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Objective. To investigate the effect of high concentration of glucose on reactive oxygen species (ROS) production in rabbit corneal
epithelial cells (RECEs) and explore whether the increased ROS initiates the apoptosis process of RECEs through oxidative stress
and endoplasmic reticulum (ER) stress pathway.Methods. RECEs were treated by different concentrations of glucose for a while,
and then the production of ROS was detected by flow cytometry. )e expressions of PERK, p-PERK, Akt, p-Akt, and CHOP were
determined by western blot, and the cell viability was measured by Cell Counting Kit-8 (CCK-8). Flow cytometry was used to
detect the early apoptosis rate. Meanwhile, the effects of N-acetyl-L-cysteine (NAC), an active oxygen inhibitor, on the ex-
perimental results were observed. Results. Compared with the normal glucose concentration group, the fluorescence intensity of
ROS in the high concentration (1mM glucose) of glucose group was significantly increased (P< 0.05). NAC-inhibited ROS
production was induced by high concentration of glucose (P< 0.05).Western blot demonstrated that the expressions of the
p-PERK and CHOP increased significantly (P< 0.05), the p-Akt expression decreased (P< 0.05), and the PERK and Akt ex-
pressions did not change significantly in the high concentration of glucose group compared to the normal concentration group.
CCK-8 results revealed that compared with the normal concentration of glucose group, the cell activity of the high concentration
of glucose group decreased. For the cells in the high concentration of glucose group, the cell survival rate of NAC-treated cells was
higher than that of untreated (P< 0.05). )e flow cytometry results indicated that the early apoptosis rate of the cells in the high
concentration of glucose group increased in contrast with that in the normal concentration of glucose group (P< 0.05). Treating
the cells in the high concentration of glucose group with NAC could reduce the cell apoptosis resulted from high glucose
(P< 0.05). Conclusions. High concentration of glucose may induce the formation of ROS which leads to oxidative stress and ER
stress in RECEs and even leads to cell apoptosis. )e reactive oxygen inhibitor, NAC, can play a protective character in the high
concentration of glucose environment. )ese results might provide theoretical basis for the study of the diabetes-related dry eye.

1. Introduction

Diabetes is a group of metabolic diseases characterized by an
increase in chronic blood glucose level caused by defects in
insulin secretion and function. Diabetes has become one of
the most common chronic diseases in developed countries
such as Europe and the United States, and China is also
confronted with the same problem. According to statistics,
there are about 109 million adult diabetic patients in China,
accounting for 10.9% of the total population [1].

Diabetes could cause numerous complications; among
them, dry eye is one of the most common clinical symptoms
[2]. Several abnormalities induced by diabetes, such as
decrease of tear secretion, tear composition changes, de-
creased corneal sensitivity, and delayed corneal epithelial
regeneration, would cause ocular surface damage. Experi-
ments uncovered that the concentration of the tear glucose
in diabetic patients was 5 times higher than that in normal
people, and the concentration of glucose in tears was sig-
nificantly correlated with blood glucose [3]. Tear osmotic
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pressure can be significantly increased due to the high
tear glucose, which increases with the duration of diabetes
[4]. Glucose can be converted to deoxyglucosone in the high
glucose condition and would produce a good deal of ROS
accompanied by the self-oxidation [5]. Endoplasmic re-
ticulum (ER) is an organelle and the place of proteins folded
and assembled in eukaryotic cells. ROS can change the
channel function of the ER and the buffer of chaperones,
affecting the balance of calcium ions. In order to maintain
intracellular homeostasis, an unfolded protein response
(UPR) is initiated to protect the endoplasmic reticulum [6].
UPR is mainly mediated by three kinds of signal transducers,
including activating transcription factor 6 (ATF6), type-1 ER
transmembrane protein kinase (IRE-1), and double-
stranded RNA-dependent protein kinase-like ER kinase
(PERK) [7]. With the deterioration of the situation, UPR
cannot maintain the balance of proteins and calcium within
ER, which would activate the apoptotic pathway [8]. On the
basis of these backgrounds, we established a model in vitro
to explore the circumstance of ROS production in high
concentration of glucose environment and the relevant
involvement of ER stress in the rabbit corneal epithelial cells
(RECEs) apoptosis. We further evaluated the effects of the
reactive oxygen inhibitor,N-acetyl-L-cysteine (NAC), on the
cellular protection and tried to elucidate the underlying
pathological mechanism of diabetes-related dry eye.

2. Materials and Methods

2.1. Ethics Statement. )e experimental protocol was ap-
proved by the Ethics Committee of the Yangpu Hospital,
Tongji University Medical School. All animal procedures
and experiments were approved by the Animal Care and Use
Committee in Tongji University Medicine School. All ani-
mals were cared according to the Association for Research in
Vision and Ophthalmology statement for using animals in
ophthalmic and vision research. In addition, every surgery
was performed under sodium pentobarbital anesthesia, and
all efforts were made to minimize suffering.

2.2. Animals and Cell Culture. 50 male White New Zealand
rabbits with a mean weight of 2.25± 0.25 kg were obtained
from Central Lab Tongji University Laboratory Animal
Center (Shanghai, China). All the rabbits with 100 eyes were
divided into five groups: OPC group, NCG group, HCG
group, NCG+NAC group, and HCG+NAC group, each
group with 20 eyes. RECEs were cultured and identified
according to the experimental method described previously
[9]. Generation 1 cells were used for subsequent experi-
ments. RECEs were washed three times with PBS (Gibco,
Grand Island, NY, USA) when they were confluent reaching
80% and maintained in serum-free keratinocyte medium
(ScienCell Research Laboratories, San Diego, CA, USA)
containing 100U/ml penicillin (Gibco, Grand Island, NY,
USA) and 100mg/ml streptomycin (Gibco, Grand Island,
NY, USA) 24 h. All experiments were performed in
triplicate.

2.3. Cell Grouping and Treatment. RECEs were seeded at
4×105/well into a 6-well plate and maintained in serum-free
keratinocyte medium containing 100U/ml penicillin and
100mg/ml streptomycin 24 h. )e cells were divided into six
groups (Table 1).

2.4. Detection of ROS. After 24 h treatment, the medium was
removed and the cells were washed with PBS three times,
and then the experimenter added 10 μM dichlorodihydro-
fluorescein diacetate (DCFH-DA, Beyotime, Shanghai,
China) protected from light and placed at 37°C for 30min.
After 0.05% trypsin incubation at 37°C for 5min, serum-
containing medium was added to terminate the digestion.
)e cell suspension was transferred into a flow test tube and
centrifuged at 800 rpm for 3min. )e supernatant was re-
moved and 1ml of PBS was added to each tube and
centrifuged at 800 rpm for 3min. Afterwards, the super-
natant was removed and 500 μl of PBS was added to each
tube, and finally, ROS was detected in accordance with FITC
fluorescence detection conditions for flow cytometry (BD
FACSCanto II, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA).

2.5. Detection of Cell Apoptosis. )e digestive cells were
transferred into a flow test tube and resuspended with the
binding buffer after washing three times. Cell apoptosis was
detected in accordance the manufacturer’s instructions of
the Annexin V-fluorescein isothiocyanate/propidium iodide
apoptosis kit (Annexin V-FITC/PI, Invitrogen, Carlsbad,
CA, USA). Briefly, 5 μl Annexin V was added, gently mixed,
and then placed at room temperature for 15min protected
from light. And then, 5 μl PI was added, gently mixed, and
placed at room temperature for 5min protected from light.
In the end, cell apoptosis was detected within 1 hour by flow
cytometry.

2.6. Detection of Cell Proliferation. After 24 h treatment, the
medium was removed and cells were washed with PBS three
times; 10 μl CCK-8 (Dojindo Laboratories, Minato-ku,
Tokyo, Japan) was added and placed at 37°C for 4 h pro-
tected from light. )e absorbance was detected at 450 nm.

2.7.Western Blot Assay. RECEs were washed with PBS three
times. 150 μl of protein cleavage fluid was added (Beyotime,

Table 1: )e rabbit corneal epithelial cells grouping and treatment.

Number Group Treatment
1 Blank control —
2 OPC 0.5mM sodium chloride
3 NCG 0.12mM glucose
4 HCG 1mM glucose
5 NCG+NAC 0.12mM glucose +NAC
6 HCG+NAC 1mM glucose +NAC
OPC: osmotic pressure control; NCG: normal concentration of glucose;
HCG: high concentration of glucose; NAC: N-acetyl-L-cysteine (Sigma-
Aldrich, Oakville, Ontario, Canada).
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Shanghai, China) each and lysed on ice for 5min. )e
cellular protein was scraped with a cell scraper, transferred
to an EP tube, and then centrifuged at 4°C at 14000 rpm
for 10min. )e supernatants were tested for protein

concentration using the BCA method ()ermo Fisher Sci-
entific, Waltham, MA, USA). 5× SDS loading buffer was
added to total protein, mixed well, and then heated to 100°C
for denaturing. )e protein was transferred to the PVDF
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Figure 1: ROS generation detected by flow cytometry (a). In the blank control group, only a negative peak was detected, and positive peaks
detected in other groups indicate DCF fluorescence expression. In the HCG group, the fluorescence intensity was significantly stronger than
in the OPC group and the NCG group (∗P< 0.05 versus OPC and ∗P< 0.05 versus NCG). In the HCG+NAC group, the fluorescence
intensity was weaker than in the HCG group (#P< 0.05 versus HCG). Statistical analysis (b) was represented as mean± SD (∗P< 0.05 and
#P< 0.05).
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transfer membrane (Millipore Corporation, Temecula, CA,
USA) after separation by 10% SDS polyacrylamide gel. )e
membranes were blocked in 5% nonfat milk for 1 h and
incubated with primary antibody in 1 : 500 dilution over-
night at 4°C. Primary antibodies against Akt (Sigma-
Aldrich, Oakville, Ontario, Canada), p-Akt (Cell Signaling

Technology, Danvers, MA, USA), PERK (Cell Signaling
Technology, Danvers, MA, USA), p-PERK (Millipore Cor-
poration, Temecula, CA, USA), CHOP (Abcam, Cambridge,
MA, USA), and β-actin (Cell Signaling Technology, Danvers,
MA, USA) were used in this study. )e membrane was
rinsed three times with TBST for 10 minutes each and
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Figure 2: Cell apoptosis detected by flow cytometry (a). )e percentage of apoptotic cells in the HCG group was significantly higher
compared to those in the OPC group and the NCG group (∗P< 0.05 versus OPC and ∗P< 0.05 versus NCG), but it was significantly decreased in
the HCG+NAC group (#P< 0.05 versus HCG). Statistical analysis (b) was represented as mean±SD (∗P< 0.05 and #P< 0.05).
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incubated with horseradish peroxidase conjugated sec-
ondary antibody against rabbit IgG (Dako, Glostrup,
Denmark) in a 1 :1000 dilution for 1 h. )e membrane was
rinsed three times with TBST for 10 minutes each and ex-
posed by SuperSignal West Pico Chemiluminescent Sub-
strate (PIERCE) for detecting the blots. )e density of the
bands was analyzed, and the expression of β-actin was used
as internal control.

2.8. StatisticalAnalysis. All results were expressed as mean±
standard deviation (SD) unless indicated otherwise notified.
Statistical analysis was performed with Statistical Product
and Service Solutions 22.0 for Windows (SPSS 22.0 Inc.,
Chicago, IL, USA). ANOVA with multiple comparisons was
used between groups. Differences at P< 0.05 were consid-
ered statistically significant.

3. Results

3.1. ROS Generation Detection by Flow Cytometry. Cell
fluorescence was detected by flow cytometry. DCFH-DA has
no fluorescence itself, which can freely penetrate the cell
membrane into the cell and be hydrolyzed by esterase to
dichlorodihydrofluorescein (DCFH). )e intracellular re-
active oxygen species can oxidize the nonfluorescent DCFH
to produce a green fluorescent substance 2ʹ,7ʹ-dichloro-
fluorescein (DCF), and its fluorescence intensity is pro-
portional to the level of intracellular reactive oxygen species.
Under the FITC fluorescence condition, a negative peak was
detected only in the blank control group (Figure 1(a)), while
positive peak could be detected in the other five experi-
mental groups. In the HCG group, the fluorescence intensity
was significantly stronger than in the OPC group and the
NCG group. In the HCG+NAC group, the fluorescence
intensity was weaker than in the HCG group, and the
positive peak left-deviated. Compared with OPC group and
NCG group, the fluorescence intensity of ROS in the HCG
group increased significantly (Figure 1(b), P< 0.05). Com-
pared with HCG group, the fluorescence intensity of ROS in
the HCG+NAC group decreased significantly (P< 0.05).

3.2. Cell Apoptosis Detection by Flow Cytometry. Compared
with OPC group (Figure 2(a)) and NCG group, the per-
centage of early apoptotic cells in the HCG group increased
significantly (P< 0.05). Compared with HCG group, the
percentage of early apoptotic cells in the HCG+NAC
group decreased significantly (P< 0.05). )ere was no
significant difference in the percentage of early apoptotic
cells between the NCG group and the NCG+NAC group
(P> 0.05). Statistical analysis was represented as mean ± SD
in Figure 2(b) (P< 0.05).

3.3. Cell Proliferation Assay. Cells’ viability after different
treatments was detected by CCK-8 assay. Compared with
OPC group and NCG group, cell viability in the HCG group
decreased significantly (P< 0.05). Compared to the HCG
group, cell viability in the HCG+NAC group increased

significantly (P< 0.05). )ere was no obvious difference in
cell viability between the NCG group and the NCG+NAC
group (P> 0.05) (Figure 3).

3.4. ProteinDetection byWesternBlotAssay. Compared with
OPC group and NCG group, the expressions of p-PERK and
CHOP in RECEs increased significantly (P< 0.05), but
p-Akt expression decreased significantly (P< 0.05) in the
HCG group. Compared with the HCG group, the expres-
sions of p-PERK and CHOP were decreased significantly
(P< 0.05), but p-Akt expression increased significantly
(P< 0.05) in the HCG+NAC group (Figure 4).

4. Discussion

For diabetic patients, metabolic disorders cause abnormal
secretion and composition of tears and unstable tear film,
which leads to a series of ocular disorders. Diabetes-related
dry eye can lead to serious ocular surface lesions. )e main
clinical features include persistent corneal epithelial defects,
delayed epithelial regeneration after ocular surgery, and even
repeated exfoliation [10, 11]. In patients with long course of
diabetes, sensitivity of corneal nerve decreases, tactile
threshold increases, corneal nerve fibers narrow, branches
decrease, and corneal infection and even corneal ulcer can
occur [12]. It is difficult to reduce the symptoms of diabetic
dry eye completely, especially the problem of persistent
corneal epithelial damage. )erefore, finding out the
pathogenesis of diabetes-related dry eye is very crucial.

In the previous study, the tear film rupture time and tear
secretion are measured in diabetic patients, and it is found
that the tear film breakage time and Schirmer value in di-
abetic patients are significantly lower than those in the
control group; the longer the duration of diabetes, the more
significant the difference is. )ese results uncover that the
duration and the stability of the tear film in diabetic patients
is poor, and thus the dry eye is serious [13]. Our previous
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Figure 3: Cell proliferation assay. Statistical analysis was repre-
sented as mean± SD (∗P< 0.05 versus OPC and #P< 0.05 versus
HCG).
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clinical study and tear proteomics analysis confirmed that
compared with normal population, diabetic patients had
obvious dry eye symptoms, tear secretion decreased, tear
film stability decreased, and corneal epithelial cells
damaged [14].

Oxygen can form some free radicals in the normal
metabolism of organisms, including superoxide anion (O2

−),
hydrogen peroxide (H2O2), and hydroxyl radical (OH),
which are collectively referred to as reactive oxygen species
(ROS). Oxidative stress refers a serious state of that
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Figure 4:)e expressions of ER stress-related molecules in RECEs.)e expressions of Akt, p-Akt, PERK, p-PERK, CHOP, and β-actin were
detected by western blot assay (a). )e expressions of p-PERK and CHOP in the HCG group increased significantly than those in the OPC
group and the NCG group, while p-Akt expression decreased significantly (∗P< 0.05 versus OPC and ∗P< 0.05 versus NCG). )e ex-
pressions of p-PERK and CHOP in the HCG+NAC group decreased significantly than that in the HCG group, while p-Akt expression
increased significantly (#P< 0.05 versus HCG). Statistical analysis (b) was represented as mean± SD (∗P< 0.05 and #P< 0.05).
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stimulated by a variety of pathological factors, including
production of too much of ROS, decreased antioxidant
capacity, and broken normal dynamic equilibrium recovery
capacity of oxygen-like body. )ese cause oxidative damage
to the biological macromolecules, such as proteins, lipids,
and nucleic acids, and thus interfere with normal life ac-
tivities and form serious stress states [15]. Under normal
physiological conditions, ROS acts a role in maintaining the
signal transduction and normal function of cells. Endoge-
nous antioxidant stress response systems include enzymes
such as superoxide dismutase, catalase, glutathione perox-
idase, and nonenzymes, such as vitamins that inhibit the
accumulation of ROS. )e exogenous factors, such as ex-
ogenous oxidants, radiation, and environmental or endog-
enous factors, such as mitochondrial respiratory chain
reaction, glucose metabolism, and amino acid metabolism,
can cause excessive accumulation of ROS [16]. If the cell’s
antioxidant stress is inhibited at the same time, the broken
ROS balance will further activate cell mitochondrial damage,
ER stress-related signal transduction pathway. )e pro-
duction of ROS can cause ER stress under various conditions
[17, 18].

In this experiment, RECEs were exposed to different
concentrations of high glucose to confirm that RECEs could
produce more ROS under the high concentration of glucose
than that under normal, while it also produced more ROS
than the high concentration of glucose osmotic pressure
group. Under oxidative stress, the sensitivity of cells to stress
was increased. In dry eye animal models, when the pro-
duction of ROS in the corneal epithelium increases beyond
its compensatory capacity, it further activates the relevant
cytokines and destroys the regenerative capacity of the
corneal epithelial cell layer [19]. )ese results reveal that the
increase of ROS in the cornea is closely related to the pa-
thology of corneal epithelial injury.)e results of the present
study might hint that high concentration of glucose can lead
to corneal damage by inducing the production of ROS in
RECEs.

In the early stage of ERS, the unfolded protein response
(UPR) is activated because the protein biosynthesis reduces
and the ability of ER degradation enhances so as to maintain
homeostasis [6]. In the event that cell injury has not been
alleviated or even further enhanced, the apoptotic signaling
pathway is activated because the UPR cannot maintain the
balance of protein and calcium in the ER [8]. It induces
eukaryotic translation initiation factor 2α (eIF2α) expression
primarily through activated PERK, which leads to enhanced
expression of the proapoptotic transcription factor CHOP,
inducing apoptosis [20]. Our previous study [9] showed
that high osmotic pressure interferes make RECEs pro-
duce ROS, and it can serve as an upstream signal of c-Jun N-
terminal kinase (JNK) signaling pathway to promote
JNK phosphorylation. JNK signaling pathway activation can
promote the activation of preinflammatory factor nuclear
factor kappaB (NF-ΚB) and then promote the expression of
inflammatory cytokines interleukin-1β (IL-1β) and tumor
necrosis factor alpha (TNF-α), leading to the inflammation
of RECEs. At the same time, the increased production of
ROS in RECEs can induce the apoptosis by activating the

JNK signaling pathway of the apoptosis system cluster of
differentiation 95 (CD95)/CD95 ligand (CD95L). In the
present study, the expressions of p-PERK and CHOP in-
creased and p-Akt expression decreased, while PERK and
Akt expressions did not change significantly in the high
concentration of glucose group compared with that in the
normal group.

PERK is an upstream signaling molecule of CHOP, and
p-PERK can activate the expression of downstream CHOP.
CHOP, as a specific transcription factor of ER stress, is
considered as a marker of ER stress. Under normal con-
ditions, the expression of CHOP is quite low, while under
the ER stress, the expression of CHOP would be significantly
increased [21, 22]. )e Akt signaling pathway plays a key
regulatory role in various biological processes, such as cell
metabolism, proliferation, and survival. Meanwhile, it also
plays a crucial protective character in ER stress [23–26]. ER
stress can cause a rapid decline in Akt phosphorylation, and
the PERK-CHOP-Akt pathway plays an important role in
this process [27]. In this experiment, we found that the
expression of p-PERK and CHOP increased in the HCG
group. CHOP could negatively regulate the activation of Akt
during the process of high concentration of glucose-induced
RECEs apoptosis. Since CHOP is a sign of ER stress, the
results indicated that it was accompanied with ER stress in
the HCG group.

Abnormal cell apoptosis is presented in the ocular
surface tissues of dry eye patients; the proapoptotic factors
in the tear and the ocular surface, for instance, Fas (factor-
associated suicide)/FasL (fas ligand) and Bax (B-cell
lymphoma-2-associated X protein) along with inflammatory
factors such as interleukin-1 (IL-1), tumor necrosis factor
alpha (TNF-α), and interleukin 6 (IL-6) would increase its
expressions and activate apoptotic pathway. It is explicit
that there exists apoptosis in dry eyes. Nevertheless, we
cannot simply discuss the causal relationship between
them. )e connection between the two can be a vicious
cycle that promotes each other, and both sides are mutually
causative. When the accumulation of apoptotic cells rea-
ches a certain quantity, it would inevitably affect the organ
function.

Flow cytometry uncovered that the early apoptosis rate
of the HCG group was significantly higher than that in the
NCG group. In addition, the early apoptotic rate of the HCG
group with antioxidant NAC was obviously lower than that
of the HCG group. Analysis of cell viability demonstrated
that the RECEs’ viability decreased remarkably with the
increase of high concentration of glucose. NAC is a cysteine
acetyl derivative with free radical scavenging activity and
a precursor of reduced glutathione in human body [28]. As
a commonly used antioxidant, it plays an important role in
the treatment of many diseases such as heart, kidney, res-
piration, liver, andmental illness. Our study found that NAC
could reduce the production of ROS induced by high
concentration of glucose in RECEs because the fluorescence
intensity of the HCG group was significantly decreased by
adding NAC. P-PERK and CHOP expressions were
downregulated, and p-Akt expression was upregulated after
NAC was added to the HCG group RECEs. )e results of
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flow cytometry displayed that the early apoptosis rate of the
HCG group was significantly lower and the cell viability was
significantly increased by adding the ROS inhibitor NAC.
)e outcomes showed that NAC could inhibit the generation
of ROS and further reduce the intensity of cellular ER stress.
It was confirmed that ROS generation is an upstream event
of ER stress and the protective effect of NAC in the high
glucose environment.

5. Conclusions

In summary, our results disclosed that ROS production in
high concentration of glucose-induced RECEs triggers ap-
optosis by activating ER stress pathways. )is might explain
why diabetics are more prone to dry eye symptoms. Anti-
oxidant NAC could protect RECEs under high concentra-
tion of glucose conditions. )is work may provide new ideas
for the clinical treatment of dry eye caused by diabetes.
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