Front. Biosci. (Landmark Ed) 2026; 31(7): 51862
https://doi.org/10.31083/FBL51862

Landmark

Original Research

Troxerutin Activity Against Oxidative Stress: A Potential Strategy for
Corneal Damage Evaluated in a 3D Model of Human Corneal
Epithelial Cells

Rossella Basilottal:"®, Alessia Filippone?®, Nicoletta Palermo®®, Giovanna Casili'®,
Marika Lanza' ®, Emanuela Esposito*®, Irene Paterniti'

IDepartment of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, 98166 Messina, Italy
2Department of Medicine and Surgery, UniCamillus-Saint Camillus International University of Health Sciences, 00131 Rome, Italy
3Department of Biochemical, Dental, Morphological and Functional Imaging, University of Messina, 98125 Messina, Italy
*Correspondence: emanuela.esposito@unime.it (Emanuela Esposito)
TThese authors contributed equally.

Academic Editor: Sarah D. Atkinson

Submitted: 13 March 2026 Revised: 17 June 2026 Accepted: 30 June 2026 Published: 27 July 2026

Abstract

Background: Oxidative stress and inflammation are closely associated with ocular surface disorders, including dry eye disease (DED),
keratitis, and corneal erosion. These pathological processes contribute to an imbalance in tear composition and induce structural and
functional alterations of the cornea. In this context, natural compounds with antioxidant and anti-inflammatory activities have emerged
as promising strategies for preserving ocular health and mitigating the effects of corneal injuries. In the present study, we investigated
the potential protective effects of troxerutin (TX), a naturally occurring flavonoid, in attenuating oxidative stress and promoting the
restoration of corneal tissue architecture. Methods: To this end, an H,O,-induced oxidative stress model was established using human
corneal epithelial cells (HCE) SkinEthic™ 3D tissues. Cells were pretreated with TX and, after 24 hours, stimulated with H,O, for 10
minutes. Results: TX showed a protective effect against oxidative injury in the HCE 3D model and supported morphological recovery
consistent with re-epithelialization through the upregulation of tight junction proteins zona occludens-1 (ZO-1) and Occludin. In addition,
TX helped attenuate inflammatory responses by regulating interleukin-6 (/L-6), interleukin-8 (/L-8), matrix metallopeptidase 9 (MMP-9),
and key adhesion molecules, including intercellular adhesion molecule-1 (/CAM-1) and P-selectin. Conclusions: Overall, these findings

emphasize the potential of TX as a natural compound that may contribute to the prevention and management of corneal damage.
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1. Introduction

The corneal epithelium serves as a critical barrier
against various forms of injury, trauma, and infection, play-
ing a key role in shielding the eye from UV radiation,
harmful pollutants, and physical damage [1,2,3,4]. The
ocular surface, in fact, is continuously exposed to oxida-
tive factors such as environmental oxygen, photooxida-
tion, ionizing radiation, cigarette smoke, and environmen-
tal pollutants. Oxidative stress can impact all cellular com-
ponents, altering enzyme activity, inhibiting nucleic acid
and protein synthesis, and upregulating proinflammatory
gene expression, thereby triggering inflammation [5]. The
ocular surface is vulnerable to oxidative imbalance, be-
ing widely exposed to light and extensive metabolic activ-
ity. Excessive intracellular accumulation of reactive oxy-
gen species (ROS) can therefore lead to lipid peroxida-
tion of membranes, protein modification, and DNA dam-
age, resulting in ocular surface homeostasis dysfunction
[6]. Among the most common oxidative stress-related con-
ditions is dry eye disease (DED), a multifactorial disor-
der. This condition manifests with debilitating symptoms

such as foreign body sensation, redness, burning, eye fa-
tigue, and visual disturbances, significantly impacting pa-
tients’ quality of life [7,8]. Several studies reported in-
creased oxidative stress in the tears and conjunctiva of pa-
tients with DED, caused by frequent sources of ROS pro-
duction [9,10,11] with elevated levels of some oxidizing en-
zymes such as myeloperoxidase (MPO), nitric oxide syn-
thase (NOS2, NOS3) and xanthine oxidase/oxidoreductase
and high levels of lipid peroxidation products such as
lipid peroxide (LPO), hexanoyl-lysine (HEL), 4-hydroxy-
2-nonenal (4-HNE), and malondialdehyde (MDA) [12,13].
Other oxidative stress-induced corneal disorders include
neurotrophic keratitis, a condition marked by corneal sen-
sitivity loss which is often worsened by oxidative stress
and uncontrolled inflammation [2,14]. While current ther-
apies focus on targeting inflammation, recent findings sug-
gest that exclusively inhibiting inflammation may not be
sufficient for treating these multifactorial and chronic con-
ditions [15]. This limitation arises from the involvement
of an upstream mediator, i.e., the excessive production of
ROS, which can compromise therapeutic efficacy [16,17].
In recent years, natural compounds with antioxidant prop-
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erties have gained increasing attention as potential protec-
tive agents against oxidative damage to the cornea. Among
these, esculetin (6, 7-dihydroxycoumarin) played an an-
tioxidant role enhancing nuclear factor erythroid 2-related
factor 2 (Nrf2) signaling and regulating antioxidant genes
like Heme oxygenase-1 (HO-1), NAD(P)H Quinone De-
hydrogenase (NQO!), Glutamate-Cysteine Ligase Modi-
fier Subunit (GCLM), Superoxide Dismutase type 1 and
2 (SODI and SOD2) mRNA expression levels in HyO,-
treated human corneal epithelial cells (HCE) [18]. Like-
wise pterostilbene (PS), a natural component of blueber-
ries, protected the cornea from inflammation and hyperos-
molarity induced by oxidative stress, reducing the expres-
sion of pro-inflammatory mediators, tumor necrosis fac-
tor alpha (TNF-a), interleukin-1 beta (IL-1f), interleukin-
6 (IL-6), matrix metallopeptidase 2 and 9 (MMP-2 and
MMP-9) and markers of oxidative damage, MDA, 4-HNE
and 8-Hydroxy-deoxyguanosine (8-OHdG) [19]. Lately,
troxerutin (TX), a flavonoid derived from rutin, commonly
known as vitamin P4 [20] has sparked pharmacological
interest for its antioxidant properties and potential health
benefits in different tissues, e.g., liver, kidney and brain
[21,22,23,24] by counteracting various conditions, includ-
ing, neurodegenerative disorders, cardiovascular diseases,
metabolic syndromes, renal protection, and cancer-related
oxidative damage [20,25,26,27,28,29,30]. More recent ev-
idence has highlighted its relevance in vascular and mi-
crovascular homeostasis, with particular interest in ocu-
lar tissues. In this context, troxerutin has been reported
to counteract hyperglycemia-induced vascular endothelial
growth factor (VEGF) upregulation in endothelial cells,
suggesting a protective role in the early stages of diabetic
retinopathy and retinal microvascular dysfunction [31,32].
The aim of this study was to test the potential protective
effect of TX in a 3D model of corneal tissue to explore
a novel therapeutic approach for oxidative stress-related
corneal disorders.

2. Materials and Methods
2.1 Materials

Troxerutin (TX) was acquired from Sigma-Aldrich
Corporation (Cat. # PHR2815). TX and all stock solutions
were dissolved in basal medium.

2.2 SkinEthic™ HCE Model

The SkinEthic™ HCE model was obtained from
EPISKIN Laboratories (Nice, France, EU). These human
corneal epithelial cells were used as an in vitro system based
on transformed corneal keratinocytes cultured on an inert
polycarbonate membrane. This model closely mimics the
structure, morphology, and function of the human cornea,
including the presence of basal and wing cell layers as well
as mucus production. SkinEthic™ HCE cells are derived
from an immortalized human corneal epithelial cell line,
not directly from limbal epithelial stem cells or other types

of stem cells. These cells are typically used to reconstruct
a three-dimensional, stratified, non-keratinized corneal ep-
ithelium model, which mimics the in vivo human corneal
epithelium. The immortalization allows for consistent, re-
producible results in toxicology and ophthalmic research.
Therefore, the SkinEthic™ HCE model represents a valid
and practical tool for exploring the cellular and molecu-
lar effects of oxidative damage on the corneal epithelium,
suitable for studying direct epithelial responses to various
stimuli, including oxidative stress, and for screening pro-
tective or therapeutic compounds. SkinEthic™ HCE tis-
sues were grown on 0.5 cm? polycarbonate membrane in-
serts under air-liquid interface conditions in a chemically
defined culture medium [33]. The inserts carrying the ep-
ithelial cultures were shipped in multiwell plates contain-
ing an agarose-enriched nutrient matrix used to maintain
tissue integrity during transport. The human corneal epithe-
lial tissue cultures were carefully removed from the agarose
matrix and placed into 24-well plates containing 300 uL of
fresh maintenance medium per well. HCE cell lines were
validated by STR profiling. After confirming that no air
bubbles were present beneath the culture inserts, the tis-
sues were incubated overnight at 37 °C with 5% CO, and
were mycoplasma-free (InvivoGen rep-mys-10). Follow-
ing the equilibration step, the cultures were transferred to
new 24-well plates containing 300 pL of SkinEthic mainte-
nance medium for subsequent treatments [34].

2.3 In Vitro Model of Oxidative Stress by Using H,0,

Triplicate in vitro tissues were pre-treated with TX for
24 hours. Troxerutin (TX) was dissolved in culture medium
and further diluted to reach the final working concentrations
used in the experiments (30 and 50 uM). The same solvent
was used as vehicle control in all corresponding experimen-
tal conditions. Hydrogen peroxide (H,O;) was freshly pre-
pared by diluting the stock solution in culture medium im-
mediately before use to achieve the final concentration of
200 uM [35]. After 24 hours in vitro, tissues were stim-
ulated with H,O, 200 uM (H1009, Sigma-Aldrich) for 10
minutes, as previously described [36], to determine the ox-
idant effect. HCE were plated and treated as follows:

- CTR: HCE control cells grown in normal culture
medium for 24 h (negative control).

- H,0,: HCE were stimulated with HO, (200 uM)
for 10 min (positive control).

- H,0, + TX 30 uM: HCE were pre-treated with TX
at the concentration of 30 uM for 24 h and H,O, 200 uM
for 10 min.

- H,0, + TX 50 uM: HCE were pre-treated with TX
at the concentration of 50 uM for 24 h and H,O, 200 uM
for 10 min.

2.4 Hematoxylin and Eosin Assay

HCE tissues were fixed in 10% buffered formalin for
24 h at room temperature. Samples were subsequently
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dehydrated through a graded ethanol series and xylene
before paraffin embedding. Paraffin blocks were sec-
tioned into 7 um slices and stained with hematoxylin and
eosin (H&E). Histological evaluation was performed us-
ing a Nikon Eclipse Ci-L microscope. Representative im-
ages were acquired at 20x magnification (20 um scale
bar). All histopathological evaluations were conducted un-
der blinded conditions [37]. Overall tissue morphology
and related alterations were evaluated in comparison with
untreated controls using predefined histological criteria.
These parameters included the number of epithelial layers,
cellular morphology and distribution (flattened migrating
cells versus cuboidal post-migratory cells), the presence of
condensed nuclei associated with re-epithelialization, ex-
tracellular matrix (ECM) organization and staining charac-
teristics, tissue compactness, and the integrity of cell—cell
as well as cell-matrix interactions. For each parameter, a
score from 1 to 4 was assigned to quantify the degree of
tissue organization and recovery. Specifically, histologi-
cal scores were assigned according to the degree of tissue
preservation and recovery, where score 1 indicated nor-
mal histological appearance comparable to untreated con-
trols, with preserved epithelial organization, compact tis-
sue structure, and intact cell-cell and cell-matrix interac-
tions; score 2 indicated mild morphological alterations with
largely preserved tissue architecture; score 3 indicated mod-
erate tissue damage and partial tissue disorganization; and
score 4 indicated severe epithelial disruption, marked extra-
cellular matrix alterations, and loss of tissue compactness.
Evaluations were independently conducted by three experi-
enced observers under blinded conditions, taking inter-rater
reliability into consideration.

2.5 Cell Viability Assay

Following treatments, tissues were carefully
rinsed with saline phosphate buffer and transferred to
a freshly prepared MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) solution (0.5 mg/mL
in maintenance medium; 300 pL) in 24-well plates.
The plates were then incubated for 3 h = 15 min at 37
°C with 5% CO,. After incubation, HCE tissues were
removed from the MTT solution and transferred to a new
24-well plate containing 750 pL of isopropanol per well
to solubilize the reduced MTT (formazan crystals). An
additional 750 pL of isopropanol was added onto each
tissue, and the plate was sealed with parafilm to prevent
evaporation. Plates were gently shaken for at least 90 min
at room temperature to ensure complete extraction of the
formazan crystals. Subsequently, three 200 uL aliquots
of the extracted solution were transferred to a flat-bottom
96-well plate, and optical density (OD) was measured at
570 + 30 nm using a microplate reader [38].

The percentage viability of each of the treated cultures
was calculated from the percentage MTT conversion in the
test chemical treated cultures relative to the corresponding
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negative controls. Results were expressed as a percentage
of viability compared to the negative control.

% Viability = [OD test compound / OD negative control] x 100

2.6 WB Analysis for Oxidative Stress Antibody Detection

Western blot analysis was executed on protein ex-
tracted from SkinEthic™ HCE cells as previously described
[39]. Briefly, all samples were resuspended in lysis buffer
containing 20 mM Tris-HCI pH 7.5, 10 mM NakF, 150 uL
of NaCl 5M, 1% Nonidet P-40 and protease cocktail of in-
hibitors (Catalog No. 11836153001; Roche, Switzerland)
and after 40 minutes, lysates were centrifuged at 12,000
rpm for 15 minutes at 4 °C. Protein concentration was
determined in the cleared lysates using the Bio-Rad pro-
tein assay with bovine serum albumin (BSA) as the cali-
bration standard. Samples were denatured at 95 °C for 5
min, and equal amounts of protein were resolved on 12%
SDS-PAGE gels before transfer onto PVDF membranes
(Immobilon-P). Membranes were incubated overnight at 4
°C with primary antibodies against SOD (1:500, sc-137254,
Santa Cruz, Dallas, TX, USA) or HO-1 (1:500, Cat# SPA-
895, StressGen-6055, San Diego, CA, USA), IL-6 (1:500,
66146-1, Proteintech-Segrate (MI), Italy), /L-8 (1:500, 109-
401-311-0100, Thermofisher, Segrate (MI), Italy), IL-1f
(1:500, ab254360, Abcam, Cambridge Biomedical Cam-
pus, Cambridge, UK), nuclear factor kappa B (NF-kB)
(1:500, sc-372, Santa Cruz, Dallas, TX, USA), MMP-9
(1:500, sc-393859, Santa Cruz, Dallas, TX, USA). To
verify equal protein loading, membranes were additionally
probed with an anti-B-actin antibody (1:1000, sc-47778,
Santa Cruz, Dallas, TX, USA).

2.7 Measurement of NO,™ Levels in HCE Cell Supernatant

Nitrite levels, used as an indirect marker of nitric ox-
ide (NO) production, were quantified in the supernatants of
pretreated HCE cells [40]. Briefly, nitrate present in the
medium was converted into nitrite through incubation with
nitrate reductase (670 mU/mL) and B-nicotinamide adenine
dinucleotide phosphate (160 mM) at room temperature for
3 h. Total nitrite levels, as an indicator of NO production,
were subsequently determined using the Griess reaction by
mixing 100 pL of sample with 100 puL of Griess reagent,
consisting of 0.1% (w/v) N-(1-naphthyl)ethylenediamine
dihydrochloride in water and 1% (w/v) sulfanilamide in 5%
(v/v) concentrated H; POy (1:1, v/v). Absorbance was mea-
sured at 570 nm. Nitrite (NO,7) levels, as an indicator
of NO production, were assessed exclusively at the 24 h
time point, corresponding to the longer exposure condition,
based on the cell viability findings.

2.8 Enzyme-Linked Immunosorbent Assay (ELISA Kit) for
Catalase (CAT) and Nrf2

ELISA kits for CAT (Human Catalase cat.n. RK(09250
ABclonal) and Nrf2 (Human Nrf2 ELISA kit A7064, an-
tibodies) were used according to the manufacturer’s in-
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Fig. 1. Effect of troxerutin on HCE tissue morphology. H&E staining showed tissue disorganization and irregular cell-cell contacts

in the H>O; group compared to CTR, while TX treatment (30 and 50 uM) improved tissue architecture and corneal surface regularity.
(A) CTR group. (B) HO» Group. (C) H2O» Group + TX 30 uM Group. (D) H,0O, Group + TX 50 uM Group. (E) Histological
score. (F) Cell viability assay on HCE tissues. Values are means + SEM. *** p <0.001 vs group CTR; ### p < 0.001 vs H,O, group.

One-way ANOVA test followed by Bonferroni post hoc test for multiple comparisons was used. HCE, human corneal epithelial cells;

H&E, hematoxylin and eosin; H,O,, hydrogen peroxide; CTR, control group; TX, troxerutin; SEM, standard error of the mean; ANOVA,

analysis of variance. Scale bar: 20 pm.

structions. Cell culture supernatants or lysates were cen-
trifuged at 3000 rpm for 10 min, after which the clarified su-
pernatants were used for immediate analysis. Absorbance
readings were recorded at 450 nm.

2.9 Immunohistochemistry Assay for Tight Junctions and
Adhesion Molecules

Immunohistochemical localization for /ICAM-1 (inter-
cellular adhesion molecule-1, 1:100; sc-7891, Santa Cruz),
P-selectin (1:100; sc-6941, Santa Cruz), zona occludens-1
(ZO-1) antibodies (1:100; sc-33725, Santa Cruz), and Oc-
cludin (1:100; sc-133256, Santa Cruz) was conducted as
previously described [41]. Briefly, tissue sections were
incubated overnight with the primary antibodies, washed
with PBS, and subsequently exposed to the appropriate
secondary antibody for 1 h. Immunoreactivity was vi-
sualized using the water-soluble chromogenic substrate
3,3'-diaminobenzidine (DAB), followed by counterstaining
with Nuclear Fast Red. The immunopositive area, calcu-
lated as the percentage of positive pixels relative to the total
tissue area, was quantified in five randomly selected fields
using a 40x objective and analyzed with a computerized
image analysis system (Leica QWin V3, Cambridge, UK).
Representative images were acquired at 20x magnification
using a Nikon Eclipse Ci-L microscope. Staining inten-
sity was quantified according to a semi-quantitative scale
ranging from 0 to 10, where 0 corresponded to the absence
of brown immunoreactivity, and 10 indicated intense dark-

brown staining. Evaluations were independently conducted
by three experienced observers under blinded conditions.

2.10 Statistical Analysis

Data are expressed as mean + standard error of the
mean (SEM) from three independent biological experi-
ments. Each experimental condition was analyzed using
technical replicates, as specified in the corresponding as-
say descriptions. Statistical analysis was performed using
GraphPad Prism 9.5.1 software (Boston, MA, USA). Dif-
ferences among groups were evaluated by one-way analysis
of variance (ANOVA), followed by Bonferroni’s multiple
comparison test. Differences were considered statistically
significant at p < 0.05.

3. Results

3.1 Troxerutin Remodeled HCE Tissue Architecture From
H,0;-Induced Oxidative Damage

Tissue morphology was assessed by H&E staining to
investigate the changes in HCE tissue structure, following
the induction of oxidative stress by H,O,, analyzing the
morphological factors involved in re-epithelialization and
remodeling [37]. Morphological analysis by H&E at 24
hours showed a disorganization of the tissue architecture,
with irregular cell-cell contacts in the H,O, group than in
the control (Fig. 1A,B,E). TX treatment at concentrations
of 30 uM and 50 uM, was able to protect against the induced
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Fig. 2. Effect of troxerutin on H,O:-induced oxidative stress on HCE tissues. TX treatment increased the expression of the antiox-

idant enzymes HO-1 and MnSOD and reduced H,O,-induced nitrite production, while enhancing CAT levels, supporting its protective
antioxidant effect. (A) Western blot analysis for the evaluation of HO-1 and MnSOD protein expression. (B) Quantification of HO-1

expression. (C) Quantification of MrnSOD expression. (D) Griess assay on HCE supernatants. (E) ELISA assay for the evaluation of
CAT levels on HCE supernatants. (F) ELISA assay for the evaluation of Nrf2 levels. Values are means + SEM. *** p <0.001 vs group
CTR; # p <0.05; ## p < 0.01; ### p < 0.001 vs H,O, group. One-way ANOVA test followed by Bonferroni post hoc test for multiple

comparisons was used. Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; MnSOD, manganese superoxide

dismutase; CAT, catalase.

injury by restoring the re-epithelialization processes, show-
ing a more organized and regular morphological structure
and a smoother corneal surface (Fig. 1C,D,E). The effect of
TX treatment on HCE cell viability was assessed via MTT
assay. Following H,0; exposure, there was an observed
decrease in HCE cell viability in comparison with untreated
control cells. Cell viability in the TX-treated group at both
concentrations of 30 and 50 uM increased significantly as
compared to H,O,-treated cells (Fig. 1F).

3.2 Troxerutin Showed an Antioxidant Effect by
Modulating Antioxidant Markers

The effect of TX in the modulation of antioxidant re-
sponse was evaluated by western blot analysis, which re-
vealed an increase in the expression of antioxidant enzymes
HO-1 and MnSOD following TX treatment, suggesting its
protective role in enhancing the endogenous antioxidant
system and mitigating H,O,-induced oxidative stress (Fig.
2A—C). In addition, the Griess assay was used to quantify
nitrite levels in the supernatant of HCE tissues after treat-
ment with hydrogen peroxide (H,0,) and TX. Since nitrite
is a stable oxidation product of nitric oxide (NO), it was
used as an indirect indicator of NO production. The re-
sults showed increased nitrite levels in tissues exposed to
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H,0, compared to baseline control levels (Fig. 2D). Treat-
ment with TX significantly reduced nitrite levels compared
with H,O, treatment alone, particularly at the concentration
of 50 uM, suggesting its effectiveness in mitigating H,O,-
induced oxidative stress and the associated increase in NO-
derived reactive species, whereas no significant changes
were observed following treatment with 30 uM TX (Fig.
2D). In line with these results, the ELISA assay showed a
significant rise in antioxidant enzyme CAT levels in the su-
pernatants collected following treatment with 30 uM and 50
pM TX when compared to the H,O, group (Fig. 2E). Fur-
thermore, to elucidate the upstream molecular mechanism
driving this antioxidant response, the expression of nuclear
factor erythroid 2-related factor 2 (Nrf2) was quantified us-
ing an ELISA kit. The results revealed a significant upreg-
ulation of Nrf2 levels in TX-treated groups compared to the
H,0;-alone group, indicating that TX promotes the activa-
tion and nuclear translocation of Nrf2 to induce downstream
antioxidant enzymes (Fig. 2F).

3.3 Troxerutin Reduced Cytokine Release and MMP-9
Expression

To further investigate the modulation of the inflamma-
tory response induced by oxidative stress, the expression


https://www.imrpress.com

A B
CTR | H,0, | H,0,+TX30uM | H,0,+TX50uM - 50
=
IL-8 11kDa S0
o
L6 24kDa g w
o Er
-
=
o
I CTR [ H,0,+TX30 M
- H,0,
E F
H,0,+TX304M | H,0,+TX504M .
g
NF-kB 65 kDa £
5
MMP-9 99 kDa 3
B-actin 42kDa ;
2
'S
z

3 CTR 3 H,0,+TX30uM

. H,0,

BB H,0,+TX 50 uM

(9]
O

IL-6/ B-actin (%)
¥
IL-1 B/ B-actin (%)

CICTR 3 H0,+TX30 M
BN H,0, B H,0,+TX50 M

I CTR [ H,0,+TX30uM
. H0, B H,0,+TX50 M

G MMP-9
NF-xB

8

©
8

MMP-9/ B-actin (%)

°

I CTR [ H,0,+TX30uM

B H,0,+TX 50 iM . H0, B H,0,+TX50 uM

Fig. 3. Effect of TX on IL-8, IL-6, IL-1f3, NF-kB and MMP-9 expression in H,O,-stimulated HCE tissues. H,O, treatment signifi-
cantly increased the expression of the pro-inflammatory cytokines. Conversely, TX treatment (30 and 50 uM) significantly reduced the
expression of all these inflammatory mediators. (A—D) Representative Western blot images for IL-8 (B), IL-6 (C), and IL-1f (D) and
respective quantifications. (E-G) Representative Western blot images for NF-xB (F), and MMP-9 (G) and respective quantifications.
Values are means = SEM. *** p < 0.001 vs CTR group; ## p < 0.01; ### p < 0.001 vs H,0, group. One-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons was used. /L-8, interleukin-8; /L-6, interleukin-6; /L-1p4, interleukin-1 beta; NF-«B,

nuclear factor kappa B; MMP-9, matrix metallopeptidase 9.

and release of the pro-inflammatory mediators IL-8, IL-6,
IL-1B, and MMP-9 were evaluated in HCE tissues exposed
to H,0,.

Western blot analyses revealed a significant increase
in the levels of these inflammatory markers following H, O,
stimulation when compared to baseline control conditions,
suggesting the activation of inflammatory pathways asso-
ciated with oxidative damage (Fig. 3A—G). Treatment with
TX reduced the expression and release of IL-8, IL-6, and
IL-1P (Fig. 3A-D) and MMP-9 (Fig. 3G) compared with
tissues treated with H,O, alone, particularly at the con-
centration of 50 uM. To gain a deeper insight into the un-
derlying molecular mechanisms and evaluate the upstream
signaling cascade, we further investigated the key regula-
tory protein NF-kB. Exposure to H,O; led to a marked up-
regulation of NF-xB (Fig. 3F), establishing a clear link
between oxidative insult and the activation of the master
inflammatory transcriptional pathway. Notably, treatment
with TX effectively counteracted this effect, significantly
reducing the protein expression levels of NF-kB back to-
wards baseline conditions (Fig. 3F).

These results suggest that TX exerts a protective anti-
inflammatory effect by strictly down-regulating the up-
stream NF-«kB signaling axis, thereby regulating the down-
stream molecular pathways involved in cytokine produc-
tion, preserving tissue integrity and limiting inflammation-
associated damage.

3.4 Troxerutin Restored the Integrity of the Epithelial
Barrier of HCE Tissues

ZO-1 and Occludin are key proteins that play a cru-
cial role in preserving the protective function of the cornea
against oxidative stress and environmental damage [42].
Our results show that HCE tissue exposed to H,O,-induced
oxidative stress has a lower ZO-1 and Occludin expression,
revealing a significant impairment of epithelial barrier in-
tegrity compared to control (Fig. 4A,B for ZO-1; Fig. 4F,G
for Occludin). Treatment with TX at concentrations of 30
uM and 50 uM was able to significantly increase the expres-
sion levels of these tight junctions compared to the H,O,
group (Fig. 4C-E for ZO-1; Fig. 4H-J for Occludin), sug-
gesting a protective effect in restoring the integrity of the
epithelial barrier.

3.5 Troxerutin Modulated the Integrity of the Epithelial
Barrier of HCE Tissues

ICAM-1 and P-selectin expression was evaluated in
the HCE 3D model to assess the anti-inflammatory effect
of TX. Exposure to the inflammatory-oxidative stimulus as
H,0; resulted in a significant upregulation of both /CAM
and P-selectin immunopositivity (Fig. 5B,G, respectively)
compared with the untreated control group (Fig. 5A,F, re-
spectively), indicating activation of epithelial cells and in-
creased expression of adhesion molecules involved in in-
flammatory cell recruitment. Treatment with TX at both
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Fig. 4. Effect of troxerutin on ZO-1 and Occludin immunopositivity. H>O, treatment reduced the expression of ZO-1 and Occludin,

indicating impairment of epithelial barrier integrity, while TX treatment (30 and 50 uM) restored tight junction protein expression. (A,F)
CTR group. (B,G) H,O; Group. (C,H) H,0; + TX 30 uM Group. (D,I) H,0, + TX 50 uM Group. (E,J) The percentage of total tissue
area. Values are means + SEM. *** p <0.001 vs group CTR; # p < 0.05; ### p < 0.001 vs H,0O; group. One-way ANOVA test followed

by Bonferroni post hoc test for multiple comparisons was used. ZO-1, zona occludens-1. Scale bar: 20 pm.

concentrations significantly reduced the immunopositivity
of both markers in the HCE 3D model (Fig. 5C,D,H,I, re-
spectively for ICAM and P-selectin). These findings sug-
gest that TX attenuates the inflammatory response in the
HCE 3D model by modulating key adhesion molecules in-
volved in leukocyte recruitment and epithelial activation
(scores in Fig. SE,J, respectively for ICAM and P-selectin).

4. Discussion

Oxidative stress and inflammation are mechanisms
underlying corneal damage, causing inadequate tear pro-
duction, excessive evaporation, or an imbalance in tear
composition that damages the ocular surface. Several stud-
ies show that pathologies such as ocular surface injuries
and DED are characterized by the loss of redox home-
ostasis at both the tear film and conjunctival level, with a
marked production of LPO, MPO, or NOS3, and ROS mark-
ers [43]. In this context, nuclear factor erythroid 2-related
factor 2 (Nrf2) plays a crucial role as a primary signaling
hub regulating the expression of genes involved in antioxi-
dant defense and cellular detoxification. Under physiologi-
cal conditions, Nrf2 is strictly controlled, but severe oxida-
tive stress requires its activation and nuclear translocation
to induce cytoprotective enzymes and neutralize reactive
species on the ocular surface [44,45]. Notably, our anal-
ysis revealed a significant upregulation of this transcrip-
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tion factor in the TX-treated groups. This finding provides
a robust molecular rationale for the parallel increase ob-
served in key downstream cytoprotective enzymes, such as
heme oxygenase-1 (HO-1), manganese superoxide dismu-
tase (MnSOD), and catalase (CAT). Importantly, excessive
ROS accumulation not only directly damages corneal cells,
but also promotes the activation of inflammatory signaling
pathways, leading to the release of pro-inflammatory cy-
tokines and the recruitment of immune cells that further ex-
acerbate tissue injury [46,47]. Therefore, the loss of an-
tioxidant defense homeostasis seems to be a key factor in
the pathophysiology of these conditions, which also triggers
the activation of the inflammatory cascade in the tissues
of the ocular surface. In this context, our results indicated
the activation of the inflammatory cascade through the in-
creased expression of key pro-inflammatory cytokines, in-
cluding IL-8, IL-6, and IL-1f. Crucially, to elucidate the
upstream molecular orchestrators driving this inflamma-
tory response, we investigated the NF-kB signaling. The
nuclear factor kappa B (NF-xB) is a master transcription
factor that translocates to the nucleus to promote the tran-
scription of multiple pro-inflammatory genes [48]. In our
model, H,O, exposure triggered a marked upregulation of
NF-kB, which directly correlates with the massive release
of downstream cytokines, which was remarkably restored
back toward baseline conditions by TX treatment. These
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Fig. 5. Effect of troxerutin on JCAM and P-selectin immunopositivity. H,O, treatment increased /CAM-1 and P-selectin expression,

indicating epithelial inflammatory activation, while TX treatment (30 and 50 uM) significantly reduced the immunopositivity of both
markers. (A,F) CTR group. (B,G) H,O, Group. (C,H) H,O, + TX 30 uM Group. (D,I) H,O, + TX 50 uM Group. (E,J) The percentage
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by Bonferroni post hoc test for multiple comparisons was used. /CAM-1, intercellular adhesion molecule-1. Scale bar: 20 um.

mediators are known to play a central role in ocular surface
inflammation by amplifying leukocyte activation, promot-
ing the expression of adhesion molecules, and perpetuating
epithelial tissue damage. In particular, /L-8 and /L-1f are
strongly associated with oxidative stress-mediated inflam-
matory responses and are able to induce the upregulation
of ICAM-1 [49,50] and selectins on epithelial and endothe-
lial cells, thereby facilitating inflammatory cell adhesion
and infiltration. Moreover, IL-6 contributes to the main-
tenance of chronic inflammatory conditions and has been
implicated in the disruption of corneal epithelial homeosta-
sis [S51]. Therefore, the increased levels of these cytokines
observed in our model further support the existence of a
close interplay between oxidative stress and inflammatory
activation in corneal injury. Currently, several preventive
and therapeutic approaches using antioxidant compounds
have been evaluated in several studies [52]. Studies in
mouse models of DED have shown that topical application
of quercetin reduced the expression of inflammatory mark-
ers, including MMP-2, MMP-9, ICAM-1, and VCAM-1 in
the tear gland, protecting the ocular surface and improving
corneal integrity [53,54,55]. Similarly, green tea catechins
have also demonstrated antioxidant activity by effectively
preventing H,O,-mediated oxidation of human cataract y-
crystalline and by inhibiting different types of IL-1-induced
cytokines or hyperosmolarity in corneal epithelial cells in

vitro [56,57]. In line with this evidence, our results showed
that the antioxidant effect of TX was able to protect corneal
tissue from oxidative damage, reducing MMP-9 release and
moderating the disorganization of corneal tissue architec-
ture. The membrane proteins /CAM-1 and P-selectin may
play an important role in the cell-mediated immune re-
sponse and inflammation associated with corneal damage
[58]. Recently, ICAM-1 inhibition with specific antago-
nists and blocking both P-selectin and e-selectin represent
a promising approach in reducing intraocular inflammation
[59,60]. Consistent with the literature, our results show that
TX was able to reduce /CAM-1 and P-selectin-mediated im-
mune cell recruitment by promoting the reduction of the
inflammatory response induced by oxidative damage [61].
Importantly, persistent inflammatory activation and oxida-
tive stress are known to impair epithelial barrier integrity by
disrupting tight junction proteins, ultimately compromising
corneal permeability and tissue homeostasis [62]. Two im-
portant components of the corneal epithelium that regulate
its barrier function are Occludin and ZO-1 tight junctions
[63]. Some promising treatments for corneal damage have
demonstrated the ability to promote the reconstruction of
the corneal epithelial barrier following hyperosmotic stress
damage in HCE-2 cells [64]. In line with these findings, TX
was able to restore the integrity of the epithelial barrier of
corneal tissue through the overexpression of the tight junc-
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tions ZO-1 and Occludin, an effect that, added to the antiox-
idant and anti-inflammatory activity, supports its potential
use in the treatment of oxidative stress-related corneal dis-
orders.

5. Limitations and Future Perspectives

Although anti-inflammatory and barrier-protective ef-
fects of TX were observed, no direct functional assessment
of epithelial permeability was performed; this will be ad-
dressed in future studies through dedicated permeability as-
says to better characterize barrier integrity (e.g., transep-
ithelial electrical resistance [TEER] or fluorescein perme-
ability assays). In addition, the study was conducted exclu-
sively using the SkinEthic™ HCE 3D model, which repre-
sents an advanced and highly relevant in vitro system that
closely mimics the structure and physiology of the human
corneal epithelium, making it particularly suitable for oc-
ular surface investigations. Nevertheless, the absence of
in vivo validation limits the direct translational applicabil-
ity of the findings; therefore, future studies will include in
vivo experiments to validate the protective effects of TX un-
der physiological conditions. Overall, these additional ap-
proaches will help strengthen and extend the present find-
ings.

6. Conclusions

This study highlighted the antioxidant and anti-
inflammatory properties of TX and its ability to mitigate
oxidative damage, reduce inflammatory cell recruitment,
and restore the integrity of the corneal epithelial barrier af-
ter oxidative damage. Although further investigations are
needed to validate its efficacy and to optimize its applica-
tion in the treatment of oxidative stress-related corneal dis-
orders, these findings support the beneficial effect of TX as
an adjuvant in the management of such debilitating condi-
tions.
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