to the pathogenesis of POAG and the fail-
ure of minimally invasive glaucoma surgery devices.>® This
study uniquely determined that the increase in IOP induced
by SiO is also likely to be linked to fibrosis of TMCs, with
ferroptosis playing a critical role in this pathological process.
In this study, we treated HTMCs with varying concentrations
of SiO (0%-40%) and assessed cell viability, proliferation,
fibrosis, and ferroptosis. The results demonstrated that 20%
SiO significantly affected these parameters but increasing
the concentration to 40% did not further enhance fibronectin
expression. This suggests that 20% SiO represents a thresh-
old concentration for inducing fibrotic changes, making it
suitable for further mechanistic exploration.

Interestingly, the dose-response of SiO on fibronectin
differed from that of other fibrotic markers. We hypothe-
size that this reflects the unique role of fibronectin in the
early stages of fibrosis. As an ECM organizer, fibronectin is
one of the first markers to respond to tissue injury, serving
as a scaffold for collagen deposition.®® In contrast, markers
such as actin and «-SMA are more associated with specific
fibrotic conditions and the later stages of fibrosis.®’*> At

lower SiO concentrations (<20%), fibronectin upregulation
suggests early fibrotic changes, whereas its reduction at
higher concentrations (40%) may indicate late-stage cellular
damage, with fibronectin synthesis being particularly sensi-
tive to these effects.

Additionally, we observed that ferritin levels did not show
significant changes across SiO concentrations. Ferritin regu-
lates iron storage and mitigates oxidative stress by sequester-
ing iron, preventing ROS formation and lipid peroxidation—
key events in ferroptosis.®> Unlike other ferroptosis mark-
ers, such as ACSL4, COX2, and GPX4, which are directly
involved in lipid metabolism and oxidative stress, ferritin
plays a central role in iron homeostasis.**® As a result, its
levels may exhibit less variability. At lower SiO concentra-
tions (<20%), compensatory ferritin synthesis may protect
cells from ferroptosis; however, at higher concentrations
(>20%), this protective mechanism may become insufficient,
leading to decreased ferritin levels. These findings offer new
insights into the mechanisms underlying SiO-related compli-
cations and suggest potential therapeutic targets for manag-
ing these adverse effects.

Oxidative Stress in TMCs and the Pathogenesis of
Glaucoma

Oxidative stress is a well-established factor in the pathol-
ogy of numerous neurodegenerative diseases and is simi-
larly recognized as a critical contributor to the pathophysiol-
ogy of POAG.%%%7 Prior research has demonstrated elevated
levels of oxidative stress markers in the aqueous humor
of patients with POAG.35% Additionally, significant alter-
ations in the expression of antioxidative enzymes such as
superoxide dismutase, catalase, and glutathione have been
observed in the TM of glaucoma patients.®>>’® Furthermore,
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selective oxidative damage to TM mitochondria induced by
free radicals and ROS may precipitate TM cell dysfunc-
tion.”! The findings of our current study suggest that the
ROS/NOX4/Smad3 signaling axis plays a role in regulat-
ing ferroptosis levels in TM cells, corroborating previous
research and underscoring how oxidative stress significantly
impacts TM cellular function. Moreover, involvement of the
ROS/NOX4/Smad3 axis has been reported in the pathogene-
sis of aging and open-angle glaucoma,’*”? aligning with the
results of this study.

This study is not without limitations. The experimental
scope was confined to HTMCs, and the research occurred at
the cellular level, thus lacking in vivo experimental valida-
tion. The methodology for developing animal models of SiO
anterior chamber angle infiltration remains underdeveloped.
We intend to continue monitoring advancements in rele-
vant animal models and aim to enhance our experimental
designs with animal studies as opportunities arise. Addition-
ally, although this research emphasized SiO-induced ferrop-
tosis in HTMCs, it is important to acknowledge that the
increase in IOP associated with SiO may involve other mech-
anisms. These include the viscosity and chemical compo-
sition of SiO, which could obstruct the trabecular mesh-
work, alter aqueous humor dynamics, and affect retinal
and choroidal vascular permeability.!®747> Furthermore, the
inflammatory response elicited by SiO may contribute to
fibrosis in the outflow pathway, potentially exacerbating
IOP:* These aspects warrant further investigation.
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