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Background: The apoptosis of corneal epithelial cells participates in the pathological processes of dry eye, which is expected
to be a treatment target for dry eye. The aim of this study was to investigate the effects of vitamin A (VA) on
apoptosis of corneal epithelial cells in a mouse model with dry eye induced by benzalkonium chloride (BAC).

Material/Methods: We randomly divided 60 male BALB/c mice aged 8-10 weeks into 3 groups: the blank control group, the dry
eye+vehicle group, and the dry eye+drug group. On the 7% day after the dry eye model successfully induced,
the mouse eyeballs removed, and the mouse corneal tissues were isolated. The expression levels of Bax and
Bcl-2 in corneal tissues were detected via reverse transcription-polymerase chain reaction (RT-PCR) and Western
blotting. The apoptotic corneal epithelial cells were quantified using terminal deoxynucleotidyl transferase (TdT)
deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL) staining technique.

Results: VA suppressed the upregulation of the Bax gene at the mRNA and protein levels, and upregulated the expres-
sion of the Bcl-2 gene (P<0.05). TUNEL results revealed that the number of apoptotic epithelial cells in the dry
eye group was 40 times larger as that in the blank control group. After the intervention of VA at an appropri-
ate concentration, the number of apoptotic corneal epithelial cells was remarkably reduced to about 10 times
that in the blank control group (P<0.05).

Conclusions: VA can inhibit upregulation of the expressions of Bax and Bcl-2 in the epithelial cells of mice with dry eye in-
duced by BAC, so as to suppress the apoptosis of epithelial cells in mice with dry eye.
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Background

Dry eye is also known as tear insufficiency syndrome, whose
primary clinical manifestations include abnormalities in the
tear quality and/or tear fluid dynamics. It can cause tear film
instability and ocular surface damage, and ultimately trig-
gers a train of eye discomfort symptoms [1]. Dry eye, one of
the most common ocular surface diseases in China and the
world at present, has a complex and unclear pathogenesis.
Currently, the symptoms of eye discomfort caused by dry eye
clinically are alleviated mainly by locally dropping artificial
tears [2]. Although artificial tears can improve tear film sta-
bility, their effects are not ideal for moderate to severe dry
eye [3]. Additionally, the frequent application of artificial tears
is inconvenient for patients [4]. Patients with dry eye are of-
ten accompanied with a certain degree of apoptosis of corneal
epithelial cells, infiltration of inflammatory cells, and even the
tendency of epithelial cells transforming into small cells [5,6].
These pathological processes will ultimately lead to the apop-
tosis of corneal epithelial cells [7]. The inhibition of the apop-
tosis of corneal epithelial cells, therefore, is expected to be
a treatment target for dry eye.

As one of the most important essential nutrients in mammals,
vitamin A (VA) has a complex metabolic process, which involves
a variety of derivatives. Cell experiments showed that when cor-
neal epithelial cells were cultured, the addition of VA at a lower
concentration than normal lead to pathological changes such as
the hyperkeratinization of epithelial cells, increased cell layers,
thickened epithelia, and structural disorders [8,9]. The above re-
sults indicate that VA exerts a crucial effect in the growth and
differentiation of the keratoconjunctival epithelium. However,
the effect of VA on dry eye is not clear yet, thus we hypothe-
size that VA may have a beneficial effect on dry eye. The pres-
ent study therefore assessed the effects of VA on the expres-
sions of B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax)
and Bcl-2 in epithelial cells of mice with dry eye triggered by
benzalkonium chloride (BAC), thus providing a theoretical ref-
erence for the mechanism and treatment of dry eye. The BAC-
induced dry eye model is a drug toxicity-induced dry eye model
with ocular surface cell damage and inflammation. It is suit-
able for studying the pathological mechanism of dry eye and
can be used to evaluate the therapeutic or protective effects
of some new therapies or drugs on dry eye [10].

Material and Methods

Animal grouping and model establishment

Atotal of 60 (the sample size was calculated based on pre-exper-
imental results, which was not shown) male BALB/c mice aged
8-10 weeks, weighing (25.13+2.31) g were randomly divided
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by random number table method into 3 groups: the blank con-
trol group (control group, n=20), the dry eye+vehicle group
(BAC+vehicle group treated with blank microemulsion, n=20),
and the dry eye+drug group (BAC+VA group, n=20). No sta-
tistically significant differences in basic data such as age and
body weight of the 3 groups of mice were found, so they were
comparable among groups (P>0.05). A model of dry eye was
constructed by locally dropping BAC solution (0.25%, 5 pL)
into eyes for 7 days (once in the morning and once in the eve-
ning) according to the reference [10], and the concentration
and dose were adjusted according to the results of a pre-ex-
periment. After the dry eye model was successfully induced,
BAC was stopped and 5000 IU/g-ml (5 ul) VA microemulsion
or vehicle was dropped into the eyes of mice in the BAC+VA
and BAC+vehicle group. The VA microemulsion was prepared
by Dain Biopharmaceutical (Shandong, China) every day be-
fore use and kept in the dark. On the 7t" day after treatment,
the mouse eyeballs were taken out and the mouse corneal tis-
sues were isolated. All animal experiments were approved by
the Animal Ethics Committee (No. 20170211).

Clinical parameters

Mice were clinically evaluated on the 7t day after dry eye in-
duction. For measurement of tear volume, the test paper was
reversed and hung over the skin. We closed the eyes and mea-
sured the length of the wetted filter paper after 1 min. For break-
up time, the conjunctival sac was dripped with 1% liquid fluo-
rescein. The mice were blinked manually to make the fluorescein
evenly distributed on the surface of the eyes. After 3 blinks,
the time from the last blink to the first black spot on the cor-
nea was defined as the BUT. Each right eye was tested 3 times,
and the final result was the average of 3 measurements.

Detection of expressions of apoptosis-associated genes
Bax and Bcl-2 via reverse transcription-polymerase chain
reaction (RT-PCR)

1) TRIzol method (Invitrogen, Carlsbad, CA, USA) was used
to extract the total ribonucleic acid (RNA) in the cornea, and
then an ultraviolet spectrophotometer was used to detect
the concentration and purity of the extracted RNA. When the
ratio of the absorbance at 260 nm to that at 280 (A, /A, )
was 1.8-2.0, the RNA could be used. 2) The messenger RNA
(mRNA) was synthesized into complementary deoxyribonucleic
acid (cDNA) by reverse transcription and stored in a freezer
at -80°C. 3) For the RT-PCR system, we used 2.5 pL 10xbuffer,
2 YL cDNA, 0.25 pL forward primers (20 pmol/L), 0.25 uL re-
verse primers (20 pmol/L), 0.5 pL deoxy-ribonucleotide triphos-
phates (dNTPs) (10 mmol/L), 0.5 pL Taq enzyme (2x10° U/L),
and 19 pL distillation-distillation H,0 (ddH,0). The amplifica-
tion systems for RT-PCR were identical (Table 1).
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Table 1. Primer sequences of various indicators in RT-PCR.

Target gene Primer sequence

Forward 5’-GACATGCCGCCTGGAGAAAC-3’

GAPDH o
Reverse 5’-AGCCCAGGATGCCCTTTAGT-3’
Forward 5’-TGCTGCCTTTTCTGTTCCTT-3’

Bax e
Reverse 5’-AAGGTGCTGGGTAGGGAAGT-3’
Forward 5’-GTCCACGAACCCGTAAGGT-3’

B G I
Reverse 5’-CATCTTTTCCCGATAGGTCCA-3’

Detection via Western blotting

The whole corneal tissues of each group of mice were thor-
oughly ground in lysis buffer followed by ultrasonic lysis. After
the lysate was centrifuged, the supernatant was absorbed and
dispensed into an Eppendorf tube, and the protein concentra-
tion was measured by bicinchoninic acid assay and ultraviolet
spectrometry. The proteins of all samples were set to constant
volumes. After dispensing, the proteins were stored in a freezer
at —80°C. We loaded 10 pL total protein for sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, after which the
protein in the gel was transferred onto a polyvinylidene flu-
oride membrane, and the primary antibodies, including BAX
(1: 500, ab216494, Abcam, Boston, MA, USA), Bcl-2 (1: 500,
ab182858, Abcam, Boston, MA, USA), and GAPDH (1: 1000,
ab181602, Abcam, Boston, MA, USA), were added for incu-
bation at 4°C overnight. After that, the goat anti-rabbit HRP
conjugated antibody (1: 1000, ab181662, Abcam, Boston, MA,
USA) was used for incubation for 1 h away from light. The pro-
tein bands were scanned and quantified using the Odyssey
membrane scanner, and the glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) was applied to correct the level of the
protein to be tested.

Immunohistochemical staining

The epithelial tissue was embedded with paraffin and cut into
5-um sections. The sections were baked in an oven at 60°C
for 30 min, followed by dewaxing (5 min for 3 times) with xy-
lene, and dehydration with 100% ethanol, 95% ethanol, and
70% ethanol for 3 times. The activity of endogenous peroxi-
dases was inhibited with hydrogen peroxide (3% in methanol),
and then the tissues were blocked using sheep serum for 1 h.
Antibodies against Bax (ab216494, Abcam, Boston, MA, USA)
and Bcl-2 (ab182858, Abcam, Boston, MA, USA) were diluted
at 1: 200 [phosphate-buffered saline (PBS)], incubated at 4°C
overnight, and then washed with PBS 4 times on a shaker.
After the addition of the secondary antibody, color develop-
ment was carried out with diaminobenzidine (DAB). After the
color development was completed, 6 samples were randomly
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selected from each group, and 5 fields of view were randomly
selected from each sample. Finally, images were taken under
an optical microscope (400x).

Terminal deoxynucleotidyl transferase (TdT) deoxyuridine
triphosphate (dUTP) nick-end labeling (TUNEL) staining

The cut epithelial tissue sections were baked in an oven at
60°C for 30 min, followed by dewaxing (5 min for 3 times)
with xylene, and dehydration with 100% ethanol, 95% etha-
nol, and 70% ethanol 3 times. TUNEL staining was performed
according to the manufacturer’s instructions (Roche, Basel,
Switzerland). Briefly, the sections were incubated with protein
kinase K for 0.5 h, and after washing with PBS, TdT and lu-
ciferase-labeled dUTP were added for 1 h of reaction at 37°C.
Then, a specific antibody labeled with horseradish peroxidase
was added for incubation again for 1 h (37°C) in an incubator.
After that, DAB was used as a substrate for reaction at room
temperature for 10 min. After the nucleus was stained with
hematoxylin, photos were taken under an optical microscope,
and counting was conducted.

Statistical analysis

All data were parametric and analyzed using Statistical Product
and Service Solutions (SPSS) 22.0 (IBM, Armonk, NY, USA).
Measurement data are expressed as mean + standard devi-
ation, and comparison between groups was done using one-
way ANOVA test followed by the post hoc test (least signifi-
cant difference). P<0.05 represented that the difference was
statistically significant.

Results

Vitamin A can effectively inhibit the reduction of tear
secretion and enhance tear film stability

Measurement of tear volume showed that, compared with
those in the control group, the tear volume and break-up time
were significantly decreased in the BAC+vehicle group. After
5000 1U/g-mD VA microemulsion was locally dropped into
eyes of mice with dry eye for 7 consecutive days, the tear vol-
ume and break-up time were significantly increased (Figure 1).

MRNA expression levels of the apoptosis-associated genes
in the 3 groups of corneal epithelial cells

RT-PCR results revealed that, compared with those in the control
group, the mRNA expression level of the pro-apoptotic gene Bax
was remarkably downregulated, while that of the anti-apoptotic
gene Bcl-2 was significantly upregulated in the BAC+vehicle
group (P<0.05). After 5000 IU/g:-mD VA microemulsion was
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Figure 1. (A, B) Vitamin A can effectively inhibit the reduction of tear secretion and enhance tear film stability. Control: blank control
group. BAC+vehicle: dry eye group+vehicle group. BAC+VA: drug intervention group. * P<0.05 vs. the control group, and

# P<0.05 vs. the BAC group. (n=8).
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Figure 2. (A, B) MRNA expression levels of apoptosis-associated genes Bax and Bcl-2 in corneal epithelial cells in different groups.
Control: blank control group. BAC+vehicle: dry eye group+vehicle group. BAC+VA: drug intervention group. * P<0.05 vs. the

control group, and # P<0.05 vs. the BAC group. (n=4).

locally dropped into eyes of mice with dry eye for 7 consecu-
tive days, the transcriptional level of the pro-apoptotic gene
Bax in mouse corneal epithelial cells was markedly reduced,
while that of the anti-apoptotic gene Bcl-2 was evidently in-
creased (P<0.05) (Figure 2). The above results indicate that VA
intervention can obviously regulate the transcription of the
apoptosis-associated genes in mouse corneal epithelial cells.

Protein expression levels of the apoptosis-associated
genes in the 3 groups of corneal epithelial cells

The results of Western blotting showed that, compared with
those in the control group, the protein expression level of
Bcl-2 was markedly inhibited and that of Bax was significantly
activated in the BAC+vehicle group (P<0.05). However, after
5000 1U/g:-mD VA microemulsion was used treat mice with dry
eye for 7 consecutive days, the protein expression of Bax in
mouse corneal epithelial cells was significantly inhibited by
VA. In contrast, VA activated the protein expression of Bcl-2
(P<0.05) (Figure 3). The above results are consistent with the
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mRNA detection results, verifying that VA regulates the ex-
pressions of Bax and Bcl-2 at the transcriptional and trans-
lational levels.

Immunohistochemical staining results of the apoptosis-
associated proteins in the 3 groups of corneal epithelial
cells

According to the immunohistochemical staining results and the
positive cell quantification results (Figure 4, Table 2), the protein
expression level of the pro-apoptotic gene Bax and the pos-
itive cells expressing Bax were significantly increased in the
epithelial cells of the BAC+vehicle group. However, the pro-
tein expression level of Bcl-2 and the positive cells express-
ing Bcl-2 were evidently decreased (P<0.05). After the VA in-
tervention, the positive results in the tissue were significantly
reversed, which once again confirmed that VA regulated the
apoptosis-related genes in epithelial cells of mice with dry eye.
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Figure 3. (A-D) Protein expression levels of Bcl-2 and Bax in 3 groups of corneal epithelial cells. Control: blank control group.
BAC+vehicle: dry eye group+vehicle group. BAC+VA: drug intervention group. * P<0.05 vs. the control group, and
# P<0.05 vs. the BAC group. (n=4).
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Figure 4. Immunohistochemical staining for the apoptosis-associated proteins Bax and Bcl-2 in the 3 groups of corneal epithelial cells.

Control: blank control group. BAC+vehicle: dry eye group+vehicle group. BAC+VA: drug intervention group. Brown represents
positive results. (n=6).
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Table 2. Comparisons of the numbers of positive cells expressing
the apoptosis-associated genes Bax and Bcl-2 in the
3 groups of corneal epithelial cells (}+s).

Group n Bax Bcl-2
Control 6 5.23+2.34 56.13+15.41
BAC 6 1544312111 4431206
BACHVA 6 453451236 445741312
N 11234 12311
b 0001 0000
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Control — blank control group; BAC — xerophthalmia group;
BAC+VA — drug intervention group.

Comparisons of TUNEL results

To further investigate the effect of VA on the apoptosis of cor-
neal epithelial cells in mice with dry eye, TUNEL staining was
carried out for the obtained epithelial tissues to quantify the
apoptotic epithelial cells. The results showed that there were
40 times more apoptotic epithelial cells in the BAC+vehicle
group than in the control group. After treatment with VA at
an appropriate concentration, the number of apoptotic corneal
epithelial cells was remarkably reduced by 10-fold that in the
control group (P<0.05) (Figure 5). The above results suggest
that the VA inhibits the BAC-induced apoptosis of corneal tis-
sue epithelial cells in mice with dry eye by regulating the ex-
pressions of the apoptosis-associated genes Bax and Bcl-2.

Discussion

Dry eye is a common ophthalmic disease that is easily over-
looked clinically [11]. With the increased use of electronic
screens, the incidence rate of dry eye is increasing steadily,
as high as 16.9% in Europe and the USA and more than 20%
in Asian populations [12]. Patients with dry eye are often ac-
companied with such symptoms of eye discomfort as long-
term dry eye, pain, photophobia, blurred vision, and even vi-
sual impairment, which seriously influence quality of life [13].
Currently, the pathogenesis and treatment strategies of dry
eye are still unclear, and certain controversies exist, so there
is a lack of effective prevention and control of dry eye in clini-
cal practice. In the present study, BAC was used to induce dry
eye, which was treated by VA. We also assessed the expres-
sions of apoptosis-associated genes in corneal epithelial cells
and the apoptosis of these cells, so as to further assess the
mechanism of action and therapeutic significance of VA in
apoptosis of epithelial cells in mice with dry eye.

The corneas of patients with dry eye usually have a certain de-
gree of apoptosis of corneal epithelial cells, ultimately leading

Figure 5. Comparisons of TUNEL results of the 3 groups of
corneal epithelial cells. Control: blank control group.
BAC+vehicle: dry eye group+vehicle group. BAC+VA:
drug intervention group. * P<0.05 vs. the control group,
and * P<0.05 vs. the BAC group. (n=6).

to the apoptosis of these cells [5]. According to studies [14,15],
in the normal proliferation, differentiation, and development
processes of human corneal epithelial cells, it is necessary for
VA to be involved. VA can clearly improve the ocular surface ep-
ithelial damage resulting from dry eye, eye trauma, and other
diseases. The mechanism may involve prevention of squama-
tization of the keratoconjunctival epithelium by VA, leading to
the dekeratinization of keratoconjunctival epithelium, which
promotes differentiation of non-secretory epithelium into se-
cretory epithelium, thus alleviating dry eye and other symp-
toms [16]. VA also promotes the synthesis of glycoproteins in
corneal epithelial cells, with increased adenosine triphosphate
expression and decreased adenosine monophosphate expres-
sion, suggesting that VA exerts a prominent effect in corneal
energy metabolism [17].

Previous studies found that VA promotes the proliferation of
alveolar wall cells, inhibits the apoptosis of them in rats with
emphysema, and eventually impedes the occurrence and de-
velopment of emphysema in rats [18]. VA can also inhibit the
phosphorylation of protein kinase B and forkhead box 03, so
as to stimulate the apoptosis of colon cancer cells [19]. These
studies indicate that VA exerts a crucial effect in the process
of apoptosis, and the regulatory effect of VA on the apopto-
sis may be completely opposite in different disease models.
However, the role of VA in the apoptosis of epithelial cells in
mice with dry eye is unclear. In this study, a mouse model of
dry eye was established using BAC mice treated with VA at
a standard dose. We found that VA obviously suppressed the
expression of the pro-apoptotic gene Bax at mRNA and pro-
tein levels, and increased the expression of the apoptotic gene
Bcl-2. TUNEL staining results confirmed the inhibitory effect
of VA on the apoptosis of epithelial cells.
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This study has certain limitations that must be consid-
ered. 1) We did not confirm our results by cell experiments.
2) The direct target of the vitamin anti-apoptotic effect was
not investigated. 3) The initiation of apoptosis varies, so it is
unclear whether the initiation of apoptosis in epithelial cells
in mice with dry eye occurs via outside pathways (such as Fas
or tumor necrosis factor pathways) or via an unknown mito-
chondrial pathway. These issues need to be further explored.
Despite these deficiencies, we showed the importance of apop-
tosis of epithelial cells in dry eye and the therapeutic effect
of VA intervention.
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Conclusions

VA partially inhibits the apoptosis of epithelial cells in mice
with experimental dry eye and it may become a promising
drug for treatment of dry eye in the future.
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