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PURPOSE. Oxidative stress is a major pathogenesis of certain ocular surface diseases. This study
investigated the association of oxidative stress and cellular autophagy in corneal epithelium.

METHODS. We applied hydrogen peroxide (H2O2) to induce oxidative damage to cultured
human corneal epithelial (HCE) cells and rat corneas. Cell viability, Western blotting of
caspase 8, and TUNEL staining were conducted to measure the cellular injury. The production
of reactive oxygen species (ROS) was measured and the levels of the following marker and
key factors of ROS were also measured to detect oxidative stress: 3-nitrotyrosine,
nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), superoxide dismutase,
catalase, and glutathione S-transferase P. The following key factors of autophagy were
measured: LC3, beclin 1, Atg 12, and P62. We also applied an agonist of autophagy,
rapamycin, in the experiment.

RESULTS. Cellular injury and oxidant damage were induced after exposure to H2O2 in HCE cells
and rat corneas, such as increases of cell death and production of ROS; upregulation of a ROS
generation enzyme, NOX4; and downregulation of degradation factors of ROS, superoxide
dismutase, catalase, and glutathione S-transferase P. However, the process of cellular
autophagy was suppressed by the measurements of LC3, beclin 1, Atg 12, and P62.
Furthermore, application of rapamycin antagonized the cellular and oxidant injury induced by
H2O2 but increased the level of autophagy in HCE cells.

CONCLUSIONS. The oxidative stress of corneal epithelium is associated with the inhibition of
cellular autophagy.
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It is known that oxidative stress contributes to the causes of
some corneal and ocular surface diseases, such as keratoco-

nus, Fuchs’ endothelial corneal dystrophy, pterygium, and dry
eyes.1–3 Better illustration and further investigation about the
roles and mechanisms of oxidative stress in corneal and ocular
surface diseases is required. Recently, this topic has attracted a
lot of attention to further understand the association between
oxidative stress and other pathologic mechanisms, such as
apoptosis, inflammation, and angiogenesis in the field of
corneal research.4,5

The excessive production of reactive oxygen species
(ROS) or an imbalance of ROS can cause oxidative stress or
induce oxidative injury or damage in the human body. ROS
can induce cellular injury by targeting DNA, protein, and
cytolipin.6–8 The ROS system is very complicated and can be
divided into ROS generation and ROS degradation.9,10 Among
the key factors of the ROS system, nicotinamide adenine
dinucleotide phosphate oxidase 4 (NOX4) is a major
generation enzyme,11–13 whereas the ROS degradation
factors include superoxide dismutase (SOD), catalase, and
glutathione S-transferase P (GSTP).14,15

Autophagy is a major cellular mechanism that recycles and
degrades cell components to maintain normal cellular function
and metabolism.16–18 Autophagy is a complex cellular process
and can be divided into three major forms: macroautophagy,
microautophagy, and chaperone-mediated autophagy. There are
several key factors that play important roles in the process of
cellular autophagy, for example, LC3, bechlin1, Atg, and
P62.19–23 Among these key factors, LC3 is a major autophagy
marker and P62 is known as a linker molecule between
ubiquitinated proteins and the autophagy system and plays a
major role in the clearance of autophagy.20,21 Further investi-
gations are needed about the roles of autophagy in the
pathogenesis of corneal and ocular surface diseases, which
are largely unknown.

The association or crosstalk between ROS and autophagy is
not completely understood. Little evidence is reported about
the association between ROS and autophagy in corneal diseases
or ocular surface diseases.24

In this investigation, we performed an oxidant injury setting
in corneal epithelium both in cultured human corneal epithelial
(HCE) cells and in corneal epithelium of rats to elucidate the
association between oxidative stress and cellular autophagy.
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MATERIALS AND METHODS

Materials

The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Company (Tokyo, Japan). A TUNEL assay kit was purchased from
Beyotime Biotechnology (Haimen, China). The following anti-
bodies were purchased from Abcam (Cambridge, UK): anti-3-
nitrotyrosine (3-NT), anti–NOX4, anti-SOD2, anti-catalase, anti-
LC3, anti-beclin1, and anti-P62. The antibody of anti-Atg12 was
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). The antibody of anti-GSTP was purchased from Santa Cruz
(Cambridge, MA, USA). The antibody specific for b-actin was
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG,
HRP-conjugated goat anti-mouse IgG, and HRP-conjugated rabbit
were purchased from Sigma-Aldrich Corp. AlexaFluor488 donkey
anti-mouse IgG was purchased from Invitrogen (Carlsbad, CA,
USA).

Cell Culture

We obtained simian virus (SV) 40 immortalized HCE cells from
RIKEN BioResource Center (Tokyo, Japan) and passaged HCE
cells in Dulbecco’s modified Eagle’s medium: nutrient mixture
F-12 (DMEM-F12 basic) media (Invitrogen, Carlsbad, CA, USA)
supplemented with recombinant human epidermal growth
factor (10 ng/mL), 1% penicillin and streptomycin, and 6%
heat-inactivated fetal bovine serum.

TUNEL fluorescent staining was conducted by following the
protocol of the manufacturer.

The procedure of the cell viability assay was as follows. The
HCE cells were cultured at a density of 8,000 to 10,000 cells
per well in 96-well culture plates. When the HCE cells reached
70% confluency, the media was removed and changed to
DMEM-F12 basic media (serum free), containing a specific
concentration of H2O2, and then cultured for different lengths
of time (0, 2, 4, 8, 12, and 24 hours). For all other experiments,
the HCE cells were cultured at a density of 30 3 104 cells per
well in 6-well plate or 10 3 104 cells per well in 12-well culture
plates, and then cultured in specific concentrations of H2O2 for
different time, followed by the CCK-8 assay, immunofluores-
cent staining, and Western blot, as instructed by the methods
and procedures described below.

In the rapamycin interference experiment, HCE cells were
treated with H2O2 at a concentration of 0.25 mM. Simulta-
neously, rapamycin at concentrations of 0.5 lM and 1 lM were
given to the treated groups.

Cell Viability Assay

We detected cell viability with CCK-8 as instructed by the protocol
from the manufacturer. After HCE cells were cultured for different
time in the conditional media, then the conditional media was
replaced by CCK-8 constituted in culture media and incubated for
4 hours at 378C in the dark. After incubation, the cell viability of
the solution was measured. We detected the absorbance at 450
nm spectrophotometrically with a Bio Tek ELX800 microplate
reader (Bio Tek Instruments, Winooski, VT, USA).

ROS Assay

The production of ROS in HCE cells was measured following
the protocol of the manufacturer. After the treatment of the
conditioned medium containing H2O2 or rapamycin, the HCE
cells were washed with PBS once, and then were incubated
with 20,70-dichlorofluorescein diacetate (Invitrogen, Carlsbad,
CA, USA) at 378C for 30 minutes. Dichlorofluorescein

fluorescence distribution of 1 3 104 cells was ultimately
detected by flow cytometry at an excitation wavelength of 488
nm and at an emission wavelength of 525 nm.

In Vivo Experimental Procedures

We obtained Wistar rats (male, aged 4–6 weeks, 180–220 g)
from Shanghai Shilaike Laboratory Animal Co., Ltd., Shanghai,
China. We conducted the animal experiments carefully
following the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The animal experimental
protocol was approved by the Animal Ethics Committee of
Xiamen University School of Medicine (approval ID, 2016-12-
10). The animals were maintained in an air-conditioned facility.
We randomly divided the rats into two groups (n ¼ 6): (1)
control group without any treatment (saline containing same
amount of vehicle) and (2) H2O2 treatment group.

We anesthetized rats with pentobarbital (50 mg/kg
intraperitoneally), then administered 10 lL saline or H2O2

(0.5 mM) topically. After 0 hours and 4 hours, the rats were
killed, and then removal and dissection of the eyeballs or
cornea followed. The method for the dissection of corneal
tissue for Western blot was previously published.25,26 The
whole corneal tissue was carefully dissected immediately
under a surgical microscope by an experienced person.

Western Blot Analysis

We lysed the collected HCE cells or corneal tissues and measured
total cellular protein concentrations by a BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of
protein were resolved by electrophoresis through 10% Tris-
glycine sodium dodecyl sulfate polyacrylamide gel and electro-
phoretically transferred onto a polyvinylidene difluoride mem-
brane. The membrane was blocked with 1% (wt/vol) BSA in Tris-
buffered saline with 0.1% Tween-20 (TBST) for 1 hour at room
temperature and incubated overnight at 48C with primary
antibodies of anti-3NT (1:200), NOX4 (1:1000), anti-SOD2
(1:5000), anti-GSTP (1:1000), anti-catalase (1:2000), anti-LC3
(1:1000), anti-beclin1 (1:1000), anti-Atg12 (1:1000), and anti-P62
(1:1000). After washing three times with TBST, the membranes
were incubated with a 1:10,000 dilution ofan HRP-conjugated IgG
antibody in TBST containing 1% BSA for 1 hour. After another
three washes with TBST, the bands were detected by a
commercial imaging system (Molecular Imager ChemiDoc XRS;
Bio-Rad Laboratories, Hercules, CA, USA). As needed, the
membrane was stripped for 30 minutes in stripping buffer
(CWBio, Beijing, China) and reblotted with an antibody specific
for b-actin for loading control. We semiquantified the band
intensities by using densitometry with analytical software
(Quantity-One; Bio-Rad Laboratories).

Statistical Analysis

We analyzed the data from the CCK-8 assay, ROS assay, and
Western blotting with the 1-way ANOVA test and performed a
post hoc analysis Tukey test to compare the differences
between the groups or a Student’s t-test. A value of P less than
0.05 was considered significant statistically.

RESULTS

Hydrogen Peroxide-Induced Cellular and Oxidant
Injury

Hydrogen Peroxide (H2O2) is widely applied and reported as a
typical experimental tool to induce oxidative stress.27 We first
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administered 0.25 mM H2O2 in cultured HCE cells for 2, 4, 8,
12, and 24 hours to examine the dynamic changes of cellular
and oxidant damages. As shown in Figure 1A, the cell viability
was significantly decreased in a time-dependent manner after
treatment of H2O2, whereas the level of caspase 8, a marker of
apoptosis, was increased (Figs. 1B, 1C). The positive TUNEL
staining signals also showed increases of cell loss after
exposure to H2O2 (Fig. 1D).

Meanwhile, it was demonstrated that the production of ROS
was significantly increased after treatment of H2O2 in HCE cells
(Fig. 2A). It was also shown that the level of 3-NT, a major
marker of ROS, was significantly elevated after exposure of
H2O2 both in HCE cells (Figs. 2B, 2C) and rat corneas (Figs. 2D,
2E). In addition, the level of NOX4, a key generation enzyme of

ROS, was increased significantly in HCE cells (Figs. 2F, 2G). The
application of H2O2 also significantly increased the level of
NOX4 in rat corneas. (Figs. 2H, 2I). Furthermore, the levels of
ROS degradation factors, such as SOD, catalase, and GSTP, were
decreased significantly in a time-dependent manner in HCE
cells (Supplementary Figs. S1A–F).

Oxidative Stress Suppressed the Cellular
Autophagy

The association of oxidative stress and cellular autophagy is not
completely elucidated yet. Autophagy is a complicated process
in the cell and can be divided into macroautophagy, micro-
autophagy, and chaperone-mediated autophagy. There are

FIGURE 1. Hydrogen peroxide-induced cell injury in cultured HCE cells. (A) Cell viability of HCE cells after treatment of 0.25 mM H2O2 for 2, 4, 8,
12, and 24 hours. Data are presented as mean 6 SEM, n¼4 in each group. ***P < 0.001. (B) Representative images of Western blotting of caspase 8,
a marker of apoptosis, in HCE cells after treatment of 0.25 mM H2O2 for 2, 4, 8, 12, and 24 hours. (C) Statistical analysis of Western blotting data of
caspase 8. Data are presented as mean 6 SEM, n ¼ 3 in each group. **P < 0.01. (D) Representative images of TUNEL staining in HCE cells after
treatment of H2O2 for 24 hours. Scale bars: 50 lm.
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FIGURE 2. Hydrogen peroxide-induced oxidative stress in HCE cells and rat corneas. (A) Production of ROS in HCE cells after treatment of 0.25 mM
H2O2 for 2, 4, 8, 12, and 24 hours. Data are presented as mean 6 SEM, n¼ 3 in each group. ***P < 0.001. (B) Representative images of Western
blotting of 3-NT, a marker of ROS, in HCE cells after treatment of 0.25 mM H2O2 for 2, 4, 8, 12, and 24 hours. (C) Statistical analysis of Western
blotting data of 3-NT in HCE cells. Data are presented as mean 6 SEM, n ¼ 3 in each group. **P < 0.01. (D) Representative images of Western
blotting of 3-NT in corneal epithelium of rat after treatment of H2O2 for 24 hours. (E) Statistical analysis of Western blotting data of 3-NT in rat
corneas. Data are presented as mean 6 SEM, n ¼ 6 in each group. **P < 0.01. (F) Representative images of Western blotting of NOX4, a major
generation enzyme of ROS, in HCE cells after treatment of 0.25 mM H2O2 for 2, 4, 8, 12, and 24 hours. (G) Statistical analysis of Western blotting data
of NOX4 in HCE cells. Data are presented as mean 6 SEM, n¼3 in each group. *P < 0.05. (H) Representative images of Western blotting of NOX4 in
the corneal epithelium of rat after treatment of H2O2 for 24 hours. (I) Statistical analysis of Western blotting data of NOX4 in rat corneas. Data are
presented as mean 6 SEM, n¼ 6 in each group. **P < 0.01.
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several key factors that play important roles in the process of

cellular autophagy, such as LC3, bechlin1, Atg, and P62. We

detected theses key factors of autophagy both in the HCE cells

and rat corneas after treatment with H2O2.19–23

It was shown by Western blot results that the induction of

H2O2 significantly induced reduction of the ratios of LC3-I and

LC3-II, and beclin 1 and Atg12 in a time-dependent manner in

HCE cells (Figs. 3A–F). Meanwhile, H2O2 increased the level of

P62, which was shown by Western blot results (Figs. 3G, 3H).

On the other hand, the topical application of H2O2 in rat

corneas significantly downregulated the ratio of LC3-I and LC3-

II and the level of beclin 1 (Supplementary Figs. S2A–D), but

upregulated the level of P62 (Supplementary Figs. S2E–F).

These results suggested that corneal oxidant injury sup-

pressed the corneal cellular autophagy at the early stage, and,

in other words, the corneal oxidative stress is associated with
the inhibition of autophagy.

Rapamycin-Antagonized Corneal Oxidative Stress

To further prove and support the association of corneal
oxidative stress and corneal autophagy, we applied the
pharmacologic interference approach and investigated the
blocking effects of rapamycin, which is an agonist of
autophagy and targets the mTOR signaling pathway,28 on the
oxidant damage induced by H2O2.

We demonstrated that rapamycin at 0.5 and 1 lM protected
the cell viability against H2O2 in HCE cells (Fig. 4A) and
rapamycin also significantly decreased the production of ROS
(Fig. 4B). Meanwhile, it was shown by Western blot results that
the levels of the marker of ROS, 3-NT, and the major generation

FIGURE 3. Hydrogen peroxide-suppressed cellular autophagy in HCE cells. (A–H) Representative images of Western blotting and statistical analysis
of Western blotting data of ratio of LC3-I and LC3-II (A, B), beclin1 (C, D), Atg12 (E, F), and P62 (G, H) in HCE cells after treatment with 0.25 mM
H2O2 for 2, 4, 8, 12, and 24 hours respectively. Data are presented as mean 6 SEM, n¼3 in LC3, n¼4 in beclin 1, n¼4 in Atg 12, and n¼3 in P62.
*P < 0.05, **P < 0.01, ***P < 0.001.
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enzyme of ROS, NOX4, were significantly decreased after
treatment of rapamycin in HCE cells exposed to H2O2 (Figs.
4C–F). On the other hand, we also measured the key factors of
degradation of ROS, SOD, catalase, and GSTP by Western blot.
It was demonstrated that rapamycin significantly upregulated
the levels of SOD, catalase, and GSTP in HCE cells after
exposure to H2O2 (Supplementary Figs. S3A–F). Furthermore,
it was also demonstrated by Western blot results that
rapamycin activated cellular autophagy, such as the increases
of levels of LC3, beclin 1, and Atg12 (Supplementary Figs. S4A–
F) and the reduction of P62 (Supplementary Figs. S4G–H) in
cultured HCE cells.

Collectively, the results above indicated that the activation
of cellular autophagy induced by rapamycin can antagonize the
cellular and oxidant damage induced by H2O2.

DISCUSSIONS

In this study, we offered novel experimental evidence that
oxidative stress can suppress autophagy in corneal epithelium.
This evidence will help to better understand the association
between corneal oxidative injury and other cellular mecha-
nisms. The blocking effects of rapamycin on corneal oxidant
injury will provide a clue for new directions for the treatment
of corneal diseases caused mainly by oxidative stress.

The crosstalk between ROS and autophagy has drawn

increasing attention recently, although the mechanism is not

completely illustrated. It is suggested that the interplay

between ROS and autophagy may play roles in the neurologic

disorders, diabetes, and other diseases.29,30 The crosstalk

between ROS and autophagy is complicated. It has been

reported that ROS induces autophagy31,32; on the other hand,

autophagy may reduce oxidative damage.33,34 Few evidence

demonstrate the role of association between ROS and

autophagy in the corneal diseases and ocular surface diseas-
es.24 In this study, we report that the corneal oxidative injury

experimentally induced by H2O2 can inhibit the corneal

autophagy process, suggesting that cellular autophagy is

associated with the oxidative stress, which is a major

pathogenesis of certain corneal and ocular surface diseases.

Interestingly, it is revealed from this study that the agonist of

the process of autophagy, rapamycin, can reverse and

ameliorate the cellular oxidant damage in cultured corneal

epithelial cells, supporting the involvement of ROS and

autophagy in the corneas. Further investigation is needed to

identify the blocking effects of rapamycin on corneal oxidative

stress in animals and in other experimental oxidant models to

explore the potential therapeutic role of rapamycin in the
corneal diseases.

FIGURE 4. Rapamycin protected the cell injury and oxidant damage induced by H2O2. (A) Rapamycin at 0.5 and 1 lM significantly ameliorated cell
injury of HCE cells after treatment with H2O2. Data are presented as mean 6 SEM, n¼ 4 in each group. **P < 0.01. (B) Rapamycin at 0.5 and 1 lM
significantly decreased production of ROS in HCE cells after treatment with H2O2. Data are presented as mean 6 SEM, n¼ 3 in each group. **P <
0.01, ***P < 0.001. (C) Representative images of Western blotting of 3-NT, a marker of ROS, in HCE cells. (D) Statistical analysis of Western blotting
data of 3-NT. Data are presented as mean 6 SEM, n¼ 3 in each group. *P < 0.05. (E) Representative images of Western blotting of NOX4, a major
generation enzyme of ROS, in HCE cells. (F) Statistical analysis of Western blotting data of NOX4. Data are presented as mean 6 SEM, n¼ 3 in each
group. *P < 0.05.
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Autophagy is an important cellular catabolic process in
cells. The major function of autophagy is to help remove the
damaged cellular organelles and to promote the survival of
cells.16–18 Autophagy is a very complex process and may play a
different or ‘‘double-edged sword’’ role in the different states of
cells or in different cells. There are three major forms of the
process of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy. There are also key factors that
play vital roles in process of autophagy. In this investigation,
we examined the following key factors: LC3, beclin 1, Atg 12,
and P62. LC3 is an autophagy marker and protein that is
synthesized in the form of LC3-I in the cytoplasm. Upon
autophagy formation, LC3-I is converted to LC3-II and bound to
the autophagosome membrane.17,18 Bechlin1 is an essential
molecule in autophagosome formation. It can mediate the
autophagy protein autophagic vacuoles, which regulate
mammalian autophagosome formation and maturation. Bech-
lin1 expression tends to increase during autophagy.19 The Atg
family is composed of very important proteins in the process of
autophagy. P62 acts as a receptor for vesicles to be degraded by
autophagy and as a receptor for ubiquitinated protein
aggregates to be eliminated. Therefore, P62 is mainly involved
in the clearance of autophagy.20,21 We demonstrated that
corneal oxidative stress can elevate the levels of LC3, beclin 1,
and Atg12 but downregulated the level of P62, suggesting an
inhibitory role on the process of autophagy by oxidant damage.
It will be helpful to better elucidate the interplay of ROS and
autophagy in corneas by further illustration on the different
signaling pathways, such as the mTOR signaling pathway.35

Complete elucidation of the mechanism of autophagy and
the interplay with other pathologic events, such as inflamma-
tion and oxidative stress in corneal epithelium will help to
better understand the physiology of the cornea as well as the
pathogenesis of corneal diseases and ocular surface diseases.
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