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Abstract

Diabetic wounds, which account for 85% of non-traumatic amputations due to necrosis and gangrene, are a
leading cause of hospital admissions among diabetic complications. These wounds require protective layers
against infection and bioactive materials like ursolic acid (UA) to promote healing processes. This study
investigates the molecular targets of UA through bioinformatics and 7 sifico analysis to inhibit diabetic wounds.
After obtaining an online database of the genes related to diabetic wound healing, the genes influenced by UA
were identified using a Venn diagram. Subsequently, the top 10 target proteins associated with molecular
pathways were scrutinized using CytoHubba to elucidate their roles. Finally, a molecular docking study was
performed on TP53 and TNF for further investigation. UA orchestrates molecular cascades involving apoptosis
and pyroptosis-related genes in many types of cells such as fibroblasts, keratinocytes, endothelial, and
erythrocytes. This study is expected to promote the development of UA-containing natural products as wound
healing agents for diabetic patients. This study may also support i vitro and 7n vivo studies of UA and UA-

containing natural products in diabetic wound healing activities.
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INTRODUCTION

The skin, the largest organ of the body, protects the
body from external factors such as bacteria,
chemicals, physicals, and temperature. As the first line
of defense, it is constantly exposed to potential injury
(Takeo et al., 2015). Disruption or damage to the
integrity of the skin or organ tissue, making the body
vulnerable to pain and infection, is defined as a
wound, which can be classified as either chronic or
acute wound (Kujath & Michelsen, 2008; Irfan-
Magsood et al., 2016; Nagle et al., 2023; Herman &
Bardoni, 2023). Acute wounds are caused by
environmental factors involving traumatic injury and
have the potential to heal relatively quickly and
efficiently, in contrast to chronic wounds, which stem
from metabolic imbalances and lead to prolonged
healing times. It has imbalanced production and
degradation of cells and extracellular matrix (ECM),
such as collagen. Chronic wounds such as
venous/vascular ulcers, diabetic ulcers, and pressure
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ulcers, exhibited imbalanced production and
degradation of cells and extracellular matrix (ECM),
such as collagen (Kujath & Michelsen, 2008; Irfan-
Magsood et al., 2016; Dasari et al., 2021).

Diabetic wounds/ulcers are chronic wounds
caused by diabetic conditions (Irfan-Magsood et al.,
2016). The main mechanism underlying these wounds
involves compromised immune function and
neuropathic conditions in diabetic patients. Minor
skin injuries may go unnoticed due to neuropathy and
a weakened immune system, leading to the
development of chronic wounds as the body fails to
prevent infections. Diabetic wounds exhibit a
prolonged inflammatory phase of healing compared
to wounds in non-diabetic patients. (Irfan-Magsood
et al., 2016; Kujath & Michelsen, 2008; Dasari et al.,
2021). These wounds can develop into ulcers,
typically in the areas of the foot that encounter
repetitive trauma and pressure (Oliver & Mutluoglu,
2023; Wang et al, 2022). Diabetic foot ulcers
contribute to more admissions than any other diabetic
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complication. Overall, about 15 — 25% of patients
with diabetes mellitus develop foot ulcers and 1%
ultimately require amputation. Presently, diabetes
accounts for 85% of non-traumatic amputations
(Bakri et al., 2011; Oliver & Mutluoglu, 2023; Syauta
et al, 2021). Patients with diabetes mellitus also
develop severe atherosclerosis of the small blood
vessels in the legs and feet, resulting in compromised
blood flow, which further exacerbates diabetic foot
infections. The inability of blood to reach the wound
delays the healing process, eventually leading to
necrosis and gangrene (Oliver & Mutluoglu, 2023;
Syauta et al., 2021).

The process of wound healing is intricate and
involves a sophisticated interaction among vatious
types of cells, cytokines, mediators, and the vascular
system, encompassing 4 main stages: hemostasis,
inflammation, new tissue formation, and remodeling
(Setiawati et al., 2024; Wallace et al., 2023; Gonzalez
et al., 2016). During the inflammatory phase of
normal  wound  healing, initial = phagocytic
macrophages (M1) induce inflaimmation. These are
then replaced by M2 macrophages, which promote

angiogenesis, contribute to the synthesis of
extracellular matrix (ECM), and have anti-
inflaimmatory properties. However, in diabetic
wounds, the transition from inflammatory

macrophages to anti-inflammatory macrophages is
hindered, leading to an overproduction of
proinflaimmatory ~ cytokines by  macrophages
(Gonzalez et al., 2016; Kujath & Michelsen, 2008;
Dasati et al., 2021; Takeo et al., 2015). Therefore,
diabetic wound healing treatment is more challenging
than normal wound healing.

Traditional commercial wound dressings for
diabetic wounds not only require a protection layer
against microbial infection but also require bioactive
materials or drugs to aid in wound treatment or
stimulate the wound healing phases. Moreover, active
wound dressings containing bioactive materials are
more efficient in cell restoration and proper healing
of chronic wounds (Ali et al., 2023; Alven et al., 2022;
Da Silva et al, 2023). One promising active
compound embedded into wound dressing is ursolic
acid (UA). UA is a triterpenoid compound found in
parts of plants and exhibits diverse
pharmaceutical properties and therapeutic effects.
UA-containing plants have been used as herbal
medicine, such as Pearl grass (Hedyotis corymbosa (L.)
Lam.) (Anam et al., 2017), Clnopodium revolutum
(Lamiaceae) (Huaman et al., 2021), and _Awredera
cordifolia (Ten.) (Hanafiah et al., 2021). They exhibited
excellent pharmacological activities, including blood
glucose  reduction, antioxidation, and anti-
inflammation, and have been used to treat diabetic
wounds (Alam et al., 2021; Lv et al., 2022; Kartini et
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al., 2021). UA demonstrates a protective effect on
liver injury in diabetic mice by regulating lipid
metabolism, reducing oxidative stress, and enhancing
the ability of anti-oxidation in the liver. UA also
ameliorates ulcerative colitis by regulating intestinal
microbiota and inflammatory cell infiltration.
Compared to those expensive growth factors and
refractory oxide, UA showed some unique advantages
including low cost, low toxicity, as well as muti-target
functions (Lv et al., 2022). Despite numerous studies
investigating UA as a promising compound for
wound healing, no study has yet explored its
molecular targets based on bioinformatics data and 7
silico tests.

This study aimed to investigate the molecular
pathways of UA through bioinformatics and z silico
testing to inhibit diabetic wounds. By employing
bioinformatics, the gene targets of UA in the diabetic
wound healing pathway were identified. Furthermore,
protein-ligand docking and simulation techniques
were utilized to identify novel medications for
diabetic wound healing. Additionally, a predicted
molecular pathway inhibition was constructed based
on gene targets and previous studies.

MATERIALS AND METHODS

Data mining and collection

NCBI (www.ncbi.nlm.nih.gov), OMIM (www.omim
.o1g), and GeneCard (www.genecard.org) were used
to mine data on proteins and genes related to diabetes
and wound healing. Direct protein targets of ursolic
acid were mined from www.stitch.embl.de, and
indirect protein targets were obtained from
www.string-db.org. Direct and indirect proteins were
combined to determine the intersection of genes
affected by ursolic acid in diabetes and wound healing
using a Venn diagram (www.interactivenn.net). The
affected genes included both upregulated and
downregulated genes.

Protein-protein interaction (PPI) network and
gene clustering construction

The Protein-Protein Interaction (PPI) network was
constructed using the Search Tool for the Retrieval of
Interacting Genes/Proteins STRING-DB  v11.5
(www.string-db.org version 10.5). STRING was
employed to identify neighboring interactors for each
protein node, with a confidence score threshold of =
0.90 to ensure high reliability of the interactions,
derived from experimental data and curated
databases. The resulting PPI network was visualized
using Cytoscape software 3.9.1 (https://cyto
scape.org/), allowing for analysis of the network’s
structural properties. For gene clustering within the
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PPI network, a graph-based clustering approach
considering the network topology was implemented.
This MCODE algorithm was used to identify densely
connected regions within the PPI network, focusing
on local neighborhood density optimization. The
MCC and DMNC algorithms provided by the Cyto-
Hubba plugin were utilized to identify the top 15
genes, classifying them as hub genes. A predicted
molecular cascade of ursolic acid (UA) in diabetic and
wound healing of the skin was drawn using Biorender
(https:/ /app.biorender.com/). The bioinformatics
analysis was conducted on a computer with an
IntelR) Core (TM) i3-1005G1, CPU@1.20GHz,
RAM 4GB.

Molecular docking

From the MCC result, several genes influencing
diabetic wound healing, such as TP53 and TNF a,
were identified. TP53 (8SWJ) and TNF « (2AZ5)
were obtained from (www.rcsb.org) in .pdb file
format. Ligands were separated and protonated using
BIOVIA Discovery Studio 2021, with ligands
protonated using Gaisteiger charges and protein using
Kollman charges. The ligand was placed at the
coordinates x = -5.649, y = -12.450, z = -2.836 for
TP53 and x = -19.163, y = 74.451, z = 33.837 for
TNF «. The macromolecule and the ligand were
saved in pdbqt. format using AutodockTools 1.5.7.
Docking was conducted within 30 x 30 x 30 grid with
spacing points 0,375 A. using the Genetic algorithm
with GA runs set to 100. The method was validated
by calculating the Root Mean Square Deviation
(RMSD) value of the control ligand before and after
re-docking, with an RMSD value <2.00 A. RMSD
values  were  calculated  using  LigRMSD
(https:/ /ligrmsd.appsbio.utalca.cl/).  Cross-docking
was performed with UA as a ligand obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov). The
ligand was prepared and docked using the same
method as the control ligand. Docking results were
obtained in dlg format and the pose with the lowest
binding energy was complexed with the
macromolecule and stored in pdbgt format. Docking
results were visualized using BIOVIA Discovery
Studio 2021 in 3D and surface models, and protein-
ligand interactions were verified by determining
interaction fingerprints (IFPs) with geometric rules.
Moreover, docking results were visualized using

65

BIOVIA Discovery Studio 2021 to observe protein-
ligand interactions and calculate the binding energy.

RESULTS

Protein-protein interaction (PPI) network and
gene clustering construction

Ursolic acid (UA) is a lipophilic pentacyclic
triterpenoid compound found in plants, patticularly
abundant in fruits and vegetables (Figure 1a).
Through bioinformatic analysis, UA has 72 genes
involved in diabetic and wound healing from a total
of 18,807 diabetic genes and 6,642 of wound healing
genes (Figure 1b). These 72 genes exhibit extensive
interactions from the protein-protein interaction
(PPI) network analysis (Figure 1c) with a PPI
enrichment p-value <1.0e-16. The top 15 ranks of
MCC and DMNC algorithms for gene cluster analysis
were gained using Cytoscape (Figure 2). The top 10
MCC genes play crucial roles in diabetic and wound
healing, including Tumor protein p53 (TP53), B-cell
lymphoma 2 (BCL2), Caspase-3 (CASP3), B-cell
lymphoma 2 like 1 (BCL2L1), Caspase-8 (CASPS),
Myeloid cell leukemia-1 (MCL1), Tumor Necrosis
Factor (INF), Poly (ADP-ribose) polymerase 1
(PARP1), Caspase-9 (CASP9), Cytochrome C,
Somatic (CYCS) (Figure 2a). All affected genes by UA
include upregulated (ITP53, CASP3, CASPS, TNEF,
PARP1, CASP9, CYCS) and downregulated (BCL2,
BCL2L1, MCL1) genes.

Furthermore, we explored the role of the top 10
MCC genes by UA in diabetic wound healing
pathways (Table 1). Some target genes such as TP53,
CASP3, and TNF, directly affect cell apoptosis. Other
genes, such as BCL2, BCL2L1, and MCL1 are
involved in preventing cell apoptosis and inducing
cell pyroptosis. Apoptosis is a non-inflammatory
form of cell death that occurs in a controlled manner,
allowing for the orderly removal of cells without
eliciting an immune response. In contrast, pyroptosis
is often triggered by infections and results in cell lysis,
releasing pro-inflammatory cytokines like IL-13 and
1L-18, which promote inflammation (Choudhury et
al., 2024). Other genes like CASP8, PARP1, CAPS9,
and CYCS indirectly affect cell apoptosis and also
interfere with other pathways.



Maharani et al. (2025), AsPac J. Mol. Biol. Biotechnol 33 (2): 63-71

Figure 1. Ursolic acid’s top target genes and proteins related to diabetic wound healing. a. Ursolic acid’s structure,
b. Venn diagram of ursolic acid and diabetic wound healing interfered genes, c. Protein-protein interaction (PPI)
network of the intersecting genes.

CASP10

Figure 2. The clustering of the top 15 genes related to diabetic and wound healing according to (a) MCC and (b)
DMNC algorithm in CytoHubba. Red to yellow represents a gradient of significance or ranking based on topological
scores that indicate high to low hub genes, suggesting significant to less connectivity and biological importance.
TP53: Tumor protein p53, BCL2: B-cell lymphoma 2, CASP3: Caspase-3, BCL2L1: B-cell lymphoma 2 like 1,
CASPS: Caspase-8, MCL1: Myeloid cell leukemia-1, TNF: Tumor Necrosis Factor, PARP1: Poly (ADP-ribose)
polymerase 1, CASP9: Caspase-9, CYCS: Cytochrome C, Somatic, FADD: Fas-associated protein with death
domain, FASLG: Fas Ligand Gene, TRADD: TNFR1-associated death domain protein, CASP10: Caspase-10,
BAX: Bcl-2-associated X protein, BCL2L2: Bcl-2-like protein 2, BAK1: BRI1-associated kinase 1, CFLAR: ¢-FLIP
(FLICE-like inhibitory protein), RIPK1: Receptor-Interacting Serine/Threonine-Protein Kinase 1, CASP7:
Caspase-7, POUSF1: POU domain, class 5, transcription factor 1, TRAF2: TNFR-associated factor 2, BCL2A1: B-
cell lymphoma 2-related protein.
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Table 1. Top 10 diabetic wound healing genes affected by ursolic acid based on the Maximal Clique Centrality
(MCC) algorithm and their roles in diabetic wound healing

Gene/ Full Name Biological function related to diabetic wound References
Protein healing
TP53 Tumor protein p53  TP53, regulated by the PARP-1 transcription factor, is (Setyawati et al.,
activated in response to oxidative stress induced by 2021; Tombulturk et
elevated glucose levels. This activation impact al., 2023)
Superoxide Dismutase (SOD) expression, thereby
affecting collagen secretion and promoting cell
apoptosis.
BCL2 B-cell lymphoma 2 BCL2, produced by the NF-xB transcription factor, (Ambrozova et al.,
exhibits anti-apoptotic and proliferative effects on cells.  2017; Arya, 2014)
CASP3 Caspase-3 Caspase-3, induced by stress oxidative, Caspase-8, and (Li et al., 2023;
Caspase-9. It is a key effector of caspase that triggers Boland et al., 2013;
apoptotic cell death. Mu et al., 2022)
BCL2L1 B-cell lymphoma 2 BCL2L1, the BCL2 family of proteins produced by NF-  (Ambrozova et al.,
like 1 »B transcription factor. It is an anti-apoptotic and 2017)
proliferative cell.
CASPS8 Caspase-8 Caspase-8, activated by TNF and TAK1 (Transforming  (Boland et al., 2013;
growth factor-B-activated kinase 1). It activated Mu et al., 2022)
Caspase-3 leading to cell death.
MCL1 Myeloid cell MCL-1 is an antiapoptotic member of the BCL-2 (Meyerovich et al.,
leukemia-1 protein family that protects cells against apoptosis. 2017; Arya, 2014)
TNF Tumor Necrosis TNF, regulated by NF-xB transcription factor. High (Ambrozova et al.,
Factor glucose levels increase TNF activation. TNF activated 2017; Xu et al., 2013)
Caspase-8 and inhibited activation of MCL1 which leads
to cell death. A high level of TNF inhibits the migration
of keratinocyte and endothelial cells and leads to
apoptosis of that cell. TNF increases proinflammatory
M1 macrophages and decreases anti-inflammatory M2
macrophages that induce inflammation.
PARP1 Poly (ADP-ribose) ~ PARP-1 is a transcription factors of TP53 that influence ~ (Banerjee et al.,
polymerase 1 the production of collagen. PARP-1, as an activator of 2019; Li et al., 2023)
NF-xB attenuates the production of various
proinflammatory mediators.
CASP9 Caspase-9 Caspase-9, produced by Procaspase-9 that induced by (Boland et al., 2013)
apoptosome. It activates Caspase-3 which leads to cell
death.
CYCS Cytochrome C, CYCS binds to its receptor APAF1 which produces (Hunt et al., 2023;
Somatic Caspase 9 that leads to cell apoptosis. CYCS in Xu et al.,, 2022).
mitochondria inhibit the ATP and inhibit wound healing
activation.
Molecular docking with TP53, while UA showed a lower binding energy

TP53 and TNF « are the proteins targeted by our
molecular docking study. The goal of molecular
docking is to provide a prediction of the interaction
of a ligand-receptor complex, finding likely binding
modes and binding energy using computational
methods (Meng et al, 2012). The docking method was
considered valid as it showed RMSD values 1.47 A
(TP53) and 1.068 A (TNF «). Repetitions performed
on the docking results showed consistent values. UA
showed a binding energy value of -6.70 kCal/mol
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value of -8.33 kCal/mol with TNF «. H-Bond
occurred between UA and TP53 with two residues
Tyr1552 and Met1584, and with Leul20 on TNF .
UA and TP53 showed Van Der Walls interaction with
Trp1495, Asnl1498, Tyr1502, Aspl521, Phel553,
Alal1585, 1Ile1587, Vall586 and hydrophobic
interactions with Tyr1523, Leul547, Phel553,
1le1587 (Figure 3a, 3b). In contrast, TNF o exhibited
van der Walls bonds with Leu57, Ser60, GIn61,
Tyr119, Leul20, Glyl21 and hydrophobic
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interactions with Tyr151, Tyr59, and Tyr119 (Figure
3¢, 3d, Table 2). These interactions were evaluated
using geometric fingerprint interaction (IFP) rules by
examining the distance and angle of the atom flags
(Marcou & Rognan, 2007). This indicates a significant
binding potential between UA and these two proteins.

DISCUSSION

Ursolic acid (UA) is a naturally occurring triterpene
compound present in a variety of fruits and
vegetables. It is extracted from the leaves of several
plants such as rosemary, marjoram, lavender, thyme,
and organum, as well as from fruit peels (such as
apples), flowers, and berries. UA has garnered
increasing attention due to its numerous beneficial
properties, including anti-inflammatory, antioxidant,
anti-apoptotic, and anti-carcinogenic effects across
different tissues and organs (Seo et al., 2018). Given
its widespread presence in plants and diverse health
benefits, this study aims to explore the molecular
mechanisms and pathways associated with UA
through bioinformatics analysis. The PPI network
facilitates gaining the top rank of MCC and DMNC
algorithms. The MCC algorithm provides a more
comprehensive  analysis compared to  other
algorithms, displaying more essential proteins in both
high and low-ranking protein lists (Chin et al., 2014;
Lin et al, 2008). On the other hand, the DMNC
algorithm provides neighborhood component-based
analysis. Consequently, the MCC data provide a
fundamental for predicting the top 10 genes and the

molecular pathway of diabetic wound healing by UA,
drawing on existing literature.

The process of wound healing is intricate and
involves  four  primary  stages: hemostasis,
inflammation, new tissue formation, and remodeling
(Xue et al,, 2015). Our investigation elucidated the
molecular mechanisms of UA within the diabetic
wound healing pathway, specifically during the phases
of inflammation and new tissue formation (Figure 4).
Based on the results of bioinformatic testing, several
genes influenced by UA play a role in cell apoptosis.
Nevertheless, some genes also possess a regulatory
function to impede apoptosis. The most prominent
downregulated gene by UA in this study is TNF due
to its role in various pathways. Its transcription is
induced by the NF-»B transcription factor, and its
cellular level is triggered by elevated blood sugar
levels. TNF exerts a significant influence on inducing
cell apoptosis, particularly in keratinocytes and
endothelial cells, while concurrently impeding the
migratory capabilities of these cells (Ambrozova et al.,
2017; Xu et al,, 2013). Furthermore, an excessive
presence of TNF stimulates the activation of caspase-
8, subsequently initiating caspase-3 and instigating cell
apoptosis, while concurrently inhibiting MCLI,
thereby amplifying cellular apoptosis (Boland et al.,
2013; Mu et al., 2022). Additionally, TNF participates
in the generation of M1 macrophages and suppresses
M2  macrophages, which contribute to the
inflammatory process (Ambrozova et al., 2017).

Consequently, the TNF gene emerges as a potential
target for impeding the diabetic wound healing
facilitated by UA.
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Table 2. Molecular docking results of ursolic acid’s target protein

Protein Binding energy H-Bond residue Hydrophobic residue Van Der Walls
kCal/mol residue

TP53 -6.70 Tyr1552, Met1584 Tyr1523, Leul547, Trp1495, Asn 1498,

(8SW]) Phel1553, le1587 Tyr1502, Asp1521,
Phe1553, Ala1585,
11e1587, Val1586

TNF o -8.33 Leul20 Tyrl151, Tyr59, Tyr119  Leu57, Ser60, Gln61,

(2AZ5) Tyr119, Leul20,
Gly121
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Figure 4. A predicted molecular cascade of ursolic acid (UA) in diabetic and wound healing of the skin. UA: Ursolic
acid, TP53: Tumor protein p53, BCL2: B-cell lymphoma 2, CASP3: Caspase-3, BCL2L1: B-cell lymphoma 2 like 1,
CASPS: Caspase-8, MCL1: Myeloid cell leukemia-1, TNF: Tumor Necrosis Factor, PARP1: Poly (ADP-ribose)
polymerase 1, CASP9: Caspase-9, CYCS: Cytochrome C, Somatic, ATP: Adenosine Triphosphate, APAF1:
Apoptotic Protease Activating Factor 1, TAK1: Transforming growth factor-8-activated kinase 1, NF-xB: Nuclear
factor kappa-light-chain-enhancer of activated B cells, SOD: Superoxide Dismutase. The figure is prepared using

Biorender.

UA additionally suppresses other genes directly
associated with cellular apoptosis, specifically TP53
and Caspase-3, induced by oxidative stress. TP53,
with the highest score in this bioinformatic analysis,
impedes the production of collagen, thereby
obstructing the wound-healing process (Setyawati et
al., 2021; Tombulturk et al., 2023). The highest-
ranked hub genes suggest they have crucial
connectivity and potential biological importance in
the wound-healing process. Conversely, the Caspase-
3 gene forms a distinct pathway cluster with other
caspase genes. Caspase-3 is activated by caspase 8 and
caspase 9 (Li et al.,, 2023; Boland et al., 2013; Mu et
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al., 2022). Caspase-8 is primarily associated with the
extrinsic apoptotic pathway through death receptor-
mediated, while caspase-9 activates the intrinsic
apoptotic pathway. Both caspase-8 and 9 activate
caspase-3 mediates apoptosis during  tissue
remodeling to increase proliferation in wounds
(Mcllwain et al., 2013). Caspase-8 is triggered by the
TAK1 gene, while the Caspase-9 gene is generated
from procaspase-9 resulting from the interaction
between CYCS and its receptor, APAF1 (Boland et
al., 2013; Mu et al., 2022; Hunt et al., 2023; Xu et al.,
2022). In addition to producing Caspase-9, CYCS
inhibits wound healing by inhibiting ATP production
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in the cytoplasm (Hunt et al., 2023; Xu et al., 2022).
Alongside genes that induce apoptosis, some genes
inhibit it, namely BCL2, BCL2L1, and MCL1. Both
BCL2 and BCL2L1 genes also play a role in cell
pyroptosis (Ambrozova et al., 2017; Arya, 2014
Meyerovich et al., 2017). Therefore, UA induces all
three genes contributing to the initiation phase of
wound healing,.

Since TNF-a interferes with various pathways
and P53 possesses the highest bioinformatics score,
we conducted molecular docking analysis of UA
against both proteins. UA exhibits inhibitory
potential against TNF-o (Figure 3a and Figure 3b) and
P53 (Figure 3¢ and Figure 3d). The ribbon diagram
illustrates the moleculat interaction of UA within the
active site pocket of TNF- and P53. Both docking
configurations against TNF-o. and P53 had Root
Mean Square Deviation (RMSD) values of 1.068 and
1.47 A, which are considered valid due to the values
being under 2.00 A (Meng et al., 2011). UA may
inhibit TNF-a and P53 by binding to the protein’s
active site, indicating potential for further
investigation as a diabetic wound healing.

CONCLUSION

To sum up, UA is predicted to orchestrate molecular
cascades involving apoptosis and pyroptosis-related
genes in various cell types such as fibroblasts,
keratinocytes, endothelial, and erythrocytes. This
study may support zz vitro and in vivo studies of UA
and or UA-containing natural products in diabetic
wound healing activities. Accordingly, we expect this
study will promote the development of UA-
containing natural products as wound healing agents
for diabetic patients.

CONFLICT OF INTEREST

The authors have declared that no conflict of interest
exists.

REFERENCES

Ali, I. H, Khalil, I. A, El-Sherbiny, I. M. (2023). Design,
development, in-vitro and in-vivo evaluation of polylactic
acid-based multifunctional nanofibrous patches for
efficient healing of diabetic wounds. Scientific reports 13(1),
3215. https://doi.org/10.1038/s41598-023-29032-x

Alam, M., Ali, S., Ahmed, S., Elasbali, A. M., Adnan, M., Islam,

A., Hassan, M. 1., Yadav, D. K. (2021). Therapeutic
potential of ursolic acid in cancer and diabetic neuropathy
diseases. International journal of molecular sciences 22(22),

12162. https://doi.otg/10.3390/ijms222212162

>

70

Alven, S., Peter, S., Mbese, Z., Aderibigbe, B. A. (2022). Polymer-
based wound dressing materials loaded with bioactive
agents: potential materials for the treatment of diabetic
wounds. Polymers. 14 (724), 1-35. https://doi.org/10.3390
/polym14040724

Ambrozova, N., Ulrichova, J., Galandakova, A. (2017). Models
for the study of skin wound healing. The role of Ntf2 and
NF-uB. Biomedical papers of the Medical Faculty of the University
Palacky, Olomouc, Czechoslovakia 161(1), 1-13. https://
doi.org/10.5507/bp.2016.063

Anam, K., Mudyantini, W., Rakhmawati, R. (2017). Growth and
ursolic acid content of pearl grass (Hedyotis corymbosa) on
variations in water availability. Ce// Biology and Development
1(2), 55-62. https://doi.org/10.13057/cellbioldev/v010
204

Arya, A. K. (2014). Recent advances on the association of
apoptosis in chronic non healing diabetic wound. World
Journal of diabetes 5(6), 756—762. https://doi.org/10.4239/
wjd.v5.16.756

Bakri, F. G., Allan, A. H., Khader, Y. S., Younes, N. A., Ajlouni,
K. M. (2011). Prevalence of diabetic foot ulcer and its
associated risk factors among diabetic patients in Jordan.
Jordan Medical Jonrnal 46(2), 118—125.

Banerjee, J., Lodhi, N., Nguyen, B. N. (2019). The role of
Poly(ADP-Ribose) Polymerase-1 in cutaneous wound
healing. Advances in wound care 8(12), 634-643. https://
doi.org/10.1089/wound.2018.0821

Boland, K., Flanagan, L., Prehn, J. H. M. (2013). Paracrine control
of tissue regeneration and cell proliferation by Caspase-3.
Cell death & disease 4(7), €725. https://doi.org/10.1038/
cddis.2013.250

Chin, C. H., Chen, S. H, Wu, H. H, Ho, C. W, Ko, M. T, Lin, C.
Y. (2014). cytoHubba: identifying hub objects and sub-
networks from complex interactome. BMC' systems biology
8(4), 1-7. https:/ /doi.org/10.1186/1752-0509-8-54-S11

Dasari, N, Jiang, A., Skochdopole, A., Chung, J., Reece, E. M.,
Vorstenbosch, J., Winocour, S., Winocour, S. (2021).
Updates in diabetic wound healing, inflaimmation, and
scatring. Seminars in plastic surgery 35(3), 153-158. https://
doi.org/10.1055/5-0041-1731460

Da Silva, J., Leal, E. C., Catvalho, E., Silva, E. A. (2023).
Innovative functional biomaterials as therapeutic wound
dressings for chronic diabetic foot ulcers. International
Journal of molecular sciences 24(12), 9900. https://doi.otg/
10.3390/1jms24129900

Gonzalez, A. C. D. O., Andrade, Z. D. A., Costa, T. F., Medrado,
A. R. A. P. (2016). Wound healing -A literature review.
Abnais brasileiros de dermatologia 91(5), 614—620. https://
doi.org/10.1590/abd1806-4841.20164741

Hanafiah, O. A., Hanafiah, D. S., Dohude, G. A., Satria, D.,
Livita, L., Moudy, N. S., Rahma, R. (2021). Effects of 3%
binahong (Anredera cordifolia) leaf extract gel on alveolar
bone healing in post-extraction tooth socket wound in
Wistar rats (Rattus norvegicns). F1000Research 10, 923.
https://doi.org/10.12688 /£1000rescarch.72982.2

Herman, T. F., Bordoni, B. (2023). Wound classification.
StatPearls Publishing.

Huaman, M. A. L., Quispe, A. L. T., Quispe, R. I. H., Flores, C.
A. S., Caycho, J. R. 2021. A simple method to obtain
ursolic acid. Results in Chemistry 3,100144. https:/ /doi.org/
10.1016/j.rechem.2021.100144

Hunt, M., Totres, M., Bachar-Wikstréom, E., Wikstrém, J. D.
(2023). Multifaceted roles of mitochondria in wound
healing and chronic wound pathogenesis. Frontiers in cell and
developmental biology 11, 1252318. https:/ /doi.org/10.3389/
fcell.2023.1252318

Irfan-Magsood, M. (2016). Classification of wounds: know before
research and clinical practice. Cel/ Therapy and Regenerative



Maharani et al. (2025), AsPac J. Mol. Biol. Biotechnol 33 (2): 63-71

Medicine Journal 1(2), 79. https://doi.org/10.15562/ctrm.
21

Kartini, K., Wati, N., Gustav, R., Wahyuni, R., Anggada, Y. F.,
Hidayani, R., Rahatjo, A., Islamie, R., Putra, S. E. D.
(2021). Wound healing effects of Plantago major extract
and its chemical compounds in hyperglycemic rats. Food
Bioscience 41, 100937. https://doi.org/10.1016/j.fbio.2021
100937

Kujath, P., Michelsen, A. (2008). Wounds-form physiology to
wound dressing. Deutsches Arzteblatt international 105(13),
239-248. https:/ /doi.org/10.3238 /arztebl.2008.0239

Li, W. H., Wang, F., Song, G. Y., Yu, Q. H, Du, R. P., Xu, P.
(2023). PARP-1: a critical regulator in radioprotection and
radiotherapy-mechanisms, challenges, and therapeutic
opportunities. Frontiers in  pharmacology 14, 1198948.
https://doi.org/10.3389/fphar.2023.1198948

Lin, C. Y., Chin, C. H., Wu, H. H., Chen, S. H., Ho, C. W., Ko,
M. T. (2008). Hubba: hub objects analyzer—a framework
of interactome hubs identification for network biology.
Nucleic acids research 36(2), 438-443.  https://doi.org/
10.1093/nat/gkn257

Lv, H., Zhao, M., Li, Y., Li, K., Chen, S., Zhao, W., Wu, S., Han,
Y. (2022). Electrospun chitosan—polyvinyl alcohol
nanofiber dressings loaded with bioactive ursolic acid
promoting diabetic wound healing. Nanomaterials (Basel,
Switzerland) 12(17), 2933. https://doi.org/10.3390/nano
12172933

Meng, X. Y., Zhang, H. X., Mezei, M., Cui, M. (2011). Molecular
Docking: a powerful approach for structure-based drug
discovery. Current computer-aided-drug design 7(2), 146-157.
https://doi.org/10.2174/157340911795677602

Meyerovich, K., Violato, N. M., Fukaya, M., Dirix, V., Pachera,
N., Marselli, L., Marchetti, P., Strasser, A., Fizirik, D. L.,
Cardozo, A. K. (2017). MCL-1 is a key antiapoptotic
protein in human and rodent pancreatic B-cells. Diabetes
66(9), 2446-2458. https://doi.org/10.2337/db16-1252

Mu, X., Wu, X., He, W., Liu, Y., Wu, F., Nie, X. (2022). Pyroptosis
and inflammasomes in diabetic wound healing. Frontiers in
endocrinology 13, 950798. https://doi.org/10.3389/fendo
.2022.950798

Nagle, S. M., Stevens, K. A., Wilbraham, S. C. (2023). Wound
assessment. StatPearls Publishing.

Oliver, T. 1., Mutluoglu, M. (2023). Diabetic foot ulcer. StatPearls
Publishing.

Seo,D. Y., Lee, S. R., Heo, J. W., No, M. H., Rhee, B. D., Ko, K.
S., Kwak, H. B., Han, ]. (2018). Ursolic acid in health and
disease. The Korean jonrnal of physiology & pharmacology : official

Journal of the Korean Physiological Society and the Korean Society of
Pharmacology  22(3), 235-248. https://doi.org/10.4196
/kjpp.2018.22.3.235

Setiawati, A., Setyajati, F. D. E., Saputra, B. W., Skolastika, S.,
Julianus, J., Ratri, M. C. (2024). Wound Healing
Improvement by Polymer Surgical Suture Coated with
Tannic Acid. Trends in Sciences 21(2), 1-10. https://doi.org/
10.48048/tis.2024.7166

Setyawati, A., Wahyuningsih, M. S. H., Nugrahaningsih, D. A. A,
Effendy, C., Fneish, F., Fortwengel, G. (2021). Piper
crocatum Ruiz & Pav. ameliorates wound healing through
p53, E-cadherin and SOD1 pathways on wounded
hyperglycemia fibroblasts. Saudi journal of biological sciences
28(12), 7257-7268. https://doi.org/10.1016/j.sjbs.2021
.08.039

Syauta, D., Mulawardi, Prihantono, Hendarto, J., Mariana, N.,
Sulmiati, Kusumanegara, J., Faruk, M. (2021). Risk factors
affecting the degree of diabetic foot ulcers according to
Wagner classification in diabetic foot patients. Medicina
Clinica Practica 4, 1-4. https://doi.org/10.1016/j.mcpsp.
2021.100231

71

Takeo, M., Lee, W., Ito, M. (2015). Wound healing and skin
regeneration. Cold Spring Harb Perspect Med 5(1), a023267.
https://doi.org/10.1101/cshperspect.a023267

Tombulturk, F. K., Soydas, T., Kanigur-Sultuybek, G. (2023).
Topical metformin accelerates wound healing by
promoting collagen synthesis and inhibiting apoptosis in a
diabetic wound model. International wound journal 21(1),
¢14345. https://doi.org/10.1111/iwj.14345

Wallace, H. A., Basehore, B. M., Zito, P. M. (2023). Wound
healing phases. StatPearls Publishing.

Wang, X., Yuan, C. X, Xu, B., Yu, Z. (2022). Diabetic foot ulcers:
classification, risk factors and management. World journal of
diabetes 13(12), 1049-1065. https://doi.org/10.4239 /wid.v
13.i12.1049

Xu, F., Zhang, C., Graves, D. T. (2013). Abnormal cell responses
and role of TNF- « in impaired diabetic wound healing.
Biomed Research International. BioMed research international
2013, 754802. https:/ /doi.org/10.1155/2013 /754802

Xu, S., Li, S., Bjorklund, M., Xu, S. (2022). Mitochondrial
fragmentation and ROS signaling in wound response and
repair. Cell regeneration (London, England) 11(1), 38. https://
doi.org/10.1186/513619-022-00141-8

Xue, M., Jackson, C. J. (2015). Extracellular matrix reorganization
during wound healing and its impact on abnormal scarring.
Adpances in wound care 4(3), 119-136. https://doi.org
/10.1089 /wound.2013.0485



