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Abstract
Oxidative stress has been known to be involved in pathogenesis of dry eye disease. How-

ever, few studies have comprehensively investigated the relationship between hyperosmo-

larity and oxidative damage in human ocular surface. This study was to explore whether

and how hyperosmolarity induces oxidative stress markers in primary human corneal epi-

thelial cells (HCECs). Primary HCECs were established from donor limbal explants. The

hyperosmolarity model was made in HCECs cultured in isosmolar (312 mOsM) or hyperos-

motic (350, 400, 450 mOsM) media. Production of reactive oxygen species (ROS), oxida-

tive damage markers, oxygenases and anti-oxidative enzymes were analyzed by DCFDA

kit, RT-qPCR, immunofluorescent and immunohistochemical staining and Western blotting.

Compared to isosmolar medium, ROS production significantly increased at time- and osmo-

larity-dependent manner in HCECs exposed to media with increasing osmolarities (350–

450 mOsM). Hyperosmolarity significantly induced oxidative damage markers in cell mem-

brane with increased toxic products of lipid peroxidation, 4–hydroxynonenal (4-HNE) and

malondialdehyde (MDA), and in nuclear and mitochondria DNA with increased aconitase-2

and 8-OHdG. Hyperosmotic stress also increased the mRNA expression and protein pro-

duction of heme oxygenase-1 (HMOX1) and cyclooxygenase-2 (COX2), but reduced the

levels of antioxidant enzymes, superoxide dismutase-1 (SOD1), and glutathione peroxi-

dase-1 (GPX1). In conclusion, our comprehensive findings demonstrate that hyperosmolar-

ity induces oxidative stress in HCECs by stimulating ROS production and disrupting the

balance of oxygenases and antioxidant enzymes, which in turn cause cell damage with in-

creased oxidative markers in membrane lipid peroxidation and mitochondrial DNA damage.
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Introduction
Reactive oxygen species (ROS) which are chemically reactive molecules containing oxygen are
formed as a natural byproduct of the normal metabolism of oxygen and have important roles
in cell signaling and homeostasis [1]. However, high levels of ROS cause oxidative stress and
cell injury, including at least three reactions, lipid peroxidation of membranes, intracellular ox-
idative modification of proteins, and oxidative damage to DNA [2–5]. These oxidative reac-
tions form adducts with lipids, protein and DNA, and lead to decreased functions of
intracellular organelles and further damage [6,7]. Excessive ROS causes oxidative stress, which
reflects an imbalance between the systemic manifestation of ROS and a biological system's abil-
ity to readily detoxify the reactive intermediates or to repair the resulting damage. Oxidative
stress excites oxidative damage and has been involved in pathogenesis of many disease, such as
cancer, Parkinson's disease, Alzheimer's disease, heart failure, lung and skin diseases [8–11].
Oxidative stress has also been reported to play an important role in ocular diseases including
ocular surface inflammation and dry eye disease [12–14].

Dry eye affects 14% to 33% of adult population worldwide. Dry eye is often accompanied by
increased tear osmolarity and ocular surface inflammation. Reduced aqueous tear flow and/or
increased evaporation of the aqueous tear phase often lead to tear hyperosmolarity, a key step
in the vicious circle of dry eye disease pathology in ocular surface epithelium [15]. Hyperosmo-
larity has been considered as a key factor that initiates the ocular surface inflammation and ap-
optosis in dry eye patients, dry eye mouse models, as well as in vitro hyperosmotic culture
models of human corneal epithelial cells (HCECs) [15–20].

Recent studies have demonstrated that oxidative stress is involved in pathogenesis of dry
eye disease. Higher levels of ROS, lipid oxidative stress markers and inflammatory cells were
found in the conjunctiva and tear film of Sjögren syndrome patients [21] and different dry eye
animal models [13,14,22,23]. However, few studies have comprehensively investigated the rela-
tionship between hyperosmolarity and oxidative damage in human ocular surface. The present
study was to explore whether and how hyperosmolarity induces oxidative injury to ocular sur-
face epithelium using an in vitro primary HCEC culture model.

Materials and Methods

Materials and reagents
Cell culture dishes, plates, centrifuge tubes, and other plastic ware were purchased from BD
Biosciences (Lincoln Park, NJ); Dulbecco modified Eagle medium (DMEM), Ham F-12, am-
photericin B, and gentamicin were from Invitrogen (Grand Island, NY). Fetal bovine serum
(FBS) was from Hyclone (Logan, UT). RNeasy Plus Mini RNA extraction kit from Qiagen (Va-
lencia, CA); Ready-To-Go-Primer First-Strand Beads were from GE Healthcare (Piscataway,
NJ); TaqMan gene expression assays and real-time PCR master mix were from Applied Biosys-
tems (Foster City, CA). DCFDA—Cellular Reactive Oxygen Species Detection Assay Kit, rabbit
polyclonal antibody against human malondialdehyde (MDA), 8-hydroxy-2-deoxyguanosine
(8-OHdG), 4-hydroxy-2-nonenal (HNE), aconitase-2, glutathione peroxidase-1 (GPX1), and
mouse monoclonal antibody against superoxide dismutase-1 (SOD1) were purchased from
Abcam (Cambridge, MA). Rabbit polyclonal antibody against human heme oxygenase-1
(HMOX1) and cyclooxygenase-2 (COX2) were from Santa Cruz Biotechnology (Santa Cruz,
CA). β-actin antibody was from BioLegend (San Diego, CA). Fluorescein Alexa-Flour 488-con-
jugated secondary antibodies (donkey anti-rabbit, or goat anti-mouse IgG) were from Molecu-
lar Probes (Eugene, OR).
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Primary cultures of HCECs and in vitro hyperosmolarity model
Human donor corneoscleral tissues (<72 h after death) not suitable for clinical use, from do-
nors aged 19 to 67 years, were obtained from the Lions Eye Bank of Texas (Houston, TX). Pri-
mary HCECs were cultured in 12-well plates using explants from corneal limbal rims in a
supplemented hormonal epidermal medium (SHEM) containing 5% FBS using our previous
methods [24]. Confluent primary corneal epithelial cultures in 14–18 days were switched to an
equal volume (0.5 mL/well) of serum-free medium (SHEM without FBS) overnight, and then
treated for 4 or 24 h with isosmotic (312 mOsM) or hyperosmolar media (350, 400 or 450
mOsM), which were achieved by adding (19, 44 or 69 mM) sodium chloride (NaCl). The os-
molarity of the culture media was measured by a vapour pressure osmometer in the Body Fluid
Chemistry Clinical Laboratory of the Methodist Hospital (Houston, TX). The cells treated for
4 h were lysed in RLT buffer from Qiagen RNeasy Plus Mini kit, and subjected to RNA extrac-
tion for gene expression assay. The cells treated for 24–48 h were used for protein assays such
as Western blot, immunofluorescent or immunohistochemical staining. Each experiment was
repeated 3–5 times, and data were representatively and/or statistically presented in the Results
with figures.

RNA extraction, reverse transcription, and quantitative real-time PCR
(RT-qPCR)
Total RNA was extracted with a RNeasy Plus Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions, quantified with a spectrophotometer (NanoDrop ND-1000;
Thermo Scientific, Wilmington, DE), and stored at -80°C before use. The first strand cDNA
was synthesized by RT from 1.0 μg of total RNA using Ready-To-Go You-Prime First-Strand
Beads as previously described [19,25]. Quantitative real-time PCR was performed in a
Mx3005P QPCR System (Stratagene, La Jolla, CA) with 20 μl reaction volume containing 5 μl
of cDNA, 1 μl gene expression assay and 10 μl gene expression master mix (TaqMan; ABI).
TaqMan gene expression assays used for this study were: GAPDH (Hs99999905_m1),
HMOX1 (Hs01110250_m1) and COX2 (Hs00153133_m1). The thermocycler parameters were
50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
A non-template control was included to evaluate DNA contamination. The results were ana-
lyzed by the comparative threshold cycle (Ct) method and normalized by GAPDH as an inter-
nal control [26].

Measurement of cellular ROS production
Cellular ROS production was measured using a DCFDA assay kit according to manufactory’s
protocol. DCFDA (2’,7’-dichlorofluorescein diacetate), a cell-permeable fluorogenic dye, is
deacetylated by cellular esterases to a non-fluorescent compound, and later oxidized by ROS
into highly fluorescent 2’,7’-dichlorofluorescein (DCF), which measures hydroxyl, peroxyl and
other ROS activity within the cell. HCECs were grown on 96-well plates or 8-chamber slides.
When reached confluence, the cells were washed twice with phosphate-buffered saline (PBS)
and then incubated with 25 μMDCFDA in essential medium with 10% FBS in 37°C incubator
for 45 min. After PBS washed twice, the cells were exposed to hyperosmotic media (350, 400 or
450 mOsM) by adding NaCl (19, 44 or 69 mM, respectively) for different time periods (30–180
min). Cells images were taken under fluorescent microscope. Cell fluorescence in 96-well plates
was measured at 488 nm excitation and 525 nm emission using Tecan Infinite M200 Multi-
mode Microplate Reader (Tecan US, Inc. Morrisville, NC) after adding NaCl for 15–120 mins.
Relative changes of DCF fluorescence were expressed as fold increase over untreated cells.
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Immunofluorescent and immunohistochemistry staining
The human corneal epithelial cells on 8-chamber slides were fixed with freshly prepared 2%
paraformaldehyde at 4°C for 10 min. Cell cultures were permeabilized with 0.2% Triton X-100
in PBS at room temperature, for 10 min. Indirect immunofluorescent and immunohistochem-
istry staining was performed using our previous methods [27,28]. Primary antibody against
human MDA, 4-HNE, aconitase-2, 8-OHdG, HMOX-1, COX2, SOD1 and GPX1 were used.
Alexa-Fluor 488 conjugated secondary antibodies was applied, and propidium iodide (PI) was
used for nuclear counterstaining for immunofluorescent staining. The staining will be photo-
graphed with Zeiss laser scanning confocal microscope (LSCM510META, Thornwood, NY).

Western blot analysis
Western blot analysis was performed using a previously reported method [29]. Equal amounts
of protein measured by a BCA protein assay kit, were mixed with 6×SDS reducing sample buff-
er and boiled for 5 min before loading. The proteins (50μg/lane) were separated on an SDS
polyacrylamide gel and transferred electronically to PVDF membranes. The membranes were
blocked with 5% nonfat milk in TTBS (50 mM Tris [pH 7.5], 0.9% NaCl, and 0.1% Tween-20)
for 1 h at room temperature and incubated with primary antibodies to MDA (1:200), 4-HNE
(1:200), aconitase-2 (1:200), HMOX1 (1:200), COX2 (1:200), SOD1 (1:200), GPX1 (1:200), or
β-actin (1:1000) overnight at 4°C. After three times washes with Tris-buffered saline with
0.05% Tween 20 for 10min each, the membranes were incubated with HRP conjugated goat
anti-mouse IgG (1:2000) or goat anti-rabbit IgG (1:2000) for 1h at room temperature. The sig-
nals were detected with a chemiluminescence reagent (ECL; GE Healthcare), and the images
were acquired by an imaging station (model 4000R; Eastman Kodak, Rochester, NY).

Statistical analysis
Student’s t-test was used to compare differences between two groups. One-way ANOVA test
was used to make comparisons among three or more groups, followed by Dunnett’s post-hoc
test. P<0.05 was considered statistically significant.

Results

ROS production was increased in primary HCECs exposed to
hyperosmotic media
Primary HCECs cultured in SHEM with iso-osmolarity (312 mOsM) were switched to hyper-
osmotic media from 350 to 450 mOsM for different time periods (30–180 min). The produc-
tion of intracellular ROS was evaluated by the changes in DCF fluorescence intensity. The time
course study revealed that ROS generation increased at time-dependent fashion in HCECs ex-
posed to hyperosmotic media with 400 and 450 mOsM (Fig 1A). The DCF fluorescence inten-
sity was significantly stimulated to 320±52, 378±70, 510±88, 630±123, and 808±154,
respectively, when the cells exposed to 450 mOsM for 30, 60, 90, 120 and 180 min (p>0.05,
p<0.05, p<0.05, p<0.01, p<0.01, n = 5, respectively). In contrast, DCF fluorescence levels
were increased slightly by time in normal isosmotic group. When normalized with isosmotic
controls, the relative folds of ROS production were significantly stimulated at osmolarity de-
pendent manner, and it reached to 1.91±0.16, 2.72±0.24, and 3.12±0.19 folds, respectively, in
HCECs exposed to 350, 400, and 450 mOsM (p<0.05, p<0.01, p<0.01, n = 5, respectively) for
120 min (Fig 1B). Using fluorescent microscope, the DCF fluorescence positive cells were sig-
nificantly increased at osmolarity dependent manner in HCECs exposed to hypertonic media
with increasing osmolarity from 312 to 350, 400, and 450 mOsM for 2 hours (Fig 1C).
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Hyperosmolarity stimulated lipid peroxidation in HCECs
Lipid peroxidation of cell membrane is one of the major consequences of ROS overproduction,
which leads to the production of conjugated diene hydroperoxides and unstable substances
that disintegrate into various aldehydes like HNE and MDA, the biomarkers for lipid oxidative
damage. As evaluated by Western blot analysis, the protein production levels of HNE and
MDA in HCECs were significantly increased at an osmolarity-dependent manner after expo-
sure to hyperosmotic media with 400 and 450 mOsM for 24 h (Fig 2A). In contrast, the protein
levels of house-keeping protein β-actin were relatively stable without changes.

Immunofluorescent staining further showed that the immunoreactivity of HNE and MDA
was mainly present at cytoplasm or membrane, respectively, and their staining intensity dra-
matically increased in HCECs exposed to 450 mOsM (Fig 2B).

Fig 1. Hyperosmolarity stimulated ROS production in HCECs. A. Time course graph displayed a time-dependent increase of DCF fluorescence intensity
in HCECs exposed to media with 400 and 450 mOsM for 30–180 min.B. A graph displayed osmolarity-dependent increase of relative folds of ROS
production normalized by 312 mOsM control group in HCECs exposed to media with 350, 400 and 450 mOsM for 60, 90 and 120 min. Data showing Mean
±SD, n = 5, * P<0.05, ** P<0.01, compared with 312 mOsM normal control.C. Representative images with inserts of enlarged single cell showed ROS-DCF
fluorescent positive cells in HCECs exposed to media with 312–450 mOsM for 120 min; the phase images showed equal cell density in 4 groups.
Magnification 100x.

doi:10.1371/journal.pone.0126561.g001
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Hyperosmolarity caused mitochondrial DNA oxidative damage in
HCECs
In nuclear and mitochondrial DNA, 8-hydroxy-2'-deoxyguanosine (8-OHdG) is one of the
predominant forms of free radical-induced oxidative lesions, and has therefore been widely
used as a biomarker for oxidative stress [30]. Aconitase-2, one of the enzymes participating in
the tricarboxylic acid cycle, acts as a biosensor for oxidative stress and preserves mitochondrial
DNA oxidative damage [31–33]. As evaluated by Western blot analysis, aconitase-2 protein
was found to increase markedly at an osmolarity-dependent manner in HCECs exposed to
hyperosmotic media with 400 and 450 mOsM for 24 hours when compared to that in isosmo-
lar medium, as well as house-keeping protein β-actin (Fig 3A). The immunohistochemical
staining (Fig 3B) further showed that the punctate staining of aconitase-2 in cytoplasm, repre-
senting the mitochondria; and the density and intensity of the punctate staining of aconitase-2
were markedly increased in the cells exposed to hypertonic media at 400–450 mOsM when
compared with cells in isosmolar medium. Interestingly, the markedly increased red brown
staining of an oxidized DNA product 8-OHdG was also observed to be localized in cytoplasm
or nuclear compartment of HCECs exposed to hyperosmotic media (400–450 mOsM) for 24

Fig 2. Oxidative biomarkers for cell membrane lipid peroxidation. A.Western blot showed increased protein levels of 4-HNE and MDA with β-actin as an
internal control in primary HCECs exposed to hyperosmotic media with 400 and 450 mOsM for 24 hours. Data showing Mean±SD, n = 3, * P<0.05, **
P<0.01, compared with 312 mOsM normal control.B. Representative immunofluorescent images showed increased immunoreactivities of 4-HNE and MDA
in HCECs exposed to different osmolarities.

doi:10.1371/journal.pone.0126561.g002
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hours while the most cells were stained negative in isosmolar media (Fig 3B). Furthermore, the
enlarged single cell images of 8-OHdG staining showed its homogenous staining in nuclear,
while a punctate pattern in cytoplasm. The density and intensity of 8-OHdG punctate staining
in cytoplasm were markedly increased in the cells exposed to hypertonic media at 400 and 450
mOsM, indicating mitochondrial DNA damage.

Oxygenases HMOX1 and COX2 were induced in HCECs exposed to
hyperosmotic media
HMOX1, a 32 kD protein, is an inducible isoform in response to stress such as oxidative stress,
hypoxia, heavy metals and cytokines [34,35]. As prostaglandin-endoperoxide synthase COX2
is an enzyme that mediates oxidative stress [36,37]. As shown in Fig 4A, HMOX1 mRNA ex-
pression significantly increased to 1.99±0.60, and 2.27±0.96 fold, respectively, in HCECs ex-
posed to increasing hyperosmolarity, 400 and 450 mOsM (p<0.05, p<0.05, n = 5, respectively)
for 4 hours when compared with the isosmotic group, as evaluated by RT-qPCR. COX2
mRNA levels also dramatically increased to 6.48±1.73, and 11.29±6.29 fold, respectively, in
HCECs when switch from normal medium to increasing hyperosmolarity, 400 or 450 mOsM

Fig 3. Oxidative biomarkers for mitochondrial DNA damage. A. Western blot showed increased aconitase-2 protein levels with β-actin as an internal
control in primary HCECs exposed to hyperosmotic media with 400 and 450 mOsM for 24 hours. Data showing Mean±SD, n = 3, * P<0.05, compared with
312 mOsM normal control.B. Representative immunohistochemical images with insets of enlarged single cell showed increased red brown staining of
aconitase-2 and 8-OHdG in HCECs exposed to different osmolarities.

doi:10.1371/journal.pone.0126561.g003
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(p<0.01, p<0.01, n = 5, respectively) for 4 hours. Hyperosmolarity induced HMOX1 and
COX2 were confirmed at protein levels as determined by immunofluorescent staining (Fig 4B).
The immunoreactivity of HMOX1 and COX2 were located mainly in the cytoplasm of primary
HCECs. The intensity of HMOX1 and COX2 immunoreactivity was significantly induced in

Fig 4. The increasedmRNA and protein levels of oxygenases HMOX1 and COX2 induced by hyperosmotic media in HCECs. Primary HCECs
exposed to media at 312, 400 and 450 mOsM for 4 hours were lysed for mRNA expression by RT-qPCR (A), and the cells treated for 24 hours were
performed for immunofluorescent staining (B) or lysed in RIPA buffer for Western blotting (C), to determine the mRNA expression and protein production of
HMOX1 and COX2. Data showing mean±SD, n = 5, * P<0.05, ** P<0.01, compared with 312 mOsM normal control.

doi:10.1371/journal.pone.0126561.g004
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an osmolarity-dependent manner in HCECs exposed to media with increasing hyperosmolar-
ity (400 and 450 mOsM) for 24 hours. This pattern of response to hyperosmolarity by HCECs
was further confirmed by Western blot analysis, which showed that these two oxygenases, 32
kD HMOX1 and 65 kD COX2, were indeed induced osmolarity-dependently by increasing
hyperosmolarity in HCECs (Fig 4C).

Production of anti-oxidative enzymes SOD1 and GPX1 was suppressed
by hyperosmolarity
Anti-oxidative enzymes are suggested as protective markers of oxidative stress. For examples,
SOD, which eliminates O2

- to produce H2O2, can scavenge the toxic effect of ROS; and H2O2 is
eliminated by GPX and catalase [38]. Oxidative stress has been speculated to cause antioxidant
consumption, which results in a decline of antioxidant levels [39]. As shown in Fig 5A, the
immunoreactivity of SOD1 (Cu-Zn-SOD) was strongly localized in cytoplasm and nucleus of
HCECs cultured in normal isosmotic medium. However, SOD1 protein reactivity was largely
suppressed in HCECs cultured in media with increasing hyperosmolarity (400 and 450
mOsM) as evaluated by both immunofluorescent and immunohistochemical staining (Fig 5A
& 5B). GPX1 protein was also observed to be located at cytoplasm and nucleus of HCECs in is-
osmotic medium although not as strong as to SOD1. The red-brown staining of GPX1 was sig-
nificantly suppressed in HCECs exposed to increasing hyperosmolarity (400–450 mOsM) (Fig
5B). The pattern of anti-oxidative enzymes, 16 kD SOD1 and 22 kD GPX1, osmolarity-depen-
dently suppressed by increasing hyperosmolarity in HCECs was further confirmed by Western
blot analysis with β-actin as internal control (Fig 5C).

Discussion
Previous studies including ours have shown the increased expression and production of proin-
flammatory cytokines (TNF-α, IL-1β, IL-6), chemokines (IL-8), and matrix metalloproteinases
(MMP-13, -3, -9) in primary cultured HCECs exposed to hyperosmotic media [18,29,40,41].
However, few studies have shown biomarkers of oxidative damage of corneal epithelial cells in-
duced by hyperosmolarity. In this study, we investigated the ROS production, major cellular
biomarkers of oxidative damage, and imbalanced oxidative and anti-oxidative enzymes in pri-
mary HCECs exposed to hyperosmotic media, an established in vitro culture model for hyper-
osmolarity-induced dry eye.

ROS overproduction was induced by hyperosmolarity in HCECs
Cells generate energy by reducing molecular oxygen to water. During this process, small
amounts of partially reduced reactive oxygen molecules are produced as an unavoidable by-
product of mitochondrial respiration. Some of these molecules are free radicals referred to as
ROS that can cause cell oxidative injury [38,42]. Previous studies have shown that ROS produc-
tion was increased as early as 15 min in response to hyperosmolarity in cultured mouse renal
inner medullary cells exposed to NaCl or Urea at 600 mOsM [43], or cultured collecting duct
cells in medium with 550 mOsM [44]. In this study, we observed a similar response pattern of
ROS in cultured HCECs exposed to media with increased osmolarity (350–450mOsM). The
ROS production increased as early as 30 min, reached significant levels at 60 min, and ROS lev-
els were stimulated by increasing osmolarity at the time- (30–180 min) and osmolarity-depen-
dent (350–450 mOsM) manner as determined by DCF fluorescent intensity and the number of
DCF fluorescence positive cells (Fig 1).
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Fig 5. The reduced production of anti-oxidative enzymes SOD1 and GPX1 in HCECs exposed to hyperosmotic stress. Primary HCECs exposed to
media at 312, 400 and 450 mOsM for 24 hours were performed for immunofluorescent staining (A), or immunohistochemical staining (B), or lysed in RIPA
buffer for Western blotting (C), to determine the protein production of SOD1 and GPX1. Data showing mean±SD, n = 4, V P<0.05, VV P<0.01, compared with
312 mOsM normal control.

doi:10.1371/journal.pone.0126561.g005
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Oxidative markers for lipid peroxidation and mitochondrial DNA damage
induced by hyperosmolarity in HCECs
Over-produced ROS results in oxidative stress while cells are able to overcome mild oxidative
stress and regain its original state. Intense and severe oxidative stress may trigger apoptosis,
and even cause necrosis and finally cell death [45]. There are at least three reactions relevant to
oxidative damage: lipid peroxidation of membranes, oxidative modification of proteins, and
oxidative damage to DNA [38]. Herein, we investigated the oxidative biomarkers that judge
the cell damage conditions by hyperosmolarity.

ROS free radicals directly oxidize various macromolecules, including lipids. MDA and
4-HNE are major end-products of oxidation of polyunsaturated fatty acids, and are frequently
measured as indicators of lipid peroxidation and oxidative stress. Lipid peroxides and their
breakdown products can directly or indirectly affect many functions integral to cellular and
organ homeostasis. For example, MDA is a highly toxic molecule, and its interaction with
DNA and proteins has been referred to as potentially mutagenic and atherogenic [5,46]. HNE
is a toxic messenger of oxygen free radicals and undergoes reactions with proteins, peptides,
phospholipids and nucleic acids, which has cytotoxic, mutagenic and genotoxic signal effects.
They both have been identified as the most cytotoxic breakdown products generated from lipid
peroxidation [47–49]. The levels of HNE in tear and conjunctiva were observed to be signifi-
cantly higher in Sjögren syndrome (SS) compared to normal controls [21,50]. In present study,
we showed that hyperosmolarity significantly stimulated the production of MDA and HNE at
osmolarity-dependent manner in HCECs as evaluated by Western blotting and immunofluo-
rescent staining (Fig 2).

Mitochondria as "cellular power plants” are a source of chemical energy. In addition to sup-
plying cellular energy, mitochondria are involved in other tasks such as signaling, cellular dif-
ferentiation, cell death, as well as the control of the cell cycle and cell growth. Oxidative stress
of mitochondria has been known to associate with many pathologic processes influencing cell
death and survival such as apoptosis, autophagy, and plasticity. Aconitase-2, a multifunctional
enzyme, possesses an iron-sulfur cluster that plays a role in the electron-transfer reactions of
oxidative phosphorylation [51], acts as a sensor in the redox regulation of metabolism by O2.

Aconitase-2 increases with high mitochondrial activity in the cells under oxidative stress
[52,53]. 8-OHdG is a product of oxidative DNA damage following specific enzymatic cleavage
by ROS-induced 8-hydroxylation of the guanine base in mitochondrial and nuclear DNA [54].
The repair of damaged DNA triggers the excretion of 8-OHdG in the cell medium without fur-
ther metabolism [55]. Therefore, aconitase-2 activity and the released 8-OHdG have been
widely used as sensitive and reliable makers of the oxidative mitochondria DNA damage [56].
Our results showed that the production of both aconitase-2 and 8-OHdG increased in HCECs
exposed to media with increasing osmolarity from 312 mOsM to 400 and 450 mOsM, as evalu-
ated by Western blot analysis and immunohistochemical staining (Fig 3). The results suggest
that potential mitochondria DNA damage may occurred in HCECs under hyperosmolarity
condition.

Hyperosmolarity disrupted the balance of oxygenases and anti-oxidative
enzymes in HCECs
HMOX1 and COX2 are two major oxygenases highly induced by a variety of agents causing
oxidative stress. HMOX1 is an inducible isoform in response to stress such as oxidative stress,
hypoxia, heavy metals, cytokines, and was considered as an important protectant in response
to oxidative stress in human eye [57–59]. COX, contains two major isoforms COX1 and
COX2, is the enzyme that catalyzes the metabolism of arachidonic acid to prostaglandins.
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Upregulation of COX2 is a common feature of inflammation by oxidative stress. COX2 is re-
ported to be stimulated by lipid peroxidation, and to mediate oxidative DNA damage
[23,60,61]. However, these oxygenases have not been well investigated in dry eye conditions.
In this study, we observed that the mRNA expression and protein production of HMOX1 and
COX2 were markedly induced at osmolarity-dependent manner by hyperosmolarity in
HCECs, as evaluated by RT-qPCR, immunofluorescent staining andWestern blot analysis
(Fig 4).

Antioxidant enzymes form the first line of defense in organisms against free radicals and
toxic reactants by metabolizing them to innocuous byproducts [62]. SOD, made up of three
members, Cu-Zn-SOD (SOD1), Mn-SOD (SOD2) and extracelluar SOD (SOD3), is one of the
main antioxidant systems that catalyze the dismutation of superoxide into oxygen and hydro-
gen peroxide [63]. GPX is an enzyme family with peroxidase activity whose main biological
role is to protect the organism from oxidative damage by reducing lipid hydroperoxides to
their corresponding alcohols and to reduce free hydrogen peroxide to water [64,65]. The activi-
ties of SOD isoenzymes have been observed in tears, cornea, and the other part of the human
eye [63]. GPX1 was found to be expressed in corneal and lens epithelia, and retina in human
adult eye, and inhibit cellular inflammatory responses [65]. However, few studies have been in-
vestigated on the role of these antioxidant enzymes in dry eye disease so far.

Our findings shown in Fig 5 revealed that hyperosmolarity interrupted the antioxidant
defense system by reducing the production of antioxidant enzymes, SOD1 and GPX1, at osmo-
larity-dependent manner in HCECs exposed to hyperosmotic media, as evaluated by immuno-
fluorescent and immunohistochemical staining and Western blot analysis. These data suggest
that the oxidative damage may be caused by imbalance between the increased oxygenases
HMOX1 and COX2 and suppressed antioxidant enzymes SOD1 and GPX1 in HCECs exposed
to hyperosmotic media.

Oxidative stress and damage have been recognized to involve in a variety of inflammatory
diseases, including ocular surface disease and dry eye syndromes. Ocular surface lipid oxidative
stress status was found to be strongly correlated to marked tear instability, ocular surface epi-
thelial damage, and increased inflammatory infiltrates in patients with atopic keratoconjuncti-
vitis [66]. The mitochondria-induced oxidative damage has a strong relationship with lacrimal
gland inflammation and dysfunction, resulting in dry eye disease in a conditional transgenic
mouse model [42]. Increase of the oxidative stress status in the conjunctiva of SS patients ap-
pears to have a role in the pathogenesis of dry eye disease. A close relationship among ROS
production, lipid peroxidation related membrane damage, and inflammatory processes was ob-
served in dry eye patients with Sjögren syndrome [21,67]. Our findings in the present studies
provide strong evidence that oxidative stress may play an important role in inflammatory dry
eye disease.

In conclusion, our comprehensive findings demonstrate that hyperosmolarity induces oxi-
dative stress in HCECs by stimulating ROS generation, increasing the expression and produc-
tion of oxygenases HMOX1 and COX2, and suppressing the protein levels of antioxidant
enzymes SOD1 and GPX1, which in turns caused significantly increased biomarkers of cellular
oxidative damage in lipid peroxidation of cell membranes (HNE and MDA) and in mitochon-
drial DNA (8-OHdG and aconitase-2). Further investigation is necessary and will be more in-
teresting to explore the protective effects and mechanism of anti-oxidants on dry eye using in
vitro, ex-vivo and/or in vivo dry eye models, which will further cover extracellular ROS produc-
tion by dry eye conditions, ROS elimination and oxidative stress protection by anti-oxidative
enzymes and other agents.
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