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Abstract: Dry eye is an ophthalmic disease with an intricate pathomechanism, and there are
no effective interventions or medications available. We investigated the effects of a peptide,
DFCPPGFNTK (DFC), screened from tilapia skin hydrolysate on dry eye and its underlying
mechanisms. In vitro, human corneal epithelial cells (HCECs) were challenged by 100 mM
NaCl in a hyperosmotic environment. DFC restored the cell viability of HCECs induced by
NaCl, reduced the transition of mitochondrial membrane potential, delayed the apoptosis
of damaged cells, reduced the production of reactive oxygen (ROS) and malondialdehyde
(MDA), increased the activities of superoxide dismutase (SOD) and catalase (CAT), and
increased the expression rate of Bcl-2/Bax. Compared to the model group, the protein
expression levels of COX-2 and iNOS were down-regulated, the mRNA expression of Tnf-α
and Il-6 were decreased, the protein expression levels of Nrf2 and HO-1 were increased, and
the levels of autophagy-related proteins p62 and LC3B were regulated. In vivo, the dry eye
model was developed by administering eye drops of 0.2% BAC to mice for 14 days. DFC
increased tear secretion, changed the morphology of tear fern crystals, prevented corneal
epithelial thinning, reduced the loss of conjunctival goblet cells (GCs), and inhibited the
apoptosis of mice corneal epithelial cells. In summary, DFC improved dry eye by inhibiting
oxidative stress, apoptosis, inflammation, and autophagy.

Keywords: dry eye disease; DFCPPGFNTK; oxidative; apoptosis; inflammation; autophagy

1. Introduction
Dry eye is a common ophthalmic disease that affects 5–50% of the world’s popula-

tion [1]. There are various causes of dry eye, which usually leads to symptoms such as
blurred vision, redness and itchiness, and, even worse, it has a certain impact on the psycho-
logical health of the patients, which seriously jeopardizes human life [2]. The pathogenesis
of dry eye has still not been fully elucidated, but the vicious cycle is a major feature of the
pathogenesis of dry eye, which is inextricably linked to the dynamic imbalance of the tear
film, the hypertonic environment of tears, inflammation, and apoptosis [3].

Currently, there are medications that work in various ways in the clinical treatment of
dry eye, such as artificial tears, cyclosporine, corticosteroids, etc. But long-term use of these
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medications has certain shortcomings, which can lead to other uncomfortable side effects
in patients [4]. The use of artificial tears provides only partial relief from the symptoms of
dry eye. Cyclosporine A may cause stinging and burning.

Natural products have demonstrated significant potential in the management of
dry eye syndrome [5]. Polyphenols possess the ability to mitigate oxidative stress and
inflammation. For instance, resveratrol has been shown to alleviate dry eye symptoms by
reducing both inflammation and oxidative damage to the ocular surface [6,7]. Quercetin,
a flavonoid compound, exhibits notable anti-inflammatory and antioxidant properties,
garnering considerable attention in the treatment of ocular surface disorders [8]. It has
been demonstrated that curcumin exerts a beneficial effect on dry eye syndrome through
its anti-inflammatory properties [9].

Bioactive peptides have a broad application prospect in the field of medicine due to
their high specificity for target tissues, low accumulation in organisms, and easy degrada-
tion in the environment [10]. In recent years, peptides have potentially contributed to the
improvement of ocular dysfunction. Cell Penetrating Peptides (CPPs) are considered to
have potential in ophthalmic delivery due to their specific structural domains [11]. Pigment
epithelium-derived factor (PEDF) has been reported to have an ameliorative effect on
dry eye [12,13]. Our group has previously demonstrated tilapia skin peptide (TSP) has
anti-dry-eye activity, a mixture of peptides enzymatically prepared from tilapia skin [14,15].
The peptide DFCPPGFNTK (DFC), characterized by the specific sequence Asp-Phe-Cys-
Pro-Pro-Gly-Phe-Asn-Thr-Lys, was identified from TSP in silico methods. Following virtual
screening analysis, DFC exhibited low toxicity and hypoallergenicity relative to other pep-
tides. As a peptide derived from natural products, DFC exhibits excellent biocompatibility,
making it a promising candidate for the treatment of ocular surface disorders, including
dry eye. Nevertheless, the specific activity validation and molecular mechanisms of the
DFC remain to be fully elucidated.

To further explore the anti-dry-eye mechanism of specific peptides in tilapia skin
hydrolysate, DFC was screened and its role in ameliorating dry eye further analyzed
in vivo and in vitro from multiple perspectives.

2. Materials and Methods
2.1. Reagents

Modified Eagle’s medium (MEM, 11095080), fetal bovine serum (FBS, 1907422), and
penicillin–streptomycin solution (2289325) were obtained from Gibco (Grand Island, NY,
USA). Methylthiazolyldip-henyl-tetrazolium bromide (MTT) was purchased from Shanghai
Yuanye Biotechnology Co., Ltd. (Shanghai, China). 2,7-dichlorodihydrofuorescein diacetate
(DCFH-DA, C2938) was taken from molecular probes (Carlsbad, CA, USA). SOD, MDA,
and CAT kit were purchased from Jiancheng Institute (Nanjing, China). Benzalkonium chlo-
ride (BAC, 63449-41-2) was bought from Sigma (St. Louis, MO, USA). Sodium Hyaluronate
(SH, H20150150) eye drops were obtained from URSAPHARM Arzneimittel GmbH (Saar-
brücken, Germany). Tear test phenol red cotton thread was obtained from Tianjin Jingming
New Technological Development Co., Ltd. (Tianjin, China). The terminal deoxynucleotidyl
transferase dUTP nick end labeling kit (TUNEL, E-CK-A321) was obtained from Elabscience
Biotechnology Co., Ltd. (Wuhan, China). Annexin V-FITC Apoptosis Assay Kit (C1062M),
JC-1, Periodic Acid-Schiff Staining Kit (PAS, C0142S), hematoxylin and eosin staining Kit
(H&E, C0105S), and BCA Protein Quantification Kit (P0012) were obtained from Beyotime
Biotechnology Co., Ltd. (Shanghai, China).

Anti-cyclooxygenase-2 (COX-2, 12282, 1:1000), the antinuclear factor E2-related factor
(Nrf2, 20733, 1:1000), SQSTM1/p62 (5114, 1:1000), and β-Actin (4970, 1:1000) antibodies
were obtained from Cell Signal Technology (Danvers, MA, USA). Anti-inducible nitric oxide
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synthase (iNOS, SC-7271, 1:1000) antibody, anti-B-cell lymphoma-2 (Bcl-2, SC-7382, 1:700),
and anti-Bcl-2-associated X (Bax, SC-7480, 1:700) antibodies were obtained from Santa Cruz
(Dallas, TX, USA). The antiheme oxygenase-1 (HO-1, ab68477, 1:1000) antibody was bought
from Abcam (Cambridge, UK). The LC3B (NB100-2220, 1:1000) antibody was bought from
Novus Biologicals (Centennial, CO, USA). Immobilon™ Western Chemiluminescent HRP
Substrate (WBKLS0100) and polyvinylidene fluoride (PVDF) membranes (IPVH00010)
were obtained from Millipore (Bedford, MA, USA).

2.2. Synthesis of Cytoprotective Peptides

The discovered peptides were synthetically produced utilizing the Fmoc solid-phase
process using 2-CL resin as the amino-acid-binding carrier, given by TGpeptide Biotech-
nology Co., Ltd. (Nanjing, China). The purity of DFC was determined to be 98.48% via
HPLC analysis.

2.3. Animals

C57BL/6 male mice (6–7 weeks old) were obtained from Guangdong Medical Labora-
tory Animal Center (Guangzhou, China). Animal experiments were conducted in strict
accordance with the requirements of the Animal Ethics Committee of Guangdong Ocean
University (approval number: 2022062101) and the Guidelines for the Management and
Use of Laboratory Animals of Guangdong Ocean University. Animals were acclimated
for a minimum of one week prior to the study and maintained under standard conditions,
including a 12 h light/12 h dark cycle, appropriate humidity, and controlled temperature in
a specific pathogen-free environment, with ad libitum access to food and water. Following
acclimation, mice were randomly allocated to experimental groups.

2.4. BAC-Induced Dry Eye Model and Treatment

Mice were randomly assigned to five groups: control, model, DFC treatment 1, DFC
treatment 2, and positive drug control, with 10 mice per group. A mice model of dry
eye was established by administering 0.2% BAC twice daily for 14 days [16]. During
the treatment phase, mice in the control and model groups received 5 µL of saline per
eye; mice in the DFC treatment 1 group received 5 µL of 0.01% DFC per eye; mice in the
DFC treatment 2 group received 5 µL of 0.05% DFC per eye; and mice in the positive
drug control group received 5 µL of a commercially available 0.1% SH eye drop solution
(preservative-free) per eye three times daily for 14 days.

2.5. Tear Production and Tear Ferning Test

The procedure began with the anesthetization of the mice. Subsequently, a phenol-
red-impregnated cotton thread was placed into the palpebral conjunctiva of the lower
eyelid for 30 s. The length of the cotton thread stained red was recorded and served as a
quantitative measure of tear secretion in the mice. For the tear ferning test, tear samples
from both eyes were collected and evenly spread onto glass slides. These samples were
left to air dry at room temperature for three hours. The resulting fern-like crystallization
patterns were examined microscopically and evaluated using a previously established
grading system [17].

2.6. H&E Staining of the Corneal Epithelium

The ocular specimens were fixed in 4% paraformaldehyde (PFA) dissolved in PBS
for 24 h. Following fixation, the tissues were embedded in paraffin and sectioned into
5 µm thick slices. Hematoxylin and eosin (H&E) staining was initially performed on these
sections to evaluate histological morphology. Corneal epithelial thickness was quantita-
tively assessed based on H&E-stained images. For each eye, three representative sections
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were analyzed, and central corneal thickness measurements were obtained using ImageJ
software version 1.8.0 (National Institutes of Health, Bethesda, MD, USA).

2.7. PAS Staining of Goblet Cells in the Conjunctiva

Paraffin sections were stained in accordance with the instructions provided with the
PAS kit and were utilized to ascertain the number of goblet cells in the conjunctiva. The
number of GCs in the whole conjunctiva from each eye in three sections was counted using
Image pro plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).

2.8. TUNEL Assay

The TUNEL assay was employed to assess apoptotic cell counts in the corneal epithe-
lium of mice, following the manufacturer’s protocol. In brief, paraffin-embedded tissue
sections were subjected to dewaxing and rehydration. Proteinase K (100 µL) was applied
to each section and incubated at 37 ◦C for 20 min. After washing with PBS, the sections
were treated with 100 µL of terminal deoxynucleotidyl transferase (TDT) equilibration
buffer and incubated for 20 min at 37 ◦C. Subsequently, the TDT equilibration buffer was
aspirated, and 50 µL of labeling working solution (prepared in a ratio of TDT equilibration
buffer/label solution/TDT enzyme = 7:2:1, v/v/v) was added, followed by incubation in
a dark chamber at 37 ◦C for 60 min. The sections were then rinsed three times with PBS.
Apoptotic cells in the corneal epithelium were visualized under a fluorescence microscope
(Leica, Wetzlar, Germany) after nuclear staining with DAPI (4,6-diamidino-2-phenylindole).
Representative fluorescence images of the central corneal epithelium were captured for
each section.

2.9. Cell Culture and Treatment

HCECs were purchased from Guangzhou Jennio Biotech Co., Ltd. (Guangzhou,
China). HCECs are normal human corneal epithelial cells isolated from dissected limbal
sections, the progenitor-rich region where the sclera and cornea join, and were subsequently
immortalized using SV40 T-transformed by the provider. The HCECs were cultured in
MEM medium supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin
solution in a humidified atmosphere of 5% CO2 at 37 ◦C. HCECs were inoculated into
96-well or 6-well plates and incubated for 24 h. The dry eye model in vitro was formed with
reference to our previous study; this involved the creation of a hypertonic environment
with the addition of 100 mM NaCl [15]. The cells were subsequently treated with DFC for
12 h, with or without 100 mM NaCl.

2.10. Cell Viability Assay

After treatment, the MTT assay was employed to assess the cell viability of HCECs.
The media was eliminated, and the cells were rinsed thrice with phosphate buffer solution
(PBS, pH 7.2). A total of 100 µL of MTT solution (0.5 mg/mL, prepared in PBS) was applied
to each well and incubated at 37 ◦C for 4 h. The supernatant from each well was discarded,
and 150 µL of dimethyl sulfoxide was introduced to each well to solubilize the formazan.
The data were acquired by measuring the absorbance at 490 nm using a microplate reader
(BioTek, Winooski, VT, USA).

2.11. Intracellular Reactive Oxygen (ROS) Analysis

ROS were determined according to the reagent company’s instructions. HCECs were
plated in 6-well culture plates and subjected to treatments with DFC and NaCl. After a 12 h
incubation, the medium was carefully aspirated, and 10 µM DCFH-DA was introduced
to each well. The plates were incubated at 37 ◦C for 30 min, followed by three washes
with PBS to remove excess dye. Fluorescent images were acquired using a fluorescence
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microscope (Leica, Wetzlar, Germany), and ROS mean fluorescence intensity was quantified
using ImageJ software.

2.12. Flow Cytometry Analysis of Apoptosis

After 12 h of exposure, cultures were collected and HCECs grown in 6-well plates
were harvested according to the kit instructions and centrifuged to discard the supernatant,
followed by centrifugation with a pre-cooled PBS wash. The cell pellet was resuspended
in 1 mL of 1× binding buffer and centrifuged, after which the cells were reconstituted in
100 µL of the same buffer. Subsequently, 5 µL of Annexin-V FITC and 5 µL of propidium
iodide (PI) were introduced into the cell suspension, followed by vigorous mixing and a
15 min incubation period at ambient temperature under light-protected conditions. Prior to
flow cytometric analysis, the sample volume was adjusted to 500 µL with PBS to facilitate
fluorescence detection. Apoptosis data were analyzed by FlowJo Version 10.4 software
(Beckman Coulter, Brea, CA, USA).

2.13. Mitochondrial Membrane Potential (MMP) Detection

After 12 h of exposure, HCECs were washed with PBS and incubated in MEM medium
containing 1 µL of JC-1 at 37 ◦C for 30 min. The fluorescence of HCECs was measured using
fluorescence microscopy. Under high MMP conditions, red fluorescence was produced.
Under low MMP, it emitted green fluorescence. The fluorescence emission changed from
red to green, indicating MMP reversal.

2.14. Detection of SOD, MDA, and CAT

Collected HCECs and tissue samples were lysed by sonication and then the super-
natant was gathered by centrifugation. SOD, CAT activities, and MDA levels were mea-
sured following the manufacturer’s protocols.

2.15. RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from HCECs by using Trizol reductant. cDNA was synthe-
sized by preparing a reverse transcription system according to the Promega M-MLVRT
instructions. The reaction system for fluorescence quantitative PCR was configured for
qRT-PCR using ABI QuantStudio 6 Flex (Invitrogen, Carlsbad, CA, USA), referring to the
SYBRR Premix Ex TaqTM instructions.

The relative expression of genes was calculated by the 2−∆∆CT method using Gapdh
as an internal control. The following primers were used in qRT-PCR assays:

Gapdh, F: 5′-TGCACCACCAACTGCTTAGC-3′ and R: 5′-GGCATGGACTGTGGTCATGA-
3′. Tnf-α, F: 5′-GGCGTGGAGCTGAGAGATA-3′ and R: 5′-CAGCCTTGGCCCTTGAAGA-3′.
Il-6, F: 5′-CAGCCACTCACCTCTTCAGAA-3′ and R: 5′-TGCCTCTTTGCTGCTTTCACA-3′.

2.16. Western Blot Analysis

Proteins from HCECs were extracted using a lysis buffer composed of RIPA buffer
supplemented with protease and phosphatase inhibitors at a ratio of 100:1:1 (v/v/v). Protein
concentrations were determined using a BCA protein quantification kit according to the
manufacturer’s protocol. The extracted proteins were separated via SDS-polyacrylamide
gel electrophoresis and subsequently transferred onto PVDF membranes. The membranes
were blocked with 5% non-fat milk dissolved in TTBS (m/v) for 2 h at room temperature,
followed by incubation with primary antibodies overnight at 4 ◦C. After thorough washing
with TTBS, the membranes were treated with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Visualization of the target protein bands was
achieved using the Immobilon™ Western Chemiluminescent HRP Substrate. Blot images
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were captured using the ChemiDoc™ XRS+ system (Bio-Rad, Hercules, CA, USA), and the
expression levels of the target proteins were quantified with ImageJ software (NIH, USA).

2.17. Statistical Analysis

Data were analyzed by using Graphpad Prism 8.0. Values are stated as the
mean ± SEM. One-way ANOVA followed by the Tukey test was used to assess differ-
ences between more than three groups. The differences were recognized as significant at
p < 0.05.

3. Results
3.1. DFC Enhanced Tear Secretion and Reduced Tear Ferning Scale in Mice

On the first day after the completion of the experimental period, the effect of DFC on
tear secretion in BAC-induced dry eye mice was tested by phenol cotton thread test. The
data showed that the length of cotton thread turning red in the DED group was significantly
shorter than that in the control group (p < 0.01). The tear secretion of the positive drug SH
intervention group was significantly higher than that of the DED group (p < 0.01). After
treatment with different concentrations of DFC, the Schirmer secretion was significantly
increased compared with the DED group (p < 0.01) (Figure 1D).

Figure 1. DFC improved the tear secretion function of mice and affected the crystal morphology of
lachryllipa. (A) Illustration of the experimental procedure. (B) Microscopic image of BAC-induced
tear fern crystals in DED mice (scale bar = 50 µm). (C) Tear fern lens rating results from BAC-induced
DED mice (n = 10). (D) Length of redness of phenolic cotton thread (n = 12). Data are shown as mean
± SEM. ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. DED group.
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The next day, tears were extracted from the mice and spread on glass slides to observe
the fern crystal morphology (Figure 1B). In the control group, the tear fern crystal shape
of mice was intact. The tear fern crystals in the DED group were fragmented. After
intervention with DFC and SH, the shape of tear fern crystals was significantly restored.
The morphology of the tear fern crystals was scored according to the scoring guidelines.
The data showed that BAC significantly increased the grading of lachrymofern crystals in
the DED group compared with the control group (p < 0.01). After intervention with DFC
and SH, the grading of tear fern crystals was significantly reduced compared with the DED
group (p < 0.05, p < 0.01).

3.2. DFC Prevented the Corneal Epithelial Cell Layers from Thinning

The ocular surface tissues of the mice were stained with H&E (Figure 2A). The corneal
thickness of the mice was measured by Image J, and the results showed that the thickness of
the corneal epithelial cell layer in the DED group was significantly reduced compared with
the control group (p < 0.01). After DFC and SH intervention, the thickness of the corneal
epithelial cell layer was significantly increased compared with the DED group (p < 0.01)
(Figure 2B).

 
Figure 2. Effect of DFC on corneal thickness in DED mice. (A) Representative images of corneal
H&E staining of each group of mice (scale bar = 50 µm); (B) statistical results of corneal epithelial cell
thickness in each group of mice (n = 5). Data are shown as mean ± SEM. ## p < 0.01 vs. control group;
** p < 0.01 vs. DED group.

3.3. DFC Arrested the Loss of GCs in BAC-Induced DED Mice

The ocular surface tissues of the mice were stained with PAS (Figure 3A). The number
of GCs in the conjunctival tissue of the DED group was significantly less than that of the
control group (p < 0.01) using Image Pro Plus software. After DFC and SH intervention,
the number of GCs was significantly increased compared with the DED group (p < 0.05)
(Figure 3B).

3.4. Effects of DFC on Corneal Epithelial Cell Apoptosis in BAC-Induced DED Mice

TUNEL staining was performed on mice corneal tissues to detect the effect of DFC on
BAC-induced corneal epithelial cell apoptosis in DED mice. Compared with the control
group, the number of TUNEL-labeled cells (apoptotic cells) in the corneal epithelium of
the DED group was significantly increased (p < 0.01). Compared with the DED group, the
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number of TUNEL-positive cells in mice corneal epithelium was significantly reduced after
DFC and SH intervention (p < 0.01) (Figure 4A,B).

 
Figure 3. Effect of DFC on GCs in DED mice. (A) Representative images of PAS staining in conjunctiva
of mice in each group (scale bar = 50 µm); (B) statistical results of GCs number in each group of mice
(n = 3). Data are shown as mean ± SEM. ## p < 0.01 vs. control group; * p < 0.05 vs. DED group.

3.5. DFC Enhanced the Cell Viability of HCECs Challenged by NaCl

To verify the anti-dry-eye activity of DFC, DFC was synthesized and the sequence
information of the synthesized DFC was checked by LC/MS/MS. The results showed that
the structural information of the synthesized DFC was correct (Figure S1). The amino
acid sequences of the DFC were converted to SMILES format files using the PepSMI
(Predicting Protein E (novoprolabs.com, accessed on 15 April 2025)) tool. The SMILES file
was uploaded to SwisSTargetPrediction website (http://www.swisstargetprediction.ch,
accessed on 15 April 2025) to create the molecular structural formula of DFC (Figure 5A).
Compared with the control group, DFC (1, 2.5, 5, 10, 25, and 50 µg/mL, respectively,
12 h) showed no significant cytotoxicity to HCECs, while DFC (100 µg/mL, 12 h) showed
significant cytotoxicity to HCECs (p < 0.01) (Figure 5B). The cell viability of the model
group was only 60.40% of that of the control group, while the cell viability of the DFC (2.5,
5, and 10 µg/mL) treatment groups was significantly higher than that of the model group
(p < 0.01) (Figure 5C). These results indicate that DFC has a good cytoprotective effect
on HCECs induced by NaCl. A significant ameliorative effect on NaCl-induced HCECs
viability was observed with DFC at a low concentration of 2.5 µg/mL. Consequently, this
concentration was selected for subsequent in vitro experiments.

3.6. DFC Inhibited NaCl-Induced Oxidative Stress in HCECs

We examined the ability of DFC to resist oxidative stress. The level of ROS production
in HCECs was measured by DCFH-DA staining (Figure 6A). The average intensity of ROS
in the model group was significantly increased. The mean intensity of ROS was significantly
reduced after DFC intervention (Figure 6B). We also examined the changes in the levels of
two of the most important intracellular antioxidant enzymes, SOD and CAT, and MDA, an
important indicator of the oxidative system. The results showed that the intracellular MDA
content was increased (p < 0.05) and the activities of SOD (p < 0.01) and CAT (p < 0.05)
were inhibited by NaCl stimulation. DFC treatment significantly reduced MDA production
(p < 0.05) and increased SOD and CAT enzyme activities (Figure 6C–E).

http://www.swisstargetprediction.ch
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Figure 4. DFC inhibited BAC-induced apoptosis in corneal epithelial cells of DED mice. (A) Rep-
resentative images of TUNEL staining in each group and the white arrows point to the apoptotic
corneal epithelial cells in the image (scale bar = 50 µm). (B) Results of TUNEL-positive cell count
in the cornea (n = 3). Data are shown as mean ± SEM. ## p < 0.01 vs. control group; ** p < 0.01 vs.
DED group.

3.7. DFC Inhibited HCECs Apoptosis Challenged by NaCl

In the present study, we analyzed the effect of DFC on HCECs’ apoptosis using
Annexin-V FITC/PI staining and Western blot. The results of Annexin-V FITC/PI staining
showed that, compared with the control group, the apoptosis rate of HCECs in the model
group was significantly increased (p < 0.01). Compared with the model group, the apoptosis
rate of HCECs treated with DFC was significantly decreased (p < 0.01) (Figure 7A,B).
The expression levels of Bax and Bcl-2 in HCECs were determined by Western blotting
(Figure 7C). Compared with the control group, the ratio of Bcl-2/Bax expression level in
the model group was significantly decreased (p < 0.01). DFC treatment increased the ratio
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of Bcl-2/Bax expression levels (p < 0.05) induced by NaCl in HCECs compared with the
model group (Figure 7D).

Figure 5. Anti-dry-eye activity of DFC in vitro. (A) Molecular structural formula of DFC. (B) Cytotox-
icity of different concentrations of DFC on HCECs. (C) Effects of different concentrations of DFC on
NaCl-induced cell viability of HCECs. Data are shown as mean ± SEM (n = 4); ## p < 0.01 vs. control
group; ** p < 0.01 vs. model group.

3.8. DFC Restored NaCl-Induced Changes in Membrane Potential of HCECs

We observed changes in mitochondrial membrane potential in HCECs, and the de-
crease in mitochondrial membrane potential is also a hallmark of early apoptosis, as
indicated by the transition of JC-1 from red to green fluorescence. JC-1 staining results
showed that the fluorescence emission gradually changed from red to green after NaCl stim-
ulation. The fluorescence color transition was significantly reduced after DFC treatment
(Figure 8A,B).
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Figure 6. Ability of DFC to resist oxidative stress in response to NaCl stimulation. (A) DCFH-DA
probe fluorescence microscopy was used to detect ROS production in each group (scale bar = 100 µm).
(B) Fluorescence intensity quantification in each group (n = 3). (C–E) The levels of oxidative
stress factors SOD (C), MDA (D), and CAT (E) were measured in HCECs (n = 3). Data are shown
as mean ± SEM; # p < 0.05, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. model group.

3.9. DFC Ameliorated NaCl-Induced Inflammation in HCECs

We evaluated the effect of DFC on the mRNA expression of inflammation-related
factors Tnf-α and Il-6. The mRNA expressions of Tnf-α and Il-6 in the model group were
significantly higher than those in the control group (p < 0.01). After DFC treatment, the
mRNA expressions of Tnf-α (p < 0.05) and Il-6 (p < 0.01) were significantly inhibited
(Figure 9A,B). Next, we examined the protein expression levels of COX-2 and iNOS in
HCECs by Western blot. Compared with the control group, the expression levels of COX-2
(p < 0.05) and iNOS (p < 0.01) in the model group were significantly increased. After DFC
treatment, the expression levels of COX-2 and iNOS were significantly decreased (p < 0.05)
compared with the model group (Figure 9C–E).

3.10. DFC Modulated the Level of Autophagy in HCECs

We observed that the conversion of LC3B I protein to the activated form LC3B II was
significantly increased in HCECs after NaCl induction (p < 0.01). However, after DFC
intervention, their expression levels were significantly decreased (p < 0.05). Interestingly,
the expression level of p62 protein, also known as SQSTM 1, was decreased by NaCl
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induction (p < 0.01) and up-regulated by the addition of DFC intervention (p < 0.05)
(Figure 10A–C). These results indicated that NaCl stimulation activates autophagy in
HCECs and autophagic flux is enhanced by hypertonicity. DFC regulated the autophagy
level of HCECs induced by NaCl.

 
Figure 7. Effect of DFC on NaCl-induced apoptosis of HCECs. (A) The apoptosis rate was detected
by Annexin-V FITC/PI staining. (B) Statistical plot of apoptosis rate was calculated according to
UR+LR quadrant (n = 3). (C,D) The protein expression of Bcl-2 and Bax was analyzed by Western
blot assay (n = 3). Data are shown as mean ± SEM, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01
vs. model group.

3.11. DFC Activated the Nrf2/HO-1 Signaling Pathway in NaCl-Induced HCECs

Western blot showed that the expression levels of Nrf2 and HO-1 proteins in the model
group were significantly down-regulated (p < 0.01). After DFC treatment, the expression
levels of Nrf2 and HO-1 proteins in HCECs were significantly up-regulated compared with
the model group (p < 0.05) (Figure 11A–C).
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Figure 8. Effect of DFC on mitochondrial membrane potential. (A) Fluorescence image of the effect of
DFC on NaCl-induced mitochondrial permeability changes in HCECs (scale bar = 100 µm). (B) ImageJ
fluorescence intensity analysis showing the mean fluorescence intensity of the green/red ratio of JC-1
(n = 5). Data are shown as mean ± SEM. ## p < 0.01 vs. control group; ** p < 0.01 vs. model group.

Figure 9. DFC suppressed the inflammatory response in an in vitro dry eye model. The mRNA levels
of (A) Tnf-α and (B) Il-6 were assessed by quantitative real-time PCR analysis (n = 3). (C) The protein
expression levels of COX-2 and iNOS were detected by Western blot. (D) Quantification of COX-2
protein expression (n = 4). (E) Quantification of iNOS protein expression (n = 4). Data are shown as
mean ± SEM. # p < 0.05, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. model group.
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Figure 10. DFC regulated the autophagy level of HCECs induced by NaCl. (A) Western blot was used
to detect the expression levels of p62 and LC3B proteins. (B) Quantification of p62 protein expression
(n = 5). (C) Quantification of LC3B II/I protein expression (n = 4). Data are shown as mean ± SEM.
## p < 0.01 vs. control group; * p < 0.05 vs. model group.

 

Figure 11. Effects of DFC activated the Nrf2/HO-1 signaling pathway in HCECs induced by NaCl.
(A) Nrf2 and HO-1 protein expression levels were detected by Western blot. (B) Quantification of
Nrf2 protein expression (n = 4). (C) Quantification of HO-1 protein expression (n = 4). Data are shown
as mean ± SEM. ## p < 0.01 vs. control group; * p < 0.05 vs. model group.

4. Discussion
As a prevalent ophthalmic disease, the pathogenesis of dry eye is intricate and com-

plex, centering on the reduction in tear secretion, loss of tear film stability, and persistent
inflammatory response of the ocular surface [18,19]. With the aging of the population,
the popularity of electronic products, and the complexity of environmental factors, the
incidence of dry eye has shown a significant increase [20]. Nevertheless, it is not possible
for any treatment to provide a complete cure for dry eyes. In recent years, peptides have
shown a broad application prospect in the treatment of various diseases due to their unique
biological activity and low toxicity [21–23]. In a previous study by our group, we found
that tilapia skin hydrolysate had ameliorative effects on dry eyes. However, it contains
a variety of active peptides, and the specific peptides that can exert anti-dry-eye effects
are not known. In the present study, we investigated the potential role and mechanism of
DFC peptide to improve dry eye, and DFC showed favorable effects in vitro and in vivo.
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In vitro, NaCl stimulated HCECs, leading to reduced cell viability, and altered mitochon-
drial membrane potentials. In vivo, BAC caused mice to develop a number of adverse
effects, including decreased tear production, altered tear fern crystal morphology, thinning
of the corneal epithelial layer, decreased number of conjunctival goblet cells, and apop-
tosis of corneal epithelial cells. After the DFC intervention, all of the above symptoms
improved significantly.

Multiple studies have demonstrated the role of oxidative stress in the pathogenesis of
dry eye disease [24–26]. The ocular surface is particularly susceptible to oxidative stress
due to its direct exposure to environmental factors. Prolonged contact with ultraviolet
(UV) light, air pollutants, and fluctuations in humidity can trigger excessive production
of reactive oxygen species (ROS), then induces oxidative stress [24,27]. Oxidative stress
occurs when the levels of ROS exceed the antioxidant capacity of corneal epithelial cells
due to an imbalance between ROS formed by metabolic reactions and antioxidant defense
mechanisms [28]. This contributes to a decline in lacrimal gland function and a decrease
in tear secretion [29]. MDA is an endogenous product of lipid peroxidation and is known
to react with deoxyribonucleosides to produce a variety of adducts and to damage DNA.
In order to protect against the potentially destructive effects of ROS, cells are endowed
with a variety of antioxidant enzymes such as superoxide dismutase and catalase, among
others [30]. In this study, HCECs stimulated with NaCl showed a significant increase in
ROS levels, a decrease in the enzymatic activities of SOD and CAT, and an increase in
MDA levels. All oxidative-stress-related indexes improved after DFC intervention, which
suggests that DFC can alleviate dry eye by regulating the level of oxidative stress.

Inflammatory response is regarded as the central pathologic mechanism of dry eye [31].
Past studies have confirmed that tear osmolarity is often elevated due to insufficient tear se-
cretion, and hypertonic tears stimulate the release of proinflammatory factors, chemokines,
and matrix metalloproteinases (MMPs) from ocular surface epithelial cells, activating
schizophrenia-activated protein kinase, nuclear factor κ B, and other signaling pathways,
which in turn triggers or exacerbates inflammatory responses [32]. Many studies have
shown that MMPs cleave tight junction proteins, occludin, and occludin bandlet-1, leading
to corneal epithelial cell detachment [33]. This may be related to the thinning of the corneal
epithelial cell layer that we observed in DED mice. The conjunctiva is a fundamental
component of the ocular surface. It helps ensure the continued clarification and survival
of ocular cells and stroma. Chronic inflammation can lead to conjunctival disease, an im-
portant feature of which is loss of conjunctival goblet cells [34]. Inflammation exacerbates
the decrease in goblet cells, leading to a lack of mucin in the tear fluid. In addition, tear
osmolarity increases with mucin deficiency [35]. Tear hyperosmolality in turn promotes the
development of ocular surface inflammation and apoptosis, exacerbating corneal epithelial
damage and trapping DED in a vicious cycle [36]. Chronic inflammation can also lead
to increased COX-2 and iNOS expression [37,38]. In the present study, COX-2 and iNOS
protein expression was up-regulated and mRNA expression of Tnf-α and Il-6 was increased
in HCECs by NaCl stimulation. Stimulation of BAC resulted in altered tear fern crystal
morphology, decreased corneal epithelial thickness, and decreased conjunctival goblet cells
in mice. The above evidence suggests that inflammation is inextricably linked to dry eye.
After DFC intervention, all the symptoms related to the above inflammatory responses
were significantly alleviated, so it can be assumed that DFC can improve dry eye through
its anti-inflammatory effect.

The inflammatory response promotes apoptosis of corneal epithelial cells through
inflammatory signaling, and apoptosis is also particularly important in the pathomecha-
nism of dry eye [18]. Tear film stability plays an important role in maintaining the health
of the ocular surface and, when there are abnormalities in tear production or changes
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in osmolality, the tear film’s homeostasis is imbalanced, which leads to apoptosis of the
corneal epithelium and a decrease in conjunctival goblet cells [39]. Cells maintain a normal
mitochondrial membrane potential on both sides of the inner membrane during normal
energy metabolism, whereas mitochondrial dysfunction or a state of early apoptosis can
lead to a decrease in mitochondrial membrane potential [40]. Among the major apop-
totic signals associated with programed cell death are the up-regulation of Bax and the
down-regulation of Bcl-2, which induce cell death, and the modulation of the relative
expression of Bcl-2/Bax can regulate apoptosis [41]. In the present study, NaCl stimulation
increased the apoptotic rate of HCECs, decreased the mitochondrial membrane potential,
and decreased the Bcl-2/Bax ratio. Dry eye mice induced by BAC affected the thickness
of the corneal epithelial layer due to corneal epithelial cell detachment and also resulted
in a decrease in conjunctival goblet cells. After DFC intervention, all the indexes were
ameliorated. Therefore, DFC can improve dry eye by inhibiting apoptosis.

Autophagy is an evolutionarily conserved cellular process that recycles damaged pro-
teins, organelles, and other intracellular materials by delivering them to double-membrane
vesicles for lysosomal degradation [42,43]. Autophagy and oxidative stress can regulate
each other. Autophagy inhibits the accumulation of ROS by removing damaged mitochon-
dria, whereas oxidative stress occurs when large amounts of ROS are produced, thereby
inversely regulating autophagy levels [44,45]. Autophagy is in turn linked to ocular surface
inflammation. Autophagy may inhibit the inflammatory response by removing accumu-
lated proteins and maintaining mitochondrial homeostasis, but inadequate autophagy
may exacerbate the inflammatory process by decreasing cellular viability and the abil-
ity to rapidly eliminate misfolded proteins from the cell [46,47]. LC 3B-II/LC 3B-I is a
marker of autophagy. In cells, the cytosolic form of LC 3 (LC3B I) is affixed to phos-
phatidylethanolamine to form the LC 3-phosphatidylethanolamine affix (LC3B II), which
is recruited to the autophagosome membrane. p62 (also known as SQSTM 1) is a selec-
tive autophagy receptor and is the most important cargo protein for selective autophagy.
This protein serves as a bridge between LC3B and degradation of targeted ubiquitinated
substrates. Ubiquitinated proteins that bind p62 enter the autophagosome, where they
eventually fuse with lysosomes to form autophagic lysosomes for clearance [48]. When the
autophagic stream is activated, the level of p62 decreases. In this study, HCECs were stimu-
lated by NaCl, the level of p62 expression was significantly reduced, and the expression
of LC3B II/I was up-regulated. The expression levels of the above proteins were changed
after DFC intervention. This suggests that DFC may regulate the level of autophagy in
order to participate in the regulation of dry eye development, but the exact underlying
mechanism remains to be fully elucidated.

Nrf2/HO-1 is an important pathway that regulates intracellular oxidative stress,
inflammation, and apoptosis [49,50]. Nrf2 is an important transcriptional regulator of
several protective antioxidant enzymes. When cells are exposed to oxidative stress, Nrf2
translocates to the nucleus and binds to the antioxidant response element (ARE) region,
initiating the subsequent transcription of several antioxidant enzymes, including HO-
1 [51,52]. Here, we found that DFC treatment significantly increases the protein expression
levels of Nrf2 and HO-1. The presented evidence indicates that DFC may enhance the
management of dry eye by regulating the Nrf2/HO-1 signaling pathway.

5. Conclusions
In summary, the present study demonstrated that DFC can improve dry eye in in vitro

and in vivo models. DFC ameliorated the signs of dry eye by inhibiting apoptosis, inflam-
mation, oxidative stress, and modulating the level of autophagy (Figure 12). The findings
of this study offer new insights into the prevention and treatment of dry eye, expand the
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potential for the comprehensive utilization of aquatic waste, and confirm the novel active
peptide DFC as a promising avenue for dry eye treatment.

 

Figure 12. Schematic representation of the mechanisms involved in the improvement of dry eye
with DFC.
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