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Dry eye syndrome (DES) is a multifactorial ocular surface disease and represents
one of the most prevalent ophthalmic disorders. Insulin is an important
metabolism-regulating hormone and a potential antioxidant with critical
biological roles as anti-inflammatory and anti-apoptotic. However, its
mechanism of action remains unknown. In this study, we used network
pharmacology techniques and conducted cell experiments to investigate the
protective effect of insulin on human corneal epithelial cells (HCECs). Eighty-
seven common targets of insulin and DES were identified from the database.
KEGG pathway enrichment analysis suggested that insulin may be crucial in
regulating the toll-like receptor (TLR) signaling pathway by targeting key targets
such as IL-6 and TNF. In cell experiments, insulin promoted HCECs proliferation,
improved their ability to migrate, and inhibited apoptosis. Western blot and
enzyme-linked immunosorbent assay (ELISA) also confirmed the upregulation
of the expression of inflammatory factors such as IL-1β, IL-6, and proteins related
to the TLR4/NF-κB signaling pathway. However, the expression of these proteins
was inhibited by insulin administration. Our results preliminarily verified insulin
may exert a protective role on HCECs under hyperosmotic condition, which
offered a novel perspective for the clinical management of this condition.
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1 Introduction

Dry Eye Syndrome (DES) is a prevalent ocular surface disease that affects millions of
individuals annually and has a serious impact on the lives, studies, and work of many people
(Chen et al., 2021). An increasing body of research indicates that inflammation plays a
crucial role in the pathogenesis of DES, and it has been demonstrated to be triggered by
hyperosmolarity of the tear film (Jin et al., 2020). The immunomodulatory mechanism of
the ocular surface of DES patients is disordered, and numerous studies have shown the
pivotal role of toll-like receptors (TLRs) and their signaling system in the inflammatory
response of DES (Kiripolsky et al., 2020). Moreover, upregulation of this signaling pathway
induces and exacerbates inflammation (Sahoo, 2020).
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Artificial tears are the preferred clinical treatment for DES
(Moshirfar et al., 2014; Sheppard et al., 2023), but it should be
noted that if artificial tears contain preservative ingredients, in the
case of frequent use, the patient’s ocular surface reaction is too large,
it must be discontinued in a timely manner, and the use of artificial
tears in patients with moderate-to-severe dry eye is not obvious.

Insulin is a biologically active polypeptide with a proven role as a
protein hormone that promotes the synthesis of glycogen, lipids and
proteins. In addition, it stimulates the migration of human epidermal
cells, and topical insulin application has previously been shown to
benefit the healing of ulcers and burns (Yang et al., 2020). Insulin also
inhibits the production of reactive oxygen species by neuronal
mitochondria in normal rats and attenuates oxidative stress injury in
septic rats (Chen et al., 2014). It has also been noted that insulin
normalizes mitochondrial morphology, protein synthesis and function
in hepatocytes of patients with hyperglycemia (Vanhorebeek
et al., 2005).

In recent years, a large number of experiments have confirmed
that insulin also has anti-inflammatory and anti-apoptotic
important biological significance (Conart et al., 2020; Ferreira
et al., 2020; Liao et al., 2022; Pan et al., 2023). It can effectively
inhibit the production of pro-inflammatory cytokines, inhibit the
activation of NLRP3 inflammasome, and ultimately inhibit
apoptosis (Chang et al., 2021). A study has demonstrated topical
use of insulin has an effect on DES in diabetic rats (Cruz-Cazarim
et al., 2019). However, the mechanism of action of insulin on DES is
not clear.

Network pharmacology is an interdisciplinary field investigating
drug action mechanisms and guiding clinical development. It
encompasses various disciplines such as pharmacology, systems
biology, bioinformatics, network science, and related fields (An
et al., 2022). It aims to investigate the intricate balance within
biological networks (Shang et al., 2023). It can be used to analyze
the effects of drugs on the human body at a systematic level, which
helps us to find the targets of drug action and improve the efficacy of
drugs (Kong et al., 2021). In this study, we created an in vitromodel
of cellular hyperosmolarity to mimic the ocular environment of
patients with DES, used network pharmacology to analyze the
possible targets and molecular mechanisms of the action of
insulin on DES, and verified the protective effect of insulin into
this cellular model.

2 Materials and methods

2.1 Analysis based on network
pharmacology

2.1.1 Gene collection of DES
In GeneCards (https://www.genecards.org/, accessed on 15 July

2023) and CTD (https://ctdbase.org/, accessed on 15 July 2023)
databases, we searched for genes related to DES by typing in “dry eye
syndrome,” sorted and screened the acquired target genes, and
deleted the duplicate sequences.

2.1.2 Prediction of potential insulin targets
The SMILE structure of insulin was retrieved from the PubChem

database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 18 July

2023) and entered into the SEA database (https://sea.bkslab.org/,
accessed on 18 July 2023) after searching the GeneCards database
(https://www.genecards.org/, accessed on 18 July 2023) with insulin
as the keyword, we organized and screened the acquired targets,
deleting any duplicate sequences.

2.1.3 Insulin-DES common targets screening and
construction of the insulin-target-DES
network diagram

We employed a Venn diagram (https://bioinfogp.cnb.csic.es/
tools/venny/, accessed on 20 July 2023) to represent the overlapping
targets of insulin and DES visually. Subsequently, we constructed a
network diagram illustrating the interactions between insulin,
targets, and DES using Cytoscape software (version 3.9.1, https://
cytoscape.org/, accessed on 20 July 2023).

2.1.4 PPI network construction
We utilized the STRING (version 12.0, https://www.string-

db.org/, accessed on 23 July 2023) to construct the PPI network
by submitting common targets in the multi-protein module,
downloading the TSV format file, and importing it into
Cytoscape software (version 3.9.1, https://cytoscape.org/,
accessed on 23 July 2023) for common target PPI network
visualization.

2.1.5 GO functional annotation and KEGG pathway
enrichment analysis

We performed GO functional annotation and KEGG pathway
enrichment analysis of potential targets of insulin for DES using the
Microbiotics platform (https://www.bioinformatics.com.cn/,
accessed on 23 July 2023). GO functional annotation annotated
gene function through three modules, BP, MF, and CC, we created
bar graphs to depict the results of GO functional annotation, and
bubble plots to show the results of KEGG pathway enrichment
analysis. Additionally, we also created chord diagrams to visualize
enrichment pathways and targets.

2.2 Experimental verification

2.2.1 Cell lines and treatments
The immortalized human corneal epithelial cells (HCECs)

were purchased from Bei Na Cell Bank (Beijing, China) and
authenticated by STR. HCECs were cultured in DMEM (Gibco,
California, United States) with 10% FBS (Gibco, California,
United States), incubated at 37°C in a 5% CO2 incubator, and
passaged routinely with 0.25% trypsin (Gibco, California,
United States) at 80%–90% confluence. HCECs were divided
into four groups (control, hyperosmolarity, hyperosmolarity-
insulin co-culture, and insulin-alone groups). The control
group was treated with a complete medium, while the
hyperosmolarity group was exposed to a medium with a
hyperosmolarity of 500 mOsM. The hyperosmolarity and
insulin co-culture group was first treated with insulin at a
concentration of 200 μg/mL and then exposed to a medium
with a hyperosmolarity of 500 mOsM. Finally, the insulin-
alone group was treated only with insulin at a concentration
of 200 μg/mL. The detection indexes were as follows.
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2.2.2 Cell viability assay
The viability of HCECs was assessed using the cell counting kit-8

(CCK-8) assay kit (NCM, Suzhou, China, cat. no. C6005). HCECs
were seeded in 96-well plates at a density of 1 × 104 cells per well and
incubated overnight. After that, HCECs were cocultured with
different concentrations of NaCl (Sigma-Aldrich, St. Louis,
Missouri, United States), including 0, 50, 70, 90, and 120 mM
(the corresponding osmotic pressures being 312, 400, 450, 500,
and 550 mOsM), or insulin (Sigma-Aldrich, St. Louis, Missouri,
United States) at 10–500 μg/mL. Subsequently, the cells were
incubated with a 10% CCK-8 kit for 2 h, and the absorption
(OD value) was read at 450 nm.

2.2.3 Cell cycle assay
The distribution of the cells in the different phases was

measured using flow cytometry. Each group of cells was
washed twice with PBS, and centrifuged at 8,000 rpm for
5 min, The cells were then fixed in pre-cooled 70% ethanol
at −20°C overnight. The next day, the fixed cells were washed
with PBS and incubated with 400 μL of PI/RNase (Beyotime,
Shanghai, China) staining buffer for 15 min at room temperature.
The analysis was conducted using flow cytometry
(ThermoFisher, Massachusetts, United States). Cell cycle
distribution rate was calculated using ImageJ software (version
v1.8.0; National Institutes of Health).

2.2.4 Scratch assay
HCECs were seeded in 6-well plates at a density of 1 × 106cells

per well and cultured for 24 h, the cells were scratched with a 200 µL
pipette tip. Then, cells were washed three times with PBS to remove
detached cells. Subsequently, images were acquired at 0, 24, and 48 h
using an inverted microscope (Leica, Wetzler in Hesse, Germany).
Wound healing rate was calculated using ImageJ software (version
v1.8.0; National Institutes of Health).

2.2.5 Transwell migration assay
The cell migration assay was performed using a 24-well

transwell chamber. HCECs were seeded at a density of 3 ×
104 cells per well into the upper chamber (pore size, 8 μm),
and the lower chamber was treated with different drugs,
incubated at 37°C for 12–24 h, Then, cells on the upper
chamber were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet solution. After that, migration cells
were observed using an inverted microscopy (Leica, Wetzler
in Hesse, Germany). Migration cells number was calculated
using ImageJ software (version v1.8.0; National Institutes
of Health).

2.2.6 Detection of reactive oxygen species (ROS)
in cells

We used the dichloro-dihydro fluorescein diacetate (DCFH-
DA) assay (Beyotime, Shanghai, China, cat. no. S0033S) to measure
ROS levels in HCECs. HCECs were seeded in 6-well plates at a
density of 5 × 105 per well and cultured overnight. After that, cells
were incubated for 20 min with 10 μM DCFH-DA dissolved in
DMEM without FBS at 37°C in the dark. Fluorescence intensity was
measured using an inverted fluorescence microscope (Leica, Wetzler
in Hesse, Germany).

2.2.7 Mitochondrial membrane potential assay
We measured the mitochondrial membrane potential (MMP)

using a mitochondrial membrane potential assay kit with JC-1
(Beyotime, Shanghai, China, cat. no. C2003S). HCECs were
seeded into the 6-well plates at a density of 5 × 105 cells per well
and cultured overnight. Subsequently, the cells were stained with
JC-1 dye at 37°C for 20 min and washed twice with JC-1 staining
buffer. Finally, the stained cells were observed using an inverted
fluorescence microscope (Leica, Wetzler in Hesse, Germany).

2.2.8 Calcein/PI staining
HCECs were seeded in 24-well plates (5 × 104 cells/well) and

incubated overnight. Each group of cells was stained with a Calcein/
PI staining kit (Beyotime, Shanghai, China, cat. no. C2015S). Live
cells were labeled green, and dead cells were marked red. Images
were taken using an inverted fluorescence microscope (Leica,
Wetzler in Hesse, Germany).

2.2.9 Enzyme-linked immunosorbent assay (ELISA)
Inflammatory factors IL-1β, IL-6, and IL-8 levels were measured

with ELISA kits (eBioscience, San Diego, CA, United States, cat. no.
RK05046, RK00004, RK00011). The cell culture medium of HCECs
treated with different drugs was collected, centrifuged, and then
tested for the levels of inflammatory factors according to the
manufacturer’s instructions.

2.2.10 Immunofluorescence staining
HCECs were added in 24-well plates and cultured to cell

adherence, fixed with 4% paraformaldehyde for 15 min, then
permeabilized with 0.5% Triton X-100 for 20 min and blocked
with 10% goat serum for 30 min, followed by incubation with
monoclonal antibodies against HMGB1 (1:200; Abcam,
Massachusetts, United States; cat. no. ab79823) and TNF-α (1:
200; Abcam, Massachusetts, United States; cat. no. ab183218) at
4°C overnight. Afterward, cells were treated with the goat anti-rabbit
IgG (H+L)Alexa Fluor® 488) antibody (1:500; Abcam,
Massachusetts, United States; cat. no. ab150077) at 37°C for 1 h,
and the nuclei were counterstained with DAPI for 5 min. Finally,
images were observed with an inverted fluorescence microscope
(Leica, Wetzler in Hesse, Germany).

2.2.11 Western blot
Total proteins of HCECs were extracted using rapid lysis buffer

(Solarbio, Beijing, China). Subsequently, lysates were collected and
centrifuged at 4°C for 15 min, protein concentrations of
supernatants were measured by BCA assay (Beyotime, Shanghai,
China, cat. no. P0011), proteins were mixed with SDS loading buffer
in a 4:1 ratio and then boiled for 10 min. Equal amounts of protein
(20 μg) were loaded onto a 4%–20% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes. Following
blocking the membranes with 5% skimmed milk for 2 h at room
temperature, and the membranes were incubated with primary
antibodies at 4°C overnight. The following primary antibodies
were used: Anti-Bax (1:1000; Abcam, Massachusetts,
United States; cat. no. ab32503), anti-Bcl-2 (1:1000; Abcam,
Massachusetts, United States cat. no. ab182858), anti-GAPDH (1:
1000; Abcam, Massachusetts, United States; cat. no. ab181602), anti-
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FIGURE 1
Analysis results based on network pharmacology. (A) Venn diagram of insulin andDES targets. (B)Network analysis of insulin-target-DES. (C) The PPI
network was obtained from the STRING 12.0 database platform. (D) Visualization of PPI network. (E) Bar graph of GO function annotation of overlapping
targets. (F) Bubble graph for KEGG pathway enrichment analysis of overlapping targets related to the immune system. (G) Chordal graph of pathways
associated with the immune system and their corresponding targets. (H) TLR4 signaling pathway graph.
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TLR4 (1:1000; Abcam, Massachusetts, United States; cat. no.
ab218987), anti-MyD88 (1:1000; Abcam, Massachusetts,
United States; cat. no. ab133739), anti-Tirap (1:1000; Abcam,
Massachusetts, United States; cat. no. ab17218), anti-IKK-α (1:
1000; Abcam, Massachusetts, United States; cat. no. ab32041),
anti-p-IKK-α (1:1000; Abcam, Massachusetts, United States; cat.
no. ab38515), anti-NF-κB p65 (1:1000; Abcam, Massachusetts,
United States; cat. no. ab207297), anti-p-NF-κB p65 (1:1000;
Abcam, Massachusetts, United States; cat. no. ab239882), anti-
IκB-α (1:1000; Abcam, Massachusetts, United States; cat. no.
ab32518), anti-p-IκB-α (1:1000; Abcam, Massachusetts,
United States; cat. no. ab92700). Then, they were incubated with
HRP-conjugated Goat anti-rabbit IgG antibody (1:5000; Abcam,
Massachusetts, United States; cat. no. ab6721) at room temperature
for 2 h. Finally, each membrane was developed using a
chemiluminescence (ECL) detection kit (Beyotime, Shanghai,
China, cat. no. P0018S) and visualized using a
chemiluminescence detection system (VILBER, Paris, France).
The gray value of the target bands was calculated using Image. J
software (version v1.8.0; National Institutes of Health).

2.2.12 Statistical analysis
Data analysis was performed using GraphPad Prism 8.0

(California, United States). The data were presented as means ±
standard deviation (SD) based on a minimum of three replicates.
Differences between groups were analyzed by one-way analysis of
variance (ANOVA, Dunnett’s t-test). Significance was set up
at p < 0.05.

3 Results

3.1 Analysis based on network
pharmacology

3.1.1 Prediction of DES targets
A total of 14,979 targets for DES were obtained from the CTD

database, and 4,378 targets were identified from the GeneCards
database, each with duplicate values deleted, and then the targets
were standardized using the Uniprot database, a total of 668 targets
with a selection score of 20 or more were selected.

3.1.2 Prediction of insulin targets
After obtaining the SMILE structure of insulin from the

PubChem database, we imported it into the SEA database for
prediction and obtained 80 potential targets of insulin.
Meanwhile, we collected 11,861 targets in the GeneCards
database and standardized the targets through the UniProt
database. 245 unique targets with a score of 20 or more were
selected after deleting duplicate values.

3.1.3 Construction of venny diagram and insulin-
target-DES network diagram

We submitted 245 insulin and 668 DES targets to the Venny
2.1.0 website, and the Venn diagram (Figure 1A) showed
87 common targets. To screen out the central protein
interactions, the respective targets of insulin and DES were
imported into Cytoscape 3.9.1 software, and a network graph

depicting the interaction between insulin-target-DES was
constructed (Figure 1B), which consisted of 828 nodes and
913 edges. The purple area was targets of insulin alone, the pink
area was targets of DES alone, and the green part was
common targets.

3.1.4 The PPI network of insulin and DES
common targets

We entered the 87 common targets of insulin and DES into
STRING 12.0, which showed that 81 proteins interacted with each
other (Figure 1C). The network of insulin used for DES treatment
was constructed by importing these 81 targets into Cytoscape
3.9.1 software (Figure 1D), the network had 81 nodes and
3,686 edges. Then, we calculated the topological indices DC, BC,
and CC of these 81 targets. DC suggested the degree of association of
a specific target with the targets of insulin action on DES. The higher
the DC value, the stronger the association. Darker targets in
Figure 1D indicated higher DC values and stronger correlation,
and we selected the top ten targets with the highest DC values
(Table 1), which may be the core targets for insulin action on DES.

3.1.5 GO functional annotation and KEGG pathway
enrichment analysis

87 insulin and DES common targets were submitted to the
Microbiotics Database for GO functional annotation and KEGG
pathway enrichment analysis. In the GO functional analysis, BP, CC,
and MF were included. There were 2,749 terms associated with BP,
92 terms associated with CC, and 150 terms associated with MF (P <
0.05). Each section’s ten most statistically significant results were
identified based on their p-values and visualized using bar
graphs (Figure 1E).

In the KEGG pathway enrichment analysis, 169 pathways were
statistically different (P < 0.05). Since the immune system plays a
pivotal role in DES, we analyzed the immune-related pathways and
drew a bubble plot (Figure 1F), which showed that insulin is most
likely to be involved in DES through the TLR signaling pathway.
Moreover, we produced chordal plots to visualize the relationship
between targets and pathways (Figure 1G).

The TLR signaling pathway is an important immunoregulatory
pathway, in which TLR4/NF-κB signaling pathway plays a
particularly important role in the development of inflammatory
diseases such as DES, therefore, our follow-up experiments assessed
the effect of insulin on the TLR4/NF-κB signaling pathway, the
following figure shows the proteins associated with the TLR4/NF-κB
signaling pathway (Figure 1H).

3.2 Experimental verification

3.2.1 Cytotoxicity of hyperosmolality and insulin
in HCECs

The viability of HCECs treated with different concentrations of
hyperosmolarity or insulin was assessed using the CCK-8 assay to
determine the appropriate concentration (Figure 2A–C). For
hyperosmolarity tests, cell viability showed a dose-dependent
decrease with increasing osmolarity (312–550 mOsM) after 24 h
incubation with cells (Figure 2A, P < 0.05). The cell viability reached
about 50% when the osmotic pressure reached 500 mOsM, so we
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chose 500 mOsM as the subsequent stimulation concentration. For
insulin tests, the results showed that there was no cytotoxicity in the
presence of insulin at concentrations from 10 to 200 μg/mL after
24 h incubation with cells (Figure 2B). When the concentration of
insulin reached 500 μg/mL, HCECs still showed more than 70% cell
viability. (Figure 2B, P < 0.01), demonstrating the high biosafety for
insulin. Next, we mixed 500mOsM hypertonic solution with insulin
(10–500 μg/mL) for 1 day of incubation for further testing
(Figure 2C). The results showed that cell viability rose with
increasing insulin concentration from 10 to 200 μg/mL, and cell
viability was maximized at an insulin concentration of 200 μg/mL
(p < 0.0001), therefore, in subsequent experiments, the
concentration of insulin was selected as 200 μg/mL. The
stimulated concentration of hyperosmolarity was selected
as 500 mOsM.

3.2.2 The effect of insulin on the cycle and
migration of HCECs

Using flow cytometry to investigate further the changes of
insulin and hyperosmolarity on the cell cycle (Figures 2D, E).
Compared to the control group, the proportion of S-phase cells
in the hyperosmolarity group exhibited a significant reduction of
54% (P < 0.0001). In comparison, there was a notable increase of
22% (P < 0.0001) in the proportion of cells arrested in the G1-G0
phase. In contrast, the hyperosmolarity and insulin co-culture group
demonstrated a substantial increase of 38% (P < 0.001) in S-phase
cells compared with the hyperosmolarity group, accompanied by a
decrease of 9% (P < 0.01) in cells arrested at G1-G0 phase. No
significant changes were observed in the G2/M phase cell population
following treatment. The results showed that hyperosmolarity could
block the cell cycle of HCECs in the S phase, also known as the DNA
synthesis phase. Thus, hyperosmolarity inhibited the proliferation of
HCECs by inhibiting DNA synthesis, whereas insulin led to faster
DNA synthesis and active proliferation of HCECs.

The effects of insulin and hyperosmolarity on the migratory
capacity of HCECs were evaluated using scratch experiments and
transwell migration assay (Figures 2F–J). At 0 h, each group of cells
formed a scratch of nearly the same area (Figure 2F). After 24 h of
treatment, the wound healing rate was 20% lower in the

hyperosmolarity group compared to the control group (P < 0.0001),
while it was approximately 6% higher in the hyperosmolarity and
insulin co-culture group compared to the hyperosmolarity group (P <
0.01). The trend after 48 h was similar (Figure 2H). Notably, the
scratches in the insulin alone treatment group almost disappeared after
48 h (Figure 2F). The results showed hyperosmolarity suppressed the
migratory capacity of HCECs, while insulin recovered it.

In the transwell migration experiment (Figures 2I, J), A 30%
reduction in cells stained with crystal violet was found in the
hyperosmolarity stimulation group compared with the control
group (P < 0.0001), and a 15% increase in cells stained in the
hyperosmolarity and insulin co-culture group compared with the
hyperosmolarity group (P < 0.0001). The findings further indicated
that hyperosmolarity inhibited cellular migration, whereas insulin
promoted cell migration.

3.2.3 Insulin inhibited hyperosmolarity-induced
ROS production and apoptosis

ROS generation was investigated using DCFH-DA staining.
Intracellular ROS have the ability to oxidize non-fluorescent
DCFH to fluorescent DCF. Monitoring the fluorescence intensity
of DCF enables the quantification of intracellular ROS levels. Green
fluorescence was barely detectable in the control and insulin-alone
groups, with the majority of cells in the hyperosmolarity group
showing green fluorescence, which was attenuated in the
hyperosmolarity and insulin co-culture group (Figure 3A). The
results demonstrated that hyperosmolarity treatment produced a
large amount of ROS, whereas insulin reduced ROS production.

We examined alterations in mitochondrial membrane potential
(MMP) using the JC-1 assay kit. Red fluorescence is generated in
response to a high MMP, whereas green fluorescence is produced
when the MMP is low. This makes it very convenient to detect
changes in MMP by changing the fluorescence color. It can be seen
that the cells in the control and insulin alone groups showed
predominantly red fluorescence, most of the cells in the
hyperosmolarity-treated group showed green fluorescence, and
the proportion of cells producing green fluorescence in the
hyperosmolarity and insulin co-culture group was significantly
diminished (Figure 3B). This suggested that hyperosmolarity

TABLE 1 Topology characteristics of hub nodes in the PPI network.

No. Gene Protein names Betweenness
Centrality

Degree

1 INS Insulin 0.04651985 150

2 IL6 Interleukin-6 0.018757695 146

3 TNF Tumor necrosis factor 0.018757695 142

4 IL1B Interleukin-1 beta 0.013080221 138

5 AKT1 Potassium channel AKT1 0.012826321 136

6 ALB Albumin 0.015946646 136

7 TP53 Cellular tumor antigen p53 0.021130391 134

8 PPARG Peroxisome proliferator-activated receptor gamma 0.020473824 132

9 IFNG Interferon gamma 0.009662216 130

10 STAT3 Signal transducer and activator of transcription 3 0.007079539 130
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FIGURE 2
Insulin promoted HCECs proliferation and improved their ability to migrate. (A–C)Cell viability of HCECs upon coculture with different osmolalities,
(A) different concentrations of insulin, (B) and osmolarity/insulin combinations (C) for 24 h (The control group was treated with complete medium, A vs.
312 mOsM, B vs. control group, C vs. 500 mOsM hyperosmolarity group alone) (D). The cell cycle of HCECs was analyzed by flow cytometry using PI
staining. (E) Percentage of cell cycle distribution of HCECs. (F) Scratch images of 0 h, 24 h and 48 h after HCECs were processed differently. (G, H)
Quantification analysis of wound healing rate in scratch experiment. (I) Transwell assay showed the effect of different treatments on HCECsmigration. (J)
Cell migration number obtained in the transwell assay. n = 3. Data are expressed as themean ± standard deviation (SD) and analyzed by one-way ANOVA
test. (ns = no statistical difference; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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stimulation decreased MMP, and enhanced mitochondrial damage.
In addition, insulin was also demonstrated to be a potential
antioxidant that may inhibit oxidative stress by improving
mitochondrial function.

The decrease in cell membrane potential can be an early
indicator of apoptosis detection. Next, we detected apoptosis with
the Calcein/PI assay (Figure 3C). The Calcein AM labels live cells
with green fluorescence. In contrast, dead cells are stained with red

FIGURE 3
Insulin inhibited hyperosmolarity-induced apoptosis. (A) Intracellular ROS levels determined using DCFH-DA staining. (B) Determination of
mitochondrial membrane potential by JC-1. (C) Calcein/PI staining images of HCECs with different treatments. (D) Expression of Bax and Bcl-2 proteins
detected by western blot. (E) The ratio of Bax/Bcl-2 protein expression. n = 3. Data are expressed as the mean ± standard deviation (SD) and analyzed by
one-way ANOVA test. (ns = no statistical difference; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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FIGURE 4
Insulin inhibited the production of hyperosmolarity-induced inflammatory factors and activation of theTLR4 signaling pathway. IL-1β (A), IL-6 (B)
and IL-8 (C) production determined using ELISA assay. Detection of HMGB1 (D) and TNF-α (E) production using immunofluorescence staining assay. (F)
Expression of TLR4, MyD88 and Tirap proteins. (G)Relative protein levels of TLR4, MyD88 and Tirap. (H) Expression of IKK-α, p-IKK-α, NF-κB p65, p-NF-κB
p65, IκB-α, p-IκB-α proteins. (I) R]elative protein levels of IKK-α, p-IKK-α, NF-κB p65, p-NF-κB p65, IκB-α, p-IκB-α. n = 3. Data are expressed as the
mean ± standard deviation (SD) and analyzed by one-way ANOVA test. (ns = no statistical difference; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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fluorescence using Propidium Iodide (PI). Therefore, combined
with PI, Calcein AM can be used for simultaneous double
fluorescence staining of both live and dead cells to detect cell
activity and cytotoxicity. Cells in both the control and insulin
alone groups emitted green solid fluorescence. In contrast, cells
in the hyperosmolarity group emitted strong red fluorescence, and
the percentage of cells producing red fluorescence was significantly
reduced in the hyperosmolarity and insulin co-culture group
(Figure 3C). The results demonstrated that hyperosmolarity
promoted apoptosis, whereas insulin inhibited it.

Western blot experiments (Figures 3D,E) revealed that the ratio
of Bax/Bcl-2 protein expression in the hyperosmolarity stimulation
group was more than three times that of the control group (P <
0.0001). In comparison to the hyperosmolarity group, the ratio of
Bax/Bcl-2 protein expression decreased by 43% (P < 0.0001) in the
hyperosmolarity and insulin co-culture group. The above results
suggested that hyperosmolarity may promote apoptosis in HCECs
via the mitochondrial pathway, while insulin prevented this
alteration.

3.2.4 Insulin reduced the expression of
inflammatory cytokines in HCECs exposed to
hyperosmolarity

IL-1β, IL-6, and IL-8 levels were measured using the ELISA
(Figures 4A–C). Compared to the control group, hyperosmolarity
stimulation increased levels of IL-1β, IL-6, and IL-8 by 50% (P <
0.0001), 30% (P < 0.0001), and 50% (P < 0.0001), respectively.
Compared with the hyperosmolarity group, the hyperosmolarity
and insulin co-culture group reduced their expression levels by 46%
(P < 0.0001), 11% (P < 0.05) and 20% (P < 0.0001), respectively. The
results demonstrated that hyperosmolarity increased the expression
levels of inflammatory cytokines, however, insulin downregulated
the levels of inflammatory factors and had an anti-
inflammatory effect.

High-mobility group box 1 (HMGB1) is a member of the
“alarmins” family that can localize intracellular inflammatory
mediators in the resting state (Abdelmageed and Abdelrahman,
2023). When released, HMGB1 triggers a pro-inflammatory cascade
and is involved in cellular damage (Qi et al., 2021). Next,
immunofluorescence was performed to test the expression of
HMGB1 and TNF-α proteins in HCECs (Figures 4D,E).
Fluorescence detection of HMGB1 protein showed that green
fluorescence was barely detectable in the control and insulin
alone groups. Most of the cells in the hyperosmolarity-stimulated
group produced green fluorescence, which was attenuated in the
hyperosmolarity and insulin co-culture group (Figure 4D). The
same was valid for changes in fluorescence intensity of TNF-α
proteins (Figure 4E). The results demonstrated that
hyperosmolarity promoted the release of the pro-inflammatory
factor HMGB1 and induced the expression of the inflammatory
factor TNF-α, whereas insulin inhibited the expression of
HMGB1 and TNF-α proteins. It further illustrated the essential
biological function of insulin as an anti-inflammatory.

3.2.5 Insulin inhibited the activation of the TLR4/
NF-κB signaling pathway

The impact of insulin on the TLR4/NF-κB signaling pathway
was evaluated using western blot analysis (Figures 4F–I). TLR4,

MyD88, and Tirap expression levels in the hyperosmolarity group
were 2.4 times, 2 times, and 2.7 times that of the control group,
respectively (P < 0.0001). Protein expression levels were reduced by
33%, 40%, and 32% in the hyperosmolarity and insulin co-culture
group, respectively, compared with the hyperosmolarity group (P <
0.0001). After hyperosmolarity treatment, the degree of
phosphorylation of IKK-α, NF-κB p65 and IκB-α increased
significantly (Figures 4H, I), and the expression of p-IKK-α,
p-NF-κB p65 and p-IκB-α in the hyperosmolarity group was
1.7 times, 1.9 times and 3 times that of the control group,
respectively (P < 0.0001). Compared with the hyperosmolarity
group, protein expression decreased by 12%, 21%, and 40% in
the hyperosmolarity and insulin co-culture group (P < 0.01),
respectively. The results demonstrated that insulin effectively
suppressed the expression of proteins involved TLR4/NF-κB
signaling pathway.

4 Discussion

The management of DES represents a significant global
healthcare challenge in the field of ophthalmology (Hong et al.,
2020). It has long been recognized as a multifactorial, complex
condition caused by decreased tear production or excessive
evaporation, ultimately leading to hyperosmolar tears (Huang
et al., 2022). The primary pathogenesis of this condition involves
chronic inflammation of the ocular surface. The induction of
inflammatory responses in the in vitro culture can be achieved
through the use of a hypertonic medium (500 mOsM). In addition,
benzalkonium chloride (BAC) (1 μg/mL), IL-1β (10 ng/mL), and
TNF-α (10 ng/mL) can be used to induce a cascade reaction of
inflammation (Rahman et al., 2021). However, for DES, hypertonic
tears are believed to serve as the inciting stimulus for initiating
inflammation, which induce inflammatory responses on the ocular
surface by activating HCECs. Therefore, 500 mOsM of hypertonic
medium was used in this study to induce the inflammatory response
in DES. A previous study chose 470 mOsM as the most appropriate
stimulation concentration (López-Cano et al., 2021), and the reason
for this discrepancy may be the differences in osmolality measuring
instruments, the influence of the experimental environment and
personal operation, and so on.

In addition to regulating blood glucose levels, insulin has the
ability to regulate the activity of biological enzymes, which in turn
promotes cell growth and regulates the transcription of specific
genes, and plays an important role in maintaining and controlling
cell growth, proliferation, differentiation, maturation and
regeneration (Duan et al., 2021; Khodabakhsh et al., 2021;
Burgos-Blasco et al., 2023). Its use in wound healing in
nondiabetic patients has attracted increasing attention, and
clinical studies have quizzed its use in the cornea, finding that
the efficacy of insulin in promoting wound healing is not dependent
on the regulation of blood glucose levels (Diaz-Valle et al., 2022). In
addition, insulin can suppress the production of inflammatory
cytokines and oxidative stress, which has a therapeutic effect on
chronic inflammatory diseases (Dallak et al., 2019). In this study, we
explored the potential mechanism of insulin action on DES by
network pharmacology and verified the specific effect of insulin by
cellular experiments.
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We screened 87 targets of insulin action on DES by a network
pharmacology approach, suggesting that insulin exerts protective
effects on DES through multiple targets. Moreover, we constructed a
PPI network of insulin and DES common targets and performed GO
functional annotation and KEGG pathway enrichment analysis of
the common targets. The results suggested that insulin was most
likely involved in the development of DES through the TLR
signaling pathway.

Insulin is water-soluble, and we put it in weakly acidic PBS. Our
preliminary tests confirmed that insulin at concentrations less than
500 μg/mL was nontoxic (cell viability >75%) for HCECs. The
highest cell viability was achieved at an insulin concentration of
200 μg/mL when mixed with 500mOsM hypertonic medium for
24 h. To investigate the impact of insulin on cellular biological
functionality, we co-cultured HCECs with insulin or
hyperosmolarity medium by flow assay, cell scratch assay, and
transwell migration assay, respectively. The analysis revealed that
insulin significantly enhanced the migratory capacity of HCECs
inhibited by hyperosmolarity and promoted HCECs proliferation.

Pathophysiologic processes involved in DES include short tear
film breakup time, tear hyperosmolarity, oxidative stress, and
apoptosis (I Y Hasan, 2021). ROS are potent oxidizing agents
found in aerobic organisms, including oxygen radicals and their
derivatives (Herb and Schramm, 2021). The production of ROS
results in a reduction in MMP, which is also considered a pivotal
event during the initial phases of apoptosis (You et al., 2018).
Therefore, we examined the effects of insulin on ROS
production, MMP, and apoptosis of HCECs. The results showed
that insulin reduced ROS production, increasedMMP, and inhibited
apoptosis. Moreover, western blot experiments revealed that insulin
decreased the expression of the pro-apoptotic protein Bax and
upregulated the expression of the anti-apoptotic protein Bcl-2.
These results suggested that insulin may inhibit apoptosis in
HCECs by suppressing oxidative stress and improving
mitochondrial function. Consistently, Allen et al. suggested that
insulin treatment can inhibit cell apoptosis in vascular smooth
muscle cells (Allen et al., 2005). Viardot et al. determined that
insulin protected the mitochondrial ultrastructure of hepatocytes,
maintained normal mitochondrial function, and inhibited cell
apoptosis (Viardot et al., 2007). In addition, insulin inhibited
oxidative stress by improving mitochondrial function or
inhibiting cytokine release in septic patients and animals (Kun
et al., 2015; Chen et al., 2018).

Although the pathogenesis of DES remains incompletely
understood, inflammation, as a result of early innate immune
and adaptive responses, has been identified as a crucial
contributor that can initiate the vicious cycle of DES (Hakim and
Farooq, 2022). In ELISA and immunofluorescence experiments, we
found that hypertonic solution (500 mOsM) induced an increase in
the protein expression of the proinflammatory factor HMGB1, and
also caused significant overexpression of the inflammatory factors
IL- 1β, IL-6, IL-8, and TNF-α, which led to an increase in the
inflammatory damage in HCECs. The expression of the above
factors decreased significantly after insulin intervention, which in
turn prevented further exacerbation of the inflammatory response.
Similarly, Jeschke et al. (2002). found that treatment with insulin
after thermal injury decreased pro-inflammatory cytokines and their
intracellular signaling, increased anti-inflammatory cytokines and

their intracellular signaling (Jeschke et al., 2002). Previous studies
have demonstrated the inhibitory effect of insulin on the release of
sepsis-associated cytokines, including IL-1, IL-6, and TNF-α (Zou
et al., 2012). Moreover, it was confirmed to suppress the
transcription factor NF-κB in human aortic endothelial cells
in vitro, thereby downregulating the expression of pro-
inflammatory cytokines (Aljada and Dandona, 2000). All of these
findings confirmed that insulin could inhibit the expression of
inflammatory and pro-inflammatory factors and was a good anti-
inflammatory agent.

TLRs are membrane-binding proteins and are crucial for
initiating and regulating the immune response (Akira, 2003).
Among the family of TLRs, TLR4 is the first toll-like receptor to
be discovered and is one of the TLRs closely associated with immune
inflammation. Experimental studies have shown that TLR4 was
significantly expressed in the inflammatory process of DES. After
TLR4 expression was inhibited, the inflammatory response and
tissue damage were reduced (Hoshino et al., 2016; Ju et al.,
2018). TLR4 can induce NF-κB activation and cytokine
production via MyD88 protein. Upon activation of TLR4, IκB
molecules are phosphorylated through the MyD88-dependent
pathway, which activates the downstream NF-κB signaling
pathway and ultimately induces the expression of inflammatory
factors in host cells.

Some studies found that TLR4/NF-κB pathway proteins were
highly expressed in autoimmune uveitis (Liu et al., 2022; He et al.,
2023),another study showed that the TLR4/NF-κB pathway was
activated in high IOP-induced retinal ganglion cell damage (Shangli
et al., 2024), TLR4/NF-κB pathway-associated proteins were also highly
expressed in retinal inflammation caused by microglia activation (Han
et al., 2020). Moreover, the upregulation of TLR4 and downstream NF-
κB signaling proteins was observed in DES (Lee et al., 2012; Redfern
et al., 2015; Simmons et al., 2016; Zhang et al., 2019; Yang et al., 2021).
With similar results to the above, in western blot experiments, we also
observed upregulation of TLR4/NF-κB signaling pathway proteins in
HCECs after hyperosmotic treatment and the expression of TLR4/NF-
κB signaling pathway proteins could be significantly reduced after
insulin action. This suggested that insulin may play a protective role
against DES by inhibiting the activation of the TLR4/NF-κB
signaling pathway.

Our study has several limitations, because genetic databases may
be incomplete, whichmay reduce the confidence of predictions. This
paper also only validates the in vitromodel of DES. At the same time,
the effect of hypertonic medium on cell death was not ruled out in
cell characterization experiments (e.g., scratch experiments,
migration experiments, etc.). Nevertheless, our findings suggest
that insulin may be a promising candidate for treating DES.

5 Conclusion

Our results suggested that insulin could promote cell
proliferation, improve cell migration ability, reduce ROS
production, increase mitochondrial membrane potential, and
inhibit apoptosis. Moreover, insulin also inhibited the production
of inflammatory factors and the activation the TLR4/NF-κB
signaling pathway. It provides a valuable reference for the clinical
management of DES.
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