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Skin damage due to severe burns can compromise patient life. Current tissue engineering methods allow the
generation of human skin substitutes for clinical use. However, this process is time-consuming, as the kerati-
nocytes required to generate artificial skin have a low proliferation rate in culture. In this study, we evaluated the
pro-proliferative effects of three natural biomolecules isolated from olive oil: phenolic extract (PE), DL-3,4-
dihydroxyphenyl glycol (DHFG), and oleuropein (OLP), on cultured human skin keratinocytes. The results
showed that PE and OLP increased the proliferation of immortalized human skin keratinocytes, especially at
concentrations of 10 and 5 pg/mL, respectively, without altering cell viability. In contrast, DHFG did not produce
a significant improvement in keratinocyte proliferation. In normal human skin keratinocytes obtained from skin
biopsies, we found that PE, but not OLP, could increase the number of keratinocyte colonies and the area
occupied by these cells. Furthermore, this effect was associated with increased KI-67 and Proliferating cell nu-
clear antigen (PCNA) gene expression. Thus, we propose that PE positively affects keratinocyte proliferation and
could be used in culture protocols to improve bioartificial skin generation by tissue engineering.

1. Introduction

Human skin plays an important role in protecting the body against
external agents and regulating body temperature. However, the skin can
be affected by multiple factors that may compromise the integrity of this
organ [1,2]. Skin burns, especially extensive full-thickness burns, are
critical conditions representing a therapeutic challenge because the
regenerative capacity of the native skin is severely compromised [3,4].
The gold-standard treatment for severely burnt patients involves
covering the damaged areas using autografts obtained from unaffected
skin areas. However, this method has several limitations, including the

lack of undamaged areas in patients and donor-site morbidity [5,6]. For
this reason, new therapeutic alternatives are needed.

Bioartificial skin substitutes generated in the laboratory by tissue
engineering (TE) represent novel therapeutic options for patients with
severe burns [7]. The UGRSKIN is a skin model currently being applied
to patients with severe burns and has been developed by our research
group [8]. Although UGRSKIN is a viable alternative for the treatment of
patients with severe burns [8], some limitations associated with the
biofrabication process must be resolved. An abundant population of
cultured skin keratinocytes is required to generate an efficient skin
substitute that can cover extensive burns [9,10]. However, human
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keratinocytes typically show a slow proliferation rate and tend to
dedifferentiate in culture, making this process time-consuming for pa-
tients with life-threatening conditions [11-13]. Therefore, new pro-
tocols that can improve human keratinocyte culturing methods must be
developed.

A possible method to improve keratinocyte expansion is using
conditioned culture systems enriched with bioactive molecules. Several
natural compounds have been used for this purpose, including Spirulina
extract, gentisic acid, curcumin, and Brazilian propolis, which have
demonstrated the ability to enhance keratinocyte proliferation [14-17].

A promising source of bioactive molecules is olive oil from Olea
europaea, which has demonstrated numerous beneficial anti-
inflammatory, antimicrobial, and antioxidant effects [18-20]. The
main bioactive compounds found in olive oil are maslinic acid, DL-3,
4-dihydroxyphenyl glycol (DHFG), oleuropein (OLP) and phenolic
extract (PE) containing high concentrations of 3-hydroxytyrosol. These
compounds showed beneficial effects to improve wound healing, and
are thought to improve skin regeneration in vivo [21]. In addition, some
of these bioactive compounds were previously tested in cell cultures,
including 3-hydroxytyrosol, which was demonstrated to improve kera-
tinocyte re-epithelialization by activating cyclin-dependent kinase 2 and
8 and metalloproteinase-9 [22], and maslinic acid, which was able to
induce keratinocyte proliferation [23]. However, the potential useful-
ness of DHFG, OLP and PE to improve ex vivo human skin keratinocyte
proliferation, and therefore, their usefulness in skin tissue engineering
has not been determined.

In the present study, we aimed to determine the biological effects of a
phenolic extract (PE) and two bioactive molecules (DHFG and OLP),
derived from olive oil, on human keratinocyte cell cultures for further
application in TE protocols.

2. Materials and methods
2.1. Immortalized keratinocyte cell cultures

To determine the adequate conditions required to improve human
keratinocyte proliferation without affecting cell viability, we first eval-
uated the effect of a wide range of PE, DHFG, and OLP concentrations on
immortalized normal human skin keratinocytes (Ker-CT or CRL-4048
cell line). These cells were derived from human foreskin and were
purchased from the American Type Culture Collection (ATCC, Manassas,
VA). Cells were cultured in KC (keratinocyte culture) medium [24]
containing a 3:1 mixture of Dulbecco’s Modified Eagle’s Medium
(DMEM) and Nutrient Mixture Ham F-12 supplemented with 10% fetal
bovine serum (FBS), 1% antibiotics/antimycotics, 24 pg/mL adenine,
0.4 pg/mL hydrocortisone, 5 pg/mL insulin, 10 ng/pL epidermal growth
factor and 1.3 ng/mL triiodothyronine (all products from Merck, Bur-
lington, MA) at 37 °C and 5% CO». KC medium was replaced every three
days, and cells were dissociated before reaching confluence using CTS
TrypLE Select Enzyme solution (Invitrogen, Waltham, MA).

In this study, the following groups were considered: 1) human ker-
atinocyte cells cultured in KC medium (positive control group of live
cells or CTR), 2) cells subjected to incubation with 2% Triton X-100
(Probus, Barcelona, Spain) (negative control group of dead cells or
NEG), 3) cells incubated in KC medium supplemented with 1, 5, 10, 20,
40, or 80 pg/mL of the bioactive OLP: OLP1, OLP5, OLP10, OLP20,
OLP40, and OLP80, respectively (Merck, ref. 4,12247) cells incubated in
KC medium supplemented with 1, 5, 10, 20, 40, or 80 ug/mL of DHFG:
DHFG1, DHFG5, DHFG10, DHFG20, DHFG40, and DHFG80, respec-
tively (Merck, ref. D9753), 5) cells incubated in KC medium supple-
mented with 1, 5, 10, 20, 40, or 80 ug/mL of PE: PE1, PE5, PE10, PE20,
PE40, and PE8O, respectively (from Extractos y Derivados SL, Granada,
Spain), and 6) cells incubated in a mixture of the conditions showing the
adequate results in the previous groups. In all cases, cells were cultured
in 96 well-plates at a density of 7.25 x 102 cells per well and kept in KC
medium for 24 h to allow cell attachment. Then, this medium was
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replaced by each specific culture medium, and cells were kept for 24, 48,
and 72 h in a cell incubator at 37 °C.

2.2. Analysis of cell viability

To determine the effects of the treatments analyzed in this study on
cell viability, we conducted two analyses for each study group. First,
cells were analyzed using the LIVE/DEAD Viability/Cytotoxicity kit
(Invitrogen, Waltham, MA) following the instructions provided by the
manufacturer. In brief, cells were washed twice in phosphate-buffered
saline (PBS) (Merck, Darmstadt, Germany) and incubated in darkness
for 5 min in the LIVE/DEAD reagent. Samples were then washed in PBS,
and fluorescence microscopy images were taken using a ZOE Fluores-
cent Cell Imager (Bio-Rad, Hercules, CA, USA). In each sample, the
number of viable cells (stained in green) and dead cells (stained in red)
were quantified, and the percentage of live cells was determined. Sec-
ond, the amount of DNA released by disrupted cells to the culture me-
dium was quantified in each sample type. In short, the supernatant
medium in which cells were cultured was collected after 24, 48, and 72 h
of culture, and DNA was quantified using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA). Results were
normalized to the positive control group (considered as 100% viability)
and the negative control group (considered as 0% viability) as previ-
ously reported [23]. All analyses were carried out in sextuplicates (n =
6).

2.3. Analysis of cell proliferation

To assess the pro-proliferative effects of each treatment on human
keratinocytes, we used a double analysis approach that included
counting the number of cells and analyzing their proliferative status
using a metabolic assay. In the first analysis, keratinocytes corre-
sponding to each treated group and each follow-up time were washed in
PBS and detached from the culture surface using CTS TrypLE Select
Enzyme solution for 5 min at 37 °C. Cells were harvested, and the
detachment solution was inactivated using 10% FBS. This solution,
containing the detached cells, was then analyzed using a NovoCyte flow
cytometer (Acea Biosciences/Agilent Technologies, Santa Clara, CA) to
quantify the total number of keratinocytes found under each culture
condition. In the second analysis, cells were analyzed using the meta-
bolic assay Cell Proliferation Reagent WST-1 (Roche, Basel,
Switzerland). Briefly, the WST-1 reagent was dissolved in KC medium
and added to each well. After 4 h of incubation at 37 °C in darkness, the
absorbance of the formazan dye, which correlates with the proliferative
status of the cells, was measured using an Asys UVM-340 scanning
microplate reader (Biochrom/Harvard Bioscience, Holliston, MA). For
cell quantification and WST-1 assay, results were normalized to the
positive control group (considered as 100% viability) and negative
control group (considered as 0% viability) as previously reported (Ortiz-
Arrabal et al., 2022). All analyses were carried out in sextuplicates (n =
6).

2.4. Proliferative effects on primary cultures of normal human native skin
keratinocytes (HNSK)

Once we determined the specific conditions that could successfully
promote cell proliferation in immortalized human skin keratinocytes
derived from the human foreskin, we evaluated the proliferative effects
of these conditions on primary cultures of normal human skin kerati-
nocytes (HNSK) established from human foreskin biopsies. Human
foreskin samples were obtained from three healthy patients subjected to
circumcision.

To generate primary cultures of HNSK, we used the method origi-
nally described by Rheinwald and Green [25]. First, a feeder layer of 3T3
murine embryonic fibroblasts was cultured in 6-well plates using DMEM
supplemented with 10% FBS. When cultures reached subconfluence,
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cells were inactivated with 10 pg/mL mitomycin C (Merck) for 2 h at 37
°C, followed by several thorough washes in PBS to remove all remaining
mitomycin C. Then, the foreskin biopsies obtained from the three donors
were washed in PBS and normal keratinocytes were detached by incu-
bating the samples in a solution consisting of 0.5 g/L trypsin and 0.2 g/L
ethylenediaminetetraacetic acid (Merck) at 37 °C for 30 min with slight
agitation. The supernatant was collected, the detaching solution was
inactivated with 10% FBS, and the cells were harvested by centrifuga-
tion at 1000 rpm to obtain a cell pellet. This pellet was resuspended in a
small volume of KC medium and kept at 37 °C. This process was repeated
six times for the remaining tissue, and all the cell pellets were collected
in a single tube containing a keratinocyte cell suspension. Finally, this
suspension was evenly distributed on the surface of the previously
inactivated 3T3 cultures and incubated for 28 days in a cell incubator
using KC medium (control group) or medium enriched with the different
treatments and concentrations that showed positive results on immor-
talized keratinocytes. Each culture medium was renewed every three
days. All analyses were performed for 15 replicates per group (n = 15).
Brightfield microscopy images were obtained from each culture well
after 7, 14, 21, and 28 days of follow-up. The number of keratinocyte
colonies found in each well was quantified at each follow-up time to
determine the average number of colonies per time and condition. At the
end of the follow-up period (day 28th of culture), cells were fixed in 4%
formaldehyde (Panreac, Barcelona, Spain) and stained with
hematoxylin-eosin to quantify the total area of each well that was
occupied by keratinocyte colonies.

2.5. Analysis of HNSK gene expression by real-time quantitative PCR
(RT-gPCR)

To determine the effects of the different treatments on normal human
keratinocyte gene expression, we carried out RT-qPCR assays using the
specific conditions that showed the most adequate results in terms of cell
viability and cell proliferation (5 pg/mL of OLP and 10 pg/mL of PE) and
controls (cells cultured in KC). Six samples were used for each study
group (n = 6). HNSK cells were cultured for 28 days, as described above,
and total RNA was extracted from each culture using a Qiagen RNeasy
mini kit (Qiagen, Venlo, Netherlands). Then, 1 pg of RNA from each
sample was retrotranscribed to cDNA using an iScript Advanced cDNA
Synthesis kit (Bio-Rad, Hercules, CA). For gene expression analysis,
custom-made PRIME-PCR plates (Bio-Rad) were used. Each plate con-
tained primers for the quantitative evaluation of 30 different genes
related to cell proliferation (Marker of Proliferation KI67 [MKI67] and
Proliferating cell nuclear antigen [PCNA]), cytokeratin expression
(KRT1, KRT3, KRT5, KRT6A, KRT7, KRT8, KRT10, KRT13, KRT18, and
KRT19), cell attachment and intercellular junctions (FN1, DSP, PKP1,
PPL, JUP, TJP1, TJP2, GJA1, GJA2, and GAJ4), epithelial differentiation
(BGN, FLG, and IVL), synthesis of basement membrane components
(COL4A1, LAMA1, LAMA3, LAMBI1, and LAMC1), and a control house-
keeping gene (GAPDH). For each sample, 1 pL of cDNA was mixed
with 9 pL of nuclease-free H20 and 10 pL of SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad) and added to each well of the plate as
indicated by the manufacturer. Then, a thermocycling protocol with an
annealing temperature of 60 °C was conducted using a CFX Connect
Real-Time Detection System (Bio-Rad). RT-qPCR results were normal-
ized to GAPDH (housekeeping gene) expression for all conditions using
the CFX Manager 3.1 software. Finally, the AACt value was calculated
for each gene and sample.

2.6. Statistical analysis

All results obtained for each study group and each analytical method
were shown as averages and standard deviations and as medians and
quartile ranges (first and third quartile). To compare the results among
the different study groups, we first analyzed each distribution using the
Shapiro-Wilk test to determine whether these variables follow a normal
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distribution. Because most distributions were not normal, we used non-
parametric statistics.

On the one hand, statistical comparisons were carried out using two-
way ANOVA testing for non-parametric distributions. This statistical test
was used to quantify the effects of two variables on the analysis results
(for example, the concentration of a specific compound and the culture
time), as well as the interaction between both variables. On the other
hand, one-way Aligned Rank Transform (ART) ANOVA. This test
allowed us to globally determine the presence of statistical differences
among several study groups considered altogether (for example, all
concentrations of a specific compound at a specific culture time). These
tests were applied to the results of the cell viability and cell proliferation
analyses, and for the quantification of the pro-proliferative effects on
primary cultures of human native skin keratinocytes. Then, specific
comparisons between two individual study groups were performed
using pairwise testing with the Mann-Whitney exact test. Comparison of
the areas occupied by keratinocyte colonies was conducted using
Fisher’s exact test, and the results were expressed as percentages.

For the RT-qPCR results, we first determined the fold-change in
relative expression of each experimental group compared with that in
the CTR group (considered as 1). The statistical significance of the dif-
ferences between each experimental group and CTR was evaluated using
the Mann-Whitney exact test. Genes showing a significant difference
and a positive fold-change were considered upregulated, whereas sig-
nificant genes with a negative fold-change were considered
downregulated.

Statistical analyses were performed using the Real Statistics software
for Excel, freely available at http://www.real-statistics.com (Dr. Charles
Zaiontz, Purdue University, West Lafayette, IN, USA). The significance
level was set at 5% for all tests.

3. Results
3.1. Cell viability of human keratinocytes cultured with PE, DHFG or OLP

The cytotoxic effects on human skin keratinocytes cultured in the
presence of PE, DHFG, or OLP were assessed using two different
methods. On the one hand, cell viability was measured with LIVE/DEAD
kits. As shown in Figs. 1-3 and in Supplementary Tables S1-S4, cell
viability was high for most study groups. When results were analyzed
using two-way ANOVA testing, we found some differences among
compounds. For PE, a significant association was found between LIVE/
DEAD results and the concentration (p < 0.0001) and the culture time
(p < 0.0001). However, the analysis showed that the interaction be-
tween concentration and culture time was not statistically significant (p
= 0.9872). Similar results were found for DHFG (p < 0.0001 for the
concentration, p = 0.0031 for the culture time and p = 0.9812 for the
interaction) and for OLP (p < 0.0001 for the concentration, p < 0.0001
for the culture time and p = 0.9984 for the interaction). When results
were globally compared using ART-ANOVA, we found statistically sig-
nificant differences among all study groups for PE, DHFG, or OLP.
Specifically, the pairwise analysis showed some differences with the
CTR group. As compared to CTR, our results showed a statistically sig-
nificant decrease in cell viability at 24, 48, and 72 h for the highest
concentration (80 pg/mL) of PE (p = 0.0260, p = 0.0022, and p =
0.0022, respectively) and DHFG (p = 0.0087, p = 0.0022, and p =
0.0022, respectively) (Fig. 1A, B, 2A, and B and Supplementary
Tables S1-S3). Additionally, as compared to the CTR group, no changes
in viability were found in cells cultured with OLP (p > 0.05) (Fig. 3A and
B and Supplementary Table S4). As expected, all experimental condi-
tions were significantly different from NEG control. Specific differences
among groups are described in Supplementary Tables S1-54.

On the other hand, quantification of DNA released to the media by
dead cells showed that cell viability was very high (above 90%) for all
concentrations and culture times (Figs. 1-3 and Supplementary
Table S1). Analysis of DNA release using two-way ANOVA revealed a
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Fig. 1. Analysis of cell viability in human skin keratinocytes cultured with different concentrations of phenolic extract (PE) (1, 5, 10, 20, 40 and 80 pg/mL) for 24, 48
and 72 h. Cells cultured in basal medium without PE were considered as CTR. As negative control of cell death (NEG), cells were treated with 2% triton X-100. (A)
Fluorescence microscopy images of cells incubated with LIVE/DEAD system. Live cells are stained in green and dead cells are stained in red. Scale bar: 100 pym. (B)
Box and Whisker plot representation of quantification of live and dead cells treated with LIVE/DEAD kit. (C) Box and Whisker plot of quantification of DNA released
to the medium by dead cells. In (C), values were normalized regarding CTR group. Asterisks (*) refer to values with statistically significant differences with respect to
the CTR group.
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Fig. 2. Analysis of cell viability in human skin keratinocytes cultured with different concentrations of DL-3,4-Dihydroxyphenyl glycol (DHFG) (1, 5, 10, 20, 40 and
80 pg/mL) for 24, 48 and 72 h. Cells cultured in basal medium without DHFG were considered as CTR. As negative control of cell death (NEG), cells were treated
with 2% triton X-100. (A) Fluorescence microscopy images of cells incubated with LIVE/DEAD system. Live cells are stained in green and dead cells are stained in red.
Scale bar: 100 um. (B) Box and Whisker plot representation of quantification of live and dead cells treated with LIVE/DEAD kit. (C) Box and Whisker plot of
quantification of DNA released to the medium by dead cells. In (C), values were normalized regarding CTR group. Asterisks (*) refer to values with statistically
significant differences with respect to the CTR group.
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Fig. 3. Analysis of cell viability in human skin keratinocytes cultured with different concentrations of oleuropein (OLP) (1, 5, 10, 20, 40 and 80 pg/mL) for 24, 48
and 72 h. Cells cultured in basal medium without OLP were considered as CTR. As negative control of cell death (NEG), cells were treated with 2% triton X-100. (A)
Fluorescence microscopy images of cells incubated with LIVE/DEAD system. Live cells are stained in green and dead cells are stained in red. Scale bar: 100 pym. (B)
Box and Whisker plot representation of quantification of live and dead cells treated with LIVE/DEAD kit. (C) Box and Whisker plot of quantification of DNA released
to the medium by dead cells. In (C), values were normalized regarding CTR group. Asterisks (*) refer to values with statistically significant differences with respect to

the CTR group.

significant association between DNA and the concentration of bioactive
factors (p < 0.0001 for PE, DHFG, or OLP), but not with the culture time
(p = 0.2342 for PE, p = 0.9908 DHFG, and p = 0.2415 for OLP), and
interaction between both factors was not significant (p = 0.9984 for PE,
p = 0.9999 for DHFG, and p = 0.9771 for OLP). Then, the ART-ANOVA
results showed that global differences among all study groups were
statistically significant for PE, DHFG, or OLP (Supplementary Tables S1-
S4). Statistical comparisons between specific groups showed that all
concentrations below 40 pg/mL were similar to CTR at all times. How-
ever, the concentration of 40 pg/mL and 80 pg/mL significantly reduced
viability at 24 h for PE, DHFG and OLP, whereas the concentration of
80 pg/mL significantly reduced cell viability at 48 h for all compounds,
and DHFG showed significantly lower cell viability values for DHFG40
and DHFGS8O0 at all times (Supplementary Tables S1-54).

In summary, these results suggest that most of the conditions eval-
uated in this work were associated to high cell viability, especially for
the lowest concentrations (1-20 pg/mL).

3.2. Analysis of cell proliferation of human keratinocytes cultured with
PE, DHFG, or OLP

We first quantified the number of cells obtained after each incuba-
tion using flow cytometry to determine the proliferative effects of PE,
DHFG, or OLP on human keratinocytes (Supplementary Table S1).
Analysis of the results using two-way ANOVA revealed statistically
significant differences for the concentration of all three compounds
(p < 0.0001 for PE, DHFG and OLP), and for the culture time only for
DHFG (p = 0.0219) and OLP (p < 0.0001) but not for PE (p = 0.2126).
Interaction between both parameters was non-significant for the three
bioactive compounds analyzed here (p = 0.9916 for PE, p = 0.9578 for
DHFG and p = 0.4373 for OLP). ART-ANOVA showed that the global
differences among groups considered altogether were statistically sig-
nificant (p < 0.0001 for all compounds and times). When specific groups

of study were compared using Mann-Whitney statistical tests, we found
some differences for specific groups. As shown in Fig. 4 A, a significant
increase in the cell population was observed in the PE10 group at 48 h
(p = 0.0022) and 72 h (p = 0.0022), whereas a significant decrease was
observed in cells cultured with the highest concentrations of PE (40 and
80 ng/mL). Additionally, we found that DHFG (Fig. 4B) could signifi-
cantly increase the number of cells only for DHFG1 at 48 h (p = 0.0022)
and DHFGS5 at 24 h (p = 0.0411). On the contrary, the highest concen-
trations of this compound reduced the number of cells in several study
groups cultured with 20, 40, and 80 pug/mL of DHFG (Fig. 4C). Finally,
our analysis of cells cultured with OLP (Fig. 4E) revealed a significant
increase in the number of keratinocytes corresponding to the OLP5
group at 24, 48, and 72h (p =0.0022, p =0.0087, p = 0.0022,
respectively), and to the OLP10, OLP20, OLP40 and OLP80 groups at
72 h, although a significant reduction was found in OLP40 and OLP80
groups at 48 h (Supplementary Table S4). All study groups were
significantly different to the NEG group, and some differences were
detected for the comparison of specific groups (Supplementary
Tables S1-S4).

In addition, we used the WST-1 reagent to determine cell prolifera-
tion (Supplementary Table S1), and we found several differences among
groups. For the two-way ANOVA, results demonstrated the significant
role of the concentration (p < 0.0001 for PE, DHFG and OLP), with the
culture time being statistically significant only for OLP (p < 0.0001), but
not for PE (p = 0.1096) or DHFG (p = 0.7967). Interaction was non-
significant (p = 0.9995 for PE, p = 0.8027 for DHFG and p = 0.9653
for OLP). Global comparisons using ART-ANOVA was significant for all
compounds and all culture times (p < 0.0001 for all conditions). When
specific groups were compared, we found that PE used at a concentra-
tion of 1 and 10 pg/mL significantly increased WST-1 metabolic activity
at 72h (p = 0.0411 for both concentrations) (Fig. 4B), although the
highest concentration of PE (80 ng/mL) significantly reduced this ac-
tivity at all times. For DHFG (Fig. 4D), only DHFG20 at 72 h was
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Fig. 4. Evaluation of cell proliferation on skin keratinocytes cultured with different concentrations (1, 5, 10, 20, 40 and 80 pg/mL) of phenolic extract (PE), DL-3,4-
Dihydroxyphenyl glycol (DHFG) and oleuropein (OLP) for 24, 48 and 72 h, as determined by cell number quantification (A, C, E) and WST-1 metabolic activity (B, D,
F). In all cases, CTR and NEG groups were considered as 100% and 0%, respectively. Values were normalized with respect to CTR and represented as Box and Whisker
plots. Statistically significant values compared to CTR are labeled with asterisks (*).

associated with a significant increase in WST-1 activity. However,
several conditions significantly decreased metabolic activity and cell
proliferation, especially, DHFG8O0 at all tested times. Finally, our anal-
ysis of WST-1 activity in cells cultured with OLP (Fig. 4F) showed that all
concentrations of OLP significantly stimulated cell proliferation at 24,
48, and 72 h (p < 0.05 for all comparisons).

In general, these results suggest that specific concentrations and in-
cubation times (especially, PE10 and OLP5) are able to increase cell
proliferation as determined by cell counting and WST-1 analyses.

3.3. Analysis of viability and proliferation of cells cultured in a
combination of PE and OLP treatments

Once we evaluated the effects of PE, DHFG, or OLP used separately,
and after we determined the specific treatments and concentrations
which were able to increase cell proliferation without any cytotoxic
effects (PE10 and OLP5), we carried out an analysis of the cells cultured
with a combination of the two conditions (PE10 and OLP5) to determine
whether a combination of both products (PE-OLP) could synergistically
improve the results. DHFG was not used in the subsequent analyses
based on the results of the experiments described above. Results showed
that PE-OLP had no effects on cell viability, and human keratinocytes
cultured in this mixture were viable at 24, 48, and 72 h, with non-

significant differences as compared to that of the CTR group
(p > 0.05). Regarding cell proliferation, our results revealed that the
number of cells found after each incubation time (24, 48, and 72 h) did
not differ from that in the control group (p > 0.05) when flow cytometry
was used. In addition, analyses of cell proliferation and metabolic ac-
tivity using WST-1 showed no differences as compared with the CTR at
72 h and a significant reduction after 24 h and 48 h (p < 0.0001 and
p = 0.0003, respectively). As shown in Fig. 5, the use of PE-OLP did not
affect cell viability, but these combined compounds were not able to
improve cell proliferation.

3.4. Analysis of the pro-proliferative effects of selected treatments on
primary cultures of human native skin keratinocytes (HNSK)

To determine whether the conditions we selected in immortalized
keratinocytes (PE10 or OLP5) could exert their pro-proliferative effects
on HNSK, we established primary cultures of HNSK using cell culture
media enriched with PE10 or OLP5. When we analyzed the number of
keratinocyte colonies in the culture plates after each incubation time
(Fig. 6A and B), we first found that CTR samples showed an average and
standard deviation of 0.6 + 0.63 colonies per well (median and quartile
range of 1 [0,1]) at day 14, 1.2 + 1.01 (1 [ 0.5-2]) colonies per well at
day 21, and 1.47 + 1.51 (1 [0-2.5]) colonies per well at day 28 of
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Fig. 6. Analysis of the effect of 10 pg/mL of phenolic extract (PE10) or 5 pg/mL of oleuropein (OLP5) on primary cultures of human native skin keratinocytes
(HNSK) after 14, 21 and 28 days. Positive control (CTR) corresponds to cells incubated with medium devoid of any of these compounds. (A) Analysis of the number of
keratinocyte colonies. Values labeled with “P” refer to statistically significant changes with respect to PE10, whereas differences with OLP5 are labeled with “O” and
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in each condition. Scale bar: 100 um.

follow-up. Strikingly, we found that this number was significantly significant at any of the three follow-up times (p > 0.05), with 1.27
higher in cells cultured with PE10, which showed 2.4 + 1.45 (2 [1-3.5]) =+ 2.05 (1 [0-2]) colonies per well at day 14, 1.8 + 1.78 (2 [0-2]) col-
colonies per well at day 14 (p = 0.0004 vs. CTR), 4.07 + 3.37 (4 [1-5]) onies per well at day 21, and 1.27 4+ 1.16 (1 [0-2]) colonies per well at
colonies per well at day 21 (p = 0.0037 vs. CTR), and 4.53 + 3.78 (3 day 28. The two-ways ANOVA analysis revealed a significant association
[1.5-8]) colonies per well at day 28 (p = 0.0164 vs. CTR). However, the between the colony number and the culture condition (CTR, PE10 or
use of OLP5 was not able to increase the number of cell colonies, and OLP5) (p < 0.0001), but not with the culture time (0.1099), with the
differences compared to that in the CTR group were not statistically interaction being non-significant (p = 0.9489). For the pairwise
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analysis, we found that PE10 was significantly higher than CTR at all
study times (p = 0.0004 at 14 days, p = 0.0037 at 21 days and
p = 0.0164 at 28 days of follow-up). However, differences between CTR
and OLP5 were non-significant at all times (p > 0.05), whereas PE10
was significantly higher than OLP5 (p = 0.0128 at 14 days, p = 0.0453
at 21 days and p = 0.0099 at 28 days of follow-up).

Proliferation efficiency was also assessed by quantifying the area
occupied by the grown keratinocytes at the end of the study. After 28
days of follow-up, we found that an average and standard deviation of

Table 1
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4.39 + 2.12% (median and quartile range of 4.39 [3.64-5.14]) of the
culture surface was occupied by keratinocytes in the CTR group, cor-
responding to 87.800 + 42.400 cells, and 18.08 + 3.83% (19.86
[16.78-20.29]) of the surface, corresponding to 361.600 + 76.600 cells
in the PE10 group and 4.61 + 4.25% (4.61 [3.11-6.11]), corresponding
to 92.200 + 85.000 cells in the OLP5 group (Fig. 6B). Differences be-
tween PE10 and both the CTR and OLP5 groups were statistically sig-
nificant (p =0.0026 and p = 0.0067, respectively), but the area
occupied by the keratinocytes in OLP5 group was similar to that in the

Gene expression analysis of primary cultures of human native skin keratinocytes (HNSK) cultured for 28 days in control medium (CTR), PE10 or OLP5. For each gene,
the fold-change expression is shown as average + standard deviation and median and quartile range, along with the statistical p value and the relative regulation of the

gene as compared to CTR (UP: upregulated, DO: downregulated, NC: no change).

Gene type Gene Gene name CTR vs. PE10 fold-change  CTR vs. PE10 CTR vs. OLP5 fold-change =~ CTR vs. OLP5
symbol regulation regulation
Proliferation MKI67 Marker of proliferation 1.78 £1.07 / 1.53 UP (p = 0.0411) 1.49 £0.52 / 1.49 NC (p > 0.05)
K167 [1.08-1.78] [1.02-1.86]
PCNA Proliferating cell nuclear 1.69 + 0.8 / 1.47 UP (p = 0.0152) 1.5+0.37 /1.57 UP (p = 0.0260)
antigen [1.24-1.67] [1.22-1.7]
Epithelial BGN Biglycan 1.91 £1.15/1.45 UP (p = 0.0411) 1+0.33/0.95 NC (p > 0.05)
differentiation [1.3-1.88] [0.76-1.13]
FLG Filaggrin 0.55+ 0.3 /0.58 DO (p = 0.0411) 4.99 +£5.32 /4.03 NC (p > 0.05)
[0.31-0.72] [1.13-6.12]
IVL Involucrin 0.56 &+ 0.39 / 0.52 NC (p > 0.05) 1.27 +£0.91 / 1.08 NC (p > 0.05)
[0.28-0.85] [0.56-1.57]
Basement membrane COL4A1 Collagen type IV Alpha 1 1.52+1.12/1.01 NC (p > 0.05) 0.78 +£0.13 / 0.79 NC (p > 0.05)
chain [0.74-2.02] [0.68-0.84]
LAMA1 Laminin Subunit Alpha 1 1.6 +1.19/1.22 NC (p > 0.05) 1.38 +£0.39 / 1.32 NC (p > 0.05)
[1.11-1.61] [1.1-1.46]
LAMA3 Laminin Subunit Alpha 3 0.71 £ 0.53 / 0.65 NC (p > 0.05) 0.66 + 0.43 / 0.64 NC (p > 0.05)
[0.29-1.06] [0.41-0.82]
LAMBI1 Laminin Subunit Beta 1 1.65+1.12/1.94 NC (p > 0.05) 1.38 +0.68 /1.18 NC (p > 0.05)
[0.92-2.48] [1.11-1.51]
LAMC1 Laminin Subunit Gamma 1 1.97 £1.41/1.67 NC (p > 0.05) 1.24 +£0.28 / 1.25 NC (p > 0.05)
[1.03-2.54] [0.99-1.45]
Intercellular DSP Desmoplakin 0.59 £ 0.36 / 0.69 NC (p > 0.05) 0.92 4+ 0.54 / 0.94 NC (p > 0.05)
junctions [0.32-0.82] [0.46-1.3]
FN1 Fibronectin 1 2.45+1.97 /1.82 NC (p > 0.05) 1.35+0.32/1.27 NC (p > 0.05)
[1.18-2.46] [1.2-1.5]
GJA1 Gap Junction Protein Alpha 1.47 £ 0.94 / 1.17 NC (p > 0.05) 0.93 +£0.09 /0.91 NC (p > 0.05)
1 [1.04-1.18] [0.86-0.99]
GJA4 Gap Junction Protein Alpha 1.74+1.02 /1.31 NC (p > 0.05) 2.61 +£0.89/2.37 UP (p = 0.0022)
4 [1.1-2.25] [1.89-3.29]
JUP Junction Plakoglobin 0.6 +0.35/0.81 DO (p = 0.0260) 0.44 +0.34 / 0.42 DO (p = 0.0260)
[0.33-0.83] [0.19-0.57]
PKP1 Plakophilin 1 0.59 + 0.38 / 0.62 DO (p = 0.0411) 0.67 + 0.43 / 0.62 NC (p > 0.05)
[0.29-0.92] [0.33-0.89]
PPL Periplakin 0.91 + 0.62 / 0.69 NC (p > 0.05) 0.72 + 0.41 / 0.64 NC (p > 0.05)
[0.45-1.18] [0.46-1.01]
TJP1 Tight Junction Protein 1 1.38 +£1.27 / 0.96 NC (p > 0.05) 0.98 +£0.25/1.01 NC (p > 0.05)
[0.57-1.54] [0.81-1.18]
TJP2 Tight Junction Protein 2 1.38 +£0.99 / 1.04 NC (p > 0.05) 1.18+0.11 /1.2 NC (p > 0.05)
[0.81-1.26] [1.09-1.24]
Cytokeratins KRT1 Cytokeratin 1 0.37+£0.3/0.4 DO (p = 0.0260) 2.53 +2.14 / 2.37 NC (p > 0.05)
[0.11-0.64] [0.78-4.37]
KRTI10 Cytokeratin 10 0.3+0.38/0.19 DO (p = 0.0152) 1.3+1.17 / 1.09 NC (p > 0.05)
[0.07-0.31] [0.38-1.96]
KRT13 Cytokeratin 13 0.55 + 0.37 / 0.62 NC (p > 0.05) 0.74 + 0.55 / 0.61 NC (p > 0.05)
[0.28-0.78] [0.35-0.91]
KRT18 Cytokeratin 18 0.65 + 0.43 / 0.56 NC (p > 0.05) 0.53 + 0.23 / 0.54 DO (p = 0.0043)
[0.35-0.9] [0.39-0.66]
KRT19 Cytokeratin 19 0.93 +£1.06 / 0.39 NC (p > 0.05) 0.51 £0.24 /0.5 DO (p = 0.0152)
[0.3-1.18] [0.42-0.52]
KRT3 Cytokeratin 3 0.43 +0.33 / 0.41 DO (p = 0.0087) 1.76 + 2.51 / 0.78 NC (p > 0.05)
[0.15-0.67] [0.28-1.72]
KRT5 Cytokeratin 5 0.63 + 0.68 / 0.41 NC (p > 0.05) 1.01 +£0.65 / 0.83 NC (p > 0.05)
[0.18-0.91] [0.56-1.51]
KRT6A Cytokeratin 6A 0.56 + 0.33 / 0.56 NC (p > 0.05) 1.2+0.86/1.13 NC (p > 0.05)
[0.34-0.82] [0.51-1.69]
KRT7 Cytokeratin 7 095+04/1 NC (p > 0.05) 1.22 +£0.62/1.14 NC (p > 0.05)
[0.69-1.29] [0.76-1.76]
KRT8 Cytokeratin 8 0.91 + 0.47 / 0.92 NC (p > 0.05) 0.55 + 0.23 / 0.56 DO (p = 0.0260)
[0.6-1.19] [0.37-0.71]
KRTCAP2 Keratin Associated Protein 1.43+0.79 / 1.22 NC (p > 0.05) 1.51 +0.5/1.28 NC (p > 0.05)
2 [0.93-2.06] [1.24-1.68]




O. Ortiz-Arrabal et al.

CTR samples (p > 0.05).

In summary, the use of PE10 was significantly associated to an in-
crease in colony number and area, whereas OLP5 was comparable to
CTR.

3.5. Effects of the selected treatments on HNSK gene expression

To analyze the effects of PE10 and OLP5 on HNSK gene expression,
gqRT-PCR was conducted for 30 different genes at the end of the follow-
up period of 28 days (Table 1). First, we found that MKI67 and PCNA,
two genes involved in cell proliferation, were significantly upregulated
in the presence of PE10,

with more than 60% overexpression for both genes, whereas cells
cultured with OLP5 showed 50% overexpression only for PCNA.

We found that human keratinocytes incubated with PE10 showed a
significant upregulation of the biglycan gene (BGN), as compared to that
in the control cells, whereas six genes involved in epithelial differenti-
ation (filaggrin -FLG-), intercellular junctions (junction plakoglobin
-JUP- and plakophilin 1 -PKP1-), and cytokeratins 1, 3, and 10 (KRT1,
KRT3, and KRT10) were significantly downregulated upon incubation
with PE10. For cells corresponding to the OLP5 group, we found a sig-
nificant upregulation of a gene related to the development of intercel-
lular junctions (gap junction protein alpha 4 -GJA4-) and a significant
downregulation of four genes: one of them plays a role in intercellular
junctions (JUP), while the other three genes were cytokeratins 8, 18, and
19 (KRT8, KRT18, and KRT19). These results show a significant varia-
tion of some specific genes in each experimental condition.

4. Discussion

Optimization of the currently available cell culture methods is a
major requirement of research in keratinocyte biology. Several novel
culture protocols have been published, with the final goal of increasing
the number of cultured keratinocytes in a reduced time. Recent reports
suggest that using conditioned culture media enriched with specific
biomolecules could contribute to the increased proliferation of human
keratinocytes. Several researchers have demonstrated the pro-
proliferative potential of natural bioactive molecules isolated from
olive oil, especially, maslinic acid, which can accelerate keratinocyte
proliferation in culture [22,23]. In the present work, we evaluated PE,
DHFG and OLP on human skin keratinocyte cultures.

The three olive oil-derived compounds were selected due to several
reasons. First, PE, DHFG and OLP, along with maslinic acid, previously
evaluated by our group, are among the most commonly used compounds
derived from olive oil. Secondly, different studies demonstrated the
positive effects of these molecules on skin healing and regeneration,
protection from aging, reduction of oxidative stress, and decrease of
histological alterations [21], suggesting a potential role on human skin
keratinocyte proliferation [21]. Although other bioactive agents should
also be evaluated in future studies, these three compounds, along with
maslinic acid, are promising molecules to improve current tissue engi-
neering cell culture protocols.

First, we analyzed PE, DHFG and OLP from olive oil to determine if
the use of these compounds on cultured human keratinocytes could be
associated to any side effects, since this is the first requirement of future
medicinal products intended for clinical use, and a requirement of all
national medicine agencies [26]. In this regard, we found that all mol-
ecules were associated to high cell viability under most experimental
conditions, except the highest concentrations tested here (40 and
80 ug/mL), which resulted in a significant reduction of cell viability at
all tested times. In general, viability was significantly affected by the
increasing concentrations of each compound, although the effect of the
culture time revealed to be less important than the concentration. These
results confirm previous reports showing that high concentrations of
different olive oil-derived molecules and PE exert pro-apoptotic effects
[23,27,28].
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After evaluating an immortalized cell line obtained from human
foreskin keratinocytes, we determined the pro-proliferative effects of PE,
DHFG and OLP on normal human foreskin keratinocyte cultures. In
general, we found that the concentration was strongly associated with
the cell proliferation, whereas the culture time was relevant only for
some compounds analyzed using specific analysis methods. In general,
our results suggest that some specific conditions succeeded in increasing
cell proliferation ex vivo. When the effects of these compounds on
immortalized human keratinocytes were evaluated, we found that PE
and OLP could produce a positive pro-proliferative effect at low con-
centrations (10 pg/mL for PE and 5 ug/mL for OLP). In addition, an
interesting finding was that the effect was concentration-dependent, and
the highest concentrations analyzed were associated with the opposite
effect, resulting in a significant reduction in cell proliferation.

Surprisingly, our analysis of the mixture of PE10 and OLP5 revealed
a complete absence of biological effects on keratinocyte proliferation.
Although these results are intriguing, we hypothesize that the mixture of
specific molecules found in PE is optimal for inducing keratinocyte cell
proliferation; however, the combination with OLP, even when OLP is
partially similar to specific molecules found in PE, could alter the nat-
ural balance among components and modify the effect of both
molecules.

In this milieu, previous studies demonstrated that specific molecules
with a positive biological effect showed an antagonistic response when
combined with a single therapy [29]. Therefore, future studies should
investigate why the compounds used in the present study did not exert
any positive effect when combined.

Furthermore, we evaluated the two specific conditions showing
positive results in our analysis on normal human skin keratinocyte pri-
mary cultures, since our final goal was to use these compounds to favor
cell proliferation of keratinocyte cultures established from patient bi-
opsies. For this reason, we reproduced the method used to generate
keratinocyte cell cultures for clinical use from samples of patients with
severe burns and evaluated PE and OLP concentrations, as these mole-
cules showed the most promising results in the initial analysis.

The results obtained for HNSK confirmed that the use of certain olive
oil components could contribute to improving keratinocyte cell prolif-
eration, although the results partially differed from those obtained with
immortalized cells. Interestingly, PE10 increased both the average
number of keratinocyte colonies at each follow-up and the area of the
cultured colonies at the end of the experimental period. However, these
results confirm the initial hypothesis that certain derivatives of olive oil
may enhance the current technology related to normal keratinocyte
culturing from patient biopsies and, therefore, may contribute to
reducing the time required to generate abundant keratinocyte cell
populations for skin tissue engineering purposes. PE has been exten-
sively used both ex vivo and in vivo to improve cell proliferation and
differentiation, mitochondrial function, and metabolism, and animals
fed with this extract were able to grow and develop faster than control
animals [30]. Although the mechanisms involved in the biological
functions of PE are not fully understood and require further investiga-
tion, different reports suggest that the main effects of this extract could
be related to its antioxidant potential [31] and the capability to modu-
late signal transduction pathways [32]. In this regard, several reports
suggest that the mechanism of action of olive oil-derived compounds
could be related to an activation of several cyclin-dependent kinases and
AKT phosphorylation [22,33].

In line with previous studies, we performed gene expression analysis
to shed light on the mechanisms associated with this phenomenon. In
agreement with the highest number and area of keratinocyte colonies
found in samples cultured with PE10, we found that cells cultured with
PE showed a significant increase in MKI67 and PCNA, two key genes
whose expression is directly correlated with cell proliferation [34].
Another gene showing significant overexpression in normal cultured
keratinocytes is BGN, which plays important roles not only in the syn-
thesis of a well-structured extracellular matrix in connective tissues
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[35], but also in keratinocyte cell differentiation [36]. Although its exact
role is still unknown, biglycan has been found on the cell surface of
differentiated keratinocytes, especially in the spinous stratum of the
epidermis, and is considered an important mediator of keratinocyte
function [36]. Future works should determine if upregulation of BGN is
related to the positive cell proliferation effects of these compounds.

In contrast, our gene expression analysis of keratinocytes cultured in
PE10 revealed a decrease of six genes related to epidermal function,
including several genes involved in cell-cell adhesion, cytokeratins, and
epidermal differentiation. Regarding the three cytokeratin genes that
became downregulated after PE10 culturing (KRT1, KRT10 and KRT3),
it is well known that these keratins are typically expressed by terminally
differentiated native epithelia and are considered as markers of kerati-
nocytic  differentiation [37]. Similarly, we found that two
desmosome-related genes were downregulated in cells cultured with
PE10. Expression of genes encoding for the different components of the
human desmosomes is also highly dependent on cell differentiation, and
different studies carried out by our research group demonstrated that
these genes become progressively upregulated as epithelial cells reach
higher levels of cell differentiation in bioengineered models of human
tissues generated by tissue engineering, including the human cornea,
oral mucosa, and skin [38,39]. In this regard, it has been previously
demonstrated that cell proliferation and differentiation are antagonistic
processes, and the balance between them determines the final fate of the
tissue [40]. Although most genes related to cell differentiation remained
unchanged, some specific intercellular junction and cytokeratin genes
were downregulated, indicating the possibility that PE10 could partially
induce cultured cells toward a proliferative state instead of differentia-
tion. In addition, our results suggest that PE10 culturing was not able to
induce the abnormal expression of genes associated with undesired side
effects, such as the induction of hyperkeratosis, as in the case of cells
cultured with other compounds able to increase proliferation, that are
typically associated with significant overexpression of most cytokeratin
genes [41].

Regarding OLP, our results suggest that the positive biological
functions driven by this molecule on immortalized keratinocytes could
not be fully reproduced in normal primary cell cultures of human skin
keratinocytes. Although PCNA was overexpressed and some other genes
modified their expression upon culture with OLP5, a proliferative effect
was not observed in keratinocytes cultured with OLP5. One possible
explanation could be related to the different intrinsic potentials of
normal keratinocytes and immortal keratinocytes, which are probably
more prone to respond ex vivo to the composition of the culture medium
and the different growth factors contained in it. The specific composi-
tion of the culture medium is a crucial factor associated with the pro-
liferation capability of several immortalized cell lines [42].

The present study had several limitations. On the one hand, our study
using normal human keratinocytes was carried out on human foreskin
cells. As it is well known that foreskin keratinocytes may not behave as
keratinocytes isolated from other sources, future studies should be
conducted to determine the reproducibility of our results in other cell
types. In addition, our analyses of normal skin cells were performed on
primary keratinocyte cultures. As it is well known that normal cells may
show different phenotypes and functions upon sequential subculturing
[43], future studies should determine the potential role of these com-
pounds in advanced cell passages of HNSK. On the other hand, our study
should be complemented with the analysis of protein levels, and future
studies should be carried out to determine if cells cultured using these
compounds retain their normal differentiation capability. Finally, the
results of the present study should be confirmed in a real scenario using
wider ranges of conditions and concentrations to determine whether
these compounds can improve the protocols used for generating bio-
artificial human skin substitutes in patients with severe burns.
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Conclusion

Our results suggest that using PE from olive oil at a concentration of
10 pg/mL could increase the proliferative potential of human kerati-
nocytes without altering cell viability and functions. These results open
the door to its future use to accelerate the generation of bioartificial
substitutes for human skin. Furthermore, shortening the time required
for the biofabrication process could offer earlier treatment for patients
affected by severe skin burns and, therefore, increase patient survival.
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