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A B S T R A C T

The balanced presence of polyunsaturated fatty acids and specific bioactive components of high-polyphenol
extra virgin olive oil (HP-EVOO)result in the presumed health benefit. Enrichment of its principal polyphenols is
shown to be protective in oxidative damage and improves mitochondrial dysfunction. We investigated the effect
of different concentrations of HP-EVOO applications on mitochondrial functions and antioxidant defense status
on human keratinocyte cells (HaCaT) under the H2O2 induced stress conditions. Our data showed that HP-EVOO
has prominentantioxidant capacityin 2%, 5% and 10% HP-EVOO groups (p = 0.000) especially under H2O2
toxicity. Mitochondrial gradients for ATP production were preserved with the increase in mitochondrial mem-
brane potential (MMP) with 2% (p = 0.001), 5% (p = 0.000), 10% (p = 0.003) EVOO application, which
resulted in improving cell viability.Hereby, it was concluded that EVOO might have a beneficial effect on skin
health by increasing antioxidant status and by providing higher MMP to maintain the mitochondrial function of
the keratinocytes in our study.

1. Introduction

In the manner of the health, fatty acids are not only seen as a source
of energy in the diet but also known as building blocks of skin, retina,
nervous system, lipoproteins and biological membranes. Olive oil has
its special place in these functional sides of fats (Viola & Viola, 2009).
Most of the fat composition of olive oil (98–99%) is composed of tria-
cylglycerol and it is reported that the structure of these triacylglycerol’s
is rich in oleic acid which is known as monounsaturated fatty acid
(56–84%) (Gorzynik-Debicka et al., 2018). In general, polyphenols in
olive oil have anti-inflammatory, antiproliferative, antioxidant, anti-
microbial properties and have positive effects on cancer, diabetes, skin
diseases, neurological and cardiovascular diseases (Rigacci & Stefani,
2016). The antioxidant capacity, mainly due to its phenolic content,
might be stated as the starting point of many of the effects of olive oil.
The molecular oxygen removal capacities and potential redox char-
acters of these phenolic compounds are due to their chemical structure
and hydroxyl groups(Cheng, Ren, Li, Chang, & Chen, 2002; Visioli, Poli,

& Gall, 2002).
Mitochondrion is one of the metaboliccenters where the energy

needs of the cell are supplied and the oxidative radicals produced
during the supply of energy are cleaned. With these properties, it could
be mentioned that mitochondrion has a place on the cell survival and
apoptosis mechanism as main area where metabolic events occur.
Maintaining mitochondrial membrane potential is also important to
supply gradients for ATP synthesis (Bhatti, Bhatti, & Reddy, 2017). It is
known that oxidative stress which increases with age is the main reason
of mitochondrial dysfunction (Sun, Youle, & Finkel, 2016). Further-
more, it is important to preservemitochondrial functions in chronic and
metabolic diseases (Bhatti et al., 2017). Related with these properties,
mitochondria have important role on skin and wound healing which is
associated with oxidative and inflammatory processes. In the systematic
review of Cano-Sanchez et al., it has been pointed out that treatments to
improve mitochondrial function in wound healing might be beneficial
(Cano Sanchez, Lancel, Boulanger, & Neviere, 2018).

The skin is closely related to the internal and external environment
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and is a form of an organ with high metabolic activity. Therefore, it
should be mentioned that the skin is quite sensitive to oxidative stress,
atmosphere pollution, ultraviolet lights etc. Depending on all these
negative factors; it might be thought to be at the high risk of dete-
rioration of structure and function, aging and cancer (Viola & Viola,
2009). Considering the importance of mitochondrial function especially
in skin diseases and skin aging, it had been realized that olive oil might
have the positive effects on skin. The skin elasticity level was higher in
the group with high intake of monounsaturated fatty acids compared to
the saturated, polyunsaturated fat intake in the study conducted with
716 Japanese female individuals (Nagata et al., 2010). In the study of
Salucci et al, tyrosol that is one of the phenolic compounds of olive oil
was examined on keratinocytes damaged by UVB radiation. It was
mentioned that tyrosol had also protective effects on keratinocytes by
reducing apoptotic markers depended on ultraviolet irritation(Salucci
et al., 2015). Olive oil beneficial effects on skin cancer was shown in the
study of Polini et al. EVOO extracts was mentioned to reduced non-
melanoma skin cancer cell viability and migration, prevented colony
and spheroid formation, and inhibited proliferation of atypical kerati-
nocytes stimulated with epidermal growth factor. The antioxidant
properities based investigationshowed that oleocanthal and oleacein
promoted through the inhibition of Erk and Akt phosphorylation and
the suppression of B-Raf expression, whereas tyrosol and hydro-
xytyrosol did not have effect (Polini et al., 2018). In another study it
was shown that olive oil based diet improves cutaneous wound healing
of pressure injury in mice through the reduction of inflammation and
stimulation of redox equilibrium by reducing neutrophils cells and cy-
clooxygenase-2 protein expression and by increasing nitric oxide syn-
thase-2, nuclear factor erythroid 2-related factor 2,collagen type I
precursor protein expressions(Schanuel, Saguie, & Monte-Alto-Costa,
2019). According to clinical study on hospitalized patients with
10–20% of total body surface burn area wounds, the duration of wound
healing and duration of hospitalization in the oral olive oil ap-
plied group were significantly decreased compared to control group
(Najmi, Shariatpanahi, Tolouei, & Amiri, 2015). However, the mi-
tochondrial mechanism of beneficial effects of olive oil on keratinocytes
or skin health under the stress conditions is still unknown.

To better understand the antioxidant effects of olive oil and to
clarify the cellular mechanism, keratinocytes (HaCaT cells) were
treated with different concentrations of extra virgin olive oil (EVOO).
The effects of EVOO on oxidative damage, cellular proliferation and
mitochondrial functions on HaCaT were investigated under the stress

condition induced with H2O2.

2. Materials & methods

2.1. Samples and productionof EVOO

The fruits of “Olea europaea L. cv. “Memecik” were harvested by
hand picking in the early harvest period [at #2 or #1 maturity index
according to Gutiérrez, Jimenez, Ruiz, and Albi (1999)] from Cine-
Aydın mountains and processed to “cold press” extra virgin olive oil, in
a few hours. Olive paste was prepared after crushing by a knife mill and
the paste was mixed in the malaxer at below 27 °C or 21 °C for 15 min.
After decantation of extra virgin olive oil was stored in stainless steel
containers under nitrogen gases. The Oliomio equipment was designed
in order to produce HP-EVOO (Cardiolive, TUAY, TURKEY). The olive
oil factory equipped with a knife crusher and a two phase horizontal
decanter (Oliomio 200 Sintesi, Italy). The olive oil was filtered by 40
filter papers (40x40 cm) and stored. The EVOO was bottled in 250 mL
amber glass bottles by nitrogen gas. The bottles were stored at room
temperature (18–24 °C).

2.2. Analyses the content of EVOO

The EVOO samples were analyzed by the Aydın Food Analysis
Laboratory belongs to Aydın Commodity Exchange which is an accre-
dited laboratory by International Olive Council. The analyses had been
done according to the International Olive Council olive oil testing
methods and ISO standards for evaluation of animal and vegetable fats
and oils (COI/T.20/DOC. NO 30/Rev. 2-2017 - Method of analysis for
the determination of the composition and content of sterols and tri-
terpenedialcohols by capillary column gas chromatography; COI/T.20/
DOC. 29/Rev.1-2017- Method-Determination of biophenols in olive oils
by HPLC; ISO 3960:2017 Animal and vegetable fats and oils -
Determination of peroxide value - Iodometric (visual) endpoint de-
termination(Barthel & Grosch, 1974); TS EN ISO 660 Animal and ve-
getable fats and oils - Determination of acid value and acidity by ti-
tration analyze (Kershaw, 1986). The results of the analysis were given
together with measurement device and measurement method. Analysis
results are given in Table 1 for the EVOO samples and compared with
standards.

Table 1
Analysis of EVOO content and European Pharmacopoeia 8.0 limits.

Measurement Method Measurement Device EVOO European Pharmacopoeia 8.0 Limits (%)

COMPOSITION OF STEROL CONTENT
Cholesterol COI/T.20/Doc No30 GC-FID % 0.16 Max 0.5
Brassicasterol COI/T.20/Doc No30 GC-FID % –
24-methylene-cholesterol COI/T.20/Doc No30 GC-FID % 0.11
Campesterol COI/T.20/Doc No30 GC-FID % 3.36 Max 4.0
Campestanol COI/T.20/Doc No30 GC-FID % 0.02
Stigmasterol COI/T.20/Doc No30 GC-FID % 0.88
Delta-7-campesterol COI/T.20/Doc No30 GC-FID % 0.03
Delta-5,23 stigmastadienol COI/T.20/Doc No30 GC-FID % – Min 93.0(Sum of all)
Clerosterol COI/T.20/Doc No30 GC-FID % 1.09
B-Sitosterol COI/T.20/Doc No30 GC-FID % 89.53
Sitostanol COI/T.20/Doc No30 GC-FID % 0.31
Delta-5-Avanesterol COI/T.20/Doc No30 GC-FID % 3.47
Delta-5,24 stigmastadional COI/T.20/Doc No30 GC-FID % 0.41
Delta-7-stigmastenol COI/T.20/Doc No30 GC-FID % 0.28 Max 0.5
Delta-7-avanesterol COI/T.20/Doc No30 GC-FID % 0.36
Total B-Sterol COI/T.20/Doc No30 GC-FID % 94.81
Total Sterol COI/T.20/Doc No30 GC-FID mg/kg 1.576
Erythrodiol + Uvaol COI/T.20/Doc No30 GC-FID % 1.28
FREE FATTY ACID CONTENT (OLEIC ACID C.) TS EN ISO 660 Iodometric Titration % 0.35 Max 2.0
PEROXIDE LEVEL TS EN ISO 3960 Iodometric Titration meq active oxygen/kg fat 17.49 Max 20.0
TOTAL BIOPHENOL CONTENT COI/T.20/Doc No 29 HPLC-UV % 324
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2.3. Cell culture

Human keratinocyte cell line HaCaT cells (ATCC) were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma, USA) with 10%
fetal bovine serum, 100 U/ml penicillin/100 mg/ml streptomycin
(Sigma, USA) and 2 mM L-glutamine (Sigma, USA) at 37 °C in a hu-
midified atmosphere of 95% air and 5% CO2. In this study, cells be-
tween passages 5 and 10 were used. One day before the experiments,
cells were seeded on 96-well and 6 well plates (Nunc, Denmark) at
15 × 105 cells/mL. HaCaT cells were cultured with 2–5-10% EVOO for
24 h. In order to evaluate the effect of olive oil under oxidative stress
conditions, cells were stimulated by 100 µM H2O2 with/without EVOO
as well for 24 hr. Cell counts were tested by 3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyltetrazolium bromide (MTT, Sigma, USA). Total oxida-
tive status (TOS) and total antioxidant status (TAS) activity were
measured by commercial kits (Rel Assay Diagnostics kit; Turkey).
Experiments were done in 96 well plates and repeated eight times/
group.

2.4. Cellular proliferation

MTT, a colorimetric assay based upon the ability of living cells to
reduce MTT into formazan, was used for evaluation of time dependent
effects of 100 μM H2O2 on cellular death or proliferation (24th, 48th h).
The method is based on the conversion of water soluble MTT (com-
pound to an insoluble formazan product. Formazan crystals were dis-
solved by DMSO and the color formation was measured at 540 nm
absorbance with microplate spectrophotometer (Epoch Microplate
Spectrophotometer, Biotek Company, USA).

2.5. Oxidant and antioxidant capacity

Oxidative stress induced by H2O2 and antioxidant activity of EVOO
were measured by colorimetric commercial kits (Rel Assay Diagnostics,
Turkey) that developed by Erel (n = 6/group) (Erel, 2004, 2005).
Oxidative status is defined as micromolar hydrogen peroxide equivalent
per liter (μmolH2O2 Eq/L) with a method based on the oxidation of
ferrous ion to ferric ion by oxidative agents in acidic media. Total an-
tioxidant status is measured as antioxidant effects of the samples
against strong free radical substances and results were given as μmol-
TroloxEq/L.

2.6. Mitochondrial membrane potential measurements with confocal
microscopy

The mitochondrial membrane potential of HaCaT cells were mea-
sured with FRET based method as described before (Olgar et al., 2018).
Briefly, cells were loaded with a membranepermeateand potential-
sensitive single wavelength fluorescence dye JC-1 (5 μM-45 min)
whichtargets mitochondriadue to the electrochemical properties of the
cells. When JC-1 molecules accumulated into the mitochondria and
excited at 488 nm florescence energy transferred and emissions de-
tected at 585 nm. Following to the mitochondrial uncoupling with
FCCP (1 uM) florescence emissions shifted to 535 nm (green) due to the
lack of intramolecular energy transfer. The ratio of two emissions (red
to green) determined MMP formation in keratinocyte cell lines. The
imaging was performed by LEICA TCS SP5 confocal microscope and
analyzed using the Leica Application Suite X program

2.7. Statistical analysis

IBM SPSS Version 25 (Armonk, New York, USA) program was used
for statistical analysis with different comparison tests and P < 0.05
was accepted as statistically significant. Evaluations between experi-
ment groups were performed using One-way Anova, Post-Hoc Tukey
and Tamhane tests to determine the groups which originate the

significance difference. GraphPad Prism 6 (La Jolla, California, USA)
program was used for graphics.

3. Results

When the analysis results were examined; the sterol, the free fatty
acid, the peroxide and the biophenol content of the HP-EVOO were
evaluated according to content limits determined according to
European Pharmacopoeia 8.0 standards and were found to be appro-
priate (Table 1).

Our results showed that EVOO treatment protects keratinocytes
from H2O2 toxicity. In order to investigate the H2O2-induced toxicity in
HaCaT cells, cell viability examined for 24th and 48thhr by the MTT
assay·H2O2 application decreased cell number at the24th and 48thhr
(p = 0.000) compared to control group. While there wasn’t any sig-
nificant difference between control and 2%, 5% and 10% EVOO treated
groups at the 24th hr. The cell number were significantly higher in 2%
EVOO + H2O2 (p < 0.001), 5%EVOO + H2O2 (p = 0.001) and 10%
EVOO + H2O2 (p < 0.001) groups compared to H2O2 group at the
24th hr. Results obtained at 48thhr showed that cell viability of 2% and
5% EVOO groups were significantly higher than control group
(p < 0.001). All concentrations of EVOO protected cells from
H2O2toxicity (p = 0.002). Although the cell proliferative effect of 10%
EVOO was not significant as other concentrations of EVOO, 10% EVOO
treatment improves cell viability compared to 5% EVOO (p = 0.000)
and 2% EVOO (p < 0.001) applied groups with H2O2 toxicity (Fig. 1).

Our findings indicated thatH2O2toxicity caused a prominent de-
crease in antioxidant status (p = 0.002) and increase in oxidative stress
(p < 0.004) compared to control group. EVOO with all concentrations
protected cells from oxidative stress (p < 0.001). There were sig-
nificant increase in antioxidant capacity in 10% EVOO treated group
compared to control group (p = 0.009). Also total antioxidant status
was increased in 2% (p = 0.000), 5% (p < 0.001) and 10% EVOO
(p < 0.001) groups treated with H2O2 compared to only H2O2 applied
group (Fig. 2).

To demonstrate the possible effects of EVOO on mitochondrial
function of HaCaT cells, herein, it was used JC-1 loaded HaCaT cells to
determine MMP as fluorescence intensity changes (ΔF535/585) basal and
following to FCCP (1 μM) treatment visualized in Fig. 3. It was observed
that H2O2 treatment damaged mitochondrial membrane by increasing
depolarization of membrane compared to control cells. The MMP sig-
nificantly decreased with the H2O2 exposure (p = 0.02) compared to
control group. Whereas the EVOO treatment with different concentra-
tions ameliorated the H2O2 induced MMP decrement (p = 0.001 for 2%
EVOO, p < 0.001 for 5% EVOO, p < 0.001 for 10% EVOO groups
with H2O2 application). However, without H2O2 application, the MMP
was significantly increased in 5% EVOO group (p < 0.001) and 5%
EVOO treatment had more beneficial effects on MMP than 2% EVOO
and 10% EVOO groups with (p < 0.001) and without (p < 0.05)
H2O2 application (Fig. 3). Our results present that olive oil form of
EVOO protects mitochondrial functions by preserving membrane po-
tential to maintain gradients for ATP production.

4. Discussion

Our data showed that extra virgin olive oil is beneficial on HaCat
cell by improving cell viability (Fig. 1) with antioxidant capacity
(Fig. 2) and by preserving mitochondrial gradients for ATP production
with the increase in MMP, which is main function of mitochondria
(Fig. 3). The antioxidant properties of olive oil were shown in our study;
while there were increasing in the antioxidant status of cells treated
with HP-EVOO, the oxidative stress status were decreased in all groups
which treated with HP-EVOO. In mitochondrial manner of aspect, H2O2

induced mitochondrial stress was prevented with HP-EVOO treated
cells. While H2O2damage decreased the MMP, HP-EVOO treated cell
groups could preserve or increase their MMP which improves
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mitochondrial functions. It was also observed that HP-EVOO increased
the MMP under the physiological condition (without H2O2application)
in 2% and 5% of HP-EVOO treatment groups compared to control
group, however 10% HP-EVOO application had similar effects with
control group on the MMP. It should be mentioned that10% con-
centration of HP-EVOO increased the MMP under the H2O2 toxicity
condition and preserved it as the healthy group level.

Due to the limitations of number the studies which investigate the
olive oil effects on skin cells under the stress conditions, our results are
supported by similar study models with different cell types. To under-
stand the molecular mechanism underlying of olive oil antioxidant ef-
fect, it was examined that response of Jurkat cells with hydroxytyrosol
and tyrosol treatment in case of damage induced by H2O2. The study
results showed that hydroxytyrosol might have protective effects on
apoptosis and DNA damage by mitigating the labile iron level in in-
tracellular area but tyrosol did not have such an effect. Researchers
mentioned that hydroxytyrosol was capable of reversing changes of
molecular pathways induced by H2O2, such as JNK and p38 phos-
phorylation (Kitsati, Mantzaris, & Galaris, 2016). While Calabriso et al.
explained the positive effect of hydroxytyrysol (HT) on endothelial
dysfunction as major phenolic compound of olive oil, they predicated
the main effect to its protectiveness against the mitochondrial dys-
function. Endothelial dysfunction simulated with cultured endothelial
cell inflamed by phorbolmyristate acetate (PMA) were treated with
hydroxytyrosol. It was observed reversible effects of hydroxytyrosolon
inflamed cell by reducing mitochondrial superoxide production and
lipid oxidation and elevating superoxide dismutase levels. Also,

improvement on mitochondrial membrane potentials, ATP synthesis
and ATP5B expressions reduced by PMA was observed with hydro-
xytyrosol treatment (Calabriso et al., 2018). Hydroxytyrosyl oleate
which is one of olive oil antioxidant content decreased formation of
ROS and malondialdehyde, as well as activity of Glutathione-S-trans-
feraseand superoxide dismutase in the study on human keratinocyte
cells (Benincasa et al., 2019). In an ex-vivo skin study, olive oil showed
preventive role against to the stress-induced ageing signs observedas
thinner dermis and collagen fibre loss by reducing matrix metallopro-
teinase-2 expression, ROS production, and extracellular signal-related
kinase 1/2 and c-JUN phosphorylation (Romana-Souza and Monte-
Alto-Costa, 2019).

Previous studies had pointed out of the olive oil effects through
antioxidant status and mitochondrial functions. It is shown that aged
rats fed with virgin olive oil had lower mitochondrial oxidative stress
level in liver than those fed with sunflower oil ones. Also both animal
groups had elevated mitochondrial DNA deletion because of aging but it
was higher in sunflower group than virgin olive oil group (Quiles,
Ochoa, Ramirez-Tortosa, Huertas, & Mataix, 2006). Previous study of
same research group observed the effect of virgin olive oil and sun-
flower olive oil on rats in lifelong feeding aspect. Although there was no
difference on lifespan between two groups but olive oil group had lower
levels of aging parameters such as plasma cholesterol, triglycerides,
phospholipids, total lipids, polyunsaturated fatty acids and DNA
double-strand breaks than sunflower oil group (Quiles et al., 2004).

In another study investigated lifelong feeding effects, olive oil was
also compared with fish oil besides sunflower oil. Both young (6 week)

Fig. 1. Cellular numbers at the 24th and 48th hours.

Fig. 2. The total antioxidant (A) and oxidant (B) status of HaCaT treated with 2%, 5%, 10% of EVOO and H2O2 induced stress conditions.
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and aged rats (24 week) were killed after lifelong feeding with each oil
types. The study resulted in that virgin olive oil led to the lowest oxi-
dation and ultrastructural alterations. However, It was observed that
sunflower oil induced fibrosis, mitochondrial ultrastructural altera-
tions-high oxidation. Also fish oil intensified oxidation associated with
age, lowered electron transport chain activity and enhanced the relative
telomere length (Varela-Lopez et al., 2018). Antioxidant properties of
olive oil were also shown with brain study. It was observed that olive
oil protected the brain tissue against oxidative damage caused by pes-
ticide in the rats fed with extra virgin olive oil for 4 weeks. It was
evaluated by the restoration of brain fatty acid composition especially
the level of docosahexaenoic acid (Gupta and Prakash, 2015; Amel
et al., 2016).

Also, our results might explain the mechanism underlying the
beneficial effects of olive oil on skin which were shown in different
human, animal and cell culture studies in literature. It is shown in
Fabiani’s systematic review that in vivo studies related to olive oil types
and different prosperities of olive oil effects on cancers in which skin
cancer occurred were reviewed and it is mentioned as a result of human
and animal studies that olive oil might inhibit of oxidative DNA damage
in mitochondria, lymphocyte or urine on skin cancers (Fabiani, 2016).
The animal study of Donato et al. indicated that increased ROS and
inflammatory response due to pressure ulcers was found to be reduced
by the antioxidant effect of olive oil and accelerated recovery with in-
creased collagen deposition and re-epithelization in the ulcer (Donato-
Trancoso, Monte-Alto-Costa, & Romana-Souza, 2016). In a randomized
controlledstudy, which examined the effects of topical olive oil appli-
cation on diabetic foot ulcer. There was a significant decrease in ul-
cerated area and ulcer depth in the topical olive oil treated area and the
healing was significantly higher in the olive oil treated group compared
to the control group (Nasiri, Fayazi, Jahani, Yazdanpanah, &
Haghighizadeh, 2015).

On the other hand, adverse effects of olive oil application with
sunflower oil on atopic dermatit was shown in the study of Danby et al.
Topical application of olive oil for 4 weeks caused a significant re-
duction in stratum corneum integrity and induced mild erythema in
volunteers with and without a history of atopic dermatitis. Study group
mentioned that olive oil has the potential to promote the development
of, and exacerbate existing, atopic dermatitis (Danby et al., 2013). But
these results are mainly different from literature and it was also men-
tioned that further studies were needed.

5. Conclusion

Our study showed that high-polyphenol EVOO had animportant
antioxidant capacity which helps HaCaT cells to maintain mitochon-
drial function against the H2O2damage. Protective effectof HP-EVOO
was due to the maintenance of mitochondrial membrane potential
continuity for ATP production. It was concluded that HP-EVOO had
beneficial effect on skin health by decreasing oxidative stress and by
providing higher MMP to maintain mitochondrial function of the ker-
atinocytes in our study. The protective effects of different concentra-
tions of HP-EVOO on keratinocyte cells are dose dependent and non-
identical under the physiological or stress conditions.

6. Ethics approval

Not necessary.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Fig. 3. The representative mitochondrial membrane potential (MMP) measurements in HaCaT cells treated with 2%, 5%, 10% of EVOO in physiological and H2O2

induced stress conditions.
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