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A B S T R A C T

The aim of this study was to evaluate the time course of oxidative stress markers and inflammatory mediators in
human conjunctival epithelial cells (IOBA-NHC) exposed to diesel exhaust particles (DEP) for 1, 3, and 24 h.

Reactive oxygen species (ROS) production, lipid and protein oxidation, Nrf2 pathway activation, enzymatic
antioxidants, glutathione (GSH) levels and synthesis, as well as cytokine release and cell proliferation were
analyzed.

Cells exposed to DEP showed an increase in ROS at all time points. The induction of NADPH oxidase-4
appeared later than mitochondrial superoxide anion production, when the cell also underwent a proin-
flammatory response mediated by IL-6. DEP exposure triggered the activation of Nrf2 in IOBA-NHC, as a strategy
for increasing cellular antioxidant capacity. Antioxidant enzyme activities were significantly increased at early
stages except for glutathione reductase (GR) that showed a significant decrease after a 3-h-incubation. GSH
levels were found increased after 1 and 3 h of incubation with DEP, despite the increase in its consumption by
the antioxidant enzymes as it works as a cofactor. GSH recycling and the de novo synthesis were responsible for
the maintenance of its content at these time points, respectively. After 24 h, the decrease in GR and glutamate
cysteine ligase as wells as the enhanced activity of glutathione peroxidase and glutathione S-transferase pro-
duced a depletion in the GSH pool. Lipid-peroxidation was found increased in cells exposed to DEP after 1-h-
incubation, whereas protein oxidation was found increased in cells exposed to DEP after a 3-h-incubation that
persisted after a longer exposure. Furthermore, DEP lead IOBA-NHC cells to hyperplasia after 1 and 3 h of
incubation, but a decrease in cell proliferation was found after longer exposure.

ROS production seems to be an earlier event triggered by DEP on IOBA-NHC, comparing to the proin-
flammatory response mediated by IL-6. Despite the fact that under short periods of exposure to DEP lipids and
then proteins are targets of oxidative damage, the viability of the cells is not affected at early stages, since cell
hyperplasia was detected as compensatory mechanism. Although after 24 h Nrf2 pathway is still enhanced, the
epithelial cell capacity to maintain redox balance is exceeded. The antioxidant enzymes activation and the
depleted GSH pool are not capable of counteracting the increased ROS production, leading to oxidative damage.

1. Introduction

Epidemiological evidence demonstrates that in our days air pollu-
tion is the largest environmental risk factor, leading to increased mor-
tality and morbidity (World Health Organization, 2016). Particulate

matter (PM) is a key ingredient of polluted air and the main responsible
for the health effects due to air pollution (Nel, 2005). Its composition
comprises a large number of chemical constituents that generates
health effects, ranging from eye irritation to death (Lu, 2014a,b).

The ocular surface is now considered as an important target of air
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pollution effects because it is almost constantly exposed to air pollu-
tants, separated from the environment only by the tear film. Moreover,
several studies have demonstrated that people from urban centers
present eye discomfort symptoms, as well as aggravation of pre-existing
ocular diseases (Berra et al., 2015; Fu et al., 2017; Hwang et al., 2016;
Nucci et al., 2017; Torricelli et al., 2014). Conjunctiva epithelia capa-
city to respond quickly to infections and trauma is important to protect
the eye from the environment, but also makes it particularly sensitive to
mechanical, toxic and immunological injuries (Tsubota et al., 2002).

The occurrence of oxidative stress as well as inflammatory processes
have been identified by both in vivo and in vitro studies as one of the
mechanisms by which air pollution particles cause adverse biological
effects (Lasagni Vitar et al., 2015; Li et al., 2008; Magnani et al., 2016;
Marchini et al., 2014; Tau et al., 2013). Reactive oxygen species (ROS)
are produced by several cellular sources. Mitochondria and NADPH
oxidases have been demonstrated to play a central role in the devel-
opment of cellular response to environmental stressors in tissues such as
lung and skin (Lee et al., 2016; Lee and Yang, 2012; Magnani et al.,
2011; Xia et al., 2007). However, the involvement of both Mitochondria
and NADPH oxidases in the conjunctival response to particulate matter
has not yet been reported.

It is known that a well-constituted antioxidant system is needed to
respond to oxidative insults and to maintain the redox homeostasis.
However, there are few studies about the antioxidant present on the
ocular surface, especially on the conjunctiva (Chen et al., 2009; Lasagni
Vitar et al., 2015; Nezzar et al., 2017). The nuclear factor-erythroid 2-
related factor-2 (Nrf2) is crucial in the modulation of cellular adaptive
response to oxidative stress. Nrf2 transcriptionally up regulates anti-
oxidant genes, including phase II detoxifying enzymes and antioxidants
(Rubio et al., 2010). Additionally, the homeostasis of glutathione (GSH)
levels, the most abundant cellular non-protein thiol, together with its
oxidized form (GSSG) help to maintain the cellular redox status.
Moreover, several studies have provided evidence that changes in GSH
homeostasis is associated with various human diseases affecting the
ocular surface epithelia (Chen et al., 2009).

Although our previous findings demonstrate that diesel exhaust
particles (DEP) trigger a toxic response mediated by both oxidative
stress and inflammatory mediators, the time course of these events is
still unknown. The understanding of the toxic mechanism triggered by
air pollutants on urban population eyes is necessary since ocular surface
response is determinant to ensure eye survival. Therefore, the aim of
the present study was to evaluate the time course of oxidative stress
markers and inflammatory mediators in human conjunctival epithelial
cells (IOBA-NHC) exposed to diesel exhaust particles (DEP) for 1, 3, and
24 h, analyzing the mechanism underlying the toxic effects.

2. Materials and methods

2.1. Cell culture

The normal human conjunctival epithelium cell line (IOBA-NHC)
was kindly provided by Dr. Yolanda Diebold (University Institute of
Applied Ophthalmobiology, University of Valladolid, Valladolid, Spain)
(Diebold et al., 2003). IOBA-NHC were grown in DMEM-F12 supple-
mented with 10% fetal bovine serum, 2 ng/mL EGF, 5 μg/mL hydro-
cortisone, 1 μg/mL bovine pancreas insulin, 50 U/mL penicillin, 50 μg/
mL streptomycin, and 2mg/mL amphotericin B in a humid atmosphere
of 37 °C with 5% CO2.

2.2. Diesel exhaust particles (DEP)

DEP from diesel motor combustion were kindly provided by Dr.
Paulo H. Saldiva (Laboratório de Poluição Atmosférica Experimental,
Faculdade de Medicina, Universidade de São Paulo, São Paulo, Brazil).
A particle trap device was adapted to the exhaust pipe of a bus from the
public transportation fleet, equipped with a Mercedes Benz MB1620,

210-hp engine, without electronic control of fuel injection, running
with diesel containing 500 ppm sulfur. DEP are composed of a carbo-
naceous core with adsorbed organic compounds, including polycyclic
aromatic hydrocarbons (PAHs), and trace of inorganic compounds
(Laks et al., 2008). A DEP 100 μg/mL suspension was made by weighing
DEP, adding culture medium and sonicating in an ultrasonic bath (Ul-
trasonic Cleaner; Testlab, Bernal Oeste, Buenos Aires, Argentina) for
30min.

2.3. IOBA-NHC incubation with DEP

IOBA-NHC cell monolayers (80–100% confluent) were incubated
with DEP at 100 μg/mL (DEP 100 group) or with culture medium
(control group) for 1, 3, and 24 h. Cell monolayers were washed twice
with phosphate-buffered saline (PBS) 1X, pH=7.40. Cells were re-
moved with 0.25% trypsin-EDTA to perform the assays (Tau et al.,
2013).

2.4. Measurement of intracellular ROS generation and sources

2.4.1. Total levels of prooxidant species
Cells (2.5× 105 cells/mL) were incubated with 5 μM 2′,7′-di-

chlorofluorescein diacetate (DCF-DA). After a 30min incubation in the
dark at 37 °C, the samples were analyzed by flow cytometry, and 50,000
events per sample were acquired (Partec PAS-III flow cytometer (Partec
GmbH, Münster, Germany) equipped with a 488 nm argon laser). The
cell population was gated based on light scattering properties. DCF
signal was analyzed in the FL-1 channel with FlowJo software
(TreeStar), and quantified as median fluorescence intensities (MFI)
(Lasagni Vitar et al., 2015). The results were expressed as percentage of
increase over control cells.

2.4.2. NADPH oxidase-4 (NOX4) expression
Cell lysates were obtained scraping off the monolayers from the

culture plate with lysis buffer (50mM Tris HCl, 150mM NaCl, 1 mM
protease inhibitor (Sigma), 2 mM EDTA, 1% Triton X-100), then soni-
cated in cold water for 10min and centrifuged at 800 g for 10min.
Proteins in supernatants were determined by Lowry's method. A sample
of 30 μg of proteins was resolved on 10% acrylamide SDS-PAGE gels.
Proteins were transferred to PVDF membranes and blocked for 1 h in
5% nonfat dry milk in PBS with 13% NaN3 and hybridized overnight
with anti-NOX4 (1∶800; sc-30141, Santa Cruz Biotechnology) or anti-
actin (CP01, Calbiochem). Membranes were washed three times in PBS,
and secondary detection was performed using HRP-conjugated anti-
rabbit antibody (ab 6721, Abcam) at a dilution of 1:5000. Membranes
were washed three times, and chemiluminescent detection was per-
formed using ECL (Thermo Scientific). Bands were quantified using
ImageJ program (1.50i, Wayne Rasband, National Institutes of Health,
USA).

2.4.3. Inner mitochondrial membrane potential (ΔΨm) and superoxide
anion production

The potentiometric cationic probe 3,3′-dihexyloxacarbocyanine io-
dide (DiOC6) and MitoSOX probe were used for the determination by
flow cytometry of inner mitochondrial membrane potential and mi-
tochondrial superoxide anion production, respectively. A sample of
1× 105 IOBA-NHC cells were incubated with DiOC6 (30 nM) or
MitoSOX (5 μM) in PBS. The data was collected by FACSCalibur; BD
Biosciences, argon laser 488 nm. Samples were gated based on light-
scattering properties and 30,000 events per sample were collected.
DiOC6 and MitoSOX signals were analyzed in the FL-1 and FL-3 chan-
nels, respectively, with FlowJo software (TreeStar), and quantified as
median fluorescence intensities (MFI). Results are expressed as per-
centage of positive cells (DIOC6

+ or MitoSOX+).
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2.5. Oxidative damage to macromolecules

2.5.1. Lipid oxidation
Lipid damage was determined as thiobarbituric acid reactive sub-

stances (TBARS), by a fluorometric assay (Yagi, 1976), using a Perkin
Elmer LS 55 Fluorescence Spectrometer (Perkin Elmer, Waltham, MA,
US) at 515 nm (excitation) and 553 nm (emission). Briefly, whole lysate
samples (100 μL) were incubated with 200 μL of 0.1 N HCl, 30 μL of
10% w/v phosphotungstic acid, and 100 μL of 0.7% w/v 2- thiobarbi-
turic acid (TBA) in a dry bath. After 60min, TBARS were extracted in
500 μL of n-butanol and centrifuged at 1000 g for 10min. A calibration
curve was performed using 1,1,3,3-tetramethoxypropane (MDA). Re-
sults were expressed as nmol MDA/mg protein.

2.5.2. Protein oxidation
Carbonyl groups from oxidized proteins were detected with 10mM

2,4-dinitrophenylhydrazine (DNPH). The formation of a stable 2,4-di-
nitrophenylhydrazone product (DNP) that was soluble in 6M guanidine
was measured at 370 nm (Levine et al., 1990). Results were expressed
as nmol/mg protein.

2.6. Nuclear factor-erythroid 2-related factor-2 (Nrf2) immunofluorescence

Cells were plated in a 24-well plate where 12mm diameter coverslips
were previously adhered. After the incubation with DEP, cells were fixed
using 4% paraformaldehyde and permeabilized with 0.2% Triton X-100.
Cells were blocked in 1% BSA and then, incubated with Nrf2 antibody
(1∶100; sc-13032, Santa Cruz Biotechnology) overnight in wet-chamber at
4 °C. After PBS 1X washes, a FITC- conjugated secondary antibody (1:200,
31635, Pierce) was used. Nuclei were counter-stained with 0.1 μg/mL
DAPI. A mix of glycerol:PBS (1:9) was used to mount coverslip. Samples
were visualized using a NIKON Eclipse Ti-E PFS fluorescence microscope,
images were captured by ANDOR Neo 5.5 sCMOS camera and analyzed
with Image J software. The results were expressed as percentage of cells
with Nrf2 nuclear translocation (Nrf2+ cells).

2.7. Activity of antioxidant enzymes defenses and enzymes related to the
regulation of the redox status

All enzymatic measurements were performed by a spectro-
photometric assay using a Hitachi U-2000 Spectrophotometer (Hitachi
Ltd. Chiyoda, Tokyo, Japan).

2.7.1. Superoxide dismutase (SOD)
The reaction medium consisting in 1mM epinephrine and 50mM

glycine buffer (pH=10.50). The addition of increasing amounts of
cells lysate in the mixture lead to the inhibition of adrenochrome for-
mation rate at 37 °C at 480 nm. Enzymatic activity was expressed as
USOD/mg protein. One SOD unit was defined as the volume of sample
which inhibit adrenochrome formation rate by 50% (Misra and
Fridovich, 1972).

2.7.2. Glutathione peroxidase (GPx)
Cell lysate (20 μL) was mixed in the reaction medium consisted of

100mM phosphate buffer (pH=7.50) in presence of 10 μM reduced glu-
tathione, 6 U⁄ mL glutathione reductase and 10mM tert-butyl hydroper-
oxide. The activity was determined by following at 340 nm the oxidation of
reduced nicotinamide adenine dinucleotide phosphate (NADPH) (Flohé and
Günzler, 1984). Results were expressed as μmol/mg protein.min.

2.7.3. Glutathione S-transferase (GST)
In the presence of glutathione, 1 chloro - 2,4 dinitrobenzene (CDNB)

forms GS-dinitrobenzene (GS-DNB) that absorbs at 340 nm. The reac-
tion was catalyzed by GST provided by 50 μL of the cell lysate. Briefly,
cells lysate was mixed in the reaction medium consisted of phosphate
buffer (pH=6.50), 10mM glutathione (GSH) and 20mM CDNB. One

GST unit was defined as the amount of enzyme that catalyzes the for-
mation of 1 μmol GS-DNB per minute at 30 °C. Results were expressed
as mUGST/mg protein (Habig et al., 1974).

2.7.4. Glutathione reductase (GR)
Cells lysate (50 μL) was mixed in the reaction medium consisted of

100mM Tris 10mM EDTA buffer (pH=8.00), 25mM oxidized glu-
tathione (GSSG) and 10mM NADPH. Glutathione reductase activity
was determined by following at 340 nm the oxidation of reduced ni-
cotinamide adenine dinucleotide phosphate (NADPH). Results were
expressed as μmol/min. mg protein (Racker, 1955).

2.7.5. Thioredoxin reductase (TrxR)
Thioredoxin reductase activity was evaluated spectrophotometrically

at 412 nm. Briefly, cells lysate (20 μL) was mixed in the reaction medium
comprised of 100mM phosphate buffer (pH=7.00), 25 mg/mL DTNB,
20mg/mL albumin, 0.2M EDTA and 40mg/mL NADPH. Results were
expressed as mmol/min. mg protein (Holmgren and Björnstedt, 1995).

2.7.6. Glucose 6P-dehidrogenase (G6PDH)
Glucose 6P-dehidrogenase activity was determined by following

NADPH reduction at 340 nm. Briefly, cells lysate (20 μL) was mixed in
the reaction medium consisted of 85mM Tris/8.5 mM MgCl2 buffer
(pH = 7.50), 20 mM glucose 6P and 10 mM NADP+. Results were
expressed as U/min mg of protein. One G6PDH unit was defined as the
amount of enzyme that catalyzes the transformation of 1 mmol of
substrate per minute, per mg of protein (Leong and Clark, 1984).

2.8. Glutathione synthesis

2.8.1. Reduced (GSH) glutathione levels
Cells lysate samples (100 μL) were mixed with 1M HClO4-2 mM EDTA

(1:1) and centrifuged at 20,000 g for 20 min at 4 °C. Supernatants were
filtered through 0.22 μm cellulose acetate membranes (Corning Inc. NY,
US) and frozen at −80 °C until use. HPLC analysis was performed in a
Perkin Elmer LC 250 liquid chromatography (Perkin Elmer, Waltham, MA,
US), equipped with a Perkin Elmer LC ISS 200 advanced sample processor
and a Coulochem II (ESA, Bedford, MA, US) electrochemical detector. A
Supelcosil LC-18 (250 × 4.6 mm ID, 5 μm particle size) column protected
by a Supelguard (20× 4.6 mm ID) precolumn (Supelco, Bellfonte, PA, US)
was used for sample separation. GSH was eluted at a flow rate of 1.2 mL/
min with 20 mM sodium phosphate (pH = 2.70), and electrochemically
detected at an applied oxidation potential of +0.800 V. A calibration
curve with GSH standard was performed. Results were expressed as nmol/
1 × 106 cells (Lasagni Vitar et al., 2015).

2.8.2. Glutamate cysteine ligase (GCL) expression
Samples were obtained as previously described (Section 2.4.2). A

sample of 30 μg of proteins was resolved on 10% acrylamide SDS-PAGE
gels. Proteins were transferred to PVDF membranes and blocked for 1 h
in 5% nonfat dry milk in PBS with 13% NaN3 and hybridized overnight
with anti-GCL (1∶400; sc-390811, Santa Cruz Biotechnology) or anti-
actin (CP01, Calbiochem). Membranes were washed three times in PBS,
and secondary detection was performed using HRP-conjugated anti-
mouse antibody (Cappel) at a dilution of 1:5000. Membranes were
washed three times, and chemiluminescent detection was performed
using ECL (Thermo Scientific). Bands were quantified using ImageJ
program (1.50i, Wayne Rasband, National Institutes of Health, USA).

2.8.3. Aminoacid analysis
Aminoacid analysis was carried out using an Ultra Performance Liquid

Chromatographic system combined with a Waters Acquity binary solvent
manager (BSM), an Acquity I-Class sample manager (SM), a column
heater, an eλ photodiode array detector (PDA), and a Waters MassTrak™
Amino Acid Analysis Kit. The kit utilizes pre-column derivatization of
aminoacids with 6-aminoquinolyl-N-hydroxysuccinimdyl carbamate,
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followed by reversed-phase UPLC on a C18 column (1.7 μm;
2.1×150mm) and UV detection at 260 nm. A sample of 200 μL was
deproteinized with an equal volume of 10% v/v sulfosalicylic acid con-
taining the internal standard Norvaline at a final concentration of
250 μmol/L. Samples were centrifuged at 12,000 g for 5min and the su-
pernatant removed for derivatization according to the manufacturer's in-
structions. Derivatized products were transferred to a sample vial for
analysis (1 μL injection).

2.9. Proinflammatory cytokine determination

Cytokine release was evaluated in culture supernatants. In order to
eliminate the particles, the media were centrifuged at 10,000 g for
10min at 4 °C. Particle-free supernatants were used to determine the
secretion of TNF-α, IL-1β, IL-6, and IL-8 using ELISA kits (BD
Biosciences) following the manufacturer's technical specifications.

2.10. MTT assay

IOBA-NHC cells were plated at 3×104 cells per well in a 24-well tissue
culture plate and grown for 24 h prior to treatment. After the incubation
time with DEP, supernatants were removed, and each well was washed
twice with 1X PBS, pH=7.40. Culture medium with 0.4mg/mL MTT (3-
(4,5-Dimethylthiazol-2-yl) −2,5-Diphenyltetrazolium Bromide, Sigma,
Saint Louis, USA) was added to each well (final volume=500 μL). Plates
were incubated for 3 h in a humid atmosphere of 37 °C with 5% CO2.
Intracellular formazan products were lysed by the addition of 250 μL 10%
sodium dodecyl sulfate, and incubation was carried out overnight at room
temperature in the dark. Finally, the lysate of each well was homogenized
and centrifuged at 10,000 g for 10min in order to eliminate DEP. The
absorbance of each supernatant was recorded at 550 nm using a plate
reader (iMark Microplate Absorbance Reader; Bio-Rad, Hercules, CA). The
results were expressed as percentage of increase over control cells.

2.11. Chemicals

Fetal bovine serum was obtained from Internegocios (Mercedes,
Buenos Aires, Argentina). 2′, 7′-dichlorofluorescein diacetate was pro-
vided by Molecular Probes (Eugene, OR, U.S.A), the ELISA kits for TNF-
α, IL-1β, IL-6, and IL-8 were purchased from BD Biosciences, Franklin
Lakes, NJ. All other chemicals were purchased from Sigma Chemicals
(St Louis, MO, U.S.A.).

2.12. Statistical analysis

Statistical calculations were performed using GraphPad PRISM
software (San Diego, CA, USA). Data were expressed as mean ±
standard error of mean (SEM) and represent the mean of at least 3
independent experiments. The statistical significance of the differences
between the two groups of each time point was calculated by unpaired
Student's t-test, α=0.05.

3. Results

3.1. Measurement of intracellular ROS generation and sources

3.1.1. Total levels of prooxidant species
Total ROS production was determined by flow cytometry using a

DCF-DA probe. Once de-esterified inside de cell, this probe is readily
oxidized by oxidant species to a green-fluorescent product DCF.
Quantification of MFI showed that the incubation with DEP at 100 μg/
mL generated a significant increase in DCF oxidation at all time points
evaluated (1 h: 91%; 3 h: 46%; 24 h: 45%, p < 0.01), indicating that
there is an increased production of intracellular ROS (Fig. 1, A). Fig. 1,
B displayed representative overlaid histograms, showing an increase in

Fig. 1. Total levels of prooxidant species. A- DCF fluorescence quantification of gated cells was performed as MFI after 1, 3 and, 24 h of incubation with DEP. Results are expressed as fold
of increase. Results are expressed as mean ± SEM. **p < 0.01 B- Representative overlaid histograms of DCF fluorescence of control and DEP100 group.

Fig. 2. Expression of NOX4 was determined by Western blotting. A- A representative blot
is shown. Bands of approximately 70 kDa and 45 kDa correspond to NOX4 and actin,
respectively. B- Bars represent the relative protein level calculated by the ratio of NOX4/
Actin. Results are expressed as mean ± SEM. *p < 0.05.
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the signal of FL-1 DCF channel in DEP100 group compared to the
control group.

3.1.2. NADPH oxidase-4 (NOX4) expression
NOX4 expression was measured as one of the main sources of in-

tracellular ROS generation. As shown in Fig. 2, an increase in this enzyme
expression was found after 3 and 24 h of incubation with DEP compared to
the control group (3 h: 61%; 24 h: 47%, p < 0.05), indicating that NOX4
contributes to the pro oxidant environment after DEP exposure.

3.1.3. Inner mitochondrial membrane potential (ΔΨm) and superoxide
anion production

Mitochondria functionality is vital to cell survival. Mitochondrial
membrane potential as well as superoxide anion production are two
important function parameters of this organelle. Cells were selected
based on light-scattering properties (SSC vs FSC) and 30,000 events per
sample were acquired (Fig. 3, A). As exhibited in overlaid DiOC6

fluorescence histograms and quantification of the MFI (Fig. 3B and C),
ΔΨm was lower in DEP 100 group comparing to control group after 1

Fig. 3. Inner mitochondrial membrane potential (ΔΨm) and superoxide anion production were determined by Flow Cytometry. A- Cells were selected based on light-scattering properties
(SSC vs FSC) and 30,000 events per sample were acquired. B- DIOC6 fluorescence intensity was quantified as MFI in FL-1 channel. Results are expressed as percentage of positive cells
(DIOC6

+). C- Representative overlaid histograms of DIOC6 fluorescence of control and DEP 100 groups after 1, 3 and 24 h of exposure. D- MitoSOX fluorescence intensity was quantified
as MFI in FL-3 channel. Results are expressed as percentage of positive cells (MitoSOX+). E- Representative overlaid histograms of MitoSOX fluorescence of control and DEP100 groups
after 1, 3 and 24 h of exposure. Results are expressed as mean ± SEM. *p < 0.05 ***p < 0.001.

Table 1
Oxidative damage to macromolecules.a

Time (hour)

1 3 24

Control DEP 100 Control DEP 100 Control DEP 100

TBARS
(nmol MDA/mg protein)

0.90 ± 0.08 1.61 ± 0.13** 1.11 ± 0.12 1.32 ± 0.21 1.13 ± 0.18 0.90 ± 0.09

Carbonyl groups
(nmol/mg protein)

10.0 ± 0.7 12.3 ± 1.7 9.8 ± 0.6 13.9 ± 1.5* 8.9 ± 1.0 13.0 ± 0.6*

a Values are expressed as mean ± SEM. Results are mean values of at least 3 independent experiments. *p < 0.05, **p < 0.01.
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and 24 h (7% and 33%, p < 0.001). This situation indicates that a
significant depolarization of mitochondria membrane takes place when
IOBA-NHC are exposed to DEP. An increased production of mitochon-
dria superoxide anion was observed in DEP100 comparing to the con-
trol group after 1 h (122%, p < 0.05), as it is presented in overlaid
histograms and quantification of MFI of MitoSOX+ cells (Fig. 3D and
E). No significant difference was observed after 3 and 24 h between
DEP100 and control groups.

3.2. Oxidative damage to macromolecules

TBARS assay is one of the most commonly used methods for the
evaluation of oxidative damage to lipids. TBARS levels were found in-
creased in DEP100 groups after a 1-h-incubation (79%, p < 0.05), but
there was no significant difference after a 3 or 24 h of incubation
comparing to the control group (Table 1). The carbonyl groups of
oxidative modified proteins are used as an oxidative stress marker of
protein damage. The carbonyl content was significantly increased by
48% and 57% (p < 0.05) in DEP100 group after 3 and 24 h. There was
no significant difference between the groups after a 1-h-incubation with
DEP (Table 1).

3.3. Nuclear factor-erythroid 2-related factor-2 (Nrf2) immunofluorescence

Nuclear translocation of Nrf2 induces the transcription of several
genes related to the cell antioxidant response to stress conditions. As
shown in Fig. 4, A immunofluorescence assay reveled that Nrf2 was
located inside the nuclei in cells exposed to DEP after 3 and 24 h, but
remained in the cytosol in control cells. These results suggest that DEP
activates Nrf2 by inducing its translocation to the nucleus. After 1 h
both groups presented no nuclear translocation. Quantification of cells
with Nrf2 nuclear translocation (Nrf2+ cells) showed that there was an
increase of 207% and 802% after 3 and 24 h, respectively, p < 0.05.

3.4. Activity of antioxidant enzymes defenses and enzymes related to the
regulation of the redox status

SOD and GPx are known as primary antioxidant enzymes, as they
directly interact with ROS. Both enzymes were found increased at all
time points evaluated (p < 0.05), as it is shown in Fig. 5A and B. The
activity of GST also showed an increase at all time points (1 h: 121%;
3 h: 23%; 24: 45%, p < 0.05), indicating a continuous detoxification of
DEP over time (Fig. 5, C). The recycling of GSSG to GSH is performed
principally by GR, and when GR is not available, TRxR takes place. A
significant increment in GR activity was observed in DEP100 group
after a 1-h-incubation (46%, p < 0.01), meanwhile a significant

Fig. 4. Nuclear factor-erythroid 2-related factor-2 (Nrf2)
immunofluorescence. A- Representative images of fluores-
cence microscopy of control and DEP100 groups after 1, 3,
and 24 h (original magnification 60X). Nrf2 was probed
with a primary anti-Nrf2 antibody and visualized with a
FITC-conjugated secondary antibody. Nuclei were stained
with DAPI. The overlay of blue and green colors in nucleus
was considered to be positive for translocation. B-
Quantification of cells with Nrf2 nuclear translocation in
control and DEP100 groups. Results are expressed as per-
centage of cells with Nrf2 nuclear translocation (Nrf2+

cells) (mean ± SEM). *p < 0.05 ***p < 0.001. (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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decrease in its activity was found after 3 and 24 h (29% and 37%, re-
spectively, p < 0.05) (Fig. 5, D). Furthermore, DEP100 group dis-
played a significant increase of TRxR activity after 1 h and 3 h of in-
cubation (108% and 27%, respectively, p < 0.01), but it showed a
lower activity after 24 h (38%, p < 0.05) (Fig. 5, E). In addition,
G6PDH activity contributes to the maintenance of redox status since is
the limit step in the synthesis of NADPH. A significant increase in
G6PDH activity was observed after a 1-h-incubation with DEP (68%,
p < 0.05), while a significant decrease was detected after a 24-h-in-
cubation (70%, p < 0.01) (Fig. 5, F).

3.5. Glutathione synthesis

3.5.1. Reduced (GSH) glutathione levels
GSH is the most abundant low molecular weight antioxidant, which

is determinant for the maintenance of the redox balance. Under these
experimental conditions, GSH levels increased in DEP100 groups after 1
and 3 h of incubation (25% and 41%, respectively, p < 0.05) com-
paring to the control group. However, after a 24-h-incubation a de-
crease in GSH levels was observed (40%, p < 0.01) (Fig. 6, A).

3.5.2. Glutamate cysteine ligase (GCL) expression
The level of GCL is considered one of the steps that limit the rate of

GSH synthesis. When IOBA-NHC were exposed to DEP, an increase in
GCL expression was observed after a 3-h-incubation with the particles
(57%, p < 0.05). After a 24-h-incubation, GCL expression in DEP100
group was lower (27%, p < 0.05) when compared to the control group
(Fig. 6, B).

3.5.3. Aminoacid analysis
Cysteine (Cys) and glutamate (Glu) are two important aminoacids

needed for the synthesis of glutathione inside the cell. DEP100 group
showed a significant increase in both Cys and Glu after 1 h of incuba-
tion (Cys: 19% and Glu: 19%, p < 0.05), but there were no significant
differences for both aminoacids after a 3-h-incubation. After a 24-h-
incubation, Cys levels were found increased (27%, p < 0.01), but a
decrease in Glu concentration was observed (31%, p < 0.01) (Fig. 6,
C).

3.6. Proinflammatory cytokine determination

Inflammatory mediators were analyzed in IOBA-NHC cells exposed
to DEP. DEP100 group presented an increase in IL-6 release after a 3
and 24 h of incubation (70% and 26%, respectively, p < 0.05), but
there was no release of this cytokine after a 1-h-incubation (Fig. 7, A).
IL-8 release showed a different pattern: there was a significant decrease
in DEP100 group at all time points evaluated (1 and 3 h: 35%; 24 h:
42%, p < 0.05) (Fig. 7, B). The 24 h results are in accordance with the
ones reported by Tau et al. (2013). Levels of TNF-α and IL-1β were not
detected in these experimental conditions.

3.7. Proliferation

MTT assay revealed an increase in cellular proliferation in DEP100
group after 1 (19%, p < 0.05) and 3 h of incubation with DEP (30%,
p < 0.05). After a 24-h-incubation a decrease in cell proliferation was
found in DEP100 group (41%, p < 0.001), as it was previously de-
scribed by Tau et al. (2013) (Fig. 8).

Fig. 5. Activity of antioxidant enzymes defenses and enzymes related to the regulation of the redox status. The activities of the following enzymes were measured in control and DEP100
groups after 1, 3, and 24 h of incubation: A-superoxide dismutase (SOD); B- Glutathione persoxidase (GPx); C- Glutathione S-transferase (GST); D- Gluathione reductase (GR); E-
Thioredoxin reductase (TrxR); F: Glucose 6P-dehidrogenase (G6PDH). Results are expressed as mean ± SEM. *p < 0.05 **p < 0.01 ***p < 0.001.
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4. Discussion

Clean air is a basic requirement for human health and well-being.
Diesel exhaust particles (DEP) are considered to be a central concern
regarding the risk to health posed by pollutants from urban air
(Wichmann, 2007).

Our work is centered on the evaluation of oxidative stress and in-
flammatory mediators on the ocular surface due to air pollution, in
particularly, the toxic effects of DEP exposure on human conjunctival
epithelial cells. The ocular surface is constantly exposed to the en-
vironment: radiation, atmospheric oxygen, and air pollutants. In this
work, we found that there is a persistent increase over time of ROS,
reaching a maximum level after 1 h of incubation with DEP. The gen-
eration of ROS is thought to contribute to ocular surface damage. There
are mainly two different sources of ROS, mitochondria and NADPH-
oxidases. In this model, we have identified these two sources, which
change over the exposure time. After 1 h of exposure, it appears that
mitochondrial is alters since the increased production of superoxide
anion takes place. It has been demonstrated that the organic chemical
compounds adsorbed to DEP are capable to generate mitochondria in-
jury and to increase ROS production (Li et al., 2008; Park et al., 2011;
Vattanasit et al., 2014). After 3 and 24 h superoxide anion levels pre-
sented no significant differences. This situation could be explained by
the increase in SOD activity, which seems to be capable of removing the
superoxide anion produced by the mitochondria. Moreover, the inner
membrane potential was affected since the first hour, reaching a
minimum level after 24 h. It has been reported that mitochondria de-
polarization could also lead to the release of apoptogenic factors and
loss of oxidative phosphorylation altering ATP production (Ly et al.,
2003). The induction of NADPH oxidases has been identified as another

source of ROS triggered by particulate matter in other tissues
(Kampfrath et al., 2011; Lee et al., 2016; Magnani et al., 2013). In this
work, the induction of NOX4 was observed since the third hour of in-
cubation with DEP. This event appears later than the mitochondrial
response, when the cell also undergoes a proinflammatory response
mediated by IL-6. In accordance, several works have shown that there is
a link between both IL-6 and NADPH oxidases induction, in which IL-6
promotes NADPH oxidase expression and vice versa (Behrens et al.,
2008; Didion, 2017; Park et al., 2006; Yu et al., 2005).

ROS are highly reactive molecules that interact with several biolo-
gical targets in the cell, such as carbohydrates, nucleic acids, lipids, and
proteins, altering their functions (Birben et al., 2012). In this model, the
maximum in ROS production concurs with the lipid damage detected
after a 1-h-incubation with DEP, suggesting that lipids could be the
earliest molecular targets of oxidative damage, since after 3 h of in-
cubation lipid peroxidation levels returned to control values. GPx re-
moves lipid hydroperoxides from lipid peroxidation process. Therefore,
an increase in GPx activity could result in the removal of lipid chain
reaction intermediaries, preventing the propagation step (Imai and
Nakagawa, 2003). TRxR is another alternative pathway for the detox-
ification of hydroperoxides, which in conjunction with GPx may be
responsible for the return to control values of lipid peroxidation mar-
kers. In contrast, protein carbonylation seems to be a late event, since
protein damage was detected after 3 h of incubation with DEP, and
persisted after a 24-h-incubation. The accumulation of protein carbo-
nyls over time is consisted with the fact that carbonylated proteins can
not be repaired by cellular enzymes (Fedorova et al., 2014).

In this context, a well-established antioxidant defense system is
important in order to maintain the redox balance and to avoid cell
oxidative damage (Halliwell and Gutteridge, 2006). The enhancing of

Fig. 6. Glutathione synthesis evaluation. A- GSH levels of control and DEP 100 group after 1, 3, and 24 h. B- Western blotting of GCL expression. A representative blot is shown. Bands of
approximately 73 kDa and 45 kDa correspond to GCL and actin, respectively. Bars represent the relative protein level calculated by the ratio of GCL/Actin. C- Amino acids quantification.
Cys and Glu levels were assayed in control and DEP100 group after 1, 3, and 24 h. Results are expressed as mean ± SEM. *p < 0.05 **p < 0.01.
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cellular antioxidant capacity is mainly provided by the activation of
Nrf2 signaling pathway. It has been shown that Nrf2 is an important
factor in the prevention of the allergic airway inflammatory response
and the oxidative stress induced by DEP (Li et al., 2013). To our
knowledge, this is the first time that Nrf2 involvement is described as a
conjunctiva response to particulate matter. In this work, we demon-
strated that DEP-induced redox imbalance triggered the activation of
Nrf2 in human conjunctival epithelial cells, as a strategy for increasing
cellular antioxidant capacity. Our findings are in accordance with the
fact that it takes close to 2 h from the time of exposure to optimally
switch on nuclear import of Nrf2 (Jain et al., 2005). Therefore, Nrf2

seems to be essential in the development of the cellular response to DEP
since the third hour of exposure. Furthermore, we found an increase in
the activity of all antioxidant enzymes evaluated on conjunctival epi-
thelial cells after 1 h of incubation with DEP, suggesting an early
adaptive response to the increased production of oxidant species.
G6PDH contributes to the antioxidant defenses of the cell by main-
taining the cellular reductive potential in the form of NADPH through
the pentose phosphate pathway. Thus, an increment of its activity in-
dicates that there is a concomitant increase in the synthesis of NADPH,
which is needed as a cofactor by several antioxidant enzymes such as
GPx, GR and TRxR. After 24 h, Nrf2 activation is still enhanced but the
cellular antioxidant capacity provided by this pathway is exceeded.
This situation results in increased ROS production and oxidative da-
mage to proteins. Further studies would be needed in order to identify
the specific set of downstream genes that Nrf2 nuclear translocation
activates under these experimental conditions.

GSH is essential to maintain the intracellular redox balance and for
several cellular processes such as redox signaling, detoxification of
xenobiotics, regulation of cell proliferation, apoptosis, immune func-
tion, and fibrogenesis (Lu, 2009; Lu, 2014a,b). The balance between the
reduced and the oxidized form, GSH and GSSG, respectively, mainly
results from three factors: GSH consumption, GSSG/GSH recycling and
GSH synthesis. First, GSH could act as a cofactor of antioxidant and
detoxifying enzymes such as GPx and GST. So the increase in the ac-
tivity of those enzymes leads to the increased consumption of GSH,
generating GSSG. This situation could be corrected by the action of the
enzymes that could recycle GSH from its oxidized form: GR and TrxR.
Both are two key enzymes in the recycling of the majors sulfhydryl
groups donators, GSH and thioredoxin, respectively, which contribute
to the maintenance of redox balance. TRxR could also play an im-
portant role in the GSSG/GSH recycling since it has been shown that
thioredoxin could efficiently reduce GSSG to GSH when GR is not
available (Nordberg and Arnér, 2001). Finally, the synthesis of GSH,
tripeptide composed of γ-L-glutamyl-L-cysteinyl-glycine, is determined
by two factors: cysteine availability and glutamate cysteine ligase (GCL)
activity, which is considered the rate limiting step.

In this experimental model, intracellular GSH levels were found
increased after 1 and 3 h of incubation with DEP, despite the increase in
its consumption due to the enhanced activity of the antioxidant en-
zymes. The increment in GR activity as well as a greater availability of
cysteine and glutamate after the first hour of incubation with DEP
would enhance both the GSSG recycling and the de novo synthesis of
GSH, respectively. After the third hour of exposure to DEP, GSH levels
are also incremented, not at the expense of GR activity but due to the
induction of GCL expression. Although the concentration of cysteine is
almost the same as the control value, the de novo synthesis still plays an
important role since another crucial function of GSH is the storage of
cysteine. High levels of cysteine could be dangerous for cells because it
is unstable and rapidly auto-oxidizes to cystine, producing oxygen free
radicals in the process (Meister, 1988). After a 24 h exposure, GSH le-
vels are depleted and this situation could be due to an increase in its
consumption as well as a decrease in GSSG/GSH recycling and the
impaired GSH synthesis. The decrease in GR and GCL as wells as the
still enhanced activity of GPx and GST after a 24-h-incubation with DEP
support this hypothesis.

In the present work, we have established a time course of oxidative
stress and inflammatory markers: the results suggest that ROS pro-
duction seem to be an earlier event triggered by the exposure of human
conjunctival epithelial cells to DEP, in comparison to the proin-
flammatory response mediated by IL-6. We found no release of TNF-α
or IL-1β, suggesting that these cytokines are not implicated in the toxic
mechanism triggered by DEP on IOBA-NHC. Also, we detected a sig-
nificant decrease of IL-8 at all time points evaluated. It has been es-
tablished that phase II enzymes induction could protect the cell from
the proinflammatory effects of DEP mediated by IL-8 (Ritz et al., 2007),
and in this study all these enzymes are overstimulated since the first

Fig. 7. Proinflammatory cytokine determination. IL-6 (A) and IL-8 (B) levels in control
and DEP100 groups after 1, 3, and 24 h of incubation with DEP. Results are expressed as
mean ± SEM. *p < 0.05.

Fig. 8. Proliferation measured by MTT assay of control and DEP100 groups after 1,3, and
24 h. Results are expressed as fold of increase. Results are expressed as mean ± SEM.
*p < 0.05 **p < 0.01 ***p < 0.001.
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hour of incubation with DEP. We also found that DEP stimulate cellular
proliferation after short exposures, indicating that cellular hyperplasia
could be an adaptive change of the epithelia to particulate matter, as it
has been demonstrated in epithelial lung cells incubated with DEP
(Bayram et al., 2006). Despite the fact that under short periods of ex-
posure to DEP lipids and then proteins are targets of oxidative damage,
the extent of that damage is not affecting the viability of human con-
junctival epithelial cells at early time points. This situation suggests
that the antioxidant mechanisms mediated by Nrf2 pathway under
short periods of exposure to DEP as well as the cell hyperplasia are
successful in avoiding cell death. However, after a 24-h-incubation with
DEP the scenario is quite different: the epithelial cell capacity to
maintain redox balance is exceeded as a result of cumulative oxidative
stress. This situation could be aggravated by the maximum reached in
IL-6 release which provides an untoward proinflammatory situation.
NADPH oxidase-4 activity as well as mitochondria depolarization
contribute to the redox status imbalance, as levels of GSH and anti-
oxidant enzyme response are not enough to counteract the increased
ROS production. Under these conditions, significant increase of oxida-
tive damage and apoptosis take place (Tau et al., 2013; Lasagni Vitar
et al., 2015). In the recent years, it has been proposed that the depletion
of intracellular GSH is involved in the activation of several apoptotic
signaling pathways (Circu and Aw, 2012; Marí et al., 2009). Therefore,
the cellular GSH pool could be essential in cell survival after the ex-
posure to DEP.

The continuous exposure to air particulate matter would affect the
conjunctival epithelia integrity, increasing the susceptibility to ocular
surface affections. The findings of this work would be useful for the
better understanding of ocular symptoms manifested by people living in
urban centers due to the exposure to air particulate matter. This is the
first time that a time course of oxidative stress and inflammatory
markers due to DEP exposure has been studied on human conjunctiva
epithelial cells, involving mitochondria and NADPH oxidase activation,
as well as the Nrf2 pathway to develop the cellular antioxidant response
to air pollutants.

5. Conclusions

In this work, we demonstrate that the response of human con-
junctival epithelial cells to DEP differs through the exposure time. DEP
induces an early redox imbalance followed by an IL-6 mediated in-
flammatory response. At first, the oxidative environment generated
principally by mitochondrial superoxide anion produce a cellular
adaptive response consisted of an increase of both enzymatic and non-
enzymatic antioxidants. After 3 h, NADPH oxidase-4 is presented as
main source of ROS, when the cell also starts to experiment a proin-
flammatory response mediated by IL-6. At this time point, the nucleus
translocation of Nrf2 is stimulated, attempting to enhance the cellular
antioxidant capacity. Although after 24 h Nrf2 pathway is still en-
hanced, the epithelial cell capacity to maintain redox balance is ex-
ceeded, as the antioxidant enzymes activation and the depleted GSH
pool are not capable of counteracting the increased ROS production.
Under these conditions, and taking into account our results, con-
junctival epithelial cell injury by air pollutants may be relevant on
people living in urban centers that show eye discomfort symptoms.
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