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Abstract: Dysregulation of the arsenal of cells, growth factors, cytokines, proteases, and proteins involved in
wound healing (WH), could delay the healing process. Plants and plant-derived molecules (PDMs) have been
used as medicines for skin wounds. This study aimed to select and evaluate the pro-healing capacity of PMDs.
Thirty-three PDMs and 10 therapeutic targets (TTs) were chosen for molecular docking and PDMs: aristolochic
acid (AA), a-copaene, selinenes, 3-caryophyllene (BC), and BCoxide, and TTs: metalloproteinase (MMP) 3,
MMP13, and tumor necrosis factor (TNF o) for molecular dynamics. The bests inhibitor was AA, but because
of its toxicity, BC and BCoxide were chosen for evaluation in HaCat cells and BALB/c mice excisional model.
Both compounds were not toxic, and higher percentages of lesion area closure (LAC) were induced by BC
treatment (p<0.05). All mice healed; however, an initial delay of LAC was induced by 0.05, 0.1% BCoxide, 0.1%
BC, and allantoin. At the end of treatment, lower numbers of mast cells, level of cellular infiltrates (except 1%
BCoxide and 0.05, 0.5%BC), epidermal thickness tendency (except 0.1, 0.5% BCoxide), and higher values of SC-
thickness, and collagen fibers only by 0.5% BC treatment compared with untreated control (p<0.05) were
observed. Our results show that BC is a promising multitarget candidate for wound healing treatment and
optimization campaigns.

Keywords: wound healing; natural compound; excisional mouse model; molecular docking; dynamic
molecular; caryophyllene; cytokines; digital histology

1. Introduction

The wound healing (WH) process consists of four overlapping phases: hemostasis (O—several
hours after injury), inflammation (1-3 days), proliferation (4-21 days), and remodeling (21 days-1
year) [1]. Initially, there is vasoconstriction, platelets activation, and the formation of a
fibrin/fibronectin-rich provisional extracellular matrix (ECM) clot, and a release of growth factors
(GF) including tissue GF (TGF{1), platelet-derived GF (PDGF), fibroblast GF (FGF), and epidermal
GF (EGF), and pro-inflammatory cytokines e.g., TNFa, IL6, and IL-1f [1]. Damage and pathogen-
associated patterns, and chemoattractant as monocyte chemoattractant protein MCP1/CCL2 drive the
recruitment of neutrophils, monocytes/macrophages, lymphocytes, and mast cells. Macrophages
release pro-inflammatory cytokines, reactive oxygen, and nitrogen species and differentiate into anti-
inflammatory, pro-vascular, and profibrotic macrophages which release vascular endothelial GF
(VEGF), PDGF, TGEFp1, IL-10, and ECM deposits for scar formation and organization [3]. In the
proliferative phase, endothelial cells migrate toward the wound and started angiogenesis in response
to pro-angiogenic signals such as VEGF, endothelial GF (EGF), PDGF, and TGEFp. Fibroblasts migrate
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along the fibrin network, proliferate, and transform into myofibroblasts promoting the formation of
granulation tissue by synthesizing ECM, matrix metalloproteinases (MMPs), and tissue MMPs
inhibitors (TIMPs) [4]. For reepithelization, keratinocytes released from the wound edge, migrate,
proliferate, and release ECM with the help of epidermal and fibroblast GF including EGF, TGFq,
FGF2, or KGF and upregulate keratin production. For wound remodeling, the granulation tissue is
replaced with a scar or normal connective tissue (collagen I), and there is a regression of the neo-
vasculature, synthesis of MMPs, and TIMP by myofibroblasts [5].

However, a complete or scar-less WH will not always occurs. Some wounds, heal in a
prolongated, and unpredictable period (chronic wounds, CW) characterized usually by excessive
inflammation, enhanced proteolysis, impaired re-epithelization, matrix deposition, and collagen
synthesis between others [6,7]. CW prevalence increases each year, and the treatment becomes more
complicated and expensive [6,7]. Currently, ionizing radiation, chemical products, wound dressings,
or advanced therapies, including extracellular matrices, growth factors, and negative pressure are
used, however, they are expensive, require long hospitalization times, and their efficacy is variable
depending on the etiology, and individual characteristics [7]. The search for new therapies to improve
both the acute and CW healing process using different in silico, in vitro, ex-vivo, and in- vivo
approaches, goes on. Different tools using computational devices are available to evaluate the
pharmacological properties and binding capacities of small bioactive candidates on pivotal targets of
the healing process [8]. Some plant extracts and their plant-derived molecules (PDMs) e.g.,
Vasconcellea cundinamarcensis or papayuela (Pycnogenol®), Calendula officinalis L. (faradiol-3-O-
myristate), Symphytum x uplandicum Nyman (allantoin), Aloe vera (acemannan) have been evaluated
in clinical trials on patients with diabetic foot ulcers, pressure ulcers, or venous legs ulcers with very
promissory results [9]. To contribute to the search for new pro-healing compounds, this study aimed
to determine the WH potential of different PDMs, more of them included in essential oil distilled
from aromatic Colombian plants. The inhibitory interaction of 33 PDMs with 10 therapeutic targets
(TTs) was studied by molecular docking, and 6 of the best candidates were selected and evaluated by
molecular dynamics against 3 TTs. The two best candidates were evaluated for cytotoxicity,
proliferation/migration, and wound-healing activity in a BALB/c mice excisional model.

2. Materials and Methods
2.1 Plant-derived metabolites (PDM)

The 33 PDMs (table 1) analyzed were selected based on their structure availability in the
databases used: Drug Bank (www.drugbank.ca) and PubChem (https://pubchem.ncbi.nlm.nih.gov).

Table 1. Secondary plant-derived metabolites used in screening. Bold letters mean data obtained from
Data Bank. The others were from the PubChem database.

ID Code Ligand Name ID Code Ligand Name
2236 Aristolochic acid 11672 Curcumin
15573 a-Pinene 8815 Estragole
70678558 a-Copaene 2758 Eucalyptol
5281520 a-Humulene 09086 Eugenol
7460 a-Phellandrene 7461 y-Terpinene
10856614 a-Selinene 6549 Linalool
10545 Ascaridole 31253 Myrcene
5281515 (E)-p-caryophyllene 319084028 1,6-Octadiene
11142 B-Phellandrene 71742210 Caryophyllene
oxide
14896 [-Pinene 7463 o-Cymene
442393 [-Selinene 439570 (R)- (-)-Carvone
7001 1-Bromonaphthalene 16724 (S)- (+)-Carvone
01744 Camphor 440917 R-Limonene
10364 Carvacrol 439250 S-Limonene
6616 Camphene 18818 Sabinene
5320128 cis-Nerolidol 02513 Thymol

7794 Citronellal
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2.2 Therapeutic targets (TTs)

Ten (10) TTs were selected based on their key role in WH phases, accessibility of native ligand
or inhibitor, presence in the protein data bank (PDB), and quality of the X-ray crystal structure (Table
2).

Table 2. Therapeutic targets used in screening. The grid size (x, y, z) was 40 x 40 x 40 except for IL-6

which was 50 x 50 x 50.
ID PDB Therapeutic target Coordinates (x, y, z)
2AZ5 Tumor necrosis factor-a (TNFa) -19.259, 74.79, 34.032
1ALU Interleukin-6 (IL6) -3.934, -18.113, 3.394
5IKQ Cyclooxygenase-2 (COX2) 22.222,52.346,18.018
40EE Fibroblast growth factor-2 (FGF2) -11.744, -6.027, -3.03
105K Glycogen synthase kinase-3(3 (GSK3[3) 23.992,22.827,8.884
27ZM3 Insulin-like growth factor 1 (IGFR1) 37.061,79.097, 58.051
2D10 Matrix metalloproteinases (MMP3) 28.762,6.733,14.320
1GKC MMP9 48.145, 64.140, 42.896
2PJT MMP13 9.323,27.639, 141.777
3HNG Vascular endothelial growth factor receptor- 4.729,17.729, 33.352
1 (VEGFR1)
*Each point equals 0.375

2.3 Co-crystallized ligand

The native ligand structures of each TT were obtained by removing all water molecules and
heteroatoms from the target protein structure using BIOVIA Discovery Studio Visualizer software.

2.4 Ligand and target interaction

For PDMs and co-crystallized ligand mechanical force field (MMFF94), calculations were
performed using Avogadro® open license software version 1.2.0 for Windows. Auto-Dock Tools
version 1.5.6 (a graphical user interface program) was used for therapeutic target preparation.
Kollman unified atomic charges, solvation parameters, and polar hydrogens were added to the
receptor for protein preparation [10]. The structures of native ligands docked at one position were
marked as the active site and the grid box size and center grid position was determined using the
grid box coordinates shown in Table 2.

2.5 Molecular Docking Analysis

Molecular docking was performed using Autodock 4.2 software [10] using a genetic algorithm
with a population size of 150 and a Lamarckian algorithm as the output parameter as the local search
mechanism. Files were obtained in .dlg format to calculate the binding free energy (AG) and the
inhibitory constant (Ki). Results were expressed as AG (kcal/mole) and Ki (uM). The results were
averaged and compared by statistical test (Kruskal-Wallis test) and with the co-crystallized ligand
(Dunn's test).

2.6 Selection of best candidates

Taking into consideration the AG and Ki values between the co-crystalized ligand (natural
ligand) and each TT interaction, compounds were compared with the co-crystalized ligand (natural
ligand) and classified as compounds with lower AG, equal AG, and equal Ki, equal AG and lower Ki,
and higher AG. The compounds with lower AG compared to the co-crystallized ligand displayed the
highest level of interaction with the target.

2.7 Molecular dynamics (MDs) simulations

The MD simulation, a modified protocol implemented in previous work [11] was performed
using GROMACS 2018.2 installed in NMRbox server [12]. The lowest AG conformation of each
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selected complex was considered the initial conformation for MD studies. Parameters and molecular
topologies for the ligands were generated using the semi-empirical quantum chemistry program
(SQM) of the AnteChamber PYthon Parser interface (ACPYPE). Complexes were described using the
all-atom Amber99-ILDN force field. Protein-ligand complex was solvated with water on all sides
using a three-point model for water (TIP3P) and 0.15 M NaCl solution additionally. Energy
minimization was performed using the steepest-descent algorithm. The system was equilibrated with
a constant-temperature-volume (NVT) and constant-temperature-pressure (NPT) ensemble with
Berendsen thermostat and Parrinello- Rahman barostat respectively. A 100 ns MD simulation was
performed on the protein-ligand complex. The root-mean-square deviation (RMSD) was analyzed
during the complete MD simulation and AG of the complex based on the molecular mechanics
Poisson-Boltzmann surface area (gmx_MMPBSA) calculations [13].

2.8 In vitro tests
2.8.1Cell line

The human keratinocyte cell line (HaCat) was kindly provided by Sandra Leal Pinto PhD-
Universidad de Santander. The cells were cultured in a DMEM medium (Gibco, NY, USA)
supplemented with 10% fetal calf serum (FCS) (Gibco).

2.8.2Resazurin assay

Cells (5 x 10° cells/ml) were seeded into 96-well plates for 24 h in a culture medium, and treated
with serial concentrations of PDMs (4.7-300 ug/mg) at 37 °C for 72h. After treatment, 20 uL of
resazurin (0.1 mg/mL) was added to each well and after 4 h, the absorbance was measured
spectrophotometrically by using a Synergy H1 plate reader (BioTek, Vermont, USA) at 570 and 600
nm. The cytotoxic concentrations 50 (CCso) were calculated by non-linear regression (sigmoid) using
XLfit® software (Business Solution, Guildford, UK). All experiments were conducted in triplicate.

2.8.3Scratch wound migration assay

HaCat cells onto 12-well plates at 85-90% confluence were scratched with a 100 uL micropipette
tip, washed twice with culture medium, and incubated with or without PDMs, allantoin, and 10%
FCS in medium supplemented with 1.5% FCS. Cell migration from the basal line was microscopically
detected at 24 h posttreatment. Images were captured using a light microscope (400x magnification).
The percentage of occlusion was calculated from the open area in pixels with the aid of the Image]J
software (NIH, MD, USA).

2.9 In vivo experiments
2.9.1 Animals and ethical considerations

BALB/c mice (6-8 weeks) were supplied by the National Health Institute (Bogota, Colombia) and
housed with a 12h light/dark cycle, 22 °C + 2 °C, 55%+5% relative humidity with access to water and
mouse food pellets ad libitum. All protocols were approved by the Industrial University of Santander
(Bucaramanga, Colombia) Ethics Committee (Number 4110) causing minimal suffering in the
animals.

2.9.2Formulation preparation

Formulation (w/w) of 0.5 and 1.0% allantoin, 0.05, 0.1 0.5, 1% p-caryophyllene oxide (BCoxide),
0.05, 0.1, 0.5 and 1% p-caryophyllene (BC) and vehicle (without compound) were prepared in
phosphate-buffered saline (PBS, pH 7.4) and 20% Kolliphor® (BASF Pharma, New Jersey, USA).
Actives compounds were purchased from Sigma-Aldrich, St Louis, USA.
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2.9.3Wound model

After shaving, two circular excision wounds were made on each side of the dorsal region using
a 5 mm punch biopsy under anesthesia. Mice (1 = 7) were treated daily with BCoxide, BC, allantoin,
and vehicle formulations directly to each wound, for 10 days. Untreated mice were used as control.
Mice were sacrificed six hours after the last treatment using a Ketamine/Xylazine mixture. The n of
mice (power 80% and alpha 0.05) was calculated from a pilot test (n = 3) using G*power software.
Digital photographs were evaluated using Image] software. A yellow 1 x 2 cm sticker near the lesion
was used as a guide. The wound (W) area was calculated for each time point, and the percentage of
wound closure by the formula: % W closure = (initial W area — final W area)/initial W area x 100.
Areas under the curve (AUCs) were calculated from the lesion sizes over the 10 days of the
experiments [14].

2.9.4Histological analysis

After 10 days of treatment wound samples were excised, fixed with 10% formalin for at least 24
h, embedded in paraffin and sectioned in 5 pm. Samples from normal skin were processed equally.
Slides were stained with hematoxylin-eosin (H-E), toluidine blue (TB), and Masson's trichrome (MT)
stains. The stained tissues were digitized using the Aperio ScanScope-CS2 (Leica Biosystems, Deer
Park, United States) at 40x magnification. The .svs file was analyzed using Image Scope (Aperio)
software. Mast cell and inflammatory infiltrates (cell numbers/microscopic field at 40x) were
determined in TB and H-E staining, respectively. The thickness (um) of the epidermis (excluding-
stratum corneum, SC) and SC were quantified in HE-stained tissues. Quantification of collagen was
performed in MT staining tissues by calculating the total intensity and number of blue-positive pixels
per area (mm?).

2.9.5 Tissue-protein and IL-6, IL-1 3, VEGF, and TNFa determination

Wound samples were homogenized in PBS pH 7.0, containing 0.2% Triton X-100, and protease
inhibitors (SIGMAFAST™ Tablets, Sigma) using Ultraturrex. Tissue debris was cleared by
centrifugation at 10000 g for 20 min. The total protein concentration was measured using a BCA
Protein Assay kit (BIO BASIC, NY, USA), and the tissue levels of cytokine and VEGF using a
commercial ELISA kit (R&D Systems Promega, Madison, WI, USA) following the manufacturer's
recommendations.

2.9.6 Statistical analysis

Graphs and statistical analyses were performed using Prism software version 8.0.0 for Windows
(San Diego, California, USA). The Kolmogorov-Smirnov test was used to determine normality.
Analysis of variance (ANOVA) was used as a parametric test and the Kruskal-Wallis test as a non-
parametric test. In both cases, Dunett's multiple comparisons were used. The following levels of
significance were used p <0.05 (¥), p <0.01 (**) and p <0.001(***).

3. Results and discussion

3.1 PDMs versus recognized inhibitors of WH-targets

Based on the statistical comparisons between PDMs and the co-crystallized ligands for each TT
(Figure 1), the PDMs selected (those to displayed lower AG interactions compared to the co-
crystallized ligand) were seven: aristolochic acid (AA) with two interactions (TNFa and COX2), a-
copaene with three (TNFa, MMP13, and MMP3), a-humulene with one (TNFa), a-selinene with two
(TNFa and MMP3), ascaridole with one (INFa), 3-caryophyllene (BC) with three (TNFa, MMP-13,
and MMP3), -selinene with three (TNFa, MMP13, and MMP3), and caryophyllene oxide (BCoxide)
with four (TNFa, COX2, MMP13, and MMP3). The TTs with the higher number of lower AG
interactions were TNFa > MMP3 > MMP13 > COX2 with 8, 5, 3, and 2 PMDs respectively. In contrast,
the TTs with the higher number of higher AG interactions in descendent order were IGFR1= FGF-2 >
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GSK38 > MMP-9 > COX-2 > MMP13 > IL-6 > MMP3 > VEGFR1 with 33, 33, 31, 30, 24, 10, 9, 5, and 4
PMDs respectively. PDMs such as estragole, y-terpinene, linalool, and 1,6-octadiene displayed higher
AGs with 8 TTs interactions and myrcene with 9.

Previous works have demonstrated the healing activities of some of our chosen PDMs, pure or
as major plant extract components. In the case of AA, it can inhibit phospholipase A2 blocking the
release of arachidonic acid from the cell membrane, a precursor of prostaglandins, a recognized pro-
inflammatory-lipid mediator catalyzed by cyclooxygenases (COX-1 constitutive, COX-2 inducible)
[13]. Some Aristolochia extracts increased fibroblasts and keratinocytes migration, collagen type-1
production, inhibited lipopolysaccharide (LPS)-induced nitric oxide (NO), IL-1j3, and iNOS [16,17],
and in rats, induced an increase of wound contraction, collagen, and production of some antioxidant
enzymes [18]. For a-copaene, topical treatment of Copaifera paupera oleoresin (22.9% «a-copaene and
BC) improved WH in diabetic mice, induced downregulation of TNFa and MCP-1, upregulation of
IL-10 (an anti-inflammatory cytokine) and induced higher levels of collagen and indexes of re-
epithelialization [14]. Essential oil from Ageratum fastigiatum (containing a-copaene, BCoxide, a-
humulene, and BC) reduces integrin 2 (CD18) expression and TNFa production on PMA-activated
human lymphocytes or neutrophils [17]. Topical treatment with an ointment containing 4% EO
extracted from Cinnamomum verum (12.3% a-copaene) decreases bacterial infection, displayed a faster
inflammatory phase, promotes keratinocyte and fibroblasts migration/proliferation, angiogenesis, re-
epithelialization, and collagen and keratin biosynthesis in mice infected excisional model [20]. For
selinenes, formulations contained EOs from Piper gaudichaudianum contains [>-selinene (14.0% and
BCoxide 9.3%) inhibits neutrophil chemotaxis [21] and from Helichrysum italicum contained 11.0% [3-
selinene and 7.3% a-selinene decreased wound size and showed higher values of hydroxyproline
content on diabetic rats [20]. Finally, some of the most studied and promising compounds are the
related sesquiterpenes a-humulene, BC, and BCoxide, their oxidized form. For a-humulene (called
also a-caryophyllene), topical treatment with Acheflan® cream (0.5% Cordia verbenacea-EO and 2.5%
a-humulene) in rat excisional wounds induced a complete remodeling of the epidermis with
increased levels of hydroxyproline, and collagen distribution. Increased levels of VEGF and MMP-9
were induced by day 8th, but a slight decrease at 15 days [23]. Eugenia dysenterica-EO (BC 24.4%, a-
humulene 19.3%) stimulates fibroblast migration, decreases LPS-induced NO release on
macrophages, and promotes a proangiogenic response on chick embryo chorioallantoic membranes
[24]. Like BC, BCoxide contained in EO or pure exhibit anti-inflammatory, antioxidant, and analgesic
activities affecting additionally growth and proliferation of numerous cancer cells [25].
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Figure 1. Heat map of the classification of the interaction levels of the PDMs with the therapeutic targets (TT).
Higher color intensity implies better interaction compared to the interaction obtained for the co-crystallized
ligand.

3.2 Molecular dynamics between PDMs inhibitors and MMP-3, MMP-13, and TNFa targets

The PDMs AA, a-copaene, a-selinene, BC, [3-selinene, and BCoxide, and their possible targets
MMP-3, MMP-13, and TNFa were chosen for MD simulations. Following the binding free energy
values, all the PDMs tested displayed interaction with MMP-3, MMP-13, and TNFa, except BCoxide
with MMP-3 (Table 3). Interestingly, the interaction of AA with MMP-3 and MMP-13 was even much
higher than that of the natural ligand. None of the PDMs surpassed reference ligand- TNFa
interaction (Table 3).
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Table 3. Binding free energy values for each target-ligand complex (mean +/- standard deviation).
Based on the dynamics of MMP-3, MMP-13, and TNFa with their respective co-crystallized ligand

and PMDs. *: p <0.05

Ligand

Target

MMP-3

MMP-13

TNFa

Co-crystallized ligand
Aristolochic acid
a-Copaene
a-Selinene
p-Caryophyllene
[-Selinene
Caryophyllene oxide

-51.755 +/- 4.118
-57.820 +/- 5.573*
-17.447 +/- 1.967*
-28.741 +/- 2.063*
-17.432 +/- 2.554*
-17.107 +/- 2.168*
no interaction

-29.563 +/- 3.255
-56.075 +/- 5.712*
-21.081 +/- 2.193*
-20.222 +/- 4.226*
-23.419 +/- 2.948*
-24.646 +/- 2.489*
-27.980 +/- 1.989*

-48.432+/- 3.139
-25.796+/- 2.176*
-26.874 +/- 2.083*
-19.417 +/- 1.808*
-26.386 +/- 1.686*
-24.303 +/- 2.188*
-25.709 +/- 2.216*

Regards the MMPs-PDMs simulations, for the MMP-3 pocket, AA and a-selinene displayed the
best behavior (like co-crystallized ligand), a-copaene, BC, and p-selinene displayed continuous
fluctuation and BCoxide moved out of the pocket after 50 ns (Figure 2a and 2b). For MMP-13 (Figure
2c¢), satisfactory behaviors were displayed by AA, and BCoxide, stable conformations (but mostly at
the end of the simulation) by a-copaene, BC, and (3-selinene, while a-selinene showed an unstable
fluctuation in the last 10 nanoseconds.

— co-crystallized — Aristolochic acid — a-Copaene — [-Selinene — Caryophyllene oxide a-Selinene R-Caryophyllene
10+
5 (b) MMP3-Caryophyllene oxide
E H
& )
[=] =]
w 12}
2 2
= e
Eo £
2 ED
s 2
=y & 0.

i -m,\"mh
g,

Time (ns) Time (ns)

Figure 2. The root-mean-square deviation (RMSD) behavior of selected compounds. (a) MMP-3 pocket (b) MMP-
3 pocket, caryophyllene oxide moved out after 50 ns (c) MMP-13 pocket (d) TNFa pocket.

The fact that small molecules such as AA, copaene, selinenes, BC, and BCoxide could serve as
MMP-3 or MMP-13 inhibitors is a promising result. MMPs are enzymes synthesized by fibroblasts,
keratinocytes, and endothelial and inflammatory cells that normally degrade extracellular and cell-
surface proteins including cytokines, chemokines, ECM proteins, cell receptors, and peptides [26].
Elevated protease activity (EPA) by MPPs of cysteine and serine proteases has been demonstrated in
the tissue and fluids of human CW in contrast to acute wounds [27,28]. Some MMPs, e.g., gelatinases
A and B (MMP-2 and MMP-9), collagenases 1, 2, and 3 (MMP-1, MMP-8, and MMP-13), stromelysin-
1 (MMP-3), matrilysin-2 (MMP-26) and a decrease of their endogenous inhibitors (TIMP-1, and TIMP-
2) was associated with non-healing CW [25]. The role of the participation of our candidates as MMP-
3 or MMP-13 inhibitors is unknown. However, BCoxide contained in Piper nigrum induced a decrease
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of MMP-9 and MMP-2 release on a fibrosarcoma cell line [29], and BC induced a decrease of MMP-9
and TIMP-1 in the cerebral ischemia-reperfusion injury rat model [29]. and a decrease in elastin
degradation and MMP-2 in a nicotine-induced aortic damage mouse model [30]. An interaction of
AA with MMP-2 better than their natural inhibitor was also demonstrated in an in-silico study [32].
Other natural compounds such as quercetin, luteolin, vicenin-2, and notoginsenoside R1 have been
associated with the downregulation of MMP-9, TNFq, IL1p3, and IL6, and upregulation of antioxidant
enzymes, TIMP, IL10, VEGF, TGFbl, on streptozotocin-induced diabetic rats [33-35]. For MMP-13
(which have essential roles in the turnover of the collagen matrix of bone) natural compounds such
as curcumin, resveratrol, and epigallocatechin-3-gallate inhibit the IL-1{3 or advanced glycation end
products-induced production of MMP-13, IL6 or TNFa by chondrocytes [36,37]. Regards the TNFa
pocket, AA, and BC showed the best behavior followed by a-copaene and a-selinene, and continuous
fluctuations by BCoxide and [(-selinene were displayed (Figure 2d). TNFa is one of the major
regulators of inflammatory responses and constitutes a therapeutic target in impaired WH [6]. The
roles of caryophyllenes (BC and BCoxide) in WH will be described in the next sections.

Aristolochic acid was the best candidate in our in-silico study, unfortunately, it was removed
from further experimental analysis because of its recognized carcinogenic, mutagenic, and
nephrotoxic activities [38]. Nevertheless, it could be an interesting compound as a lead for drug
development.

3.3 BC and BCoxide activities on HaCat cells

BC and BCoxide treatment did not affect cell viability of HaCat cells at 300 ug/mL Higher
percentages of scratch area closure at 48 h were induced by BC compared with the untreated control
(p <0.05) but contrary, no significative effect was induced by BCoxide and allantoin treatment (Figure
3 and Figure S1). The closure caused for the medium plus 10% FCS (p <0.001) was expected and was
the reason for to use of culture media supplemented by 1.5% FCS. The proliferative and migrating
activities induced by BC have also been demonstrated previously in primary cultured keratinocytes
and fibroblasts where higher cell proliferation and migration were observed [39]. Nevertheless, a
significant cytotoxicity (CCso from 17 to 45 pug/mL) and reduced cell migration was induced by BC
and BCoxide treatment on cancer cells including bladder, epithelial, and prostate tumor cells
demonstrating their potential as anticancer agents [25,40].

Untreated

hiFCS 10%

Allantoin (10)

Allantoin (30)
Caryophyllene Oxide (10)
Caryophyllene Oxide (30)

Wound closure (%)

[-caryophyllene (10)

ENEERENDN

[p-caryophyllene (30)

Hours

Figure 3. Percentage of scratch area closure induced by BCoxide, BC, and allantoin in HaCat cells at
24 and 48 h. .
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3.3 BC and BCoxide activities on BALB/c excisional acute wound model
3.3.11nitial delay of wound closure was induced by BC and BCoxide treatments.

Based on the lesion area progression along the 10 days of the experiments, the AUCs calculated
for allantoin (0.5 and 1%), BCoxide (0.05 and 0.1%), and BC (0.1%) groups were statistically higher
than untreated control (p < 0.001) (Figure 4a). By day 3, differences in wound closure were observed
in almost all experimental groups (p < 0.001) being allantoin (0.5 and 1%), BCoxide (0.05, 0.1, and
0.5%), and BC (0.1%) the ones with lower wound closure percentages compared with the untreated
or vehicle controls. By the 5th and 8th day, differences were only maintained by BCoxide (0.1%)
group (p <0.001). At day 10, similar lesion closure was observed in all groups (Figure 4b). The lesions
images are shown in Figure 2S. In contrast to our results, topical treatment with an emulgel
containing 1% BC (from Copaifera langsdorf{fii oleoresin), twice a day, 3 doses or a nano emulsified 10%
BC hydrogel once a day/7x, 14x induced a faster wound closure than untreated controls on rat
excisional models. Those effects were accompanied by the downregulation of proinflammatory
cytokines, enhancement of re-epithelization, and antioxidant activities [41,42]. Similar results to those
reported here were found with an allantoin emulsion skin treatment, which delayed healing on day
3 compared to the untreated control, but increased fibroblast proliferation and ECM deposition [43].
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Figure 4. Wound closure induced by topical treatment of PMDs and controls on BALB/c mice
excisional wounds (a) Areas under the curve, (b) Percentage of lesion closure at 3, 5, 8, and 10 days of

treatment.

3.3.2Morphometric analysis at the end of treatment

Normal skin images compared with untreated skin showed lower values (p <0.05) of mast cells,
cellular infiltrates, and epidermis (without SC) thickness, but similar values of SC thickness were
observed in normal skin compared to the untreated skin (Figure 8a).

Comparing the number of mast cells between treated versus untreated groups, BC and BCoxide
treatments showed lower numbers of mast cells (p < 0.05) (Figure 5a). In the vehicle group, the
numbers of cells were similar to the untreated groups. Mast cells by their tissular localization and
ability to release diverse classes of mediators (e.g., histamine, tryptases, chymases, VEGF, PDGF,
TNFa, TGEp, IL-13, IL-6), participated in different WH stages [44]. A dysregulation of mast cells has
been related to keloid scar formation. A decrease in mast cells was demonstrated by the
epigallocatechin-3-gallate natural compound with a good prognostic in a keloid organ culture model
[45]. This could be another interesting role of BC and BCoxide compounds in WH treatment.
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In terms of cellular infiltrates and epidermis and SC thickness: i. Lower levels of cellular
infiltrates were quantified in all treated groups except 1% BCoxide and 0.05 and 0.5% BC (p < 0.05)
(Figure 5a); ii. Lesser thickness (no-statistically significant) of the epidermis was quantified in all
treatments except by 0.1 and 0.5% BCoxide treatment (figure 5b); and iii. Higher thickness of SC que
showed by all treated groups except 0.1 % BCoxide and 0.05 BC treatment (p < 0.01) (Figure 5b).

In general, both a no clear dose-response effect, and no complete restoration of the baseline
values achieved by normal skin were induced by the BC and BCoxide treatments.

A wide range of biological activities had been linked to BC. BC is considered a potent anti-
inflammatory and analgesic compound perhaps by multiple mechanisms, but mostly attributed to
its selective binding to the no-psychoactive cannabinoid receptor 2 (CB2) [46]. As a CB2 agonist, it
modulates the inflammatory response via the endocannabinoid system and inhibits induced
proinflammatory cytokines and edema [46]. C57Bl/6 mice, wounds covered with a BC device induced
an increase of several re-epithelialization markers including keratin-14, PDGFRa, filaggrin, and
enhancement of keratinocyte and fibroblast proliferation/migration by day 3-4 post-treatment [39].
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Figure 5. Microscopic image analysis of biopsies at the end of PDMs and controls treatment (a) mast
cells and inflammatory infiltrate, and (b) thickness (um) of the epidermis (excluding SC) and SC, in
300 microscopic fields at 400x magnification.
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3.3.3 Collagen deposition in Masson's trichrome-stained slides.

Higher density of collagen fibers in terms of total intensity and several blue pixels per unit area
(Figure 6) were displayed by 0.5 and 0.1% BC treatment and by 0.5% BC treatment respectively
compared with untreated controls (p < 0.05). The higher levels of collagen were similar to those
expressed on healthy skin samples (Figure 6, p < 0.05). Collagen is a key component of the ECM and
plays a critical role in the regulation of the WH process. In a rat model, 1% BC emulgel treatment
induced an increase in collagen amount by day 3, but with similar quantities to untreated controls,
at 14 days [42]. In vitro, BC treatment induced an increase of collagen content differentiate osteoblast
cells [47], however in some stimulated cells i.e., high-glucose mesangial cells, or in an HDF3CGF
wound healing and inflammation model (BioMAP system), an inhibition of fibronectin and collagen
type L III, or IV were induced by BC or by Piper nigrum-EO (BC 21%) treatment [48,49].
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Figure 6. Microscopic image analysis in Masson's trichrome-stained slides at the end of PDMs and
controls treatment. The figures showed the logarithm of total intensities and the total number of pixels
per area (mm?).

3.3.4 Tissue-protein and IL-6, IL-1, VEGF and TNFa determination

The cytokine values at 3, 5, and 10 days of treatments are shown in Figure 7. Cytokine levels
were higher in infected tissues (treated and untreated) than in normal ones at all evaluated times
(except IL-10, day 10). Allantoin was effective in reducing IL-6 levels by day 3 (1%, p < 0.001, and
0.5%, p <0.01) but did not affect IL-1, VEGF, and TNF levels. For IL-6 (Figure 7a), values were reduced
by day 5 (p < 0.05) but they were similar on day 10. A higher IL-6 reduction was induced by 0.5 and
1% BC at day 3 (p <0.001) and 1% BC at day 5 (p < 0.05). For IL-1 levels (Figure 7b), a strong reduction
was observed by days 5 and 10 (p < 0.05) but there were no differences between treated and untreated
groups. For VEGF (Figure 7c), the reduction was only observed by day 10 (p < 0.05). Interestingly,
treatment with 1% BC increased VEGEF levels at day 5 (p <0.05). For TNFa (Figure 7d), a decrease was
observed by day 10 (p < 0.05) without reaching levels similar to healthy skin. A higher TNFa
reduction was induced by 1% BC on all days (p < 0.05) and 0.5% (days 3 and 5). A decrease in TNFa
levels was also induced by 0.1 and 0.5% BCoxide treatment on days 3 and 5 (p <0.05).

Due to the dual property of IL-6 as a pro and anti-inflammatory molecule, the inhibition of IL-
6 induced by BC after 3 days could be important for chronic wounds treatment decreasing the
deleterious effects of an extensive inflammatory process, but also because its regulation (especially
downregulation) as has been demonstrated by some drugs e.g., verapamil, corticosteroid,
tocilizumab, improve scar scores in fibrotic and keloid wounds [48]. The increase of VEGF values by
BC was also interesting. VEGEF is a strong inducer of angiogenesis, and vascular permeability, and a
stimulator of endothelial proliferation, migration, differentiation, and survival [49].

For TNFa, a sustained decrease was induced by BC treatment. Like IL-6, TNF«a is a pro-
inflammatory cytokine and constitutes a therapeutic target in impaired WH [6,37,44]. BC, as we said
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before, as an agonist compound (selective) to CB2-receptor, it is a very potent anti-inflammatory
molecule [12,44].
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Figure 7. Levels of IL-6, IL-1, VEGF, and TNFa in tissue homogenates (pg/ug protein) for lesions at
days 3, 5, and 10 of healing and normal skin.

4. Conclusions

In silico evaluation allows the successful selection of PMDs with pro-healing capacity.
Aristolochic acid was the best, however, because its recognized carcinogenic properties were
discarded. BC was the most promising candidate. It demonstrates an anti-inflammatory profile
(reduction of IL-6 and TNFq; reduction of cellular infiltrate and mast cells), pro-angiogenic (an
increase of VEGF), and effects on cell proliferation/migration, re-epithelialization, and collagen
deposition. Our results show that BC is a promising multitarget candidate for wound healing
treatment and optimization campaigns.

Supplementary Materials: Figure S1: Microphotograph of scratch areas induced by allantoin, caryophyllene
oxide, and B-caryophyllene in HaCat cells at 24 and 48 h.; Figure 52: Images of excisional skin lesions in BALB/c
mice on different days (0, 5, and 10) for each experimental group; Figure S3: Histological images of excised tissue
specimens (thickness 5 pm) with hematoxylin and eosin (H&E), Masson's trichrome, and toluidine blue stained
after 10 days for each experimental group.
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