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Diabetes inhibits corneal epithelial cell migration and tight
junction formation in mice and human via increasing ROS and
impairing Akt signaling
Qi-wei Jiang1,2, Denis Kaili1, Jonaye Freeman1, Chong-yang Lei1, Bing-chuan Geng1, Tao Tan1, Jian-feng He4, Zhi Shi2, Jian-jie Ma1,
Yan-hong Luo4, Heather Chandler3 and Hua Zhu1

Corneal wounds usually heal quickly; but diabetic patients have more fragile corneas and experience delayed and painful healing.
In the present study, we compared the healing capacity of corneal epithelial cells (CECs) between normal and diabetic conditions
and the potential mechanisms. Primary murine CEC derived from wild-type and diabetic (db/db) mice, as well as primary human
CEC were prepared. Human CEC were exposed to high glucose (30 mM) to mimic diabetic conditions. Cell migration and
proliferation were assessed using Scratch test and MTT assays, respectively. Reactive oxygen species (ROS) production in the cells
was measured using dichlorofluorescein reagent. Western blot was used to evaluate the expression levels of Akt. Transepithelial
electrical resistance (TEER) and zonula occludens-1 (ZO-1) expression were used to determine tight junction integrity. We found
that the diabetic CEC displayed significantly slower cell proliferation and migration compared with the normal CEC from both mice
and humans. Furthermore, ROS production was markedly increased in CEC grown under diabetic conditions. Treatment with an
antioxidant N-acetyl cysteine (NAC, 100 μM) significantly decreased ROS production and increased wound healing in diabetic CEC.
Barrier function was significantly reduced in both diabetic mouse and human CEC, while NAC treatment mitigated these effects. We
further showed that Akt signaling was impaired in diabetic CEC, which was partially improved by NAC treatment. These results
show that diabetic conditions lead to delayed wound-healing capacity of CEC and impaired tight junction formation in both mice
and human. Increased ROS production and inhibited Akt signaling may contribute to this outcome, implicating these as potential
targets for treating corneal wounds in diabetic patients.
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INTRODUCTION
Diabetes mellitus is a common chronic endocrinopathy, char-
acterized by hyperglycemia and either insulin insufficiency or
insulin resistance. The World Health Organization estimates that
the global prevalence of diabetes in 2014 was 9% and suggests
that diabetes will be one of the top 10 leading causes of death by
2030 [1]. Nearly 29.1 million people in the United States alone live
with diabetes, and the Centers for Disease Control estimates that
approximately 86 million Americans were prediabetic in 2012. The
impaired metabolism of glucose results in alterations in macro-
and microvascular circulation, giving rise to multiple complica-
tions in patients with diabetes, including neuropathy, nephro-
pathy, and cardiovascular complications [2]. In addition, morbidity
related to ocular complications of diabetes is increasing con-
siderably at a rate commensurate to nearly 1.4 million new
diabetic cases diagnosed in the United States each year [1, 3].
Dysregulation of corneal homeostasis has been well documen-

ted in human diabetics [3, 4]. Nearly half of all diabetic patients

develop some degree of degenerative corneal disease, termed
diabetic keratopathy, due to compromised epithelial barrier
function, morphologic changes to the epithelial and endothelial
cells, hypertrophy of the epithelial basement membrane, and
diminished corneal sensitivity [3, 5, 6]. Unfortunately, even minor
disruptions to the diabetic cornea can lead to prolonged healing
times or persistent epithelial defects [3, 5, 6]. Delayed healing
predisposes diabetic patients to sight-threatening complications,
such as progressive epithelial thinning, resulting in secondary
corneal injury and induction of cytokines and thus increasing the
potential for fibrotic scar formation [5–8]. As such, understanding
the pathophysiology associated with the diabetic cornea is of
great importance in maintaining the corneal integrity of diabetic
patients [3, 4].
Rapid re-epithelialization and restoration of the epithelial

barrier is critical in maintaining the structural integrity and
normal function of the cornea [9]. As part of this process, tight
junctions play an important role in the establishment of corneal
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homeostasis and epithelial barrier formation. Tight junctions are
present in the corneal epithelium, and zonula occludens (ZO)-1
can be observed in a continuous pattern at the apical cell borders
[10]. Elevation of reactive oxygen species (ROS) has been
demonstrated to reduce tight junction proteins and epithelial
barrier integrity [11, 12]. Furthermore, increased oxidative stress
due to ROS production has been implicated as having a causative
role in diabetic complications [13]. Regarding to the eye, there are
reports associating alterations in ROS production to diabetic
corneal complications [14–16]. To date, there is limited informa-
tion on the effects of hyperglycemia on ROS production and
restoration of corneal epithelial barrier function [17, 18].
In the present study, we investigated corneal epithelial

proliferation, wound healing, and barrier function in hyperglyce-
mic conditions. Our findings indicate that increased ROS produc-
tion, in response to high glucose treatment, impairs Akt signaling
in the corneal epithelium and significantly decreases epithelial
integrity.

MATERIALS AND METHODS
Cell culture
Mouse primary corneal epithelial cells (mCECs), diabetic mCECs
(dmCECs), and human primary CECs (hCECs) were purchased from
Cell Biologics, Inc. (Chicago, IL). mCEC and dmCEC were
maintained in mouse epithelial cell medium (Cell Biologics, Inc.,
cat. no. M6621), and hCEC were maintained in human epithelial
cell medium (Cell Biologics, Inc., cat. no. H6621) containing
5mmol/L (normal glucose) or 30 mM D-glucose (high glucose); all
were maintained in a 5% CO2 humidified incubator at 37 °C. A
stratified CEC model (Lonza, Inc., Walkersville, MD), isolated from
clinically normal corneal tissues of humans, was used to evaluate
ROS production and transepithelial electrical resistance (TEER). For
the stratified CEC model, cells were seeded on polyester
membranes coated with rat tail collagen type I. Cultures were
incubated at the air–liquid interface to achieve stratification of 6–7
cell layers. To achieve equilibration, tissue cultures were trans-
ferred from the supplied gel-based medium to a sterile plate, and
supplemented corneal epithelial differentiation medium (Lonza)
was added. Plates were incubated overnight at 37 °C with 5%
CO2 and 95% humidity. After equilibration, tissue cultures were
treated by application of either 5 or 30mM D-glucose. Mannitol
(20 mmol/L) was used as an osmotic control; no differences were
noted in any experiments (data not shown).

Cell proliferation
Cells were first seeded onto a 96-well plate at a density of
1000 cells per well and then incubated for different times, as
indicated. Subsequently, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyl-
tetrazolium bromide (MTT) was added to each well at a final
concentration of 0.5 mg/mL. After incubation for 4 h, formazan
crystals were dissolved in 100 μL of dimethylsulfoxide (DMSO)
and absorbance at 570 nm was measured using a plate reader. A
separate group of cells was used for a colony formation assay.
Briefly, 1 × 104 cells were initially seeded into each well of a six-
well plate and maintained in growth medium. The medium
was changed every 3 days. Six days after initial seeding, the
cells were fixed with methanol and stained with 1% Rhodamine B
for 15min before being counted. The colony numbers were
counted using ImageJ software. All experiments were repeated
three times.

Cell migration
Cells were cultured in their respective medium with or without
N-acetyl cysteine (NAC; 50 µM) for 24 h until they reached 90%
confluence, subsequently scratched with a micropipette tip, and
incubated. Images were taken at 0, 3, 6, 12, and 24 h after the

initial scratch. Digital images of wound closure were used for
quantitative assessment of migration using ImageJ software.

Measurement of intracellular ROS
For observation of intracellular ROS staining, cells were first seeded
onto a 24-well plate and allowed to grow for 1 day. The cells were
treated with ROS fluorescence probe ROS BriteTM570 (10 μM) and
incubated for 30min at 37 °C. Staining was observed and captured
for quantification through the use of ImageJ software. To evaluate
ROS production in the stratified human CEC, dichlorofluorescein
reagent (Molecular Probes, Eugene, OR) was diluted (5 µM) with
phosphate buffered saline (PBS) solution in accordance with the
manufacturer’s instructions and added to each well. Cells were
incubated with the dichlorofluorescein reagent at 37 °C for 30min.
The dichlorofluorescein reagent was removed and the cells were
washed gently with PBS solution. The cells were then exposed to
glucose or the control for 24 h. Fluorescence was measured with an
automated microplate reader, with ROS production directly
proportional to the measured fluorescence.

Western blot
Total protein was extracted from the indicated cells in RIPA buffer.
Protein (30 µg) from each sample was separated using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes at 4 °C. Membranes were
blocked with 5% nonfat milk and incubated with the indicated
primary antibodies overnight at 4 °C under rotation. Secondary
antibodies, conjugated horseradish peroxidase anti-mouse or anti-
rabbit IgG, were applied at a 1:5000 dilution and incubated for 1 h
on a shaker at room temperature. Immunoblots were visualized
with an ECL plus kit (Pierce, Rockford, IL). The antibodies used in
this study were as follows: anti-p-Akt (S473) antibody (Cell
Signaling Technology, Danvers, MA; cat. no. 4060), anti-Akt (pan)
antibody (Cell Signaling Technology, cat. no. 4691), and anti-β-actin
antibody (Sigma-Aldrich, St Louis, MO; cat. no. A5441).

Epithelial barrier assessment
Immunofluorescence for ZO-1 and TEER was used as indicators of
epithelial barrier integrity. Cells were grown on 12mm Transwell®
filters (Corning Incorporated, Corning, NY). TEER was determined
with an Evom2 epithelial voltohmmeter (World Precision Instru-
ments, Sarasota, FL). Before each measurement, the Evom2 was
zeroed according to the manufacturer's directions, and the
background resistance was determined using cell-free filters. Cells
were exposed to either 5 or 30 mM D-glucose and measurements
were performed at 12 and 24 h. Background was subtracted and
values were adjusted to ohms multiplied by area (1.12 cm2) of the
Transwell® inserts.
Twenty-four hours after initially seeding cells on glass cover-

slips, CEC were treated with normal or high glucose for 24 h. The
cells were subsequently stained for expression of ZO-1 (Invitrogen,
Carlsbad, CA; cat. no. 40-2200). Briefly, the cells were rinsed with
PBS, then fixed with 4% paraformaldehyde for 10min at room
temperature, and rinsed three times with PBS. The cells were
permeabilized with 0.2% Triton X-100 for 10 min before blocking
with 5% nonfat milk for 30 min. The cells were incubated with
primary antibody overnight at 4 °C. The cells were rinsed with PBS
three times, then incubated with secondary antibody and Hoechst
33258 for 1 h in the dark. The cells were washed with PBS and
placed on coverslips mounted on glass slides and kept at 4 °C until
imaged. Micrographs were acquired using a fluorescence micro-
scope (Carl Zeiss LSM 780, Germany).

Statistical analysis
All data are expressed as the mean±S.D. Groups were compared
by Student’s t-test and analysis of variance for repeated measures.
A value of P < 0.05 was considered significant.
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RESULTS
Diabetic conditions reduce CEC proliferation and migration
To determine the influence of diabetic conditions on the
proliferative capacity of CEC, the mCEC and dmCEC were cultured
for 1–5 days. As observed in Fig. 1a, the growth rate of dmCEC was
slower in comparison with normal mCEC. Furthermore, the
proliferation rate of hCEC was impaired by high glucose treatment
(Fig. 1b). This observation was also confirmed by colony formation
assay (Fig. 1c), where the normal CECs formed about twice as
many colonies as diabetic CECs during 6 days of culture (Fig. 1d).
To assess the effect of diabetes on CEC migration in vitro, a

scratch healing model was used. The mCEC and hCEC cultured in
normal glucose levels underwent the expected migration in
response to scratch wounding. By comparison, dmCEC and high
glucose-treated hCEC showed significant delays in cellular
migration (Fig. 2). Collectively, these results indicate that CEC
exhibit lower proliferation and migration rates under diabetic
conditions.

Diabetic CECs increase intracellular ROS generation
To determine potential differences in diabetic corneal ROS
production, ROS levels were evaluated in each of the CEC lines
and culture conditions. Representative results show that the
number of cells with high fluorescence intensity was significantly
increased in diabetic CEC compared with normal CEC (Figs. 3a, b).
To mimic the physiologic condition, a stratified human CEC model
was exposed to normal and high glucose conditions. Consistent
with our observations in the monolayer cultures, we demonstrate
that high glucose treatment results in a significant increase in ROS
production in stratified human CEC (Fig. 3c).

NAC treatment improves diabetic CECs migration
To evaluate a causative relationship between ROS generation in
diabetic conditions and delayed CEC migration, cells were treated
with the nonspecific ROS scavenger, NAC. As observed in Fig. 4,

NAC treatment could reverse the delayed migration observed
under diabetic conditions, suggesting that excessive ROS gener-
ated by diabetic CEC may inhibit CEC migration.

Epithelial barrier formation is reduced in diabetic CECs
When stratified CEC were incubated with high levels of glucose for
24 h, a reduction in CEC layers was observed (Fig. 5a). TEER
measurements confirmed that the integrity of the stratified CEC
was compromised under hyperglycemic conditions; a significant
reduction in TEER values was observed at both 12 and 24 h in cells
treated with high glucose compared with cells with normal
glucose (Fig. 5b). In CEC monolayers, TEER values were also
significantly lower under diabetic conditions compared with
normal conditions (Fig. 5c). Expression of ZO-1 confirmed that
tight junction formation was reduced in dmCEC and
hyperglycemia-treated hCEC (Fig. 5d). Application of NAC
significantly improved TEER values in CEC cultured under diabetic
conditions; ZO-1 expression was also restored with NAC treatment
(Fig. 5).

p-Akt signaling is altered in diabetic CECs
To elucidate the mechanism underlying diabetic condition-
induced inhibition of growth and migration, we investigated
phosphorylated Akt (p-Akt) in both normal and diabetic CEC.
Expression of p-Akt was significantly downregulated in dmCEC
and hCEC treated with high glucose; NAC treatment was able to
mitigate these effects (Fig. 6).

DISCUSSION
With rapid increases in the prevalence of diabetes mellitus
worldwide, ocular complications have become a leading cause
of blindness [19]. Further, because those afflicted with cardiome-
tabolic syndrome are potentially insulin resistant and diabetic,
there is a large population of individuals at risk for developing

Fig. 1 Diabetes inhibits corneal epithelial cell proliferation. Mouse primary corneal epithelial cell (mCEC) and diabetic mCEC (dmCEC)
proliferation was measured using an 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay after growth for 1–5 days
(a). Human primary CEC (hCEC) proliferation was measured using an MTT assay after growth for 1–5 days with normal glucose or high glucose
(30mM) (b). (c, d) A colony formation assay also showed higher colony-forming ability of both mCEC and hCEC over their diabetic
counterparts, dmCEC and hCEC+ glucose, respectively. n= 3 independent experiments. Mean ± S.D. *P < 0.05; **P < 0.01

ROS inhibits corneal epithelial integrity via Akt signaling
QW Jiang et al.

1207

Acta Pharmacologica Sinica (2019) 40:1205 – 1211



diabetic corneal complications [20]. It has been reported that
between 47% and 64% of diabetic patients had evidence of
corneal abnormalities upon examination; and delayed corneal
epithelial healing is a serious complication of diabetes [14, 21, 22].
Notably, those undergoing cataract surgery or vitrectomy
associated with diabetic retinopathy are at particular risk, as
damage to the corneal epithelium during the procedure results in
a considerable delay in re-epithelialization [3, 23–25]. In the
present study, we investigated the in vitro alterations in CEC when
grown under diabetic conditions. We found that hyperglycemia
reduced CEC proliferation, migration, and barrier function; and this
effect was reversed with NAC treatment.
Re-epithelialization, proliferation, and restoration of barrier

function are integral for wound healing and normal function of
the cornea. Our data highlight the role of suppressed cellular
migration and proliferation as underlying mechanisms for delayed
epithelial wound healing in the diabetic cornea. Our results on
reduced CEC migration under diabetic conditions are in agree-
ment with other studies [14, 15, 18]. There are, however,
discrepant results on the effects of diabetes on CEC proliferation.
Both in vitro and in vivo studies have documented impaired
cellular proliferation in hyperglycemic corneas [14, 21, 26–28].
Clinically, several studies have additionally demonstrated lower
basal epithelial cell density in diabetic corneas and have
suggested that this reduction in density is due, in part, to
diminished proliferative capacity [29–31]. In contrast, others have
documented that high glucose increases cell proliferation [32–34].
These discrepancies may be due to differences in the type of
model used to evaluate changes in diabetic corneas. As an
example, Chikama et al. [33] observed increased CEC proliferative
capacity in GK rats; however, the authors suggest that this rodent
model has an immature phenotype, which may explain the
differences observed.
Loss of junctional proteins can lead to a number of corneal

pathologies ranging from epithelial defects to corneal infections
[35, 36]. We report that ZO-1 expression is decreased under
diabetic conditions. This reduction in ZO-1 staining occurs with a
concomitant decrease in barrier function, as revealed by the

measurement of TEER values. Consistent with our findings,
Huang et al. found delayed reformation of tight junctions in a
diabetic rat model [17]. It is well documented in other cell types
that increased oxidative stress can result in decreased expression
of tight junction proteins [37–40]. In the present study, not
only did antioxidant treatment restore CEC proliferation and
migration under diabetic conditions, NAC also improved both
TEER values and ZO-1 expression. These data suggest that there is
a causative relationship between ROS production and corneal
barrier function.
Excess oxidative stress, resulting from enhanced accumulation

of ROS and impaired antioxidant capabilities in response to
hyperglycemia, has been postulated as an important pathological
mechanism in diabetes. In comparison, the reduction of ROS has
been shown to attenuate the progression of various diabetes
complications, including complications in the cornea [41–47].
While the effects of hyperglycemia on oxidative stress within the
cornea remain an active area of research, this study indicates that
the impaired Akt signaling response is a major cause for increased
ROS production and delayed epithelial wound healing. The PI3-
kinase/Akt pathway is integral in normal corneal migration and
proliferation and has previously been shown to play an important
role in the diabetic cornea [48–50]. As such, it is not surprising that
both Akt activation and corneal healing are impaired in our work.
Interestingly, there has only been one other publication doc-
umenting the role of ROS-mediated Akt signaling in the diabetic
cornea and no published reports regarding the involvement of
tight junctions relative to the Akt pathway under diabetic
conditions. Application of the antioxidant, NAC, mitigated these
negative effects in CEC, implicating excessive oxidative stress via
the Akt pathway in the underlying pathophysiology of diabetic
corneal complications. It is also worth mentioning that different
subtypes of Akt might play differential roles in physiology and
pathophysiology [51]. Thus, our future studies will focus on
dissecting specific roles of each subtype of Akt in diabetic corneal
wound healing.
An obvious limitation of this work is that all experiments

were performed in vitro and only evaluated the effects of

Fig. 2 Diabetes inhibits corneal epithelial cell migration in vitro. Cell migration was observed at the indicated time points after generation
of the scratch (a, b). Relative migration distances for the indicated cells were quantified (c, d). n= 4 independent experiments. Mean ± S.D.
*P < 0.05; **P < 0.01
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hyperglycemia in the corneal epithelium. Both corneal nerves and
corneal stromal cells have been shown to respond to changes in
glucose and have impaired signaling in the diabetic cornea [52].
Future work should expand on the presented data to incorporate
three-dimensional models and the in vivo condition. In support of

our data, the use of both mouse and human primary CEC confirms
that our findings have potential relevance in multiple species.
Overall, we demonstrate that under diabetic conditions, CEC

have reduced migration and barrier functions, which correlate to
impaired Akt signing and increased ROS production. Use of an

Fig. 4 N-acetyl cysteine (NAC) reverses the observed delay in migration under diabetic conditions. Cell migration was observed at the
indicated time points after the scratch wound with or without NAC (100 µM; a, b). The relative migration distances for the indicated cells were
quantified (c, d). n= 4 independent experiments. Mean ± S.D. *P < 0.05; **P < 0.01

Fig. 3 Diabetic corneal epithelial cells increase the generation of intracellular reactive oxygen species (ROS). Representative images were
observed and captured after 24 h of culture (a), and the ROS Brite intensity was analyzed by ImageJ software (b). n= 4 independent
experiments. In cultured stratified human primary CEC (hCEC), ROS production was significantly increased (c). n= 3 or 6 independent
experiments. Mean ± S.D. **P < 0.01
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antioxidant counteracts the effects of corneal epithelial hypergly-
cemia. The current standard of care for corneal disease associated
with diabetes is insufficient to retain comfort and vision in
affected patients, and the need exists to explore alternative or
adjunctive therapies for better control of diabetic ocular surface
disease [4]. As such, our promising in vitro results suggest that
mitigating oxidative stress within the diabetic cornea could work
as a therapeutic approach, serving to minimize the morbidity and

associated health care costs related to the treatment of diabetic
keratopathy.
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