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Abstract
Background and objective: Oxidative stress is a process that occurs through free radicals on the cell
membranes which causes damage to the cell and intracellular organelles especially mitochondria
membranes. H2O2 induced oxidative stress in human cells is of interest in toxicological research since
oxidative stress plays a main role in the etiology of several pathological conditions. Neutrophil Elastase
(Serine proteinase) is involved in the pathology process of emphysema as a respiratory disease through
lung in�ammation, and destruction of alveolar walls. The present study investigated the direct oxidative
stress effects of Elastase in comparison with H2O2 on human lung epithelial cells (A549 cells) in relation
to the generation of reactive oxygen species (ROS) and modulation of oxidation resistance 1 (OXR1) and
its downstream pathway using the well-known antioxidant Ellagic acid as an activator of antioxidant
genes.

Materials and methods: The human pulmonary epithelial cells (A549) were divided into the 9 groups
including: Negative control, Positive control (H2O2), Elastase (15, 30, and 60 mU/ml), Ellagic acid (10
μmol/L), and Elastase+Ellagic acid. Cytotoxicity, reactive oxygen spices generation, oxidative stress
pro�le, level of reactive metabolites, and gene expression of OXR1 and its downstream genes were
measured in all groups.

Results: The obtained data demonstrated that Elastase exposure caused to oxidative stress damage in a
dose-depended manner which was associated with decreases in antioxidant defense system genes.
Conversely, treatment with Ellagic acid as a potent antioxidant showed improved antioxidant enzyme
activity and content which was in line with the upregulation of OXR1 signaling pathway genes.

Conclusions: The present �ndings can highlight the novel mechanism underlying the oxidative stress
induces by Neutrophil Elastase through OXR1 and related genes. Moreover, the bene�t of Ellagic acid on
cytoprotection, resulting from its antioxidant properties was documented.

Introduction
Several cellular processes, including cell metabolism, signal transduction, and regulatory pathways, cell
proliferation, and programmed cell death is affected by oxidative stress. Enhanced free radicals cause
changes in the structure and function of main biological molecules in the body, such as proteins, lipids,
and nucleic acids, which ultimately lead to tissue damage (1). The free radicals tend to react with other
molecules due to their unbounded electrons and act as electron acceptors and oxidizing agents. The
most important oxidants are reactive oxygen species (ROS), nitrogen (RNS), active species chloride, and
sulfur. One of the most important oxidants that damage cells in the body are reactive oxygen species,
which also plays an important role in the production of other active species, such as active nitrogen
species. The endogenous sources of free radicals include mitochondria, peroxisomes, in�ammatory cells,
Flavin, and external sources include environmental pollution, cigarette smoke, and chemical compounds
(2). The most common way to measure free radicals and oxidative stress is to determine the biomarkers
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generation from the reaction of free radicals with biological molecules in tissue, serum, and cell extract
(3).

The body's cells have resistance mechanisms against oxidative stress. These systems include Catalase
(CAT), Superoxide dismutase (SOD), Glutathione peroxidase (GPx), and Glutathione (GSH) (4). The
eukaryotic oxidation resistance gene1 (OXR1) is a key regulatory factor that protects against free radicals
(5) and was �rst identi�ed during the study in the year 2000 as a gene capable of coping with oxidative
stress caused by Escherichia coli (6). The OXR1 acts as an oxidative stress sensor in the cell and
regulates the transcription network of genes required to detoxify oxygen free radicals and modulates the
cell cycle and apoptosis process. The OXR1 factor is present in the genomes of all eukaryotes, including
worms, insects, and mammals (7). However, a speci�c mechanism of the protective function of this gene
in other oxidative stress damage is not known. The cyclin-dependent kinase inhibitor 1A (P21) and
Nuclear factor (Erythroid-derived 2)-like 2 (Nrf2) proteins play an important role in controlling the level of
free radicals in the body by regulating the antioxidant system (8). Under physiological conditions, factor
Nrf2 is negatively regulated by Kelch-like ECH-associated protein 1 (Keap1) in low amounts in the
cytoplasm. P21 activates and stabilizes the Nrf2 protein by competing with Keap1 (9). Activation of Nrf2
leads to increased expression of genes responsible for regulating the antioxidant system such as Heme
oxygenase-1 (HO-1), NADH quinone oxidoreductase 1 (NQO1), and Glutamate-Cysteine Ligase (GCL) (10).
Decreased Nrf2 protein is known as the �rst direct link between lowering the level of the antioxidant
defense system and damage caused by oxidative stress in the lungs (11). On the other hand, a study has
shown that OXR1 plays a key role in regulating the expression of the P21 gene as an important factor in
the activation of Nrf2 protein (5, 12).

Natural antioxidants are the pivotal body's defense mechanism against oxidants that play an important
role in maintaining redox status, eliminating reactive species, and balancing oxidation-reduction reactions
in vital organs. Ellagic acid (C14H6O8) is a natural polyphenolic compound that has a wide range of
pharmaceutical and industrial applications. This molecule has shown various including anti-mutagenic,
anti-oxidant, and anti-in�ammatory properties (13–14). The in vitro test system of the human lung
epithelial cell line (A549) is applied as a model for inducing oxidative modi�cation using H2O2 as a well-
known oxidant comparison with Elastase. The identi�ed response to oxidative stress will be considered
as a molecular damage mechanism leading to pulmonary diseases.

According to the above documents, the aim of this study was to investigate the possible changes in the
oxidative stress signaling axis in pulmonary epithelial cells exposed to Elastase. Moreover, the protective
role of Ellagic acid as a natural antioxidant agent in improving Elastase-induced oxidative stress will be
evaluated.

Material And Method

Cell treatments and preparation of cell lysates
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The Human pulmonary epithelial cell line (A549) was obtained from the Pasteur Institute of Iran (IPI). The
grouping was as follows:

Negative control group: 100 µM PBS.

Positive control group: 100 µM H2O2 (well-known oxidant).

Elastase group: 15 mU/ml for 24 hours.

Elastase group: 30 mU/ml for 24 hours.

Elastase group: 60 mU/ml for 24 hours (15).

Ellagic acid group: 10 µmol/L for 24 hours (16).

Elastase+Ellagic acid group: 15 mU/ml+Ellagic acid 10 µmol/L for 24 hours.

Elastase+Ellagic acid group: 30 mU/ml+Ellagic acid 10 µmol/L for 24 hours.

Elastase+Ellagic acid group: 60 mU/ml+Ellagic acid 10 µmol/L for 24 hours.

Brie�y, the cells cultured and exposed to 100 µM H2O2 (Sigma-Aldrich Co, USA) for 24 h in DMEM
medium (Gibco-BRL, Germany) and at standard cultivation conditions (37°C in the presence of 5% CO2).
For the experiment groups, the A549 cells were treated with various concentration of Elastase (15, 30, and
60 mU/ml) with or without 10 µmol/L Ellagic acid (Sigma-Aldrich Co, USA) for 24 h to observe its effect in
comparison with H2O2 to induce oxidative stress which brings any change in the macromolecules. Then,
the culture supernatant of all groups was collected, stored and cell lysate was prepared in order to
biochemical measurements.

Cytotoxicity assay
In order to evaluate the cell viability using colorimetric MTT assay, all cell groups seeded in 24-well plates
and treated with various concentrations of Elastase in FBS-free media. After overnight incubation, the
MTT solution (20 µl) was added and the cells were maintained for 4 h at 37°C. Then, SDS (10%) in
acidi�ed DMSO was added and the absorbance measured and the percent of cell viability in all groups
were calculated in comparison to the controls.

Flow-cytometric detection of reactive oxygen spices
The A549 cells incubated with 10 µM DCFH-DA as a ROS detector at 37°C for 30 min. subsequently, the
cells were washed two times using a serum-free cell culture medium and detected via Flow cytometry.

Measurement of ROS/RNS level
The ROS levels in the supernatant �uid of A549 cells were quanti�ed in all groups using In Vitro ROS/RNS
assay Kit (Green Fluorescence; Cell Biolabs, USA). The assessments were performed three times and
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according to the instructions of the manufacturers.

Lipid peroxidation evaluation
Lipid peroxidation as an index of oxidative stress was assessed using the Malondialdehyde (MDA)
commercial Kit (Zellbio GmbH, Deutschland) according to the manufacturer’s instructions.

Measurement of antioxidant capacity
The activity of SOD and GPx, and also the level of GSH and TAC was assessed using the special assay
Kits (Zellbio GmbH, Deutschland) according to the manufacturer’s instructions.

Determination of Protein
Protein concentration was determined according to the Lowry method via commercial assay Kit (Bio-Rad,
USA). Bovine serum albumin (BSA) was applied as the standard.

Oxidative stress signaling
The real time-PCR was used to evaluate the effects of Elastase and Ellagic acid on the expression of
OXR1, P21, Nrf2, HO1, and NAD (P)H: quinone oxidoreductase-1 (NQO1) genes expression in human lung
epithelial cells. The cell lysates were separated and immediately frozen in liquid nitrogen and stored at
-80°C until assessment. The RNA extraction in cell lysates was performed using an extraction kit (RNeasy
Plus Mini Kit). The cDNA synthesis step was then performed using a kit (Quantitect Reverse
Transcriptase). Finally, 1 µl of cDNA and a proportional amount of each of the reciprocating primers and
10 µl of a real-Time Master mix plus a proportionate volume of RNase free water in a mixture were
prepared and the real-time PCR reaction was performed. Subsequently, the expression of each of the
mentioned genes in comparison with Glyceride aldehyde 3-phosphate dehydrogenase (GAPDH) as the
control gene was measured by Real-Time PCR. Then, the values were calculated by the comparative Ct
(threshold cycle) method. The sequences of the forward and reverse primers of the considered genes are
as follows:
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Table 1
Primer sequences for Real-Time PCR.

Genes Forward Backward

OXR1 TTATGGTACTGGAGAGACCTTTGTTTT AAAACATATTATCTCCTGTCCACTTAAAGAC

Nrf2 GGTTTCTTCGGCTACGTTTC CCTCCCAAACTTGCTCAATG

P21 TGGAGACTCTCAGGGTCGAAA GGCGTTTGGAGTGGTAGAAATC

HO1 ATGACACCAAGGACCAGAGC GTGTAAGGACCCATCGGAGA

NQO1 ATGTATGACAAAGGACCCTTCC TCCCTTGCAGAGAGTACATGG

GAPDH GCTCACTGTTCTCTCCCTC GAGGTCAATGAAGGGGTCAT

Statistical analysis
Results of the current study were analyzed using the SPSS software and the normality of data was
assessed using Kolmogorov–Smirnov test. All data were expressed as Mean±SEM. Differences between
experimental groups were analyzed by ANOVA and followed by post hoc Tukey's test. Finally, the p value
0.05 was considered signi�cant statistically.

Results

Cell viability measurement
The viability of the human pulmonary epithelial cells, as evaluated by MTT assay, signi�cantly decreased
following exposure to H2O2 in comparison with control cells. Exposure to Elastase for 24 hours also
decreased the viability. However, statistical analysis just in the highest concentration of Elastase (60
mU/ml) showed signi�cant differences in comparison with H2O2 exposure cells. Once the A549 cells
were treated with Ellagic acid, Elastase-induced cell toxicity was remarkably diminished. These results
documented the protective properties of Ellagic acid against oxidative damage (Figure. 2).

Reactive oxygen species (ROS) detection
The DCFH-DA as a ROS detector probe was used to evaluate the in�uence of Elastase on cellular free
radical production. As shown in Figure. 3A, the �ow cytometric assessment demonstrated signi�cant
increases in the H2O2 group in comparison with control cells. Exposure to Elastase showed a dose-
dependent enhancement in the ROS level in A549 cells compare to the H2O2 which these data suggests
the cytotoxic and oxidative effects of Elastase on pulmonary epithelial cells. Although the ROS
production level was lower in the Ellagic acid treatment group compared to the Elastase cells.

Assessment of the oxidative stress pro�le
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The reactive oxygen species can react with cell membrane lipids which lead to lipid peroxidation.
Accordingly, MDA as a well-known biomarker of oxidative stress damage was considered in the current
study. The MDA level signi�cantly increased in the H2O2 group in comparison with the control. Elastase
exposure also showed enhancement in MDA level in all concentrations compare to the H2O2 cells with
the highest value in 60 mU/ml (Figure. 3B). On the other hand, the antioxidant pro�le demonstrated
signi�cant increases in response to H2O2 compare with the control group. Cells incubation with Elastase
for 24 hours leads to diminishing in antioxidant capacity which showed by decreases in activity of SOD
(Figure. 4A), GPx (Figure. 4B), and also GSH (Figure. 4C)and TAC(Figure. 4D)levels in a dose-dependent
manner. Conversely, Ellagic acid at a concentration of 10 μmol/L showed MDA diminishes and increases
in SOD, GPx activity, and GSH, TAC levels which suggest the potent antioxidant properties of this natural
antioxidant.

Determination of ROS/RNS level
To con�rm the oxidative stress in exposure to Elastase, the level of reactive metabolites was determined
in all cell groups. As shown in Figure. 5 a signi�cant increase in ROS/RNS level detected in the H2O2
group demonstrated the excessive oxidative stress to damage the cell components. A higher level of
ROS/RNS showed in Elastase groups as well, with the highest signi�cance in 60 mU/ml concentration.
Co-treatment with Ellagic acid signi�cantly diminished the level of ROS/RNS in dose depended manner
which suggested the protective effect of Ellagic acid to relief the oxidative damage to the cells.

Expression levels of antioxidant genes in A549 cells
Following exposure to H2O2 as a well-known oxidant agent the gene expression level of antioxidant key
regulators including OXR1, P21, Nrf2, HO1, and NQO1 signi�cantly increased in comparison with the
control group. In the Elastase exposure group, as the Elastase concentration increased the gene
expression of OXR1, P21, Nrf2, HO1, and NQO1 gradually diminished in comparison with the H2O2 group.
Treatment with Ellagic acid demonstrated the increases in antioxidant key regulator genes after 24 hours
(Figure. 6).

Discussion
Reactive oxygen spices play a critical role in the death and survival of diseases. Previous in vivo studies
have documented that excessive endogenous Elastase causes pulmonary emphysema through
in�ammation and oxidative stress (17–19). In this regard, current in vitro study identi�ed the oxidative
stress signaling pathway of Elastase to induce cell injuries in pulmonary epithelial cells. The results of
the present study showed that Elastase decreased the gene expression of OXR1, P21, Nrf2, HO1, and
NQO1 in a concentration-dependent manner which was associated with decreases in antioxidant
enzymes activity and content.
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Reactive oxygen spices (ROS) and other non-radical oxygen derivatives, as by-products of metabolism,
are constantly generated in biological systems and cause damage to DNA, proteins, and lipids (20). The
biological antioxidant defense system effectively neutralized oxidative stress by preventing free radicals-
mediated organ damage (21).

OXR1 is identifying as a key regulator in resistance against the pathology of diseases which discovered
�rst as an essential factor for inhibition of oxidative stress damage in eukaryotes organs 20 years ago
(22). A study by Volkert et al. in 2000 reported that OXR1 depletion in Saccharomyces cerevisiae
enhanced sensitivity to H2O2injuries (5).

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and cyclin-dependent kinase inhibitor 1A (P21) known as
crucial factors for regulating ROS levels by controlling downstream antioxidant enzymes. Indeed,
subsequently to oxidative stress, Nrf2 activation leads to upregulation of several antioxidant genes,
including the Heme oxygenase-1 (HO-1), and NADH quinone oxidoreductase 1 (NQO1) (23). According to
a study by Yang et al. in 2014, the OXR1 gene through controlling the gene expression level of P21 (as an
activator of Nrf2 protein) has a key role in the antioxidant defense system which supports the hypothesis
that OXR1 protect against oxidative stress damage via P21-Nrf2-HO1-NQO1 dependent manner (5). In this
context, the results of the current experiment demonstrated that Elastase exposure caused to decreases
in the antioxidant defense system which was showed by the lower levels of SOD, CAT, GPx activity, and
GSH content. The upstream regulator's genes evaluation also revealed the downregulation of OXR1-
related genes which suggested the cytotoxicity effects of Elastase on lung epithelial cells through
destruction of the antioxidant protection system.

Oxidative stress process seems to be involved in the pathology of emphysema process (24). As expected,
in the current study the data showed a signi�cant increase in oxidative stress biomarkers including
reactive oxygen and nitrogen species (ROS/RNS) content and Malondialdehyde in response to Elastase
exposure. Accordingly, it seems to antioxidant management can be considered in preventing and
controlling of this destructive process. In recent years, there is a growing focus on natural antioxidants,
with remarkable cytoprotective properties against cell injuries induced by oxidative stress. Ellagic acid is
a polyphenolic compound found in green tea and other natural sources such as pomegranate, strawberry,
raspberry, and eucalyptus bark. Ellagic acid has potent antioxidant and anti-apoptotic properties that can
inhibit or prevent cellular oxidation. Ellagic acid reduces oxidative stress by scavenging free radicals and
increases the antioxidant enzymes (25–27). Treatment with 10 µmol/L Ellagic acid for 24 hours
demonstrated the inhibition effects against oxidative stress induced by Elastase which showed by
increases in OXR1-P21-Nrf2-HO1-NQO1 genes expression and antioxidant factors including SOD, GPx,
GSH and TAC. These data suggest the potent antioxidant properties of this natural antioxidant.

In this regard, Rozentsvit et al. in the experimental study on the antioxidant effects of Ellagic acid,
reported that Ellagic acid signi�cantly diminishes free radical levels and attenuates the impairment of
oxidative stress induced by high glucose medium (28). Another in vitro study by Te-Mao et al. on human
bladder cancer cells showed that Ellagic acid causes to cell cycle arrest and apoptosis through P53/P21
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genes expression-depended mechanism (29). These reported data are in line with the results of the
current study on the positive antioxidant properties of Ellagic acid against Elastase-induced oxidative
damage.

In conclusion, the present �ndings can highlight the novel mechanism underlying the oxidative stress
induces by Elastase through OXR1 and related genes. Moreover, the bene�t of Ellagic acid on
cytoprotection, resulting from its antioxidant properties was documented. However, further molecular and
cellular studies on the cytoprotective activity of Ellagic acid are necessary.
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Figure 1

Chemical structure of Ellagic acid, C14H6O8.
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Figure 2

Cell viability assessment using Microscope images (A) and MTT assay (B) in all groups including:
Negative control, Positive control (H2O2), Elastase 15 (Elastase 15 mU/ml), Elastase 30 (Elastase 30
mU/ml), Elastase 60 (Elastase 60 mU/ml), EL 15+EA (Elastase 15 mU/ml+Ellagic acid 10 μmol/L), EL
30+EA (Elastase 30 mU/ml+Ellagic acid 10 μmol/L), EL 60+EA (Elastase 60 mU/ml+Ellagic acid 10
μmol/L) and EA (Ellagic acid group: 10 μmol/L). Data are expressed as the mean ± SEM. Images were
recorded at ×20 magni�cation [scale bar = 0.1 mm]. **P < 0.01 compared with Control group, #P < 0.05
compared with H2O2 group and &P < 0.05 and &&P < 0.01 compared to Elastase group.
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Figure 3

Flow-cytometric measurement of Reactive oxygen species (ROS) (A) and Malondialdehyde (MDA)
measurement (B)in all groups including:Negative control, Positive control (H2O2), Elastase 15 (Elastase
15 mU/ml), Elastase 30 (Elastase 30 mU/ml), Elastase 60 (Elastase 60 mU/ml), EL 15+EA (Elastase 15
mU/ml+Ellagic acid 10 μmol/L), EL 30+EA (Elastase 30 mU/ml+Ellagic acid 10 μmol/L), EL 60+EA
(Elastase 60 mU/ml+Ellagic acid 10 μmol/L) and EA (Ellagic acid group: 10 μmol/L). Data are expressed
as the mean ± SEM. **P < 0.01 compared with Control group, #P < 0.05 and ##P < 0.01 compared with
H2O2 group and &&P < 0.01 and &&&P < 0.001 compared to Elastase group.
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Figure 4

The activities of Superoxide dismutase (SOD) (A) andGlutathione peroxidase (GPx) (B), and Glutathione
(GSH) (C) and Total antioxidant capacity (TAC) (D) concentrationin all groups including:Negative control,
Positive control (H2O2), Elastase 15 (Elastase 15 mU/ml), Elastase 30 (Elastase 30 mU/ml), Elastase 60
(Elastase 60 mU/ml), EL 15+EA (Elastase 15 mU/ml+Ellagic acid 10 μmol/L), EL 30+EA (Elastase 30
mU/ml+Ellagic acid 10 μmol/L), EL 60+EA (Elastase 60 mU/ml+Ellagic acid 10 μmol/L) and EA (Ellagic
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acid group: 10 μmol/L). Data are expressed as the mean ± SEM. *P < 0.05 compared with Control group,
#P < 0.05, ##P < 0.01 and ###P < 0.001 compared with H2O2 group and &P < 0.05 and &&P < 0.01 compared
to Elastase group.

Figure 5

Levels of ROS/RNS in all groups including: Negative control, Positive control (H2O2), Elastase 15
(Elastase 15 mU/ml), Elastase 30 (Elastase 30 mU/ml), Elastase 60 (Elastase 60 mU/ml), EL 15+EA
(Elastase 15 mU/ml+Ellagic acid 10 μmol/L), EL 30+EA (Elastase 30 mU/ml+Ellagic acid 10 μmol/L), EL
60+EA (Elastase 60 mU/ml+Ellagic acid 10 μmol/L) and EA (Ellagic acid group: 10 μmol/L). Data are
expressed as the mean ± SEM. ***P < 0.001 compared with Control group, ###P < 0.001 compared with
H2O2 group and &&P < 0.01 and &&&P < 0.001 compared to Elastase group.

Figure 6

The gene expression levels of Oxidation Resistance 1 (OXR1), Cyclin dependent kinase inhibitor 1 (P21),
Nuclear factor erythroid 2-related factor 2 (Nrf2), Heme Oxygenase 1 (HO1), and NAD(P)H: quinone
oxidoreductase-1 (NQO1) in all groups including:Negative control, Positive control (H2O2), Elastase 15
(Elastase 15 mU/ml), Elastase 30 (Elastase 30 mU/ml), Elastase 60 (Elastase 60 mU/ml), EL 15+EA
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(Elastase 15 mU/ml+Ellagic acid 10 μmol/L), EL 30+EA (Elastase 30 mU/ml+Ellagic acid 10 μmol/L), EL
60+EA (Elastase 60 mU/ml+Ellagic acid 10 μmol/L) and EA (Ellagic acid group: 10 μmol/L). Data are
expressed as the mean ± SEM. *P < 0.05 compared with Control group, #P < 0.05, ##P < 0.01 and
 ###P < 0.001 compared with H2O2 group and &P < 0.05 and &&P < 0.01 compared to Elastase group.


