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Abstract

Introduction

One of the main functions of cutaneous tissues is to protect our body from the outdoor

insults. Ozone (O3) is among the most toxic stressors to which we are continuously exposed

and because of its critical location, the skin is one of the most susceptible tissues to the oxi-

dative damaging effect of O3. O3 is not able to penetrate the skin, and although it is not a

radical per se, the damage is mainly a consequence of its ability to induce oxidative stress

via the formation of lipid peroxidation products.

Aim of Study

In this study we investigated the protective effect of defined “antioxidant”mixtures against

O3 induced oxidative stress damage in human keratinocytes and understand their underly-

ing mechanism of action.

Results

Results showed that the mixtures tested were able to protect human keratinocytes from O3-

induced cytotoxicity, inhibition of cellular proliferation, decrease the formation of HNE pro-

tein adducts, ROS, and carbonyls levels. Furthermore, we have observed the decreased

activation of the redox sensitive transcription factor NF-kB, which is involved in transcribing

pro-inflammatory cytokines and therefore constitutes one of the main players associated

with O3 induced skin inflammation. Cells exposed to O3 demonstrated a dose dependent

increase in p65 subunit nuclear expression as a marker of NF-kB activation, while pre-treat-

ment with the mixtures abolished NF-kB nuclear translocation. In addition, a significant acti-

vation of Nrf2 in keratinocytes treated with the mixtures was also observed.
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Conclusion

Overall this study was able to demonstrate a protective effect of the tested compounds ver-

sus O3-induced cell damage in human keratinocytes. Pre-treatment with the tested com-

pounds significantly reduced the oxidative damage induced by O3 exposure and this

protective effect was correlated to the abolishment of NF-kB nuclear translocation, as well

as activation of Nrf2 nuclear translocation activating the downstream defence enzymes

involved in cellular detoxification process.

Introduction
Epidemiological studies show an increasing trend of environmental changes such as higher
temperature, higher incidence of UV radiation, in combination with higher concentrations of
pollutants such as carbon dioxide (CO2) and nitrogen dioxide (NO2) derived from vehicle
emissions [1]. In turn, these changes lead to an increase in the tropospheric O3 concentrations,
which is expected to rise by 5 fold at the end of this century. In fact, O3 formation underlies
complex interactions, depending on the presence of precursors [nitrogen oxides (NOx) and
volatile organic compounds (VOCs)], degrading substances, temperature, and UV-radiation
[2]. Typical levels of O3 recorded in urban environments can range from 0.2 to 1.2 ppm [3].
Being most exposed, one of the tissues highly susceptible to the deleterious effects of O3 is the
skin, especially during smoggy and O3-alert days [3, 4, 5].

O3 is a highly reactive oxidant capable of forming peroxides, aldehydes, and lipid ozonation
products (LOP) as a result of unsaturated fatty acid oxidation in biological systems [6, 7, 8] and
is known to damage the barrier function of epidermis [8]. The toxicity of O3 is largely due to
interaction with unsaturated lipids that generate radical products [9] and to the depletion of
cutaneous antioxidants [10]. O3 exposure not only affects antioxidant levels and oxidation
markers in the outermost layer [5, 11] but also induces a cascade of cellular stress responses in
deeper cellular layers of the skin [12].

Although the skin is well equipped with enzymatic (glutathione peroxidase, superoxide dis-
mutase and catalase) and a non-enzymatic low molecular weight antioxidant defense system,
(vitamin E, vitamin C, glutathione (GSH), uric acid, etc) [13] chronic exposure to environmen-
tal stressors can overwhelm the skin’s defensive system and induce persistent damage to cuta-
neous tissues. Therefore the use of antioxidant supplements as a defensive approach against
pollution generated oxidative stress has been suggested, but remains controversial because the
offered protection is limited by the first-pass metabolism and the ability to sustain a substantial
concentration of antioxidants in the skin. Furthermore, topical use of a single antioxidant mol-
ecule will not be able to protect the skin a comprehensive manner. For this reason, the use of a
topical cocktail of synergistic antioxidants is a good strategy to overcome these limitations and
provide a meaningful benefit. Specifically, it has been demonstrated that the addition of ferulic
acid to a topical vitamin C and E solution stabilized and doubled their protection from
environmentally induced-oxidative stress [14,15]. On the basis of these findings, researchers
have been encouraged to explore new ways for preventing or neutralizing the toxic effects of
O3 in cutaneous tissue. In the present study, we investigated the protective effect of pure topical
antioxidant mixtures against O3-induced oxidative stress damage in human keratinocytes.
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Materials and Methods

Cells
Normal human epidermal keratinocytes (NHEK) (Clonetic; BioWittaker, Wokingham, Berks.)
were cultured in Keratinocyte Growth Medium (Clonetic; BioWittaker, Wokingham, Berks.)
with 0.06 mM calcium containing 100 μ/ml penicillin, 100 μ/ml streptomycin, and 10% fetal
bovine serum (Lonza, Milan, Italy) and incubated at 37°C in 5% CO2.

Antioxidant Mixtures
Prior to O3 exposure, cells were pre-treated for 24 hrs with the following mixtures:

MIX 1: 15% L-ascorbic acid + 1% Alpha-tocopherol + 0.5% Ferulic Acid

MIX 2: 10% L-ascorbic acid + 2% Phloretin + 0.5% Ferulic Acid

Control cells were not treated with the mixtures and only exposed to filtered air.

O3 exposure
O3 was generated from O2 by electrical corona arc discharge (ECO3 model CUV-01, Torino,
Italy). The O2–O3 mixture (95% O2, 5% O3) was combined with ambient air and allowed to
flow into a Teflon-lined exposure chamber, with the O3 concentration in chamber adjusted to
varying ppm outputs and continuously monitored by an O3 detector. Exposure to filtered air
was carried out in similar exposure chambers except that filtered airflow was released into the
chamber at flow rates similar to the O3 output. After pre-treatment with different antioxidant
mixtures, cells (1x106 cells/well in 1.2 ml of media in 6 cm Petri dishes) were exposed to filtered
air or different O3 concentrations (0.1, 0.2 or 0.5 ppm) for 30 min or 1 h.

Subsequently, the medium was replaced with fresh medium + 10% FBS (3 ml). The O3 dose
and the exposure time were determined by the current literature on O3 pollution levels. Tem-
perature and humidity were monitored during exposures (37°C and 45–55%, respectively).

Cellular viability
Viability studies were performed 24 h after O3 treatment by measurement of LDH release and
cytofluorimetric assay as previous described [16]. The LDH levels in the supernatant were cal-
culated base on the kit instructions (EuroClone Milan, Italy). All tests were performed in tripli-
cate and assays were repeated five times independently with average results reported.

Cytofluorimetric assay was performed using Muse Count & Viability Kit (Millipore, Corpo-
ration, Billerica, MA, USA). Briefly, cells (1x106 to 1x107 cells/ml) were suspended in PBS.
Then, 380 μl of Muse Count & Viability working solution was added to the cells, and 20 μl of
this cell suspension was incubated for 5 minutes at room temperature in the dark. Cells were
analyzed by using a Muse Cell Analyzer.

Cellular Proliferation
Keratinocytes proliferation was determined by the BrdU Cell Proliferation Assay Kit which
detects 5-bromo-2’-deoxyuridine (BrdU) incorporation in the DNA of proliferating cells as
previously described [17]. Briefly, cells were cultured in a labelling medium that contains
BrdU, (pyrimidine analog) which is incorporated into the newly synthesized DNA of prolifer-
ating cells. After washing, the cells were fixed and the DNA denatured and then BrdU mouse
Ab was added. Anti-mouse IgG, HRP linked antibody, and the TMB substrate were added and
the colorimetric reaction was developed.
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Protein carbonyls
Carbonyl groups in proteins were determined by OxyBlot (Chemicon, USA). Briefly, after
derivatization of carbonyl groups to dinitrophenylhydrazone (DNP-hydrazone) by reacting
with dinitrophenylhydrazine (DNPH), the DNP-derivatized protein samples were separated by
polyacrylamide gel electrophoresis followed by Western blotting and served as an indicator of
oxidative stress.

Western blotting analysis
Western blotting analysis was performed as previous described [18]. After treatment the cells
were seeded (5 × 106 cells/ml) in 100 mm dishes washed twice with ice-cold PBS and then
scraped with PBS. 40 μg protein were loaded onto 10% sodium dodecyl sulphate–polyacryl-
amide electrophoresis gels and then transferred onto nitrocellulose membranes. Blots were
blocked in Tris-buffered saline (pH 7.5), containing 0.1% Tween 20 and 3% milk for 1h. Mem-
branes were incubated overnight at 4°C with the appropriate primary antibody and then incu-
bated with horseradish peroxidase-conjugated secondary antibody and the intensity of the
chmiluminescence detected (BioRad, Milan, Italy). The blots were then stripped and re-probed
with β-actin as the loading control. Images of the bands were digitized and the densitometry of
the bands was performed using Image J software.

DCFH-DA assay
NHEK cells (5 x 104 cell/ml) were incubated with 20 μMDCFH-DA in the loading medium in
5% CO2/95% air at 37°C for 30 min. After this time, cells were exposed to O3 for different
times (15, 30, and 50 minutes) and the fluorescence of the cells from each well was measured at
485 nm (excitation filter) and 530 nm (emission filter) by using a plate reader (TECAN- infi-
nite M200).

Immunocytochemistry
Human keratinocytes were grown on coverslips at a density of 1 × 105 cells/ml, and after treat-
ment fixed in 4% paraformaldehyde for 30 min at room temperature as previously described
[17]. Cells were permeabilized for 5 min at room temperature with PBS containing 0.2% Triton
X-100, then the coverslips were blocked in PBS containing 1% BSA at room temperature for
1h. Coverslips were then incubated with primary antibody in PBS containing 0.5% BSA at 4°C
overnight. After washing, coverslips were incubated with appropriate secondary antibody for
1 h at room temperature. Nuclei were stained with 1 μg/ml DAPI (Sigma- Aldrich) for 1 min.
Coverslips were mounted onto glass slides using anti-fade mounting medium 1,4 diazabicy-
clooctane (DABCO) in glycerine and examined by the Leica light microscope equipped with
epifluorescence at × 630 magnification. Negative controls for the immunostaining experiments
were performed by omitting primary antibodies. Images were acquired and analyzed with
Leica software.

Quantitative real-time PCR
Quantitative real-time PCR was carried out as described in detail previously [18]. Briefly, total
RNA was extracted, using an AURUM total RNAMini Kit with DNase digestion (Bio-Rad),
from 2×105 keratinocytes for each experimental condition, according to the manufacturer’s
recommended procedure. First-strand cDNA was generated from 1 μg of total RNA using the
iScript cDNA Synthesis Kit (Bio-Rad). The primer pairs (Table 1) capable of hybridization
with unique regions of the appropriate gene sequence were obtained from the Real-Time PCR
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GenBank Primer and Probe Database Primer Bank, RTPrimerDB. Quantitative real-time PCR
(qPCR) was performed using SYBR green on the CFXMulticolor real-time PCR detection system
(Bio-Rad). The final reaction mixture contained 300 nM each primer, 1 μl of cDNA, and 7 μl of iQ
SYBR Green Supermix (Bio-Rad), with RNase-free water being used to bring the reaction mixture
volume to 15 μl. All reactions were run in triplicate. Real-time PCR was initiated with a 3-min hot-
start denaturation step at 95°C and then performed for 40 cycles at 95°C for 3 s and 60°C for 5 s.
During the reaction, fluorescence, and therefore the quantity of PCR products, was continuously
monitored by Bio Rad CFXManager software (Bio-Rad). Primers were initially used to generate a
standard curve over a large dynamic range of starting cDNA quantities, permitting calculation of
the amplification efficiency (a critical value for the correct quantification of expression data) for
each of the primer pairs. Ribosomal proteins L13a (RPL13a) and L11a (RPL11a) and GAPDH
were employed as reference genes. Samples were compared using the relative cycle threshold (CT).
After normalization to more stable mRNA RPL13a, RPL11a, and GAPDH, the fold increase or
decrease was determined with respect to control, using the formula 2−ΔΔCT, where ΔCT is (gene
of interest CT) (reference gene CT), and ΔΔCT is (ΔCT experimental)(ΔCT control).

Statistical Analysis
Two-way analysis of variance (ANOVA) test was used for each of the tested variables. Results
were considered significant with a P-value<0.05. Data are expressed as mean ± S.D. of tripli-
cate determinations obtained in 5 independent experiments.

Results

Effect of antioxidant mixtures on cytotoxicity induced by O3 exposure
The first set of experiments evaluated the protective effect of the antioxidant mixtures versus
O3 exposure. As depicted in the Fig 1A, the cells exposed to different concentration of O3 (0.1,
0.2 or 0.5 ppm) for 1 hr (T0) showed an increased LDH release, while pre-treatment with the
mixtures for 24 hrs prevented this effect. 24 hrs post-O3 exposure (T24) the LDH levels were
still higher than the control (although lower than at T0) and the protective effect of the mixture
pre-treatment was still significant (Fig 1B).

Effect of antioxidant mixtures on decrease in cell proliferation induced by
O3 exposure
The next step, by BrdU assay, was to evaluate the effect on cellular proliferation 24 h after O3

exposure. As showed in Fig 2, O3 negatively affected cell proliferation at 0.1, 0.2, and 0.5 ppm

Table 1. Primer sequences and PCR condition.

Gene Primer sequence Ta °C Product
length (bp)

QPCR Amplification
Efficiency (%)

n° of
cycles

Ref. Primer Bank

IL-8 F: 5'- ggtgcagttttgccaaggag-3' R: 5'-
ttccttggggtccagacaga -3'

59.9 183 98.6 39 GenBank Accession
NM 000584.3

RPL13A F: 5'-cctaagatgagcgcaagttgaa- 3' R: 5'-
ccacaggactagaacacctgctaa-3'

60.2 203 97.3 39 Pattyn et al. 2006

RPL11A F: 5'- tgcgggaacttcgcatccgc-3' R: 5'-
gggtctgccctgtgagctgc-3'

60.1 108 96.5 39 GenBank Accession
NM 000975.2

GAPDH F: 5'- tgacgctggggctggcattg-3' R: 5'-
ggctggtggtccaggggtct -3'

60 134 94.6 39 GenBank Accession
NM 002046.3

Data calculated by Bio-Rad CFX Manager Software (Bio-Rad).

doi:10.1371/journal.pone.0131097.t001
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(decrease by 40%, 90% and 85%, respectively) and pre-treatment with the mixtures attenuated
this effect. Following experiments were conducted exclusively at 0.1 and 0.2 ppm, because
0.5 ppm was determined too toxic and did not potentiate a dose dependent response.

Effect of antioxidant mixtures on HNE adduct formation induced by O3

exposure
A known consequence of O3 exposure is the induction of lipid peroxidation with the formation
of alpha-beta unsaturated aldehydes such as 4-hydroxy 2-nonenal (HNE) [19]. Because of the
ability of HNE to form adducts with target proteins, most cellular proteins can be modified
and their functions corrupted. Therefore, we evaluated the protective role of the mixtures

Fig 1. Cytotoxicity measured by using LDH release at T0 (A) and T24 (B) in human keratinocytes exposed to O3 pre-treated with/without MIXs.
Triton X represents 100% of LDH release. Data are expressed as percentage of Triton X-100 (averages of five experiments ± SEM, *p < 0.05 vs control;
#p < 0.05 vs O3).

doi:10.1371/journal.pone.0131097.g001

Fig 2. MIX 1 and MIX 2 pre-treatment prevents the decrease in cell proliferation 24 hr after O3 exposure.Data are expressed as percentage of control
(averages of five experiments ± SEM, *p < 0.05 vs control; #p < 0.05 vs O3.

doi:10.1371/journal.pone.0131097.g002
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against O3-induced HNE protein adducts 1 hr after O3 exposure (T0). As shown in Fig 3, after
O3 exposure there was a significant dose dependent increase in HNE protein adduct levels and
the pre-treatment with the mixtures (MIX 1 left panel; MIX 2 right panel) clearly prevented
HNE protein adducts formation. In addition, pre-treatment with MIX 1 appeared to be more
effective respect to MIX 2.

Pre-treatment with the mixtures decreased carbonyls formation induced
by O3 exposure
To further verify the mixtures ability to protect keratinocytes from O3-induced oxidative
damage, the levels of carbonyl group protein adducts were also analyzed. As shown in Fig 4,
exposure to O3 (0.1 ppm) led to a significant increase in carbonyls formation levels and pre-
treatment with the mixtures prevented this effect. Same trend was noticed when the cells were
exposed to 0.2 ppm O3. In the latter case, the level of protein carbonyl groups were higher than
that produced by exposure to 0.1 ppm O3, indicating a dose-dependent trend.

Fig 3. Protective effect of MIX 1 and MIX 2 against O3-induced HNE protein adducts formation in human keratinocytes. Representative Western blot
is depicted in the top of the figure Quantification of the HNE bands (bottom). Data are expressed in arbitrary units (averages of five experiments ± SEM,
*p < 0.05 vs control; #p < 0.05 vs O3).

doi:10.1371/journal.pone.0131097.g003
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Mixture pre-treatment modulates ROS production induced by O3

exposure
To confirm the ability of O3 exposure to induce ROS formation, we performed the DCFH-DA
assay. As showed in Fig 5, ROS levels were increased in a dose dependent manner when the
cells were exposed to O3 (0.1 and 0.2 ppm) and pre-treatment with the mixtures significantly
decreased the ROS formation. Both MIX 1 and MIX 2 were equally effective in reducing ROS.

Antioxidant effect of different mixtures on activation of NRF-2 pathway
induced by O3 exposure
To better elucidate the mechanism involved in the protective effects of the MIXs, we evaluated
their ability to activate the nuclear transcription factor (erythroid-derived2)-like2 (NRF-2)
[20]. Fig 6A and 6B show the double-immunocytochemistry assay for NRF-2 (green) and
Keap1 [Kelch like-ECH-associated protein, which binds to NRF-2 before its activation]
(green), whereas Fig 6C and 6D show the integrated density of each dot using Image J software.
As shown in Fig 6A, in absence of stimulus (control cells), low levels of NRF-2 and Keap1 pro-
teins were expressed in the cytoplasm. Whereas the cells exposed to O3 (0.1ppm), showed not
only an increase in cytoplasmic NRF2 levels, but also substantially greater nuclear

Fig 4. O3 induced carbonyl groups formation in human keratinocytes andMIX 1 andMIX 2 pre-treatment prevented this effect. Representative
Western blot (top). Quantification of the carbonyl group bands (bottom). Data are expressed in arbitrary units (averages of five experiments ± SEM, *p < 0.05
vs control; #p < 0.05 vs O3).

doi:10.1371/journal.pone.0131097.g004
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translocation, suggesting an internal cellular response to O3-induced oxidative stress. When
the cells were pre-treated with MIX 1 for 24 hrs, the NRF2 translocation was increased. This is
especially noteworthy as the mixture seemed to activate NRF2 without increasing the overall
level of oxidative stress, as verified in the previous experiments. Of note, MIX 2 pre-treatment
did not significantly affect NRF2 translocation. Furthermore, the level of Keap1 was also mea-
sured following O3 exposure. As showed in Fig 6B, the expression of Keap1 protein after O3

exposure (0.1 and 0.2 ppm) was increased, although not in a dose dependent manner, indicat-
ing the potential for a hormetic effect.

Pre-treatment by antioxidant mixture affects O3-induced NF-kB
activation
Numerous stimuli which cause an accumulation of oxidative stress can lead to the activation of
the so-called “redox sensitive transcription factors” and one of the most studies is the nuclear
factor kappa-light chain-enhancer of activated B cells (NF-kB) [21]. As showed in Fig 7, in
absence of stimulus (control cells), the p65 subunit (red color) was mainly expressed in the
cytoplasm. When the cells were exposed to O3 (0.1 and 0.2ppm), there was an evident dose
dependent increase in p65 nuclear translocation. However, cells pre-treated with either mixture
for 24 hrs clearly showed a reduction in NF-kB activation (nuclear translocation) MIX 1 being
more effective than MIX 2. Specifically, MIX 1 nuclear expression of NF-kB was undifferenti-
ated from control cells.

In addition, as a proof of concept for NF-kB activation, the mRNA levels of IL-8, a cytokine
under the control of NF-kB, was investigated. As shown in Fig 8, O3 exposure clearly induced
the increase of IL-8 transcripts in a dose dependent manner with an increment of circa 55% for
0.1 ppm (left panel) and 70% for 0.2 ppm (right panel). Pre-treatments with both MIX 1 and
MIX 2 were able to prevent IL-8 induction by O3 with a level similar to the control cells.

Discussion
The present study has shown the ability of antioxidant mixtures containing pure antioxidant
compounds to abolish the noxious effects of O3 in cultured human keratinocytes. O3 is one of
the most toxic environmental stressors humans are exposed to on a daily basis, and besides its
well-documented effect on the respiratory tracts, there is increasing literature demonstrating
its dangerous effect on cutaneous tissue [5, 12, 22, 23]. It should be mentioned that although
O3 is not considered a radical species per se, its toxic effects ha been shown to be mediated

Fig 5. O3 induced ROS formation in human keratinocytes andMIX 1 and MIX 2 pre-treatment prevented this effect.ROS production was measured by
fluorimetry with DCFH-DA staining. Data are expressed in RFU (averages of five experiments ± SEM, *p < 0.05 vs control; #p < 0.05 vs O3).

doi:10.1371/journal.pone.0131097.g005
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through free radical reactions that leads to the oxidation of biomolecules, and the formation of
radical species (hydroxyl radical), with the production of cytotoxic molecules such as aldehydes
and more general peroxidation products [23]. While this study offers introductory evidence in
support of the protective effect of antioxidants against O3-induced damage, further research is
needed to confirm these initial findings from cell cultures in more complex models such as
skin equivalent and human samples.

The mechanism of O3-induced toxicity is believed to be substantially different from other
stressors such as UV light [24]. Indeed, it has been clearly shown in the past few decades that
UV light, especially UVA, is able to induce skin photodamage primarily through direct forma-
tion of ROS, such as O2 in the deeper layers of the skin, promoting skin aging and cutaneous
neoplasms [25]. On the other hand, the prevailing scientific literature suggests that O3 does not
penetrate the cellular membrane, and as it concern the skin, reacts instantaneously with poly-
unsaturated fatty acids (PUFAs) present in the stratum corneum to form ROS, such as

Fig 6. O3 induced NRF2 activation in human keratinocytes andMIX 1 andMIX 2 pre-treatment for 24 h potentiated this effect. Immuno-cytochemistry
of keratinocytes showing localization of NRF2 (red) and Keap1 after O3 exposure for 1 h. Images are merged and representative of at least 100 cells viewed
in each experiments (n = 5). Nuclei (blue) were stained with DAPI. Original magnification X 630. Immunoreactivity of NRF2 and Keap1 was semi-quantified
as area of both signals into nucleus respect to cytoplasm, by using Image J sophtware. Data are expressed in arbitrary units (averages of five
experiments ± SEM, *p < 0.05 vs C (nuclear expression); °p < 0.05 vs C (cytoplasm expression)).

doi:10.1371/journal.pone.0131097.g006
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hydrogen peroxide and a combination of heterogenous LOPs including HNE [7]. Upon react-
ing with surface PUFAs, O3-induces biochemical changes into deeper tissue by a cascade of
ozonation products which further propagate O3‘s toxic effect [7]. Additionally, O3 oxidizes epi-
dermal antioxidants leading to their depletion [10]. Our study confirmed the formation of lipid
peroxidation products and oxidized proteins by O3, as measured via HNE protein adducts and
protein carbonyls. This effect has previously been demonstrated in an in vivo study [22] where
O3 exposure induced the formation of HNE. Importantly, the levels of peroxidation products
were not homogenously distributed in the skin tissues, but its formation followed a gradient
dispersion where higher levels were present in the most external layer (stratum corneum) and

Fig 7. O3 induced NF-kB (p65 subunit) activation in human keratinocytes and MIX 1 andMIX 2 pre-treatment for 24 h reverted this effect. Immuno-
cytochemistry of keratinocytes showing localization of p65 (red) after O3 exposure for 1 h. Images are merged and representative of at least 100 cells viewed
in each experiments (n = 5). Nuclei (blue) were stained with DAPI. Original magnification X 630. Immunoreactivity of p65 was semi-quantified as area of
activated p65 signal into nucleous respect to that into cytoplasm, by using Image J sophtware. Data are expressed in arbitrary units (averages of five
experiments ± SEM, *p < 0.05 vs C (nuclear expression); °p < 0.05 vs C (cytoplasm expression)).

doi:10.1371/journal.pone.0131097.g007

Fig 8. O3-induced an increase in IL-8 gene expression in human keratinocytes while MIX 1 andMIX 2 pre-treatment prevented IL-8 induction by O3.
The data are averages of five different experiments (means ± DS). * p<0.05 vs control; # vs O3.

doi:10.1371/journal.pone.0131097.g008
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less detectable in the dermis. This inversely correlates with the skin antioxidant distribution,
where the levels are higher in deeper epidermal layers [23, 26] and lower in the stratum cor-
neum. Therefore, the outermost cellular membranes and their lipids are especially vulnerable
targets of O3, thus the lipid soluble compounds found in the mixtures utilized in the present
study could counteract the noxious effect of O3 on epidermal lipids. Most likely the presence of
alpha-tocopherol could explain the more potent effect of MIX 1, with respect to MIX 2, in
reducing lipid ozonation products.

Throughout the course of evolution, organisms have developed a defence system to protect
themselves from the damaging effect of oxidative stress. The cell responds to an increase in
ROS prevalence by a rapid induction and activation of detoxifying enzymes in order to mini-
mize further injury [27]. It has been well established that several of the phase II detoxifying
enzymes genes contains the so called antioxidant response element (ARE) sequence in their
promoter [28] and NRF2 is the main regulator of this cellular defensive mechanism. As men-
tioned previously, exposure to atmospheric pollutants causes cellular toxicity by promoting a
pro-oxidative state, so induction of an antioxidant defense system is a natural way to counter-
act the damage. Several pathways are able to control cellular redox homeostasis, and NRF2 is a
crucial transcription factor in the cell’s response to oxidative stress. Several studies in the last
few years have shown the ability of environmental pollutants to activate NRF2, such as particu-
late matter / nanoparticles, polycyclic aromatic hydrocarbons, and gases such as nitric oxide,
carbon monoxide, and O3 [27–29]. In the current study, we were able to demonstrate a signifi-
cant transient induction of NRF2 following O3 exposure, while pre-treatment with the tested
“mixtures”, resulted in a more robust and longer lasting NRF2 activation leading to greater
protection against O3-induced oxidative stress. This data is in line with the observed increase
in mRNA levels of several genes controlled by NRF2 such as GPx, CAT, HO1, etc by the mix-
tures (data not shown). This is an especially noteworthy observation since the active com-
pounds comprising the antioxidant mixtures are well established for their ability to reduce the
overall oxidative stress level via direct scavenging of ROS [30, 31]. In addition, since NRF2 is
able to regulate the transcription of cellular proteasome, its activation will help the cell to elimi-
nate the damaged protein (by-products) accumulated as a consequence of O3 exposure (HNE
and carbonyls). While MIX 2 was not as effective in prolonging NRF2 activation as MIX 1,
both mixtures were still successful in reducing ROS prevalence (as confirmed by DCF-DA
assay). For this reason we hypothesize that the beneficial properties of MIX 2 are more linked
to direct scavenging of ROS than prolongation of NRF2 activity.

Moreover, pollution and its ability to induce oxidative stress has also been associated with a
pro-inflammatory state. Under standard conditions, skin inflammation involves infiltration by
neutrophils and additional phagocytes that promote the production of free radical species [32].
Furthermore, there is increasing evidence that keratinocytes serve an intricate role in the path-
ogenesis of cutaneous inflammatory disease, with earlier literature suggesting that environmen-
tal pollutants enhance keratinocyte secretion of pro-inflammatory cytokines (IL-1,IL-8) [33].
Interestingly, the work by Hisada et al. showed that O3 exposure induced lung neutrophilia in
rats and this response was mainly mediated by the activation of NF-kB, which is able to tran-
scribe for several pro-inflammatory cytokines (IL-1,-8, TNFa, etc) [33]. In line with this study,
we have previously shown that O3 was able to activate NF-kB in a similar manner as observed
in lungs using a murine model [29]. Fundamentally, the activation of NF-kB may be accom-
plished via accumulation of ROS promoting dissociation of NF-kB from its cytoplasmic repres-
sor IkB [22]. The present study has confirmed the ability of O3 to induce NF-kB in
keratinocytes and demonstrated the inhibitory effects of the antioxidant mixtures on its activa-
tion. This “anti-inflammatory” effect of MIX 1 (containing 15% L-ascorbic acid, 1% alpha-
tocopherol, and 0.5% ferulic acid) and MIX 2 (containing 10% L-ascorbic acid, 2% phloretin,
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and 0.5% ferulic acid) could be attributed to the presence of pure antioxidant compounds able
to quench ROS formation, as demonstrated by the DCFH-DA results. Therefore, the tested
antioxidant mixtures were not only able to prevent the formation of lipid peroxides, protein
oxidation products (HNE and carbonyls), and ROS (DCFH-DA), they also attenuated the acti-
vation of NF-kB and transcription of IL-8, key players in modulating the tissue inflammatory
response.

It is important to consider that the concentration of ground-level O3 has continued to rise
over the past decade. A recent work surprisingly showed that there are no significant differ-
ences in the percentage of O3 increase between urban and rural regions in both the USA and
Europe. In fact, O3 annual averages continue to increase in both rural and urban areas (albeit
at a faster rate in urban centres), exceeding the criteria established to protect human health
[34]. As previously mentioned, we have already shown that O3 stimulates an active cellular
response in the skin [35], and more recently researchers have demonstrated a strong link
between O3 exposure and an increase in debilitating skin disorders [36]. Therefore, it is imper-
ative to protect our skin from the dangerous effects of O3, especially since cutaneous tissue is
one of its primary targets. As such, the use of protective antioxidant mixtures with proven abil-
ity to neutralize the pro-oxidant effect of pollution is strongly recommended to maintain the
healthy integrity of the skin.

Conclusion
The present study has demonstrated the capacity of antioxidant mixtures to prevent the harm-
ful effects of O3-induced oxidative stress in human keratinocytes. In addition to the previously
established ability of the tested antioxidant compounds to directly quench free radicals, it was
demonstrated that pre-treatment with antioxidant mixtures led to greater activation of NRF2,
suggesting complementary protective properties. Moreover, the present study confirmed the
ability by O3 to induce NF-kB activation in keratinocytes, suggesting the presence of O3-
induced cutaneous inflammation, and demonstrated the inhibitory effects of the antioxidant
mixtures on its activation. These preliminary findings support the benefit of applying pure
antioxidants to counteract the noxious effect of O3. However, further research is needed to con-
firm the findings in models more closely resembling human skin.
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