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Abstract: Extra virgin olive oil phenolic compounds have been identified as possible biostimulant
agents against different pathological processes, including alterations in healing processes. However,
there is little evidence on the molecular mechanisms involved in this process. The aim was to
analyse the effect of hydroxytyrosol, tyrosol, and oleocanthal on fibroblast gene expression. PCR
was used to determine the expression of different differentiation markers, extracellular matrix
elements, and growth factors in cultured human fibroblasts CCD-1064Sk treated with different doses
of hydroxytyrosol (10−5 M and 10−6 M), tyrosol (10−5 M and 10−6 M), and oleocanthal (10−6 M and
10−7 M). After 24 h of hydroxytyrosol treatment, increased expression of connective tissue growth
factor, fibroblast growth factor (FGF), platelet-derived growth factor, vascular endothelial growth
factor, transforming growth factor β1 (TGF-β1), and their receptors was observed. Tyrosol and
olecanthal modulated the expression of FGF and TGFβR1. All phytochemicals tested modified the
expression of differentiation markers and extracellular matrix elements, increasing gene expression
of actin, fibronectin, decorin, collagen I, and III. Phenolic compounds present in extra virgin olive
could have a beneficial effect on tissue regeneration by modulating fibroblast physiology.

Keywords: fibroblast; gene expression; phenolic compounds; olive oil; wound healing

1. Introduction

The integumentary system formed by the skin and its appendages (e.g., hair follicles,
nails, sweat, and sebaceous glands) acts as an initial protection barrier against external
agents and contributes to maintaining homeostasis [1]. Lesions to these tissues induce a
wound healing process that comprises four sequential and predictable phases: hemostasis,
inflammation, proliferation, and remodeling [2]. Wound healing is a physiological phe-
nomenon with a signaling network that involves chemokines, growth factors, immune cells,
and other cell populations, including endothelial cells, keratinocytes, and fibroblasts [3].
Fibroblasts are the most abundant cell population in the dermis [4]. The role of fibroblasts
in maintaining tissue integrity and homeostasis is crucial, as they play an essential role
in the wound healing process [4,5]. In the proliferation phase, they are responsible for
the breakdown of the fibrin clot and the production of collagen and elastin to form the
extracellular matrix (ECM), which is involved in the formation of granulation tissue [6,7].
The ECM plays an important role in various cellular processes, such as cell adhesion, mi-
gration, maintenance of cell shape, and proliferation [8]. Fibroblasts actively participate in
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wound healing from the late inflammatory phase, when they promote re-epithelialization,
up to the remodeling phase, when they give rise to a mature scar [6,9]. In this process,
various growth factors have an indispensable role, such as transforming growth factor
β (TGF-β), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), vascu-
lar endothelial growth factor (VEGF), and interferon γ (IFNγ), which ensure the correct
re-epithelialisation and angiogenesis of the tissue [10]. DDR2 collagen receptors play a
pivotal role in governing fibroblast proliferation, migration, and extracellular matrix (ECM)
synthesis, crucial processes in the context of wound healing. The association between
DDR2 and MMP-2, primary proteases in the ECM responsible for wound remodeling, is
noteworthy. Consequently, a reduction in DDR2 levels has been observed to diminish
fibroblast migration and suppress MMP-2 expression. Within the extracellular matrix
(ECM), the proteoglycan decorin assumes critical roles by inactivating both TGF-β and
CTGF. This leads to decreased levels of decorin and heightened deposits of elastin fibers in
hypertrophic scars when compared to normal skin [11–13].

Alterations to this healing process can sometimes lead to the excess formation of scar
tissue or to the chronification of the wound [14]. In the former case, keloids can be produced
by prolonged inflammation and the abnormal reorganization and remodeling of the collagen
fibers that form the ECM [15]. For their part, chronic wounds are characterized by a prolonged
inflammatory period, elevated ECM metalloproteinase (MMP) levels, poor tissue oxygenation,
increased bacterial load, and decreased growth factor expression [16–18]. These abnormalities
in wound healing can have a major economic and social impact and impair the quality of life
of sufferers. More severe cases, especially of wound chronification, have been closely related
to longer hospital stays, more frequent admissions to intensive care units, and higher rates of
morbidity and mortality. Hence, there is increasing interest in novel therapies to improve and
accelerate wound healing [19,20].

Extra virgin olive oil (EVOO), the main source of fats in the Mediterranean diet, is
known to exert a protective effect against cardiovascular diseases [21,22], certain carcino-
genic processes [23], and cognitive impairment [24]. EVOO mainly comprises esterified
fatty acids alongside other unsaponifiable substances, including phenolic compounds. Vari-
ous vegetable species contain polyphenols, notably hydroxytyrosol (htyr), tyrosol (tyr), and
oleocanthal (ole), bioactive molecules with antioxidant, anti-inflammatory, antimicrobial,
and biostimulatory characteristics [25,26]. Phenolic compounds in EVOO may therefore
offer an alternative therapeutic approach to multiple pathological processes, including
wound healing abnormalities [27]. However, little research has been conducted on how
these compounds affect the molecular mechanisms underlying tissue repair. The objec-
tive of this study was to determine the effect of EVOO phenolic compounds on the gene
expression of fibroblasts, analyzing their growth marker expression and differentiation.

2. Materials and Methods
2.1. Chemical Products

Commercial standards of htyr, tyr, and ole were obtained from Sigma-Aldrich (St.
Louis, MO, USA), dissolved in methanol, and maintained at −20 ◦C. Pattern solutions
were prepared for each substance and used in subsequent solutions. All solvents were
analytical or HPLC grade (Sigma-Aldrich), and Milli-Q water was always used (Millipore
Corp., Bedford, MA, USA).

2.2. Cell Culture

The fibroblast cell line CCD-1064Sk from the American Type Cultures Collection
(ATCC, Manassas, VA, USA) was obtained through the Center of Scientific Instrumentation
of the University of Granada. Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen Gibco Cell Culture Products, Carlsbad, CA, USA) supplemented with
100 UI/mL penicillin (Lab Roger SA, Barcelona, Spain), 50 µg/mL gentamicin (Braum
Medical SA, Jaen, Spain), 2.5 µg/mL amphotericin B (Sigma, St Louis, MO, USA), 1%
glutamine (Sigma), 2% HEPES (Sigma), and 10% fetal bovine serum (FBS) (Gibco, Paisley,
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UK). Cultures were preserved under standard conditions (37 ◦C, 95% humidity, and 5%
CO2). Fibroblasts were separated from the culture flask by using 0.05% trypsin (Sigma)
and 0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma). Next, cells were washed with
phosphate-buffered saline (PBS) and suspended in culture medium with 10% FBS.

2.3. RNA Extraction and cDNA Synthesis (Reverse Transcription)

Cells were first incubated for 24 h in the presence of different doses of the phenolic
compounds (htyr and tyr: 10−5 M and 10−6 M; Ole: 10−6 M and 10−7 M), incubating other
cells with culture medium alone as controls. Cells were then separated from the plates
using 0.05% trypsin (Sigma, St. Louis, MO, USA) and 0.02% EDTA (Sigma, St. Louis, MO,
USA). Next, the protocol described by Manzano-Moreno et al. [28] was followed to extract
mRNA from the cells. Briefly, the same amount of RNA (1 µg total RNA in 40 µL of total
volume) was reverse-transcribed to cDNA and amplified by polymerase chain reaction
(PCR) using the iScript™ cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA)
in accordance with the manufacturer’s instructions. All trials were performed in triplicate.

2.4. Real-Time Polymerase Chain Reaction (q-RT-PCR)

Primers based on the NCBI nucleotide library and the Primers design (Table 1) were
used to detect mRNA of the following genes: α-actin, collagen I (COL I), collagen III (COL
III), connective tissue growth factor (CTGF), discoidin domain receptor 2 (DDR2), decorin,
fibroblast growth factor (FGF), fibronectin, matrix metalloproteinase-2 (MMP2), platelet-
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming
growth factor β1 (TGF-β1) and its receptors (TGFβR1, TGFβR2, and TGFβR3). Results
were normalized by using ubiquitin C (UBC), peptidylprolyl isomerase A (PPIA), and
ribosomal protein S13 (RPS13) as stable housekeeping genes [29].

Table 1. Target gene primer sequences for the amplification of cDNA by q-RT-PCR.

Gene Sense Primer Antisense Primer Amplicon (bp)

α-ACTIN 5′-TCCTGCTCCTCTCTGTCTCAT-3′ 5′-AGTCAGAGCTTTGGCTAGGAA-3′ 96

COL I 5′-CCTCATCGCAGGAGAAAAAG-3′ 5′-CCCTGAAGTGACTGGGGTAA-3′ 169

COL III 5′-CTACTTCTCGCTCTGCTTCAT-3′ 5′-CACCACCTTCACCCTTATCTC-3′ 373

CTGF 5′-CCTGGTCCAGACCACAGAGT-3′ 5′-TGGAGATTTTGGGAGTACGG-3′ 194

DDR2 5′-GAACCCAAACATCATCCATC-3′ 5′-CTTCATGCCAGAGGCAATTT-3′ 199

DECORIN 5′-GGGCTGGCAGAGCATAAGTA-3′ 5′-CAGAGCGCACGTAGACACAT-3′ 196

FGF 5′-CCCATATTCCCTGCACTTTG-3′ 5′-ACCTTGACCTCTCAGCCTCA-3′ 195

FIBRONECTIN 5′-GCCATGACAATGGTGTGAAC-3′ 5′-GCAAATGGCACCGAGATATT-3′ 200

MMP2 5′-CCAAGAACTTCCGTCTGTCC-3′ 5′-TGAACCGGTCCTTGAAGAAG-3′ 195

PDGF 5′-AGATCGAGATTGTGCGGAA-3′ 5′-CTTGTCATGCGTGTGCTT-3′ 720

TGF-β1 5′-TGAACCGGCCTTTCCTGCTTCTCATG-3′ 5′-GCGGAAGTCAATGTACAGCTGCCGC-3′ 152

TGFβR1 5′-ACTGGCAGCTGTCATTGCTGGACCAG-3′ 5′-CTGAGCCAGAACCTGACGTTGTCATATCA-3′ 201

TGFβR2 5′-GGCTCAACCACCAGGGCATCCAGATGCT-3′ 5′-CTCCCCGAGAGCCTGTCCAGATGCT-3′ 139

TGFβR3 5′-ACCGTGATGGGCATTGCGTTTCCA-3′ 5′-GTGCTCTGCGTGCTGCCGATGCTGT-3′ 173

VEGF 5′-CCTTGCTGCTCTACCTCCAC-3′ 5′-CACACAGGATGGCTTGAAGA-3′ 197

Abbreviations: COL I, collagen 1; COL III, collagen 3; CTGF, connective tissue growth factor; DDR2, discoidin
domain receptor 2; FGF, fibroblast growth factor; MMP2, matrix metalloproteinase-2; PDGF, platelet-derived
growth factor; TGF-β1, transforming growth factor β1; TGFβR1, transforming growth factor β receptor 1;
TGFβR2, transforming growth factor β receptor 2; TGFβR3, transforming growth factor β receptor 3; VEGF,
vascular endothelial growth factor.

The q-RT-PCR technique was performed with the SsoFastTM EvaGreen® Supermix kit
(Bio-Rad laboratories) in accordance with the manufacturer’s instructions. Samples were
amplified in 96-well microplates in an IQ5-Cycler (Bio-Rad laboratories) at a specific annealing
temperature for each gene, ranging from 60 to 65 ◦C, and at an elongation temperature of
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72 ◦C over 40 cycles. PCR reactions were carried out in a final volume of 20 µL, with 5 µL of
cDNA sample and 2 µL of each primer. Ct values were plotted against log cDNA dilution
to construct standard curves for each target gene. After each RT-PCR, a melting profile was
created, and agarose gel electrophoresis was conducted in each sample to rule out nonspecific
PCR products and primer dimers. The comparative Ct method was employed for the relative
quantification of gene expression. The mRNA concentration for each gene was expressed as
ng of mRNA per average ng of housekeeping mRNAs. The cDNA (≥3 cultures per treatment)
from individual cell experiments was determined by q-RT-PCR.

2.5. Statistical Analysis

SPSS 26.0 (IBM SPSS, Armonk, NY, USA) was used for statistical analyses. After
calculating means and standard deviations, a one-way ANOVA was used to compare the
means, setting the standard error at 5%. Dunnett’s post-hoc test was applied for multiple
comparisons with controls. The normal distribution of data and variance homogeneity were
previously verified using the Shapiro-Wilks and Levene tests, respectively. Results were
depicted using Graph-Pad Prism 8 software (La Jolla, CA, USA). Moreover, a molecular
interaction network was generated using the GeneMania app to show the relevance of
selected genes according to the number of physical and genetic interactions.

3. Results
3.1. Effect of Phenolic Compounds on the Expression of Fibroblast Growth Factors

As observed in Table 2, treatment with 10−5 M htyr significantly increased (p < 0.001)
the expression of all growth factors (CTGF, FGF, PDGF, TGF-β1, TGFβR1, TGFβR2, TGFβR3,
and VEGF), whereas treatment with 10−6 M htyr significantly increased the expression of
VEGF alone (p = 0.002). Culture with 10−5 M tyr significantly increased the expression of
FGF (p = 0.014) and TGFβR1 (p = 0.002). Culture with 10−6 M ole significantly increased
the expression of FGF (p < 0.001), and TGFβR1 expression was increased at both doses
tested, 10−6 and 10−7 M (p = 0.001, p < 0.001, respectively). Figure 1 represents a heat map
showing the percentage of gene expression of growth factors in human fibroblasts treated
with different doses of htyr, tyr, and ole. The x-axis reflects the treatments used, while the
y-axis reflects the genes studied.
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Figure 1. Heat map showing the percentage of gene expression of growth factors in human fibroblasts
treated with different doses of htyr, tyr, and ole. The x-axis reflects the treatments used, while the
y-axis reflects the genes studied. All values have been calculated, considering the control as 100%.
* represents a p value < 0.05 from the ANOVA analysis.
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Table 2. Effect of phenolic compounds on the expression of fibroblast growth factors. Data are
expressed as Mean ± SD of ng of mRNA per average ng of housekeeping mRNAs.

Gene Treatment Mean S.D. M.D.

CTGF

Control 467.02 17.60 -

Htyr 10−5 M 1273.45 205.14 806.43

Htyr 10−6 M 510.29 26.01 43.28

Tyr 10−5 M 497.70 146.89 30.68

Tyr 10−6 M 437.74 71.03 −29.28

Ole 10−6 M 660.00 14.60 192.99

Ole 10−7 M 538.09 23.20 71.08

Ole 10−7 M 1172.11 142.38 26.22

FGF

Control 1.17 0.14 -

Htyr 10−5 M 2.83 0.12 1.66

Htyr 10−6 M 1.49 0.28 0.32

Tyr 10−5 M 1.97 0.53 0.80

Tyr 10−6 M 1.51 0.37 0.34

Ole 10−6 M 1.33 0.28 0.16

Ole 10−7 M 2.66 0.87 1.49

PDGF

Control 20.17 3.21 -

Htyr 10−5 M 61.07 11.60 40.56

Htyr 10−6 M 27.19 9.20 6.68

Tyr 10−5 M 30.56 13.42 10.05

Tyr 10−6 M 29.06 12.50 8.55

Ole 10−6 M 28.30 5.11 7.79

Ole 10−7 M 33.51 3.27 13.00

TGF-β1

Control 134.77 2.47 -

Htyr 10−5 M 206.80 25.95 72.03

Htyr 10−6 M 152.10 38.80 17.33

Tyr 10−5 M 120.69 12.68 −14.08

Tyr 10−6 M 108.36 5.77 −26.41

Ole 10−6 M 110.84 18.98 −23.93

Ole 10−7 M 109.29 11.38 −25.49

TGFβR1

Control 30.31 1.45 -

Htyr 10−5 M 37.40 1.38 7.09

Htyr 10−6 M 33.27 4.12 2.96

Tyr 10−5 M 34.87 1.18 4.56

Tyr 10−6 M 31.07 1.18 0.75

Ole 10−6 M 35.14 1.44 4.82

Ole 10−7 M 36.01 1.17 5.70

TGFβR2

Control 64.90 8.42 -

Htyr 10−5 M 103.20 11.96 33.96

Htyr 10−6 M 68.60 11.65 −0.64
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Table 2. Cont.

Gene Treatment Mean S.D. M.D.

TGFβR2

Tyr 10−5 M 62.33 13.06 −6.91

Tyr 10−6 M 56.27 14.29 −12.97

Ole 10−6 M 59.50 11.64 −9.74

Ole 10−7 M 56.05 14.98 −13.19

TGFβR3

Control 15.62 2.02 -

Htyr 10−5 M 32.92 9.99 17.30

Htyr 10−6 M 14.42 1.49 −1.21

Tyr 10−5 M 12.03 2.69 −3.59

Tyr 10−6 M 11.37 4.06 −4.25

Ole 10−6 M 14.90 4.44 −0.72

Ole 10−7 M 11.09 1.58 −4.54

VEGF

Control 11.49 1.60 -

Htyr 10−5 M 17.65 1.75 6.16

Htyr 10−6 M 15.52 2.41 4.03

Tyr 10−5 M 13.14 1.70 1.64

Tyr 10−6 M 12.28 1.57 0.78

Ole 10−6 M 12.46 1.58 0.96

Ole 10−7 M 11.72 1.28 0.22
S.D., Standard Deviation; M.D., Mean differences.

3.2. Effect of Phenolic Compounds on the Expression of Differentiation Markers and Fibroblast
ECM Elements

As shown in Figure 2 and Table 3, treatment with 10−5 M or 10−6 M htyr significantly
increased the expression of actin, COL I, COL III, and fibronectin (p < 0.05), while treatment
with 10−5 M htyr increased (p < 0.001) the expression of DDR. Treatment with 10−5 M htyr
increased (p < 0.001) the expression of COL I, COL III, and decorin, while treatment with
10−6 M tyr increased (p < 0.001) the expression of COL I alone. Treatment with 10−6 M ole
increased (p < 0.001) the expression of actin (p = 0.028), COL I, decorin, and fibronectin,
while treatment with 10−7 M increased (p < 0.001) the expression of COL I. Both doses of
all tested compounds significantly increased the expression of MMP2 (p < 0.001).

Table 3. Effect of phenolic compounds on the expression of differentiation markers and fibroblast ECM
elements. Data are expressed as Mean ± SD of ng of mRNA per average ng of housekeeping mRNAs.

Gene Treatment Mean S.D. M.D.

ACTIN

Control 0.07 0.03 -

Htyr 10−5 M 0.19 0.09 0.06

Htyr 10−6 M 0.15 0.02 0.06

Tyr 10−5 M 0.08 0.03 −0.01

Tyr 10−6 M 0.11 0.04 0.02

Ole 10−6 M 0.15 0.02 0.07

Ole 10−7 M 0.09 0.04 0.01
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Table 3. Cont.

Gene Treatment Mean S.D. M.D.

COL I

Control 583.28 21.51 -

Htyr 10−5 M 1623.46 33.48 1040.18

Htyr 10−6 M 1158.62 33.20 575.34

Tyr 10−5 M 1698.38 47.03 1115.09

Tyr 10−6 M 1276.28 49.75 692.99

Ole 10−6 M 1302.28 24.47 718.99

Ole 10−7 M 1132.27 40.16 548.98

COL III

Control 0.35 0.06 -

Htyr 10−5 M 1.15 0.10 0.79

Htyr 10−6 M 1.07 0.10 0.72

Tyr 10−5 M 1.15 0.07 0.80

Tyr 10−6 M 0.36 0.03 0.01

Ole 10−6 M 0.44 0.001? 0.09

Ole 10−7 M 0.38 0.08 0.05

DDR2

Control 29.16 3.99 -

Htyr 10−5 M 64.63 2.33 35.47

Htyr 10−6 M 31.67 1.84 2.52

Tyr 10−5 M 30.84 2.54 1.68

Tyr 10−6 M 34.12 3.28 0.43

Ole 10−6 M 34.93 4.12 4.96

Ole 10−7 M 31.41 2.19 2.25

DECORIN

Control 1145.88 29.63 -

Htyr 10−5 M 1279.36 18.99 133.48

Htyr 10−6 M 1159.38 41.10 13.50

Tyr 10−5 M 1857.01 52.13 711.13

Tyr 10−6 M 1178.76 123.95 32.88

Ole 10−6 M 1519.44 24.05 373.56

Ole 10−7 M 1172.11 142.38 26.22

FIBRONECTIN

Control 2258.37 117.32 -

Htyr 10−5 M 4032.37 420.24 1773.99

Htyr 10−6 M 3251.06 455.03 992.69

Tyr 10−5 M 2368.10 296.41 109.73

Tyr 10−6 M 2295.70 231.03 37.33

Ole 10−6 M 3436.54 639.48 1178.17

Ole 10−7 M 2301.49 240.47 43.12

MMP2

Control 478.61 40.81 -

Htyr 10−5 M 327.64 38.62 −150.97

Htyr 10−6 M 237.91 14.74 −240.70

Tyr 10−5 M 165.70 59.46 −312.91

Tyr 10−6 M 305.00 67.09 −173.61

Ole 10−6 M 236.85 2.76 −241.77

Ole 10−7 M 220.88 46.72 −257.74

S.D., Standard Deviation; M.D., Mean differences.
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4. Discussion

The main finding of this in vitro study was that treatment with htyr, tyr, or ole, phenolic
compounds present in EVOO, may increase the expression of genes involved in tissue
repair, including growth factors, differentiation markers, and ECM elements (Figure 3).
However, it must be taken into account that the correlation between gene expression and
mRNA levels is not always direct, due to different factors such as post-transcriptional
modifications or mRNA stability [30]. In any case, the findings are of special relevance
because downregulation of these genes may be responsible for delaying wound healing.

Specifically, all doses of the tested compounds upregulated the expression of FGF,
which contributes to wound closure by increasing granulation tissue production and
promoting re-epithelialization and remodeling [31,32]. Treatment with 10−5 M htyr upreg-
ulated the expressions of PDGF and DDR2, which are associated with cell proliferation,
promoting fibroblast growth, and the consequent increase in ECM production [11,33]. These
results are in agreement with previous reports of increased cell proliferation and migration
in human fibroblasts treated with EVOO compounds [25]. In the same line, the expression
of PDGF, FGF, and TGF-β1 was found to be upregulated by the treatment of cultured
human fibroblasts and gastric epithelial cells with other phenolic compounds present in
EVOO (caffeic, p-coumaric, and ferulic acids) or with rosmarinic acid, a derivative of
caffeic acid in plants of the Laminaceae family. These healing effects have been related to
changes in the apoptosis, proliferation, survival, and phosphorylation of proteins such as
extracellular signal-regulated kinases (ERK) 1/2 and p38 mitogen-activated protein kinase
(MAPK) [34,35].

VEGF and different ECM elements participate in the complex process of angiogen-
esis by favoring the formation of the new vessels required to transport oxygen, carbon
dioxide, and metabolites for tissue regeneration and complete wound closure [36]. In the
present study, the expression of VEGF was increased by treatment with htyr at doses of
10−5 M and 10−6 M. In this context, diabetic foot ulcers were successfully treated using
nanoparticles of sesamol [3, 4-methylenedioxyphenol], a natural organic compound ob-
tained from sesame oil, which achieved an acceleration of wound healing mediated by the
co-expression of PDGF and VEGF [37]. It has been observed that treatment with 10−5 M
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htyr upregulates the expression of CTGF, which exerts chemotactic and mitogen activity in
cells that form connective tissue, helping to synchronize a combined cell response to the
lesion [38]. Expression of this gene is often conditioned by the expression of TGF-β1 [39],
and treatment with htyr has been found to upregulate the expression of TGF-β1 and its
receptors, suggesting a possible increase in the proliferative capacity of fibroblasts and
their subsequent differentiation into myofibroblasts, which are responsible for wound
contraction [40]. Saika et al. attributed TGF-β1 expression with a key role in wound healing
mediated by protein Smad7, an important signaling inhibitor of the TFG-B family; in this
way, the interaction of Smad7 with TGF-β R1 blocks the phosphorylation and activation of
Smads restricted to the receptor, preventing excessive signal propagation and the formation
of hypertrophic scars [41]. Treatment with other bioactive compounds such as curcumin, in
combination with chitosan and collagen, was found to modulate the expression of TGF-β1
and its antagonist Smad7 in a punch wound model using male Wistar rats [42,43].
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In the present study, treatment with 10−5 M tyr or 10−6 M ole upregulated the ex-
pression of decorin, a proteoglycan that regulates the ECM by inhibiting the expression of
TGF-β1 and CTGF. Elevated TGF-β1 and CTGF levels are useful to produce new cicatricial
tissue, but they must be regulated to avoid the emergence of keloids. In this regard, the
findings on the expression of decorin, TGF-β1, and CTGF may evidence the onset of a
regulatory process designed to prevent keloid formation [12,44]. The emergence of keloids
and chronification of wounds has been associated with a prolonged increase in the expres-
sion of MMPs [45], which are also involved in ECM remodeling [46]. In the present study,
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MMP2 expression was significantly downregulated after 24 h of treatment with all doses of
tested compounds [47].

The expression of COL I and COL III was upregulated after treatment with each
compound at each dose. Treatment of fibroblasts with soybean and zein corn proteins
has demonstrated a similar effect on fibroblasts, increasing the expression of COL II and
7, integrin-α2, and laminin-β3, among others. The different structural forms of collagen
maintain the mechanical resistance and elasticity of the skin and act as substrates for cell
proliferation and differentiation [48]. The increased synthesis of collagen has therefore
become a therapeutic target of interest to treat skin lesions [49]. Increased expressions of
actin and fibronectin were observed in cultures treated with 10−5 M or 10−6 M htyr or with
10−6 M ole, and these markers induce the differentiation of fibroblasts into myofibroblasts,
which participate in tissue inflammation, repair, and remodeling [50,51].

Phenolic compounds derived from plant sources exhibit various beneficial effects on
human health, which are attributed to their antioxidant, anti-inflammatory, anti-tumor, and
other properties. The manifestation of these effects is strongly linked to the bioavailability
of these compounds in the body. The bioaccessibility, and therefore the bioavailability,
of phenolic compounds is strongly influenced by their structure and the way in which
they are introduced into the body. Additionally, the interaction of phenolic compounds
with each other or with other macromolecules present in food or during digestion, such
as proteins, lipids, dietary fibers, and polysaccharides, has a significant impact on their
bioaccessibility and therefore on the desired effect. However, due to the complexity of the
mechanisms through which phenolic compounds act in the body, this area has not yet been
fully explored, which may represent a limitation of the present work. However, several
in vivo studies have shown that direct administration of olive oil to different types of
wounds could improve wound healing processes. In this regard, Nassiri et al. (2015) found
that EVOO applied to diabetic foot ulcers was effective, improving the complete healing of
the ulcer and significantly reducing its size and depth without adverse effects [52]. Similarly,
isolated administration of phenolic compounds present in EVOO has also been shown to
be useful in animal studies. Bairagi et al. (2018) observed that topical administration of
ferulic acid improved skin wound closure by decreasing epithelialization time [53].

Also, oleuropein, applied to the injured skin of male Balb/c mice, decreased cel-
lular infiltration at wound sites, elevated collagen fiber formation, and accelerated re-
epithelialization, probably due to the upregulation of VEGF protein [54].

However, it would be interesting for future research to develop tests to simulate gas-
trointestinal digestion to evaluate in depth the bioaccessibility of the phenolic compounds
in EVOO or to explore new encapsulation systems that allow targeted administration to a
specific tissue to ensure the controlled release of the dose to be administered [55].

In summary, bioactive compounds in various vegetable species may represent an
alternative option to treat chronic wounds or keloids. However, it should be noted that the
benefits of polyphenols described in this study are limited to the conditions recreated in
the manuscript and the doses used, which could represent a limitation of the present study.
In this sense, it would be desirable to consider further research that takes into account
other circumstances inherent to wounds with a torpid evolution, such as an inflammatory
environment or the presence of contamination. In the same vein, it would also be necessary
to develop new studies that examine the responses of other cell populations to these
compounds and validate the present findings in more complex in vivo models, studying
the safety of their application.

5. Conclusions

All phytochemicals tested modified the expression of differentiation markers and
extracellular matrix elements, increasing gene expression of actin, fibronectin, decorin,
collagen I, and III. Phenolic compounds present in extra virgin olive could have a bene-
ficial effect on tissue regeneration by modulating fibroblast physiology. These findings
demonstrate that the phenolic compounds present in EVOO modulate the expression of
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genes involved in tissue regeneration in cultured human fibroblasts. These bioactive com-
pounds may therefore be candidates for inclusion in care protocols for wounds with torpid
development by functionalization of dressings or hydrogels, although further studies are
required to evaluate their potential application in the clinical setting.

Author Contributions: Conceptualization, A.G.-A., L.M.-R. and O.G.-M.; methodology, A.G.-A., L.M.-R.
and O.G.-M.; validation, R.I.-M., A.G.-A. and C.R.; formal analysis, A.G.-A., L.M.-R. and O.G.-M.;
investigation, A.G.-A., E.d.L.-B., R.I.-M., J.R.-T. and L.M.-R.; writing—original draft preparation A.G.-A.,
L.M.-R., J.R.-T. and O.G.-M.; writing—review and editing, A.G.-A., L.M.-R., R.I.-M., C.R., E.d.L.-B., J.R.-T.
and O.G.-M.; visualization, A.G.-A., L.M.-R., O.G.-M. and J.R.-T.; supervision,. L.M.-R. and O.G.-M.;
project administration, J.R.-T. and O.G.-M.; funding acquisition, J.R.-T. and O.G.-M. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by FEDER/Junta de Andalucía-Consejería de Universidad,
Investigación e Innovación/B-CTS-134-UGR20 Project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dates are contained within the article.

Acknowledgments: This study was supported by the research group BIO277 (Junta de Andalucía)
and the Department of Nursing (University of Granada).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Roger, M.; Fullard, N.; Costello, L.; Bradbury, S.; Markiewicz, E.; O’Reilly, S.; Darling, N.; Ritchie, P.; Määttä, A.; Karakesisoglou,

I.; et al. Bioengineering the Microanatomy of Human Skin. J. Anat. 2019, 234, 438–455. [CrossRef]
2. Tottoli, E.M.; Dorati, R.; Genta, I.; Chiesa, E.; Pisani, S.; Conti, B. Skin Wound Healing Process and New Emerging Technologies

for Skin Wound Care and Regeneration. Pharmaceutics 2020, 12, 735. [CrossRef]
3. Martin, P.; Nunan, R. Cellular and Molecular Mechanisms of Repair in Acute and Chronic Wound Healing. Br. J. Dermatol. 2015,

173, 370–378. [CrossRef] [PubMed]
4. Bainbridge, P. Wound Healing and the Role of Fibroblasts. J. Wound Care 2013, 22, 407–408, 410–412. [CrossRef] [PubMed]
5. Lynch, M.D.; Watt, F.M. Fibroblast Heterogeneity: Implications for Human Disease. J. Clin. Investig. 2018, 128, 26–35. [CrossRef]

[PubMed]
6. Janson, D.; Rietveld, M.; Mahé, C.; Saintigny, G.; El Ghalbzouri, A. Differential Effect of Extracellular Matrix Derived from

Papillary and Reticular Fibroblasts on Epidermal Development in Vitro. Eur. J. Dermatol. 2017, 27, 237–246. [CrossRef] [PubMed]
7. Pilcher, B.K.; Dumin, J.A.; Sudbeck, B.D.; Krane, S.M.; Welgus, H.G.; Parks, W.C. The Activity of Collagenase-1 Is Required for

Keratinocyte Migration on a Type I Collagen Matrix. J. Cell Biol. 1997, 137, 1445–1457. [CrossRef] [PubMed]
8. Sternlicht, M.D.; Werb, Z. How Matrix Metalloproteinases Regulate Cell Behavior. Annu. Rev. Cell Dev. Biol. 2001, 17, 463–516.

[CrossRef] [PubMed]
9. Hinz, B.; Phan, S.H.; Thannickal, V.J.; Prunotto, M.; Desmoulière, A.; Varga, J.; De Wever, O.; Mareel, M.; Gabbiani, G. Recent

Developments in Myofibroblast Biology: Paradigms for Connective Tissue Remodeling. Am. J. Pathol. 2012, 180, 1340–1355.
[CrossRef]

10. Reinke, J.M.; Sorg, H. Wound Repair and Regeneration. Eur. Surg. Res. 2012, 49, 35–43. [CrossRef]
11. Márquez, J.; Olaso, E. Role of Discoidin Domain Receptor 2 in Wound Healing. Histol. Histopathol. 2014, 29, 1355–1364. [CrossRef]
12. Kwan, P.; Ding, J.; Tredget, E.E. MicroRNA 181b Regulates Decorin Production by Dermal Fibroblasts and May Be a Potential

Therapy for Hypertrophic Scar. PLoS ONE 2015, 10, e0123054. [CrossRef]
13. Nirodi, C.S.; Devalaraja, R.; Nanney, L.B.; Arrindell, S.; Russell, S.; Trupin, J.; Richmond, A. Chemokine and Chemokine Receptor

Expression in Keloid and Normal Fibroblasts. Wound Repair Regen. 2000, 8, 371–382. [CrossRef] [PubMed]
14. Lazarus, G.S.; Cooper, D.M.; Knighton, D.R.; Margolis, D.J.; Pecoraro, R.E.; Rodeheaver, G.; Robson, M.C. Definitions and

Guidelines for Assessment of Wounds and Evaluation of Healing. Arch. Dermatol. 1994, 130, 489–493. [CrossRef]
15. Xue, M.; Jackson, C.J. Extracellular Matrix Reorganization During Wound Healing and Its Impact on Abnormal Scarring. Adv.

Wound Care 2015, 4, 119–136. [CrossRef] [PubMed]
16. Zindle, J.K.; Wolinsky, E.; Bogie, K.M. A Review of Animal Models from 2015 to 2020 for Preclinical Chronic Wounds Relevant to

Human Health. J. Tissue Viability 2021, 30, 291–300. [CrossRef] [PubMed]
17. Lauer, G.; Sollberg, S.; Cole, M.; Flamme, I.; Stürzebecher, J.; Mann, K.; Krieg, T.; Eming, S.A. Expression and Proteolysis of

Vascular Endothelial Growth Factor Is Increased in Chronic Wounds. J. Investig. Dermatol. 2000, 115, 12–18. [CrossRef]
18. Guo, S.; Dipietro, L.A. Factors Affecting Wound Healing. J. Dent. Res. 2010, 89, 219–229. [CrossRef]

https://doi.org/10.1111/joa.12942
https://doi.org/10.3390/pharmaceutics12080735
https://doi.org/10.1111/bjd.13954
https://www.ncbi.nlm.nih.gov/pubmed/26175283
https://doi.org/10.12968/jowc.2013.22.8.407
https://www.ncbi.nlm.nih.gov/pubmed/23924840
https://doi.org/10.1172/JCI93555
https://www.ncbi.nlm.nih.gov/pubmed/29293096
https://doi.org/10.1684/ejd.2017.2984
https://www.ncbi.nlm.nih.gov/pubmed/28524059
https://doi.org/10.1083/jcb.137.6.1445
https://www.ncbi.nlm.nih.gov/pubmed/9182674
https://doi.org/10.1146/annurev.cellbio.17.1.463
https://www.ncbi.nlm.nih.gov/pubmed/11687497
https://doi.org/10.1016/j.ajpath.2012.02.004
https://doi.org/10.1159/000339613
https://doi.org/10.14670/HH-29.1355
https://doi.org/10.1371/journal.pone.0123054
https://doi.org/10.1111/j.1524-475X.2000.00371.x
https://www.ncbi.nlm.nih.gov/pubmed/11115149
https://doi.org/10.1001/archderm.1994.01690040093015
https://doi.org/10.1089/wound.2013.0485
https://www.ncbi.nlm.nih.gov/pubmed/25785236
https://doi.org/10.1016/j.jtv.2021.05.006
https://www.ncbi.nlm.nih.gov/pubmed/34103213
https://doi.org/10.1046/j.1523-1747.2000.00036.x
https://doi.org/10.1177/0022034509359125


Genes 2024, 15, 173 12 of 13

19. Díaz-Agero-Pérez, C.; Pita-López, M.J.; Robustillo-Rodela, A.; Figuerola-Tejerina, A.; Monge-Jodrá, V. Evaluación de la infección
de herida quirúrgica en 14 hospitales de la Comunidad de Madrid: Estudio de incidencia. Enfermedades Infecc. Microbiol. Clínica
2011, 29, 257–262. [CrossRef]

20. Posnett, J.; Gottrup, F.; Lundgren, H.; Saal, G. The Resource Impact of Wounds on Health-Care Providers in Europe. J. Wound Care
2009, 18, 154–161. [CrossRef]

21. Ross, S.M. Effects of Extra Virgin Olive Oil Phenolic Compounds and the Mediterranean Diet on Cardiovascular Health. Holist.
Nurs. Pract. 2013, 27, 303–307. [CrossRef]

22. Samieri, C.; Féart, C.; Proust-Lima, C.; Peuchant, E.; Tzourio, C.; Stapf, C.; Berr, C.; Barberger-Gateau, P. Olive Oil Consumption,
Plasma Oleic Acid, and Stroke Incidence: The Three-City Study. Neurology 2011, 77, 418–425. [CrossRef]

23. Boss, A.; Bishop, K.S.; Marlow, G.; Barnett, M.P.G.; Ferguson, L.R. Evidence to Support the Anti-Cancer Effect of Olive Leaf
Extract and Future Directions. Nutrients 2016, 8, 513. [CrossRef]

24. Román, G.C.; Jackson, R.E.; Reis, J.; Román, A.N.; Toledo, J.B.; Toledo, E. Extra-Virgin Olive Oil for Potential Prevention of
Alzheimer Disease. Rev. Neurol. 2019, 175, 705–723. [CrossRef] [PubMed]

25. Melguizo-Rodríguez, L.; Illescas-Montes, R.; Costela-Ruiz, V.J.; Ramos-Torrecillas, J.; de Luna-Bertos, E.; García-Martínez, O.;
Ruiz, C. Antimicrobial Properties of Olive Oil Phenolic Compounds and Their Regenerative Capacity towards Fibroblast Cells. J.
Tissue Viability 2021, 30, 372–378. [CrossRef] [PubMed]

26. Melguizo-Rodríguez, L.; de Luna-Bertos, E.; Ramos-Torrecillas, J.; Illescas-Montesa, R.; Costela-Ruiz, V.J.; García-Martínez, O.
Potential Effects of Phenolic Compounds That Can Be Found in Olive Oil on Wound Healing. Foods 2021, 10, 1642. [CrossRef]
[PubMed]

27. Gorzynik-Debicka, M.; Przychodzen, P.; Cappello, F.; Kuban-Jankowska, A.; Marino Gammazza, A.; Knap, N.; Wozniak, M.;
Gorska-Ponikowska, M. Potential Health Benefits of Olive Oil and Plant Polyphenols. Int. J. Mol. Sci. 2018, 19, E686. [CrossRef]
[PubMed]

28. Manzano-Moreno, F.J.; Ramos-Torrecillas, J.; Melguizo-Rodríguez, L.; Illescas-Montes, R.; Ruiz, C.; García-Martínez, O. Bisphos-
phonate Modulation of the Gene Expression of Different Markers Involved in Osteoblast Physiology: Possible Implications in
Bisphosphonate-Related Osteonecrosis of the Jaw. Int. J. Med. Sci. 2018, 15, 359–367. [CrossRef] [PubMed]

29. Ragni, E.; Viganò, M.; Rebulla, P.; Giordano, R.; Lazzari, L. What Is beyond a qRT-PCR Study on Mesenchymal Stem Cell
Differentiation Properties: How to Choose the Most Reliable Housekeeping Genes. J. Cell. Mol. Med. 2013, 17, 168–180. [CrossRef]
[PubMed]

30. Buccitelli, C.; Selbach, M. mRNAs, Proteins and the Emerging Principles of Gene Expression Control. Nat. Rev. Genet. 2020, 21,
630–644. [CrossRef] [PubMed]

31. Powers, C.J.; McLeskey, S.W.; Wellstein, A. Fibroblast Growth Factors, Their Receptors and Signaling. Endocr. Relat. Cancer 2000,
7, 165–197. [CrossRef] [PubMed]

32. Kinoda, J.; Ishihara, M.; Nakamura, S.; Fujita, M.; Fukuda, K.; Sato, Y.; Yokoe, H. Protective Effect of FGF-2 and Low-Molecular-
Weight Heparin/Protamine Nanoparticles on Radiation-Induced Healing-Impaired Wound Repair in Rats. J. Radiat. Res. 2018, 59,
27–34. [CrossRef] [PubMed]

33. Heldin, C.H.; Westermark, B. Mechanism of Action and in Vivo Role of Platelet-Derived Growth Factor. Physiol. Rev. 1999, 79,
1283–1316. [CrossRef] [PubMed]

34. de Oliveira Formiga, R.; Júnior, E.B.A.; Vasconcelos, R.C.; Araújo, A.A.; de Carvalho, T.G.; de Araújo Junior, R.F.; Guerra,
G.B.C.; Vieira, G.C.; de Oliveira, K.M.; Diniz, M.D.F.F.M.; et al. Effect of P-Cymene and Rosmarinic Acid on Gastric Ulcer
Healing—Involvement of Multiple Endogenous Curative Mechanisms. Phytomed. Int. J. Phytother. Phytopharm. 2021, 86, 153497.
[CrossRef]

35. Pagano, K.; Carminati, L.; Tomaselli, S.; Molinari, H.; Taraboletti, G.; Ragona, L. Molecular Basis of the Antiangiogenic Action of
Rosmarinic Acid, a Natural Compound Targeting Fibroblast Growth Factor-2/FGFR Interactions. ChemBioChem 2021, 22, 160–169.
[CrossRef]

36. Johnson, K.E.; Wilgus, T.A. Vascular Endothelial Growth Factor and Angiogenesis in the Regulation of Cutaneous Wound Repair.
Adv. Wound Care 2014, 3, 647–661. [CrossRef]

37. Gourishetti, K.; Keni, R.; Nayak, P.G.; Jitta, S.R.; Bhaskaran, N.A.; Kumar, L.; Kumar, N.; Krishnadas, N.; Shenoy, R.R. Sesamol-
Loaded PLGA Nanosuspension for Accelerating Wound Healing in Diabetic Foot Ulcer in Rats. Int. J. Nanomed. 2020, 15,
9265–9282. [CrossRef]

38. Igarashi, A.; Okochi, H.; Bradham, D.M.; Grotendorst, G.R. Regulation of Connective Tissue Growth Factor Gene Expression in
Human Skin Fibroblasts and during Wound Repair. Mol. Biol. Cell 1993, 4, 637–645. [CrossRef]

39. Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. Growth Factors and Cytokines in Wound Healing.
Wound Repair Regen. 2008, 16, 585–601. [CrossRef]

40. Klass, B.R.; Grobbelaar, A.O.; Rolfe, K.J. Transforming Growth Factor Beta1 Signalling, Wound Healing and Repair: A Multifunc-
tional Cytokine with Clinical Implications for Wound Repair, a Delicate Balance. Postgrad. Med. J. 2009, 85, 9–14. [CrossRef]

41. Saika, S.; Ikeda, K.; Yamanaka, O.; Miyamoto, T.; Ohnishi, Y.; Sato, M.; Muragaki, Y.; Ooshima, A.; Nakajima, Y.; Kao, W.W.-Y.;
et al. Expression of Smad7 in Mouse Eyes Accelerates Healing of Corneal Tissue after Exposure to Alkali. Am. J. Pathol. 2005, 166,
1405–1418. [CrossRef] [PubMed]

https://doi.org/10.1016/j.eimc.2010.09.009
https://doi.org/10.12968/jowc.2009.18.4.41607
https://doi.org/10.1097/HNP.0b013e3182a0c668
https://doi.org/10.1212/WNL.0b013e318220abeb
https://doi.org/10.3390/nu8080513
https://doi.org/10.1016/j.neurol.2019.07.017
https://www.ncbi.nlm.nih.gov/pubmed/31521394
https://doi.org/10.1016/j.jtv.2021.03.003
https://www.ncbi.nlm.nih.gov/pubmed/33810929
https://doi.org/10.3390/foods10071642
https://www.ncbi.nlm.nih.gov/pubmed/34359512
https://doi.org/10.3390/ijms19030686
https://www.ncbi.nlm.nih.gov/pubmed/29495598
https://doi.org/10.7150/ijms.22627
https://www.ncbi.nlm.nih.gov/pubmed/29511371
https://doi.org/10.1111/j.1582-4934.2012.01660.x
https://www.ncbi.nlm.nih.gov/pubmed/23305553
https://doi.org/10.1038/s41576-020-0258-4
https://www.ncbi.nlm.nih.gov/pubmed/32709985
https://doi.org/10.1677/erc.0.0070165
https://www.ncbi.nlm.nih.gov/pubmed/11021964
https://doi.org/10.1093/jrr/rrx044
https://www.ncbi.nlm.nih.gov/pubmed/29121251
https://doi.org/10.1152/physrev.1999.79.4.1283
https://www.ncbi.nlm.nih.gov/pubmed/10508235
https://doi.org/10.1016/j.phymed.2021.153497
https://doi.org/10.1002/cbic.202000610
https://doi.org/10.1089/wound.2013.0517
https://doi.org/10.2147/IJN.S268941
https://doi.org/10.1091/mbc.4.6.637
https://doi.org/10.1111/j.1524-475X.2008.00410.x
https://doi.org/10.1136/pgmj.2008.069831
https://doi.org/10.1016/S0002-9440(10)62358-9
https://www.ncbi.nlm.nih.gov/pubmed/15855641


Genes 2024, 15, 173 13 of 13

42. Ramos-Torrecillas, J.; de Luna-Bertos, E.; Manzano-Moreno, F.J.; García-Martínez, O.; Ruiz, C. Human Fibroblast-like Cultures
in the Presence of Platelet-Rich Plasma as a Single Growth Factor Source: Clinical Implications. Adv. Skin Wound Care 2014, 27,
114–120. [CrossRef] [PubMed]

43. Rezaii, M.; Oryan, S.; Javeri, A. Curcumin Nanoparticles Incorporated Collagen-Chitosan Scaffold Promotes Cutaneous Wound
Healing through Regulation of TGF-B1/Smad7 Gene Expression. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 98, 347–357. [CrossRef]

44. Illescas-Montes, R.; Melguizo-Rodríguez, L.; García-Martínez, O.; de Luna-Bertos, E.; Manzano-Moreno, F.J.; Ruiz, C.; Ramos-
Torrecillas, J. Human Fibroblast Gene Expression Modulation Using 940 NM Diode Laser. Sci. Rep. 2019, 9, 12037. [CrossRef]
[PubMed]

45. Yager, D.R.; Zhang, L.Y.; Liang, H.X.; Diegelmann, R.F.; Cohen, I.K. Wound Fluids from Human Pressure Ulcers Contain Elevated
Matrix Metalloproteinase Levels and Activity Compared to Surgical Wound Fluids. J. Investig. Dermatol. 1996, 107, 743–748.
[CrossRef] [PubMed]

46. Page-McCaw, A.; Ewald, A.J.; Werb, Z. Matrix Metalloproteinases and the Regulation of Tissue Remodelling. Nat. Rev. Mol. Cell
Biol. 2007, 8, 221–233. [CrossRef]

47. Lindley, L.E.; Stojadinovic, O.; Pastar, I.; Tomic-Canic, M. Biology and Biomarkers for Wound Healing. Plast. Reconstr. Surg. 2016,
138, 18S–28S. [CrossRef]

48. Mathew-Steiner, S.S.; Roy, S.; Sen, C.K. Collagen in Wound Healing. Bioengineering 2021, 8, 63. [CrossRef]
49. Kallis, P.J.; Friedman, A.J. Collagen Powder in Wound Healing. J. Drugs Dermatol. 2018, 17, 403–408.
50. Darby, I.A.; Laverdet, B.; Bonté, F.; Desmoulière, A. Fibroblasts and Myofibroblasts in Wound Healing. Clin. Cosmet. Investig.

Dermatol. 2014, 7, 301–311. [CrossRef]
51. Shu, D.Y.; Lovicu, F.J. Myofibroblast Transdifferentiation: The Dark Force in Ocular Wound Healing and Fibrosis. Prog. Retin. Eye

Res. 2017, 60, 44–65. [CrossRef] [PubMed]
52. Nasiri, M.; Fayazi, S.; Jahani, S.; Yazdanpanah, L.; Haghighizadeh, M.H. The Effect of Topical Olive Oil on the Healing of Foot

Ulcer in Patients with Type 2 Diabetes: A Double-Blind Randomized Clinical Trial Study in Iran. J. Diabetes Metab. Disord. 2015,
14, 38. [CrossRef] [PubMed]

53. Bairagi, U.; Mittal, P.; Singh, J.; Mishra, B. Preparation, Characterization, and in Vivo Evaluation of Nano Formulations of Ferulic
Acid in Diabetic Wound Healing. Drug Dev. Ind. Pharm. 2018, 44, 1783–1796. [CrossRef] [PubMed]

54. Mehraein, F.; Sarbishegi, M.; Aslani, A. Therapeutic Effects of Oleuropein on Wounded Skin in Young Male BALB/c Mice. Wounds
Compend. Clin. Res. Pract. 2014, 26, 83–88.
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