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Wound healing is a complex process, and there is ongoing interest in identifying natural compounds that can enhance
this process effectively. Persea americana has been traditionally used for wound treatment, but its molecular
mechanisms remain unclear. This study aimed to evaluate the wound-healing properties of P. americana leaf
extract and elucidate its underlying molecular mechanisms through an integrated approach. The research employed
a combination of in vivo studies, network pharmacology analysis, and molecular docking simulations. /n vivo
experiments assessed the wound healing efficacy of P americana leaf extract at concentrations ranging from 5% to
15%, compared to povidone iodine. Network pharmacology was used to identify potential molecular targets, while
molecular docking simulated interactions between key compounds and identified targets. /n vivo studies demonstrated
that P americana leaf extract (5%—15%) exhibited wound healing activity comparable to povidone iodine, with no
statistically significant differences observed (p value > 0.05). Network pharmacology analysis identified NF-kB1
as a core molecular target in the extract’s wound-healing process. Molecular docking simulations corroborated
these findings and highlighted epicatechin, catechin, and quercetin as key compounds likely responsible for the
observed wound-healing activity, primarily through NF-kB1 inhibition. This study provides strong evidence for the
wound-healing efficacy of P. americana leaf extract and offers insights into its molecular mechanisms, particularly
its inhibition of NF-kB1. The findings support the traditional use of P. americana in wound treatment and suggest its
potential as a natural alternative in wound management.

INTRODUCTION

effective, affordable, and accessible treatments, particularly

The global prevalence of chronic wounds presents a
significant healthcare challenge, affecting millions of patients
and placing a substantial economic burden on healthcare
systems worldwide [1]. Despite advancements in wound
care management, there remains an urgent need for more
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in resource-limited settings [2]. In recent years, there has been
a growing interest in exploring natural compounds for their
potential wound-healing properties, with Persea americana
Mill, commonly known as avocado, emerging as a promising
candidate [3,4].

Persea americana has a long history of traditional
medicinal use and has demonstrated various pharmacological
activities, including anti-inflammatory [5], antioxidant [6], and
antimicrobial properties [7]. Additionally, P americana has
demonstrated promising wound-healing properties in several
studies. Nayak et al. [8] reported that a topical avocado fruit
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extract significantly accelerated wound closure in excision
wounds of rats. Moreover, Hayati et al. [9] observed that an
avocado leaf extract gel improved the healing process in mice.
However, the complex molecular mechanisms underlying its
potential wound-healing effects remain largely unexplored.
This research gap hinders the development of evidence-based
applications and the full exploitation of Persea americana'’s
therapeutic potential in wound management.

The integration of advanced computational
approaches, such as network pharmacology and molecular
docking, with in vivo studies offers a powerful strategy to
elucidate the biological mechanisms of natural compounds
[10-12]. This comprehensive approach can provide valuable
insights into the multi-target, multi-component nature of herbal
medicines, enabling a more holistic understanding of their
therapeutic effects [13].

Ourresearch seeks to bridge a crucial knowledge gap by
utilizing a comprehensive strategy to explore how P. americana
potentially functions as a wound-healing agent at the biological
level. Through the integration of network pharmacology,
molecular docking techniques, and in vivo experiments, we
aim to decipher the intricate relationships between the active
components found in P. americana and their corresponding
molecular targets in wound healing pathways. The outcomes
of this investigation could potentially catalyze the creation of
innovative, nature-derived wound treatments and bolster the
expanding scientific foundation supporting the integration of
traditional plant-based remedies into contemporary medical
practices.

MATERIALS AND METHODS

Sample preparation, extraction, and preliminary
phytochemical screening

Fresh leaves of P. americana were harvested from
South Kemering Ulu, South Sumatera-Indonesia. The sample
was then botanical authenticated at PT. Mitra Dulur Sejahtera
Palembang, with identification number 001/MDS-UKOT/
IV/2023. The leaves were sorted, cleaned, and air-dried for 7
days, followed by pulverization using a laboratory mill. A 500
g of P. americana dry powder leaf was extracted using 2 1 of
96% ethanol (technical grade, Brataco, Indonesia) in an isolated
glass chamber for 48 hours at room temperature. The liquid
extract was then filtered using Whathman filter paper No. 1 in
a Buchner funnel (Buchi, Germany) equipped with a vacuum
pump. The residues were re-extracted as much as three times
using the same step previously. The menstruum was collected
and evaporated using a vacuum rotary evaporator (Buchi,
Germany) at 45°C with 90 radial per minute. The extract was
subjected to preliminary phytochemical screening, according to
the methods described by Ayu et al. [14].

In vivo study
Animal and study design

All experimental protocols strictly followed the
guidelines outlined in the European Communities Council
Directive (2010/63/EU, September 22, 2010). The study
design received formal approval (Protocol Number: 002301/

SITI KHADIJAH PALEMBANG/2024) from the National
Peripheral Veterinary Authority Animal Ethics Committee,
subsequent to a favorable review by the Animal Protocols
Evaluation Committee. This ensured compliance with ethical
standards and animal welfare regulations throughout the
research process.

This study utilized male Wistar mice ranging
from 1 to 4 months in age. The mice were sourced from the
Department of Pharmacology, School of Pharmacy, Bandung
Institute of Technology’s Small Animal Laboratory breeding
stock. Environmental conditions in the animal facility were
carefully controlled, maintaining a temperature of 25°C + 1°C
and humidity between 25% and 45%. Lighting was provided
by yellow fluorescent tubes on a 12-hour light-dark cycle. The
animals were given unlimited access to both standard chow and
fresh water throughout the study period.

The experimental protocol involved dividing the mice
into five distinct groups, each containing 5 animals. These
groups were subjected to different treatments, with three groups
receiving topical applications of various extract-containing
ointments, one group receiving topical povidone iodine-
containing ointments, and one group serving as a negative
control. Specifically, the treatment groups (groups 1-3) were
administered ointments containing 5%, 10%, and 15% (b/v)
of P. americana leaf extract, respectively. The fourth group
was administered povidone iodine-containing ointments, and
the fifth group received no treatment, acting as a baseline for
comparison. This experimental design allowed for the systematic
evaluation of the effects of different extract-based ointments
concentration against an untreated condition, providing a
comprehensive assessment of their potential efficacy or impact.

Across all trials, wounds underwent a standardized
daily cleaning protocol: a 1:1 soap-saline solution wash,
followed by a saline rinse. Post-cleaning, wounds were either
topically treated with extract preparations or left untreated as a
negative control.

Wound infliction

Mice underwent anesthesia using a 3:1 ketamine (100
mg/ml) to xylazine (20 mg/ml) mixture. A 2 cm dorsal skin
section was surgically removed. Post-excision, the wound was
cleansed with a 1:1 soap-saline solution, followed by a saline
rinse. Extract preparation (20 mg total) was applied topically,
with 10 mg on the wound and 10 mg on the surrounding area.
Subjects were then placed in individual cages under warming
lamps and monitored until full recovery from anesthesia.

Clinical evaluation

Mice underwent daily clinical assessments, which
included monitoring the total wound area, tracking healing
progress, evaluating skin inflammation intensity, and observing
mobility. A vernier caliper was used to measure the wound area
precisely. Wound closure was defined and quantified as the
reduction in wound size, with results expressed as a percentage
of the original wound area. This approach allowed for a
comprehensive daily record of each subject’s healing process
and overall condition.



162 Rosa et al. / Journal of Applied Pharmaceutical Science 15(03);2025:160-173

Network pharmacology study
Target identification

SMILES notations for P. americana phytoconstituents,
as reported by Park et al. [15], were retrieved from PubChem
(Table 1). These were analyzed using Super-PRED’s Homo
sapiens mode to predict potential targets. The STRING database
was then employed to standardize protein IDs and eliminate
duplicates. Inflammation and fibrinolytic-associated targets
were extracted from GeneCards. Finally, VENNY 2.1 was
utilized to identify both unique and shared targets between P.
americana phytocompounds and inflammation and fibrinolytic.

Construction of protein-protein interaction

Previously identified proteins underwent analysis using
STRING’s multiple protein feature. The analysis parameters were
set to Homo sapiens as the organism, full STRING network type,
high confidence score (0.400), and medium false discovery rate
(FDR) stringency (5%). The resulting protein-protein interaction
(PPI) data were exported in TSV format via the “explore” option.
Subsequently, these data were imported into Cytoscape 3.10.1
software for network visualization and construction. This process
enabled a comprehensive analysis of the protein interactions,
from initial parameter setting to final network visualization.

Network construction and topological analysis

Cytoscape 3.10.1 software was used to process the
TSV-formatted PPI data for topological analysis. The network
analyzer tool performed topology parameter analysis. In the
resulting network, nodes represented targets, pathways, and
compounds, while edges showed their interactions. Node
significance was determined by connectivity degree, with more
connected nodes considered more influential.

Gene ontology (GO) and kyoto encyclopaedia of genes and
genomes (KEGG) analysis

The functional roles of the identified targets were
analyzed using the ShinyGO 0.80 tool. GO categories, including

biological processes, cellular components, and molecular
functions, as well as KEGG pathways, were encompassed
in this analysis. A diFDR threshold of 0.05 was applied.
The significant pathways and processes associated with the
intersecting targets were then visualized through bar plot maps,
which were generated from the analysis results.

Molecular docking study

All 14 compounds reported by Park er al. [15] were
subjected to molecular docking to confirm their potential wound-
healing activity on the core target NF-KB1 obtained from the
network pharmacology. To prepare the molecules for docking, the
2D structures of all 14 ligands were sketched d using ChemDraw
Ultra 12.0 and then converted into 3D structures using Chem 3D
Pro. The ligand structures were then optimized through MM2
energy minimization and saved in Protein Data Bank (PDB) format.
The X-ray crystal structure of the target macromolecule, NF-xB1,
was retrieved from the PDB database with the PDB ID 4DNS5 [16].
The macromolecule structure was then processed using Biovia
Discover Studio Visualizer, where the ligand, water, heteroatoms,
and unnecessary chains were removed, and polar hydrogen atoms
were added. The final macromolecule structure was saved in PDB
format, ready for the molecular docking analysis.

Afterligand and macromolecule preparation, molecular
docking was implemented. The prepared macromolecule was
input in PyRx and converted into pdbqt format, while the ligands
were input, processed, and converted into pdbqt format using
OpenBabel platform in PyRx. The docking coordinate was set
to x: -9.1978, y: 30.9392, y: -3.66568 with an adjustment of the
gridbox dimensions (x: 17.5161, y: 9.3864, z: 11.2432). The
molecular docking used Autodock Vina platform in a PyRx
0.8 version software with an exhaustiveness of 200 to assess
the binding affinity between ligands and macromolecules. The
docking score was then saved into CSV format and presented as
free binding energy (kcal/mol).

The three best compounds (quercetin, catechin, and
epicatechin) were further analyzed for their potential synergistic

Table 1. Chemical compound of P. americana along with their canonical SMILES.

Compounds Smiles
Juglanin C1=CC(=CC=C1C2=C(C(=0)C3=C(C=C(C=C302)0)0)0C4C(C(C(04)CO)0)0)O
Astragaline C1=CC(=CC=C1C2=C(C(=0)C3=C(C=C(C=C302)0)0)O0C4C(C(C(C(04)C0O)0)0)0)O
Juglalin C1C(C(C(C(O1)OC2=C(OC3=CC(=CC(=C3C2=0)0)0)C4=CC=C(C=C4)0)0)0)O
Afzelin CCI1C(C(C(C(01)OC2=C(0OC3=CC(=CC(=C3C2=0)0)0)C4=CC=C(C=C4)0)0)0)O
Quercitrin CC1C(C(C(C(01)OC2=C(0C3=CC(=CC(=C3C2=0)0)0)C4=CC(=C(C=C4)0)0)0)0)O

trans-Tiliroside
Quercetin
Catechin
Epicatechin
(6R,9R)-3-Oxo0-alpha-ionol glucoside
Roseoside
Ficumegasoside
Icariside B1

(+)-Lyoniresinol

C1=CC(=CC=C1C=CC(=0)0CC2C(C(C(C(02)0C3=C(0C4=CC(=CC(=C4C3=0)0)0)C5=CC=C(C=C5)0)0)0)0)O
C1=CC(=C(C=C1C2=C(C(=0)C3=C(C=C(C=C302)0)0)0)0)O
C1C(C(0C2=CC(=CC(=C21)0)0)C3=CC(=C(C=C3)0)0)0
CI[C@H]([C@H](0OC2=CC(=CC(=C21)0)0)C3=CC(=C(C=C3)0)0)0O
CC1=CC(=0)CC([C@H]1/C=C/[C@@H](C)O[C@H]2[C@@H]([C@H]([C@@H]([C@H](02)C0)0)0)0)(C)C
CC1=CC(=0)CC(C1(C=CC(C)OC2C(C(C(C(02)CO)0)0)0)0)(C)C
CC1=CC(=0)CC(C1C=CC(C)OC2C(C(C(C(02)COCIC(C(C(03)CO)0)0)0)0)0)(C)C
CC(=0)C=C=C1C(CC(CC1(C)0)OC2C(C(C(C(02)CO)0)0)0)(C)C
COC1=CC(=CC(=C10)0C)C2C(C(CC3=CC(=C(C(=C23)0C)0)0C)CO)CO
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effect by employing multi-structural molecular docking study
as reported by Setiawansyah et al. [17]. The best conformation
of each compound obtained from the initial docking simulation
was attached to the NF-KB1 co-crystallized structure. The
complex ligand-NFKBI1 structure was then used as the target
macromolecules in the docking simulation employing the same
protocols as in the initial docking process.

Toxicological assessment

The toxicity profile of P americana compounds was
evaluated using Biosig pkCSM web server (https://biosig.lab.
uq.edu.au/pkesm/prediction). The canonical SMILES of each
compound were used to obtain the toxicity data including skin
sensitization, LD50, mutagenicity, and hepatotoxicity.

Statistical analysis

Statistical analysis of wound healing data was
undertaken using GraphPad Prism version 10.0.1. The data
were presented as mean + SD (n = 5) and the significance of
the result was assessed using Two-Way ANOVA followed by a
Tukey’s test.

RESULT AND DISCUSSION
Extraction and preliminary phytochemical screening

The maceration process yielded 246 g of crude extract,
corresponding to 49.2% of the sample’s dry weight. This result
not only meets but significantly exceeds the standards set by
the Indonesian Herbal Pharmacopoeia, which stipulates that
plant extracts obtained through extraction should yield no
less than 10%. The substantial extract yield achieved in this
study is indicative of a highly efficient extraction process.
The effectiveness of ethanol as a solvent for extracting
bioactive compounds from P. americana leaves has been well-
documented in previous studies. For instance, Utami ef al. [18]
reported that ethanol extraction from avocado leaves resulted in
a high yield of crude extract and natural dyes compared to other
solvents (i.e., water, methanol, and acetone). Their study, which
utilized 70% ethanol, demonstrated the solvent’s capacity to
extract a wide range of polar and semi-polar compounds. The
choice of 96% ethanol in the current study aligns with research
by Owolabi et al. [19], who found that higher concentrations
of ethanol were particularly effective in extracting antioxidant
compounds from avocado leaves. They reported extract yields
ranging from 15 to 20%, which, while substantial, are lower than
the yield achieved in the present study. In contrast, this work
provided a higher yield compared to previous work reported
by Hidayati ef al. [20] which only yielded 25% of avocado leaf
extract using 96% ethanol. This difference might be attributed
to variations in extraction techniques, solvent, plant material

quality and size, or environmental factors affecting the leaves’
composition [21,22].

The extract was then subjected to preliminary
phytochemical screening to analyze the class compound
present in the extract qualitatively. As summarized in Table
2, P. americana leaf extract used in the current work seemed
to possess all class compounds tested, including alkaloids,
flavonoids, phenols, and saponins. These results collectively
indicate that P. americana leaf extract is rich in bioactive
compounds, which may explain its traditional medicinal uses
and potential therapeutic applications. The positive results
across all tested metabolite classes underscore the potential of
avocado leaf extract as a source of diverse phytochemicals. This
aligns with the growing interest in plant-based natural products
for pharmaceutical and nutraceutical applications.

In vivo wound healing activity

The clinical evaluation of wound healing activity
of P. americana leaf extract was observed for up to 14 days.
As depicted in Figure 1, from day 1 to day 4, a reduction in
incision length was observed in mice across several treatment
groups: the positive control group (Povidone lodine), and the
5%, 10%, and 15% dosage groups. Notably, the positive control
group (Povidone Ilodine) and the 15% dosage group showed
visible improvements in wound condition. In these groups,
some mice exhibited a decrease in swelling around the wound
site. Similar effects were observed in the 10% dosage group,
while the 5% dosage group still showed some swelling around
the wound area. In contrast, the negative control group showed
limited improvement. The wounds in this group merely dried
out, with swelling still clearly visible. It was not until day 5
that the negative control group began to show a decrease in
incision length. These observations suggest that the treatments,
particularly at higher concentrations, may accelerate wound
healing compared to no treatment. The positive control and
the 15% dosage treatment appeared to be the most effective in
reducing wound size and swelling in the early stages of healing.

By day 8, distinct differences became apparent
among the treatment groups. The positive control group
treated with Povidone iodine showed promising results, with
wound closure was 85%. In the 5% dosage group, signs of
inflammation, particularly swelling around the wound area,
had subsided. Notably, the 10% and 15% dosage groups
demonstrated significant improvement, with a marked increase
in the percentage of wound closure (70% and 75%). These higher
concentration treatments appeared to accelerate the healing
process more effectively than the lower dose. In contrast, the
negative control group exhibited slower progress. While the
wounds in this group had dried out and swelling had slightly

Table 2. Preliminary phytochemical screening result of P americana leaf extract.

Secondary metabolite class Reagents Results References Comments
Alkaloids Mayer Yellow precipitate White—yellow precipitate Positive
Flavonoids Mg?" and HCI Orange—reddish Yellow, orange or reddish Positive
Phenols 5% FeCl3 Brown—blackish Greenish, brown, or black Positive
Saponins Shake and HCI 2N Stable foam 7 cm Stable foam 1 to 10 cm Positive
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Figure 1. Wound healing activity of P. americana on male Wistar mice. Data were presented as mean + SD (n = 5) and statistically analyzed using Two Way ANOVA,
Tukey’s. test; ns = not significantly different (p > 0.05),; *= significantly different (p < 0.05)

diminished, overall healing appeared less advanced compared
to the treated groups (wound closure only 30%). These
observations suggest that the treatments, especially at higher
concentrations, significantly enhance wound healing rates
compared to no treatment. The positive control and the higher
dosage treatments (10% and 15%) seemed particularly effective
in promoting wound closure and reducing inflammatory signs
by the eighth day of the study.

By day 10, the positive control group treated
with Povidone lodine demonstrated complete wound closure,
marking the fastest healing time among all groups. The 15%
dosage group followed closely, with wounds fully closing by
day 11. This was followed by the 10% dosage group, which
achieved complete wound closure on day 12. The 5% dosage
group took slightly longer, with wounds fully healing by day 13.
In stark contrast, the negative control group showed the slowest
healing progression. By day 14, wounds in this untreated group
had not yet closed completely. These observations suggest a
dose-dependent effect of the treatment on wound healing rates.
Higher concentrations of the treatment appeared to accelerate
wound closure, with effectiveness approaching that of the
positive control. Overall, all concentrations of P. americana
leaf extract (5%—15% b/v) demonstrated wound healing
activity comparable to the positive control, povidone iodine (no
significance different, p value > 0.05).

The result is particularly noteworthy, as it suggests
that natural extracts from P. americana leaves could serve as
a potential alternative or complementary treatment for wound
healing. The effectiveness of P. americana leaf extract can be
attributed to its rich phytochemical composition, which includes
alkaloids, flavonoids, phenols, and saponins. These bioactive
compounds contribute to various pharmacological activities
crucial for wound healing. Alkaloids possess antimicrobial
and anti-inflammatory properties [23,24], while flavonoids
and phenols exhibit potent antioxidant effects, scavenging free
radicals and modulating the inflammatory response [25,26].
Saponins, on the other hand, enhance wound contraction

and epithelialization [27]. Therefore, the wound healing
mechanisms of P. americana leaf extract were multifaceted,
encompassing antimicrobial activity to prevent infection,
anti-inflammatory effects to reduce excessive inflammation,
antioxidant properties to protect against oxidative stress, and
enhanced collagen synthesis for tissue repair. The comparable
efficacy to povidone-iodine is particularly intriguing, as the
extract offers additional benefits through its anti-inflammatory
and antioxidant properties, potentially providing a more holistic
approach to wound healing. While povidone-iodine effectively
prevents wound infection, it has been reported to have cytotoxic
effects on fibroblasts and keratinocytes, which may delay
healing [28]. In contrast, P. americana leaf extract not only
provides antimicrobial protection but also offers additional
benefits that could enhance the overall healing process. The
promising results of in vivo studies, coupled with the extract’s
rich phytochemical profile, underscore the potential of P,
americana leaf extract as a natural alternative in wound care.

Network pharmacology study

Initially, gene mining was employed to observe the
target gene of all compounds followed by cross-matching with
inflammation and fibrinolytic-related genes retrieved from the
GeneCards. Approximately 282 genes were obtained for 14
compounds from P. americana and 1,066 for inflammation
along with 268 genes for fibrinolytic-related genes. Cross-
matching observed 39 (3.2%) common genes directly associated
with P. americana, inflammation, and fibrinolytic, as illustrated
in Figure 2.

These genes undergo PPI analysis and data was
visualized and subjected to topological analysis. The resulting
network demonstrated three nodes with high connectivity,
including NF-KB1, SRC, and HIF1A as depicted in Figure 3.
This high degree of interaction indicated that these genes may
play essential roles in wound healing activity. The 39 genes
were further processed for disease prediction, gene ontology
biological process, and KEGG pathway analyses. As illustrated
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Inflammation

Persea americana

Fibrinolytic

Figure 2. Venn diagram of cross-matching genes from P. americana with
inflammation and fibrinolytic-related genes.

in Figure 4, the disease prediction from DAVID database
obtained ten wound-related diseases with the core disease was
plasminogen activator inhibitor 1 followed by bacteremia and
wounds and injuries. The GO biological process annotation
also supported this result that illustrated the genes were mainly
for wound healing, regulation of body fluid levels, as well as
response to wounding. Furthermore, platelet activation was
observed as one of the pathways to how P. americana acts as a
wound healing agent, resulting from the KEGG analysis.

The complex interplay between compounds found in
P. americana, their biological targets, and associated diseases
has been visualized through sophisticated network analysis
(Fig. 5), revealing compelling insights into its potential wound
healing properties, where key molecular targets like NF-KB1,
SRC, and HIF1A emerge as crucial regulators orchestrating
various stages of wound repair from inflammation to tissue
remodeling. During the initial stages of wound healing, the
activation of NF-kB1 is triggered by various stimuli, such as
the release of proinflammatory cytokines, growth factors, and
the detection of pathogen-associated molecular patterns or
damage-associated molecular patterns [29]. This activation
leads to the upregulation of a wide range of genes involved in
the inflammatory response, including those encoding cytokines,
chemokines, and adhesion molecules [30]. Furthermore, the
activation of NF-kB1 increases MMP9 overexpression, leading
to the destruction of extra cellular matrix [12]. Additionally,
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Figure 3. The PPI illustration of all target genes. The color of the target nodes transitions from yellow to purple, indicating a shift from low to high degree values in

the network.
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NF-kB1 could also be modulated by SRC, which not only
fine-tuning the inflammatory response, but also increases the
MMP expression [31]. Thus, inhibition of NF-kB1 and SRC
complex could decrease the production of MMP9, resulting in
the remodeling cellular matrix and increasing wound healing
activity, as illustrated in Figure 6 [32,33].

Furthermore, another core target is HIF1A, which
is known as a key transcription factor that regulates cellular
responses to hypoxia, a condition commonly associated with
tissue injury and the wound-healing process. Its involvement
in various aspects of wound repair has been extensively
studied, revealing its importance in promoting angiogenesis,
cell migration, and extracellular matrix remodeling. One of the
primary functions of HIF1A in wound healing is its ability to
stimulate angiogenesis, the formation of new blood vessels.
A recent study by Wen et al. [34] demonstrated that HIF1A
activation in endothelial cells significantly enhanced their
proliferation and tube formation capacity, leading to improved
vascularization in wound sites. This increased blood supply is
crucial for delivering oxygen and nutrients to the healing tissue,
thereby accelerating the repair process. Moreover, HIF1A

has been shown to play a vital role in keratinocyte migration
and re-epithelialization. Research by Gao et al. [35] revealed
that HIF1A upregulation in keratinocytes enhanced their
motility and proliferation, facilitating faster wound closure.
The study also noted that HIF-1a promoted the expression of
key proteins involved in cell-cell adhesion and extracellular
matrix interactions, which are essential for effective epithelial
restoration.

In addition to its effects on angiogenesis and re-
epithelialization, HIF1 A has been implicated in modulating the
inflammatory response during wound healing. A comprehensive
review by Hong et al. [36] highlighted how HIF1A influences
the recruitment and activation of immune cells, particularly
macrophages, in the wound microenvironment. The authors
noted that HIF-lo-mediated signaling can shift macrophages
towards a pro-regenerative phenotype, promoting tissue repair
while mitigating excessive inflammation. Recent research has
also explored the potential of targeting HIF1A as a therapeutic
strategy for enhancing wound healing. A promising study by
Botusan ef al. [37] and Li et al. [38] demonstrated that topical
application of a HIF-1a stabilizer accelerated wound closure
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in a diabetic mouse model, suggesting its potential for treating
chronic wounds associated with metabolic disorders.

Molecular docking simulation

To confirm the wound-healing mechanism of P,
americana, molecular docking was performed on the target
protein NF-kB1, as it was identified as the primary target.
The validation of the docking process was an important initial
step, which involved re-docking the native ligand. This step is
crucial for ensuring the reliability and accuracy of the docking
results. The key metric used for the validation was the root
mean square deviation (RMSD) between the predicted binding
pose and the experimental structure. Generally, an RMSD value
below 2 Angstroms is considered acceptable for a successful
docking protocol validation [17,39]. This threshold indicates
that the predicted binding poses are reasonably close to the
experimental structures, taking into account the inherent
flexibility of proteins and the approximations made in the
docking algorithms (Fig. 7). In this work, the obtained RMSD
value was 1.273 A, justifying the docking protocol could be
employed for test ligands.

Figure 8 depicts six of fourteen phytoconstituents
from P. americana exhibit excellent binding affinity, illustrated
by the comparable free binding energy with the native ligand.
Epicatechin, catechin, and quercetin stand out as the most
potential compounds from P. americana with the most negative
free binding energy (—8.58, —8.51, and 8.53 kcal/mol) among
others, even better than the native ligand (—=7.87 kcal/mol).
The wound-healing activity of P. americana is hypothesized

Figure 7. Superimposed of the best re-docking of NF-KB1 native ligand with
RMSD value of 1.273 A (Original: green; Re-docked: blue).

to be attributed to these three key compounds. This hypothesis
is further supported by numerous studies demonstrating
the potential of flavonoids to inhibit NF-xB activation. Of
particular interest is the research conducted by Lakshmi et
al. [40] and Mackenzie et al. [41], which focused on catechin
and epicatechin, prominent flavonoids. Their studies revealed
that catechin and epicatechin effectively inhibit NF-kB-p65
transcriptional activity in normal human bronchial epithelial
cells. This inhibition occurs through a mechanism that prevents
NF-kB-p65 from binding to kBs. They discovered that catechin
directly interacts with NF-kB-p65 through a covalent reaction,
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Figure 8. Docking score of bioactive compounds from P. americana to NF-KB1. Data are presented as mean + SD (n = 10) and statistically analyzed using One Way
ANOVA, Dunnett’s test with the native ligand as control group. ns = not significantly different (p > 0.05).
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involving covalent reaction via enones within the catechin
ring structure, preventing 1, 4-addition reactions, blocked
adduct-forming reaction of biotinylated catechin with NF-
kB-p65 [40]. On the other hand, quercetin also can hinder the
activation of NF-«B, further lowering the MMP9 production
and other pro-inflammatory agents including IL-1p, IL-6, IL-8,
and TNF-a [42].

The multi-structural molecular docking was employed
to observe the potential synergistic effect of the three best
compounds (quercetin, catechin, and epicatechin) in inhibiting
NF-KBI1. The results from the multi-compound molecular
docking study provide interesting insights into the binding
energies and interactions of quercetin, catechin, and epicatechin
with NF-KB1. Figure 9 shows the free binding energies of
various combinations of these compounds. Interestingly, the
combination of quercetin and catechin exhibits the lowest
free binding energy (—8.81 kcal/mol), suggesting the strongest
binding affinity to the target protein. This synergistic effect is
notable, as it implies that the presence of these two compounds
together may enhance their overall binding strength. On the
other hand, the combination of all three compounds (quercetin,
catechin, and epicatechin) shows a consistent free binding
energy with their individual states. However, the combination
affinity was not statistically different with their individual
affinities.

Figure 10 demonstrates how the presence of multiple
compounds affects their binding modes. For instance, catechin
in the presence of quercetin shows a slightly different interaction
pattern compared to catechin alone. Similarly, epicatechin’s
binding mode is influenced by the presence of catechin and
quercetin. This observation supports the synergistic effect
seen in the free-binding energy calculations. These results
align with a study reported by Setiawansyah et al. [17] which
demonstrated presence of one or more other ligands might
cause conformational changes in the binding groove of the
macromolecule, affecting their interaction with the active site.
The synergistic binding of these compounds is particularly

interesting from a pharmacological perspective. The enhanced
binding when present together might explain some of the health
benefits associated with consuming these natural products. These
results suggest that the combination of quercetin and catechin
may have enhanced effects on the target protein compared to
the individual compounds. This finding could have implications
for developing more effective nutraceuticals or pharmaceutical
formulations that leverage these synergistic interactions.
Future research could explore the effects of different ratios of
these compounds, investigate potential allosteric effects, and
examine how these interactions translate to biological activity.
Additionally, molecular dynamics simulations could provide
further insights into the stability and dynamic nature of these
interactions over time.

Our findings not only shed light on the specific
molecular interactions involved in P. americanas bioactive
compounds’ inhibitory effect on NF-«kB but also strengthen the
overall hypothesis regarding the wound-healing properties of P.
americana. Furthermore, since the wound-healing activity of P,
americana is attributed to quercetin, catechin, and epicatechin,
rises an important question whether other natural products
with similar chemical compounds also demonstrated similar
wound-healing activity or not. For instance, quercetin enhances
fibroblast migration and proliferation, crucial steps in wound
closure [43]. Comparatively, quercetin is also found in other
plants known for wound healing, such as A//ium cepa. Research
by Mounir et al. [44] demonstrated that onion extract rich in
quercetin promoted faster wound closure in a rat model. In
addition, catechin and epicatechin, both flavanols present in P,
americana, have shown significant wound-healing potential.
A comprehensive review by Carvalho et al. [45] and Zulkefli
et al. [46] highlighted that these compounds enhance collagen
synthesis and reduce oxidative stress in wound sites, crucial
for effective healing. When comparing to other sources, green
tea (Camellia sinensis) is notably rich in catechins. Studies by
Jia et al. [47] and Xu et al. [48] found that green tea extract
accelerated wound healing in diabetic rats, primarily attributed
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Figure 9. Docking score of multi-component docking. Data are presented as mean = SD (n=10) and statistically analyzed using One Way ANOVA, Dunnett’s test with

the native ligand as control group. ns = not significantly different (p>0.05).
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Table 3. Toxicological profile of Persea americana.

Compounds LD, (mg/kg/BW) Mutagenicity Hepatotoxicity Skin Sensitization
Juglanin 1055.3709 No No No
Astragaline 1141.6264 No No No
Juglalin 1090.5081 No No No
Afzelin 1128.564 No No No
Quercitrin 1159.5624 No No No
trans-Tiliroside 1532.621 No No No
Quercetin 746.81033 No No No
Catechin 704.77556 No No No
Epicatechin 704.77556 No No No
(6R,9R)-3-Oxo0-alpha-ionol glucoside 745.6152 No No No
Roseoside 850.08 No No No
Ficumegasoside 1213.2764 No No No
Icariside B1 838.1016 No No No

(+)-Lyoniresinol 875.481 No No No
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to its high catechin content. However, the synergistic effects of
quercetin with catechin and epicatechin which are all found in
P americana may provide a unique advantage. As illustrated
in multi-components molecular docking, quercetin and catechin
demonstrated the synergistic effect in inhabiting NF-KBI,
enhancing their wound healing potential. Furthermore, these
three compounds show a self-stabilized effect when used in
combination, maintaining their individual affinities.

Toxicological insight

The toxicological profile of P. americana compounds
presented in Table 3 reveals a generally favorable safety profile,
with LD, values ranging from 704.77556 to 1532.621 mg/kg
BW, indicating relatively low acute toxicity. The compounds
with LD, of 500 mg/kg BW to 5,000 mg/kg BW are considered
to be less toxic [49]. Notably, all compounds tested negative
for mutagenicity, hepatotoxicity, and skin sensitization, further
supporting the P. americana safety for clinical application. This
data aligns with avocado’s widespread recognition as a nutritious
food and suggests the potential for therapeutic applications of
its constituents. Padilla-Camberos et al. [50] evaluated the
toxicity and genotoxicity of P americana extract. The result
showed that P americana exhibited LD, value of 1200.75 mg/
kg and demonstrated no mutagenicity on peripheral blood cells,
illustrating P. americana is relatively safe to be used in clinical
applications, particularly for wound healing management.

CONCLUSION

This study demonstrates the efficacy of P
americana leaf extract in promoting wound healing through
a multi-faceted approach combining in vivo studies, network
pharmacology analysis, and molecular docking simulations.
Our in vivo experiments revealed that P. americana leaf extract
at concentrations ranging from 5% to 15% exhibited wound
healing activity comparable to povidone iodine, a standard
antiseptic treatment. This finding underscores the potential of
P americana as a natural alternative in wound management.
Network pharmacology analysis identified NF-xB1 as a core
molecular target in the wound-healing process mediated by P.
americana. This result was further corroborated by molecular
docking studies, which highlighted epicatechin, catechin,
and quercetin as key compounds likely responsible for the
observed wound-healing activity. The synergistic approach of
in vivo testing, network pharmacology analysis, and molecular
docking simulation provide a comprehensive understanding
of P. americana’s wound healing mechanisms. These findings
not only validate the traditional use of P. americana in wound
treatment but also pave the way for developing novel, plant-
based wound healing formulations. Further research is
warranted to optimize the application of P. americana extract
in clinical settings. This study contributes valuable insights to
the field of natural product-based wound healing therapies and
highlights the potential of P. americana as a promising candidate
for future wound care applications. However, translating
these promising results into clinical practice presents several
practical challenges that need to be addressed. One significant
challenge is the standardization of the extraction process to
ensure consistent potency and quality of the P. americana leaf

extract. Variations in growing conditions, harvest times, and
extraction methods can significantly affect the concentration of
active compounds. To overcome this, it is crucial to develop
and validate a standardized extraction protocol that can
be reliably reproduced on a larger scale. This may involve
implementing strict quality control measures and potentially
utilizing advanced extraction technologies to optimize yield
and purity. Another challenge lies in the cost-effectiveness
of producing P. americana leaf extract at a scale suitable for
widespread clinical use. The current extraction methods may be
labor-intensive and time-consuming, potentially leading to high
production costs. To address this, research into more efficient
extraction methods, such as supercritical fluid extraction or
microwave-assisted extraction, could be explored. Additionally,
investigating the potential for cultivating P. americana varieties
with higher concentrations of the identified active compounds
could improve yield and reduce costs.
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