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ARTICLE INFO ABSTRACT

Keywords: Lycium shawii Roem. & Schult., traditionally used across arid regions for treating various ailments, was inves-
Wofmd'heah}?g tigated for its wound-healing potential using integrated metabolomic, computational, and in- vivo approaches.
Lycium shawii Methanolic extract profiling via RP-HPLC-QTOF-MS/MS identified 62 metabolites, including terpenes, fatty

Tandem MS/MS

Molecular docking (MDock) acids, and phenolics. Six key compounds were selected for molecular docking and in silico pharmacokinetic/

toxicity analysis, showing strong predicted activity and drug-likeness. In vivo evaluation using a rat excision

Pharmacokinetics

wound model revealed that treatment with a 2 % extract cream significantly enhanced wound closure (88.63 %
by day 14), re-epithelialization, collagen deposition, and VEGF expression compared to controls. The findings
suggest that L. shawii promotes wound healing through angiogenesis and tissue regeneration mechanisms. This

study supports its traditional use and highlights its pharmaceutical potential.
1. Introduction the medical field. Therefore, the search for more effective ways to pro-
mote wound repair is an active and crucial area of research for clinicians
The effective management of wounds, particularly those that are [1,2]. The development of advanced wound dressings is essential to
extensive and full thickness, continues to pose a significant challenge in speed up the healing process and achieve rapid wound closure, avoiding
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infections caused by pathogenic bacteria remain a major concern, as
they can delay the healing process and create substantial public health
risks [3]. The body’s complex response to wounding involves a carefully
coordinated sequence of hemostasis, inflammation, proliferation, and
tissue remodeling [4]. These processes depend on the regulated release
of signaling molecules from various cell types [5]. Consequently, timely
and appropriate wound care is essential for efficient and rapid recovery
[6]. The wound care sector provides various products (e.g., Fucidin,
MEBO, Calmoseptine, Boroline) and utilizes diverse approaches, span-
ning traditional herbal methods to contemporary technologies [7].
Herbal remedies are often preferred in developing nations due to
affordability, accessibility, perceived efficacy, and fewer side effects [8].
Increasing evidence highlights the medicinal properties of plant-derived
compounds in promoting wound repair and treating diseases, offering
potential for novel drug development [9,10]. Advances in molecular
biology, metabolomics, phytochemical analysis, and drug discovery
enable exploration of herbal medicine mechanisms, prominent in sys-
tems like Ayurveda and Traditional Chinese Medicine [11-13].

The skin, the body’s largest organ, protects against external threats
and regulates key functions [14,15]. The skin’s layered structure,
comprising the epidermis, dermis, and hypodermis [16], predisposes it
to injuries that disrupt its integrity and trigger a complex, highly regu-
lated healing cascade [17,18]. However, this process can be compro-
mised by factors such as excessive reactive oxygen species (ROS),
infections, or pre-existing health conditions, leading to impaired healing
and adverse consequences for patient well-being, healthcare expendi-
tures, and overall productivity [19,20]. This highlights the critical
importance of effective wound management strategies aimed at
achieving optimal patient outcomes [21].

Medicinal plants represent a crucial source of novel therapeutics
globally, with approximately 25 % of medications in developed nations
derived from wild plant species [22,23], and continued reliance by tribal
communities [24,25]. These plants are integral to traditional medicine
for both health maintenance and the development of innovative thera-
pies [26,27], with the World Health Organization estimating that 80 %
of developing countries depend on herbal medicines for primary
healthcare [28]. Plants produce primary and secondary metabolites,
including key phytochemicals like tannins, alkaloids, sugars, terpenoids,
steroids, and flavonoids, which are critical to their therapeutic potential
[29,30]. With an estimated 300,000 higher plant species on Earth
biodiversity supports the vast array of medicinal plants used by billions
worldwide with India alone possessing over 8000 critical species
[31-33].

The Lycium genus, part of the Solanaceae family, exemplifies this
potential, gaining attention for its potent phytochemical compounds and
demonstrated antimicrobial, antioxidant, anti-diabetic, anti-inflamma-
tory, anticancer, and other beneficial properties [33-37]. Lycium species
are extensively utilized across both culinary and medicinal domains,
with their fruits, commonly referred to as goji or wolfberries, having
garnered considerable attention as purported “superfoods” [38].
L. shawii Roem. & Schult., also known as Arabian boxthorn or desert
thorn, constitutes a perennial plant indigenous to arid environments,
characterized by a broad spectrum of traditional medicinal applications.
Historically, practitioners throughout disparate geographical regions
have employed this species in the treatment of conditions encompassing
jaundice, gastrointestinal disturbances, oral lesions, and respiratory
ailments [33]. Within the Arabian Peninsula, L. shawii is traditionally
administered for the management of dorsalgia, constipation, and py-
rexia in livestock, in addition to its sustained application for the
amelioration of oral lesions and tussis [39,40].

Scholarly investigations have elucidated a constellation of pharma-
cological attributes inherent to L. shawii, including antidiabetic [37],
hypotensive [41], and antiplasmodial activities [42]. Furthermore, ex-
tracts derived from L. shawii have demonstrated antitrypanosomal, anti-
inflammatory, hepatoprotective, hypoglycemic, and cytotoxic effects
[37,39]. Despite prior research on the phytochemical composition and
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pharmacological effects of L. shawii [33,43], a comprehensive chemical
characterization of its complex extract remained incomplete. To address
this, the present study conducted a thorough metabolic profiling of
L. shawii methanolic extract using RP-HPLC-QTOF-MS and MS/MS,
revealing 62 diverse secondary metabolites, primarily terpenes (24) and
fatty acids/long-chain amides (27), along with organic acids, phenolic
compounds, and other constituents.

Given the increasing interest in natural products for wound healing
due to their efficacy and perceived safety, and the need for rigorous
investigation the therapeutic potential of L. shawii methanolic extract in
facilitating wound repair was explored [44]. In vivo experiments were
conducted to assess wound closure, followed by histopathological as-
sessments to understand tissue remodeling. Immunohistochemical ana-
lyses were also performed to delineate the role of VEGF in angiogenesis
[44,45]. By integrating in-silico simulations and in vivo findings, a
robust understanding of the biological and molecular mechanisms
governing the wound-healing attributes of the L. shawii methanolic
extract was achieved.

2. Materials and methods
2.1. Plant material

Aerial parts (leaves and stems) of L. shawii were collected from Saint
Catherine, South Sinai, Egypt (coordinates: 28.5558° N, 33.9514° E) in
March 2024.The taxonomical features were kindly confirmed by Prof.
Dr. Ibrahim Mashaly, Department of Botany, Faculty of Sciences, Man-
soura University, Egypt. A voucher specimen has been deposited in the
Department of Pharmacognosy, Faculty of Pharmacy, Mansoura Uni-
versity (MAWW 010320). The airdried leaves and stems (500 g) were
powdered in an electric mill and then extensively extracted with MeOH
at room temperature, to afford after evaporation of the solvents in vacuo
a crude extract (20.30 g).

2.2. In vivo examination of L. shawii extract wound healing properties

2.2.1. Experimental animals

Fifteen-Dawley male adult rats (200 + 20 g) were housed under
standard conditions of animal care, ambient temperature, and steady
light/dark cycles, with free access to water and standard animal food
during the experiment. The animals were prepared for wound excision
induction by intraperitoneal injection (i.p.) of ketamine (5 mg/kg) and
xylazine (5 mg/kg). The dorsal fur was carefully removed with scissors
and razors to expose the underlying skin. Following the disinfection with
70 % alcohol wipes, a uniform circular cap with a diameter of 2.5 cm
was used to trace the designated area of the skin, which was carefully
excised, sparing the muscle layer [46]. Animals were returned to the
cages, and the day was set as (D0). All procedures and treatment were
approved by Mansoura University Animal Care Committee (MU-ACUC),
Mansoura University, Mansoura, Egypt (Ethical Approval Code:
34-2025 (PHARM.PhD.24.12.47), and following the “Principles of
Laboratory Animal Care, National Materials Institute of Health Publi-
cation revised 1985” and ARRIVE guidelines for experimental research.

2.2.2. Preparation of topical formulations

The topical formulation of L. shawii was prepared at a concentration
of 2 % (w/w). Briefly, the required amount of the methanolic crude
extract was incorporated into a simple oil-in-water cream base (Simple
Cream BP) using geometric dilution. The mixture was triturated thor-
oughly until a smooth, homogenous cream was obtained. The positive
control formulation (Fucidin cream®) was used directly from its com-
mercial packaging. All formulations were prepared fresh before the
initiation of the study to ensure stability.

2.2.3. Experimental study design (experiment ran for two weeks)
On the next day (D1), the animals were randomly divided into 3
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subsequent groups (n = 5). Group 1 (Positive control): the wound was
left untreated. Group 2 (L.s methanolic extract): the animals were
treated with L. shawii methanolic extract (2 % w/w in cream base).
Group 3 (Fucidin cream®): the animals were treated with Fucidin cream
® (Fuscidic acid, 2 % w/w). Animals of group 2 and 3 were treated once
daily with the designated treatment for 14 days (Topically, 0.5 g /ani-
mal). The dorsal wounds were photographed on days 0, 3, 9 and 14.

2.2.4. Tissue samples collection

On Day 14, the animals were euthanized with a ketamine injection
(5 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.). Their fur was trimmed to
expose the wound area to be photographed before collecting the
wounded skin samples, which were preserved in 10 % neutral buffered
formalin. Also, a section of normal skin was exercised from the unaf-
fected area and prepared as mentioned above for comparative purposes
and to serve as a negative control. Using ImageJ, wound contraction (%)
was calculated by measuring wound area (cm?) at days 3, 9, and 14 (Dn)
to be compared with the initial wound area (cmz) at DO according to the
following equation [47].

Wound contraction (%) = ((wound area at DO — wound area at Dn)
/(wound area at D0)) x 100

and the statistical analysis was performed using a two-way ANOVA,
followed by Tukey’s post hoc test. These analyses were conducted using
GraphPad Prism software version 8.3.0 (San Diego, CA, USA). Results
are presented as the mean + standard deviation (SD) of five rats. A p-
value of <0.0001 was used to determine statistical significance, and the
difference was documented as significant.

2.2.5. Histopathological and immunohistochemical examination

Histopathological changes within the wound area were assessed on
day 14, where preserved skin samples of the examined groups were
embedded in paraffin and cut into 4 pm-thick coded sections, using
hematoxylin and eosin (H&E) and Masson’s trichrome (MT) staining to
evaluate the collagen fiber deposition in the dermal layer, followed by
the detection of histological alterations via representative images from
the examined groups at both low (X100) and high (X400) magnifications
using an Olympus® digital camera connected to an Olympus® light
microscope (Shinjuku Co., Tokyo, Japan).

2.2.6. Immunohistochemical examination

Another section set of the preserved skin samples was deparaffinized
and treated with an immunohistochemistry (IHC) staining kit (Invi-
trogen™, Ca., USA), following the manufacturer’s protocol. Briefly, the
sections were incubated overnight with vascular endothelial growth
factor (VEGF) primary antibody (ABclonal Co., Woburn, USA, dilution
1:500). Then, they were incubated with horseradish peroxidase-
conjugated secondary antibodies, visualized by 3,3-diaminobenzidine
tetrahydrochloride (Genemed, Biotechnologies Inc., USA), and finally
counterstained with Mayer’s hematoxylin to be examined at both low
(X100) and high (X400) magnifications. Using ImageJ software version
K 1.45, the stained area of VEGF (%) was measured using five randomly
taken non-overlapping fields, and the values presented as mean +
standard error of the mean (SEM).

2.3. Metabolic profiling

2.3.1. Chemicals and reagents

Fisher Chemicals (HPLC-MS grade) (ThermoFisher, Waltham, MA,
USA) supplied methanol, acetonitrile, and glacial acetic acid. A Milli-Q
system (Millipore, Bedford, MA, USA) produced ultrapure water.

2.3.2. Analysis by RP-HPLC-ESI-QTOF-MS and -MS/MS
Reversed-phase high-performance liquid chromatography (RP-
HPLC) was done using an Agilent 1200 series rapid resolution analyzer
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(Agilent Technologies, Santa Clara, CA, USA) with a G7104C quaternary
pump and G7129A autosampler. Separation was done using a Poroshell
120 HiLiC Plus (150 mm x 3 mm, 2.7 pm particle size, Agilent Tech-
nologies). The system was connected to a 6530-quadruple time of flight
(Q-TOF) LC/MS (Agilent Technologies) with dual ESI interface [48,49].
Metabolite characterization and data analysis were done on MassHunter
Qualitative Analysis B.06.00 (Agilent Technologies) [50,51]. Condi-
tional formatting and bubble plot were performed by Microsoft Excel
365 (Redmond, WA, USA) and Minitab 17 (Minitab, Inc., USA),
respectively.

2.4. Preparation of the protein structures and molecular docking
(MDock)

To assess the potential of L. shawii metabolites for activity and to give
insights into the structure-activity relationships of the selected com-
pounds, a virtual screening protocol was employed, integrating molec-
ular docking and in silico prediction of activity. Initially, 62 compounds
identified in L. shawii extract via RP-HPLC-MS and tandem MS/MS were
subjected to a virtual screen against key wound healing targets: GSK3-4,
HIF Hydroxylase, KEAP1-Nrf2 complex, and PTEN. Based on the virtual
screening results, the six compounds exhibiting the best affinity (as
determined by optimal docking poses) against the active sites of these
targets were selected for further molecular docking. For molecular
docking (MDock), the structures of the target proteins (PDB codes: 6ae3,
5a3u, 6gmc and 6w30) were prepared by removing water molecules and
unnecessary molecules, correcting crystallographic disorders and un-
filled valence atoms, minimizing energies, and saving as PDBQTP files.
The 2D structure of each of the six selected compounds was drawn using
Chem-Bio Draw Ultral6.0, saved as an SDF file, protonated, subjected to
energy minimization, and saved as PDBQTP files. The prepared ligands
were then docked against the target proteins using Autodock Vina 1.5.7
software [52] with a rigid receptor and flexible ligands. During docking
refinement, each molecule was allowed to generate twenty different
poses, and the resulting docking scores (affinity energy) of the best-fitted
poses were recorded. 3D and 2D figures were generated using Discovery
Studio 2024 visualizer [53].

2.5. Physicochemical properties, pharmacokinetic and toxicity profiles
and in silico prediction

To assess the potential of L. shawii examined metabolites for phar-
maceutical development and druggability, in silico prediction of phys-
icochemical, pharmacokinetic, and toxicity profiles of these six selected
compounds were calculated using the Deep-PK online web tool (https://
biosig.lab.uqg.edu.au/deeppk/, accessed on [on 25 February 2025])
[54]. This tool encompasses nine general properties: boiling point (°C),
hydration free energy (which indicates the drug’s aqueous solubility),
log D7.4 (the logarithm of the n-octanol/water distribution coefficient,
representing the lipophilicity of a molecule at pH 7.4), log P (the loga-
rithm of the n-octanol/water distribution coefficient), log S (the loga-
rithm of aqueous solubility at a temperature of 20-25 °C), log VP (the
logarithm of the vapor pressure, representing the volatility of a molecule
at 25 °C), melting point (°C), pKa acid, and pka basic (which control its
pharmacokinetic properties).

Seven absorption properties (Caco-2 permeability, Human oral
bioavailability, Human intestinal absorption (HIA), Madin-Darby
Canine Kidney cells (MDCK) permeability, skin permeability, P-glyco-
protein substrate, P-glycoprotein I inhibitor), four distribution proper-
ties (BBB (blood-brain barrier) permeability, fraction unbound (human),
Plasma protein binding (PPB), Steady State Volume of Distribution
(SSVD)), seven metabolism properties (CYP2D6 substrate, CYP3A4
substrate, CYP1A2 inhibitor, CYP2C19 inhibitor, CYP2C9 inhibitor,
CYP2D6 inhibitor, CYP3A4 inhibitor), and three excretion properties
(total clearance, Half-life, renal OCT2 substrate) were available through
the Deep-PK tool. The 33 available toxicity properties (AMES
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mutagenesis, avian toxicity, honey bee toxicity, bioconcentration factor,
biodegradation, carcinogenicity, crustacean toxicity, liver injury I, liver
injury II, eye corrosion and irritation, maximum tolerated dose (human),
hERG inhibitor, Daphnia magna toxicity, micronucleus formation, NR-
Aryl hydrocarbon Receptor (AhR), NR-Androgen Receptor (AR), NR-
Androgen Receptor (AR) Ligand-Binding Domain (LBD) activation,
NR-aromatase inhibition, NR-Estrogen Receptor (ER), NR-Estrogen Re-
ceptor (ER) Ligand-Binding Domain (LBD), NR-Glucocorticoid Receptor
(GR), NR-Peroxisome Proliferator-Activated Receptor Gamma (PPAR-
gamma), NR-Thyroid Receptor (TR), oral rat acute toxicity (LD50), oral
rat chronic toxicity (LOAEL), Fathead Minnow toxicity, respiratory
disease, skin sensitization, SR-Antioxidant Responsive Element (ARE),
SR-ATADS5 (ATPase Family AAA Domain Containing 5) gene, SR-Heat
Shock Sequence (HSE) elements, SR-Mitochondrial Membrane Poten-
tial (MMP), and SR-p53 pathway) in Deep-PK were calculated to predict
the potential toxicity profiles of these compounds.

Time Positive Control

Day 0

Day 3

Day 9

Day 14

L. shawii crude extract
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3. Results and discussion
3.1. In vivo examination of L. shawii extract wound healing properties

3.1.1. Wound area and wound contraction (%) estimation

A wound is defined as a disruption in the anatomical integrity of any
biological tissue, induced by physical, mechanical, chemical, or micro-
bial agents. The subsequent wound healing process is a complex bio-
logical cascade that serves to restore the structural and functional
integrity of injured or damaged tissues. This process is generally char-
acterized by four sequential, yet overlapping phases: coagulation and
hemostasis, inflammation, proliferation, and the final remodeling phase
of scar tissue formation, or maturation [44]. Herbal medicines are a
significant component of primary healthcare provision in many
resource-limited nations globally. The establishment of scientific evi-
dence supporting their efficacy is critical, not only to encourage adop-
tion within formal healthcare systems but also to ensure consumer safety
[55]. Therefore, this study investigated the wound-healing activity of
L. shawii aerial parts methanolic extract. We employed RP-HPLC-QTOF-
MS and MS/MS techniques to profile its chemical constituents.

These analytical findings were further corroborated by molecular

Fucidin cream®

Fig. 1. Macroscopic images of wound closure over a 14-day healing period in positive control, crude extract, and Fucidin-treated groups.
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wound over the docking investigations to elucidate the underlying
mechanisms of action. The visual assessment of wound closure was a key
component of our in-vivo study. Fig. 1 presents photographic evidence
of the wound areas on the dorsal skin of the subjects, demonstrating the
healing process in the positive control (untreated) group, those treated
with the L. shawii methanolic crude extract (Total Extract), and those
treated with Fucidin cream® (Fuscidic acid 2 %) at days 0, 3, 9, and 14
(Fig. 1).

This in vivo study investigated the wound-healing potential of the
L. shawii extract by evaluating wound contraction over a 14-day period
in a rat model. The extract’s performance was compared to that of a
control group and the standard wound-healing agent, Fucidin cream®.
The results are presented as wound area (ecm? + SD) in Fig. 2.a, and
wound contraction percentages (% =+ SD) in Fig. 2. b.

Where Fig. 2a shows that the initial wound areas on day 0 were
similar across all groups. Over the course of the 14-day study period, all
groups demonstrated a progressive reduction in wound area. Fucidin
showed the fastest rate of reduction, but it is important to note that the
extract demonstrated a significantly more pronounced reduction
compared to the control in each time point and demonstrated promising
results in reducing the wound area.

By day 14, the control group exhibited a substantial reduction with a
wound area of 2.285 + 0.080 cm?, while the Fucidin group exhibited a
markedly lower wound area (0.460 + 0.029 cm?). Notably, the extract
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demonstrated a reduction to 0.725 + 0.011 cm? at the end of the study,
indicating a considerable reduction compared to the control and a
promising healing effect. Additionally, Fig. 2b displays the calculated
wound contraction data for each group across the 14-day study. On day
3, while the Fucidin group demonstrated the highest contraction rate
(34.556 + 3.820 %), the extract group showed a considerable contrac-
tion of 21.114 + 1.419 %, which is significantly better than the control
(2.638 + 0.597 %). By Day 9, Fucidin exhibited the most pronounced
mean wound contraction (85.436 + 0.079 %). While the extract
exhibited a lower contraction compared to Fucidin, it still showed a very
significant and much higher wound contraction (73.113 + 0.590 %)
compared to the control (47.303 + 0.254 %). By day 14, while Fucidin
showed the highest mean wound contraction (92.832 + 0.509 %), the
extract still showed a considerable contraction (88.633 + 0.331 %) at
the end of the study.

In comparison with previous studies, our findings on wound area
reduction and wound contraction in the L. shawii extract-treated group
are highly encouraging and consistent with reports on other Lycium
species. For instance, research on Lycium barbarum has demonstrated
that its polysaccharides enhance fibroblast proliferation, collagen
deposition, and angiogenesis, thereby accelerating wound closure and
improving collagen maturation [56-58]. These similarities suggest that
the bioactive compounds in L. shawii may function through comparable
regenerative mechanisms, such as upregulating vascular endothelial
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Fig. 2. a) Wound area (cm?) changes across treatment groups over a 14-day period, b) Wound contraction (%) in control, Fucidin, and Total Extract groups over a

14-day healing period.
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growth factor (VEGF) and modulating inflammatory cytokines, which
are vital for effective tissue repair. The significant reduction in wound
area observed in our experiment further underscores the therapeutic
potential of L. shawii. This outcome is consistent with studies high-
lighting that herbal formulations rich in polyphenols and flavonoids
significantly decrease wound size by promoting rapid re-
epithelialization and reducing inflammation [59,60]. The alignment
between our wound contraction data and these earlier studies empha-
sizes the efficacy of L. shawii extract in facilitating tissue regeneration,
potentially through similar biochemical pathways. These comparative
insights not only validate our observations but also highlight the
promise of L. shawii as a natural therapeutic agent in wound manage-
ment. Overall, the consistency of our results with previous studies pro-
vides a robust foundation for further investigations into the molecular
mechanisms underlying L. shawii’s wound-healing properties and sup-
ports its potential for future clinical applications.

3.1.2. Histopathological examination

In contrast to, the microscopic examination of H&E-stained skin
sections obtained from the standard normal skin revealed a normal
epidermal structure (e) with an underlying dermis (d) exhibiting typical
connective tissue organization and skin appendages, the examined sec-
tions from the positive control group demonstrated a notable ulcerated
wound area (W) filled with inflamed granulation tissue. This tissue was
characterized by the presence of capillary buds (red arrows), young fi-
broblasts, and a high number of inflammatory cells (black arrows),
predominantly neutrophils and some macrophages. Furthermore, the
extract group displayed incomplete re-epithelization (e), with several
non-keratinized epithelial layers overlying an inflamed granulation tis-
sue (W). This tissue exhibited fewer inflammatory cells (black arrows),
and capillary buds (red arrows) compared to the positive control group.
Notably, the Fucidin group showed complete re-epithelization (e), with
a thicker, keratinized epithelial layer. The underlying tissue (W) in this
group consisted of mature vascular connective tissue, which showed less
inflammatory cells and had a few macrophages (black arrows) than the
other groups and prominent capillary buds (red arrows), which clearly
distinguishes it from both the positive control and extract groups (Fig. 3a
and Fig. Sla).

Collagen is an abundant protein in the connective tissues that plays a
crucial role in wound healing [61]. MT-stained sections obtained from
the normal skin displayed a typical epidermal structure (e) overlying a
dermis (d) characterized by dense, bluish collagen. In contrast, sections
from the positive control group exhibited an ulcerated wound area (W)
containing loosely arranged, faint blue collagen (black arrows). Notably,
both the extract and Fucidin groups showed a marked increase in
collagen deposition compared to the positive control group. Specifically,

Negative control (Normal
skin)

Positive control

L.

Fitoterapia 185 (2025) 106749

the extract group revealed a wound area (W) with an increased depo-
sition of bluish collagen (black arrows), indicative of collagen formation
during wound healing and tissue repair. The Fucidin group, on the other
hand, demonstrated a wound area (W) with a denser deposition of bluish
collagen (black arrows), suggesting a more advanced stage of collagen
maturation compared to both the positive control and extract groups
(Fig. 3b and S1b).

3.1.3. Immunohistochemical examination

To assess the expression of vascular endothelial growth factor
(VEGF) within the wound area on day 14, immunohistochemical (IHC)
analysis was conducted. Where, microscopic examination of immuno-
stained normal skin sections revealed few positively brown-stained
endothelial cells (black arrows) within the dermis (d). In contrast,
wounded skin sections from both the positive control and extract groups
showed an increased number of positively brown-stained endothelial
cells (black arrows) within the wound area (W), suggesting an increase
in angiogenesis. The Fucidin cream® group, however, exhibited the
highest number of positively brown-stained endothelial cells (black ar-
rows) in the wound area (W), which suggests a more pronounced neo-
vascularization compared to all other groups (Fig. 4 and S2).

Furthermore, quantitative analysis of VEGF staining demonstrated a
significantly higher VEGF-stained area in the extract group (31.00 £+
1.871 %) compared to negative control group (7.000 £ 0.9487 %) (p <
0.0001). While the Fucidin cream® group exhibited a more pronounced,
statistically significant increase in VEGF staining (40.00 + 1.581 %)
compared to the control normal group (p < 0.0001), Control Positive
(21.00 £ 1.871 %), and the Extract groups (p < 0.0001) (Fig. 5).

This finding, alongside the observation that Fucidin cream® also
caused an increase in VEGF, demonstrates that both the L. shawii extract
and Fucidin cream® induce angiogenesis in the wound area through
their effects on VEGF production. The process of angiogenesis, a hall-
mark of effective wound repair, involves the formation of new blood
vessels from existing ones. This regeneration is critical as it facilitates
the transport of oxygen and nutrients to the wound site while enabling
the removal of metabolic waste products [62]. Vascular endothelial
growth factor (VEGF) is a key regulator of angiogenesis, widely recog-
nized as the most dynamic and essential growth factor involved in this
process [63]. Furthermore, it has been reported that VEGF plays a sig-
nificant role in mitigating skin injuries through the activation and
recruitment of endothelial progenitor cells derived from the bone
marrow [64].

Although the Fucidin® cream showed a faster rate of wound
contraction, the significant healing efficacy of L. shawii extract is highly
relevant due to its distinct, multi-targeted mechanism. Unlike the sin-
gular antimicrobial action of Fucidin®, our extract acts as a complex

shawii crude extract Fucidin cream®

Fig. 3. Histological analysis of wound tissue on Day 14, magnifications: X100 (bar: 100 pm), a) stained with hematoxylin and eosin (H&E). b) Collagen deposition in

wound tissue shown by Masson. e: epidermis; d: dermis and w: wound.
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Fig. 4. VEGF expression in wound tissue on Day 14, determined by immunohistochemistry (IHC). Magnifications: X100 (bar: 100 pm). e: epidermis; d: dermis and

w: wound.
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Fig. 5. Percentage of VEGF-stained areas across different groups.

mixture of phytochemicals that simultaneously promotes angiogenesis,
modulates inflammation, and supports tissue regeneration, as evidenced
by our histopathological findings. This holistic, pro-regenerative
approach offers potential synergistic effects and may reduce the risk of
antimicrobial resistance. Therefore, while not outperforming the pure
compound standard in this model, L. shawii extract is established as a
compelling candidate for development as a safe and effective natural
therapeutic alternative.

This pro-regenerative capacity is consistent with the extract’s rich
phytochemical profile. For instance, its triterpenoids represent the same
pharmacologically active scaffolds found in renowned wound-healing
botanicals like Centella asiatica and Calendula officinalis [65,66], while
its unsaturated fatty acids provide crucial inflammation-attenuating
effects, a therapeutic principle also leveraged by established remedies
like rosehip oil [67]. Moreover, this chemical profile, dominated by
lipophilic compounds, also distinguishes L. shawii from its more famous
relative, L. barbarum (goji berry), whose therapeutic effects are often
linked to its high content of water-soluble polysaccharides. This distinct
chemistry underscores the diverse therapeutic potential within the
Lycium genus and highlights the value of investigating its lesser-known
species.

3.2. Metabolic profiling

The metabolic profiling of L. shawii Roem. & Schult. aerial parts
extract employing RP-HPLC-MS and tandem MS/MS in both negative
and positive ionization modes revealed the presence of 62 metabolites
(Chart 1).

In this sense, Fig. 6a shows the extract’s base peak chromatogram.
The metabolite characterization strategy was based on earlier in-
vestigations [65,66] taking into consideration the generated molecular
formulae, retention times (RT), double bond equivalence (DBE), mo-
lecular ion peaks (m/z), neutral losses, and peak areas (Fig. 6b)
consulting relevant literature and databases [67-71]. The annotated
metabolites were grouped into terpenes (24), fatty acids and long-chain
amides (27), organic acids (3), phenolic compounds, lactones, furans,
and ketones (Fig. 6b and S3-S5, 2 Table 1).

The occurrence of terpenes was widely noticed, with 24 derivatives
being categorized into monoterpenes, sesquiterpenes, and triterpenes. In
this sense, monoterpenes were noticed as two isomers of loliolide I-II
(peaks 1, 2) as monoterpene lactones (Fig. S7a) as well as p-methyl-
ionone (peak 49). It bears noting that they were mentioned in Solanum
lyratum and Soalnum lycopersicum, in a respective manner [67,68].

Concerning sesquiterpenes, they were the most abundant class of
terpenoid derivatives, with 19 derivatives. They were classified as
eudesmane sesquiterpenes, vetispirane sesquiterpenes, and sesquiter-
pene saponins. As for eudesmane sesquiterpenes, two isomers of lycii-
terpenoid A/B (peaks 17, 20) (Fig. S7b) were observed being
characterized before in L. chinense. Furthermore, five isomers of lycii-
terpenoid C/(2S)-2-(2-hydroxypropan-2-yl)-5,8-dimethyl-1,2,3,4-tetra-
hydronaphthalen-2-ol (peaks 6, 13, 14,21,33) were observed (Fig. S7c)
in agreement with previous study on L. chinense [68,69]. Vetispirane
sesquiterpenes were annotated as (+)-anhydro-g-rotunol I-II (peaks 10,
36) (Fig. S8a), 2-hydroxysolajiangxin E/ 7-hydroxylsolajiangxin I (peak
12) (Fig. S8b), and solavetivone I-II (peaks 50, 51) (Fig. S8c) that were
noticed before in Solanum lyratum [68,71,72]. Additionally, sesquiter-
pene saponins were detected as pyishiauoside Ib I-II (peaks 9, 11)
(Fig. S9a), mukurozioside Ib I-IV (peaks 15, 16, 18, 22) (Fig. S9b), and
mukurozioside Ia (peak 19) (Fig. S9¢) exhibiting the sequential loss of
hexose moieties (162 Da) and/or deoxyhexose moieties (146 Da) as well
as n CHOH moieties (n x 30 Da). This is the first report of these
sesquiterpene saponins in the family Solanaceae. Whereas they were
mentioned in Sapindus mukorossi,Sapindaceae [73]. Regarding tri-
terpenoids, two isomers of the limonoid salannin (peaks 23, 25) were
noticed as the first report in Solanaceae [68].

With regards to fatty acids and long-chain amides, 27 derivatives
were noticed exhibiting dehydration and/or decarboxylation [66,74].
They were sub-grouped into saturated fatty acids (5), monounsaturated
fatty acids (4), diunsaturated fatty acids (11), polyunsaturated fatty
acids (5), and two long-chain amides. In this context, lauric acid (peak
48), myristic acid (peak 53), palmitic acid (peak 58) and two isomers of
stearic acids (peaks 61, 62) (Fig. S10a) were noticed as examples of
saturated fatty acids. It bears noting that they were described for the first
time in the genus Lycium. However, they were described in Solanaceae
in Mandragora autumnalis, Hyoscyamus niger, and Solanum chacoense
(Table 1, Fig. S4) [67,68]. Moreover, monounsaturated fatty acids were
detected as ricinoleic acid I-II (peaks 41, 45) and oleic acid I-II (peaks 59,
60), which were described before in Solanum dulcamara and Nicotiana
tabacum, Solanaceae [68], respectively. Linoleic acid I-II (peaks 56, 57),
(S)-coriolic acid I-III (peaks 32, 34, 35) (Fig. S10b), and 9-oxo0-10E,12(Z/
E)-octadecadienoic acid I-VI (peaks 26, 28, 30, 38, 40, 42) were noticed
in Lycium for the first time and represented diunsaturated fatty acids
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Chart 1. A list of 62 identified metabolites in L. shawii leaf extract.

where they were mentioned before in Deprea subtriflora, Nioctiana
tabacum, and Capsicum annuum, Solanaceae, respectively [68] (Table 1,
Fig. S4). Linolenic acid (peak 52) and colnelenic acid (peak 31) were
annotated in L. shawii extract, portraying polyunsaturated fatty acids
that were mentioned before in Withania somnifera and Solanum tuber-
osum (Solanaceae) [68]. Besides, three isomers of stearidonic acid
(peaks 24, 27, 29) (Fig. S10c) were characterized where they were
mentioned for the first time in the family Solanaceae, where they were
described in Vincetoxicum funebre, Apocyanaceae [68] (Table 1, Fig. S4).
As for long-chain amides, palmitamide and (peak 54) N-methyl-
palmitamide (peak 55) were mentioned for the first time in the family
Solanaceae but were observed in Boronia koniambiensis (Rutaceae) and
Gossypium hirsutum (Malvaceae) [68], (Table 1, Fig. S4).

Three organic acids were observed as 4,4-dimethylheptanedioic acid
(peak 3), Dibutyl phthalate I-II (peaks 44, 47) (Fig. S11a) that were
mentioned in Solanum melongena and L. barbarum, respectively [68].
With respect to phenolic compounds, three flavone isomers of 8-(2-
hydroxypropan-2-yl)-5-hydroxy-7-methoxy-6-methyl-4-methoxy-
flavone (peaks 4, 5, 7) (Fig. S11b) stated previously in Nioctiana taba-
cum, Solanaceae [68]. In addition, the phenols were characterized
doitungbiphenyl A I-II (peaks 43, 46) (Fig. S8c) in agreement with their
previous description in Nioctiana tabacum, Solanaceae [68]. The
a-p-unsaturatedy-lactone (—)-hydroxydihydrobovolide (peak 8) was
observed which was mentioned earlier in Solanum nigrum, Solanaceae
[68]. Moreover, the cyclohexanone blumenol (peak 37) A was observed,
as stated earlier in Lycium barbarum [70]. In regard to isobenzofurans,
2,2-Dimethyl-6,8-dihydro-2H-furo[3,4-glchromene (peak 39) was
noticed and mentioned previously in Nioctiana tabacum, Solanaceae
[68], (Table 1, Fig. S5).

3.3. Molecular docking (MDock), binding energies studies and structure-
activity relationships (SARs) analysis

To elucidate the molecular mechanisms underpinning the observed
wound-healing properties of L. shawii extract, molecular docking studies
were performed to explore the potential of L. shawii metabolites to
interact with key regulatory proteins involved in angiogenesis and
wound repair. Following an initial screening of the 62 compounds
identified in L. shawii extract through RP-HPLC-QTOF-MS and MS/MS,
six metabolites (2-hydroxysolajiangxin-E, Salannin L1,
Doitungbiphenyl-A I-II, Lyciiterpenoid C I-V, Lyciiterpenoid-A, Blume-
nol-A), (Fig. S4 and S5) were selected for more in-depth docking studies
due to their excellent predicted binding affinity for the chosen target
proteins.

These docking studies also provide insight into the binding energies
and potential structure-activity relationships (SARs) of these metabo-
lites. The target proteins, GSK3-# [75], HIF Hydroxylase [76,77],
KEAP1-Nrf2 complex [76-78], and PTEN [79,80], were selected due to
their established roles in driving VEGF expression and the subsequent
angiogenesis essential for effective wound closure. To ensure the reli-
ability of the docking protocol, the co-crystalized ligands for each target
protein were also docked into their respective binding sites (Table 2).
The findings of these docking studies provide insight into the possible
mechanisms through which L. shawii extracts might exert their observed
wound-healing properties.

Salannin I-II demonstrated the highest affinity for GSK3-g. This
favorable interaction was mediated by seven hydrophobic n-Alkyl in-
teractions with residues in the active site (Val70, Leul32, Vall10, Cys85,
Ala83) and four hydrogen bonds (Lys85, Cys199, Tyr134, and Argl41l
with distances of 2.42, 3.08, 3.01, and 2.91 10\) (Fig. 7), resulting in a
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Fig. 6. (a) Base peak chromatograms (BPCs) of the L. shawii leaf extract in negative and positive ionization modes, (b) bubble plot of observed masses (m/z) versus

retention time for metabolite classes and peak areas.

strong binding energy (—9.45 kcal/mol). This strong binding suggests
that salannin I-II may act as a GSK3-f inhibitor. GSK3-§ negatively
regulates the Nrf2 pathway; therefore, the potential for salannin I-II to
modulate its activity is significant. This modulation of GSK3-4 leads to
Nrf2 activation, increasing VEGF expression and enhanced angiogen-
esis, thereby promoting wound healing [75]. Furthermore, the binding
affinity of salannin I-II compares favorably to the co-crystalized ligand
Morin (—7.11 kcal/mol) which exhibited six hydrophobic n-n in-
teractions and five hydrogen bonds with Vall110, Leul32, Cys199,
Leul88, Ala83, Val70, Asp133, Lys85, Asp200, and Asn64 with dis-
tances of 1.91, 2.93, 2.37, 2.96, and 2.39 /o\, respectively (Fig. 8).

The high binding energy observed for salannin I-II, and the
involvement of hydrogen bonds suggest that the ester groups, and the
decalin ring system are key determinants of high binding energy. These
groups likely enable the observed formation of hydrogen bonds with
Lys85, Cys199, Tyrl34, and Argl4l in the GSK3-j active site. Doi-
tungbiphenyl A I-II also exhibited a notable binding affinity for GSK3-4
(—7.02 kcal/mol). The interactions were characterized by ten hydro-
phobic r-sigma, n-sulfur, and n-Alkyl interactions with Ile62, Val70,
Lys85, Ala83, Leul88, Vall10, Leul32, Cys199, and Phe67, alongside
two hydrogen bonds with Vall135, and Asp133 with distances of 2.54,
and 2.54 A, (Fig. 9). This suggests that even in the absence of the ester
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4 7 rotunol 1T sesquiterpenes Iyratum
37 | 236 251479 | 241 b 1 cl0s | s | % ] o N.D. 4 | Blumenola | Cyclohexanone Lycium Solanaceac | 4.52E+05 | 093
1 6 s barbarum
R 9-0x0-
38 | 235 | 293213 a9s5007p | 294221 | N | Culy0s | 943 | 3.0 | 09 | 2402062 | 4 | [OBI2ZE- Fatty acids | COPSCUM AN | g oinaccac | 2.13E+05 | 0.4
8 1 1 9 octadecadienoic uum
acid IV
2,2-Dimethyl-
39 | 236 2031061 | 2299 | b | comgo, | s | 2] 03 N.D. 7 | O8-dihydro-2H- |y zofurans Nioctiana Solanaceac | 2.40E+05 | 0.50
0 3 9 furo[3,4- tabacum
g
9-0x0-
40 | B8 | 293212 24221 | CgH0s | 880 | 3 | 09 | 24002061 | 4 | OBI2QE- Fatty acids | COPSCUM A | g ilnaceac | 5.33E+05 | 1.10
9 8 1 octadecadienoic uum
acid V.
245 | 297.244 298.250 846 | |, | 00 | 279.2335, SR . Sol
41 1 1 9 N CisH3405 6 l; 5 2612161 2 Ricinoleic acid I Fatty acids du?cgfn]z:a Solanaceae -
R 9-ox0-
42 | 240 | 293213 | osang0 | 294220 | N | CuHn0s | 815 | 30 | 09 | 2402260 | 4 | [OBI2ZE)- Fatty acids | COPICUM A | golnaceae | 1L7IE405 | 035
3 1 1 9 octadecadienoic uum
acid VI
43 | 247 sotaats | 300033 1| o, | s6s | 69 | 20| N g | Doitungbipheny Phenols Nioctiana | g1 1nacene | 834E+05 | 172
9 7 1 AT tabacum
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278.151 0.0 | 149.0229, Dibutyl -
44 | 247 279.1591 s P | Cill0y | 983 | 00 | 21078 | 6 phﬂl'la?ailel Organic acids 0 Solanaceac | 7.05E+05 | 145
45 | 2T | 207244 298250 | | cmu0, | 830 | 23 | 06 | 27923 | o | Ricimoleicacid | g Solanum Solanaceac | S.67E+04 | 0.12
5 1 9 8 ; o 1l dulcamara
300.133 68 | 2.0 283.2850, Doitungbipheny . Nioctiana TN
46 | 25 3011415 5 P | CiHxnO: | 867 | 5 5 | 3331600 | 9 Phenols P Solanaceae | 1.82E+06 | 3.76
278.151 . 149.0232, Dibutyl - Lycium barbar
47 | 251 279.1592 . P | CiHnO; | 992 o;x 01| 5iosr |6 phthalate I Organic acids . Solanaceac | 1.66E+06 | 3.41
4g | 22| 199070 200178 | N | CpHuO: | 988 | 19 | 08 N.D. 1 Lauric acid Fatty acids Mandragora | g 1 naceae | 2.72E405 | 056
5 8 5 autumnalis
4 | B3] 20s.16 206167 | | cyHn0 | 990 | 11 | -02 N.D 4 | B-Methylionone | Monoterpenes Solanum Solanaceae | 3.49E+05 | 0.72
1 3 ; Iycopersicum
50| 26 2100738 | 2810 | p | a0 | 977 | 24 | %3 | 1211009 | 5 | Solavetivoner | _Vetispirane Solantum Solanaceae | 84IE+05 | 1.74
5 2 sesquiterpenes Iyratum
51| 275 2191748 | 21810 | p | 0 | 981 | 18 | 04 N.D. 5 | Solavetivone IT Vetispirane Solanum Solanaceac | 2.35E+05 | 049
5 5 sesquiterpenes Iyratum
203 | 277.218 278.225 ’ 259.2063, - ' Withania
52 s 5 5 N C5H300, 95.1 358 -1.1 233.1761 4 Linolenic acid Fatty acids somnifera Solanaceae 2.96E+06 6.12
53 | 298| 270 28209 N | 0, | 99 | 21 05 | 209189 | 1| Myristicacid Fatty acids Hy"sg:"”” Solanaceac | S.50E+05 | 1.14
1
30.1 255.256 CyeHyN 11| 06 | 2382503, ' Long-chain Boronia
54 2 256.2633 0 P o 99 2 3 186.1813 1 Palmitamide amides koniambiensis Rutaceae 1.48E+06 3.06
N- -
55 | 310 2702787 | 209269 | p | CoMuN | ggg 1 37| 10 N.D. 1 | methylpalmitam | -Ongchain Gossypitm |y po1aceac | 2.90E+04 | 0.06
5 2 (¢) 4 1 ide amides hirsutum
s6 | 314 | 270241 ogi o475 | 280281 1 N e o, | 950 | 38 | <11 | 2612214 | 3| LinoleicacidT Fatty acids Nioctiana Solanaccac | 4.04E+06 | 8.34
2 1 3 P 3 tabacum
57| 3L8 | 279233 280241 1 | w0, | 959 | 15 | 04 | 2612919 | 3 | Linoleic acid II Fatty acids Nioctiana Solanaceae | 3.38E+05 | 0.70
5 5 3 5 tabacum
332 | 255234 256.241 - 237.2208, A ' Solanum chac
s8 |7 5 p N | CiHpO, | 913 5&4 14| 306 | || Palmitic acid Fatty acids - Solanaceac | 4.14E+06 | 8.55
so | 335 | 281249 282255 | N | w0, | 956 | 34 | -1 | 263.0233 | 2 | Oleicacidl Fatty acids Nioctiana Solanaceac | 1.48E+06 | 3.06
2 5 9 3 tabacum
60 | 339 | 281248 22255 | | CHu0, | 888 | 06 | 02 N.D 2 Oleic acid II Fatty acids Nioctiana Solanaceae | 1.36E+05 | 0.28
6 6 9 5 tabacum
61| 333 | 26 W N | ct0, | 718 [ 41 [ [ ND, 1 | Stearicacid1 Fatty acids S""’”:;’::h““ Solanaceac | 2.39E+04 | 0.05
|
6 | 58| 265 P N | a0, | 961 | 20 | 06 | 2652511 | 1| Stearicacid Fatty acids | S N0 | Solanaceae | 322E+05 | 0.6
5 s
*jon with sodium adduct, N; negative, P; positive, N.D., undetected, DBE, Double bond equivalence
Peak area: lowest value highest value.

Table 2
: Molecular docking analysis of the extracted compounds against GSK3-j, HIF
Hydroxylase, KEAP1-Nrf2 complex and PTEN.

Tested Compounds RMSD Docking (Affinity)
compounds value (&) score (kcal/mol)
GSK3-p 2-hydroxysolajiangxin-E 0.98 —6.98
Salannin I-II 1.06 —9.45
Doitungbiphenyl-A I-II 1.35 —7.02
Co-crystalized ligand 0.83 -7.11
(Morin)
HIF 2-hydroxysolajiangxin-E 0.81 —6.77
Hydroxylase Blumenol A 0.85 —6.62
Co-crystalized ligand 0.65 -5.90
(R8J)
KEAP1-Nrf2 2-hydroxysolajiangxin-E 1.10 —6.86
complex Blumenol-A 1.62 -7.12
Co-crystalized ligand 1.03 —6.97
(J6H)
PTEN Lyciiterpenoid-C I-V 1.74 —5.99
Lyciiterpenoid-A 1.47 —5.85
Co-crystalized ligand 1.21 —4.12

(SJA)
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functional group, the phenyl group and the methoxy contribute to the
high binding.

However, the lower binding affinity of 2-hydroxysolajiangxin-E
compared to salannin [-II indicates that the absence of the ester
groups and different substituents on the hydroxyl groups on 2-hydroxy-
solajiangxin-E leads to the difference observed and contributes to
weaker interactions with GSK3-4 (Fig. 10). For HIF Hydroxylase, a key
regulator of angiogenesis through its control of HIF-1a stability [76,771,
2-hydroxysolajiangxin-E displayed a docking score of —6.77 kcal/mol.
This interaction was characterized by eleven hydrophobic n-Alkyl in-
teractions with Trp389, Met299, Tyr310, Val376, 1le327, His374, and
His313 and two hydrogen bonds with Arg322, and Tyr303 with bond
length of 2.29, and 1.97 A (Fig. 11).

Similarly, blumenol-A exhibited a comparable binding affinity of
—6.62 kcal/mol for HIF Hydroxylase (Fig. 12), compared with the co-
crystalized ligand (R8J) which exhibited an affinity score of —5.90
kcal/mol and formed three hydrophobic n-interactions with Val376, and
Trp389, and furthermore interacted with His313, and Tyr303 by two
hydrogen bonds with distances of 3.30, and 1.79 A, respectively
(Fig. 13).

blumenol-A formed eleven hydrophobic n-sigma, and z-Alkyl in-
teractions with His374, Val376, Ala385, Tyr303, His313, Ile327,
Tyr329, Leu343, and Tyr310 and moreover, it interacted with Tyr303,
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Fig. 8. 3D figure of the proposed binding mode of the co-crystalized ligand (Morin) complexed with GSK3-g.

and Arg383 by two hydrogen bonds with distances of 1.79, and 2.21 A
(Fig. 12). The comparable binding affinity and common hydrophobic
interactions and one hydrogen bond interaction between 2-hydroxysola-
jiangxin-E and blumenol-A with the active site of HIF Hydroxylase
suggest that the presence of the hydroxyl group, the ketone group, and
the methyl substituent on the five-membered ring in both 2-hydroxyso-
lajiangxin-E and blumenol-A are the most important contributors. This
contrasts with the key elements in Salannin I-II that have good binding
for GSK3-4, suggesting the presence of a hydroxyl group or lactone ring
is a better interaction in the active site over a decalin substituent. The
KEAP1-Nrf2 complex was another target of interest, as this complex has
a demonstrated role in promoting wound healing [76-78]. blumenol-A)
showed the highest binding affinity (—7.12 kcal/mol) for this complex,
facilitated by four hydrophobic n-Alkyl interactions with Phe577,
Tyr572, Tyr525, and Ala556 and four hydrogen bonds with Ser602,
Ser555, Arg483, and Ser508 with distances of 2.19, 2.39, 2.22, and 2.77
A (Fig. 14), compared to an affinity of —6.97 kcal/mol for the co-
crystalized ligand (J6H) which formed five hydrophobic n-n, n-cation,
n-anion, and 7-Alkyl interactions with Tyr525, Phe478, Arg415, and
Ala556, and further interacted with Ser508, Arg483, Ser555, and
GIn530 by four hydrogen bonds with distances of 1.84, 1.86, 1.71, and
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1.90 A, respectively (Fig. 10 and. Fig. 15).

2-hydroxysolajiangxin-Ealso showed a comparable affinity of —6.86
kcal/mol as it formed four hydrophobic w-alkyl interactions with
Ala556, Tyr334, Phe577, and Tyr572 and, additionally, by three
hydrogen bonds the interaction was established with Arg483, Ser508,
and Arg415 with distances of 2.19, 2.82, and 2.49 A, (Fig. 16).

The close binding affinity between compounds, 2-hydroxysolajiang-
xin-E and blumenol-A may be attributed to their respective structural
features and polar functional groups capable of hydrogen bonding and is
also shown by the position of methyl substituents on the cyclic com-
pounds. A comparison with Salannin I-II, which showed a poor KEAP1-
Nrf2 binding affinity, suggests the absence of both a 5-membered ring
with hydroxyl and the hydroxyl substituent, and the absence of a posi-
tion for these functional groups, such as the decalin ring system that
does not allow it, leads to poorer docking results, where the spatial
structure and substituents play an important role.

PTEN, a phosphatase that regulates cell proliferation, survival, and
migration, all of which are important for wound closure, was also
examined [79,80]. Lyciiterpenoid C I-V demonstrated the most favor-
able binding affinity for PTEN, with a docking score of —5.99 kcal/mol
(Fig. 17).
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D

Fig. 9. 3D figure of the proposed binding mode of doitungbiphenyl A I-II against GSK3-f.2-hydroxysolajiangxin E also exhibited a notable binding affinity for GSK3-
(—6.98 kcal/mol), forming seven hydrophobic n-alkyl interactions with Cys199, Leu188, Val70, and Tyr134 and two hydrogen bonds with Lys85, and Arg141 with

distances of 2.29, and 2.50 A (Fig. 10).

Fig. 10. 3D figure of the proposed binding mode of 2-hydroxysolajiangxin-E against GSK3-g.

This interaction was mediated by eight hydrophobic n-x and n-Alkyl
interactions with Phe280, Leu192, Phe196, Ala189, and Val287. On the
other hand, it interacted with Asn193 by a hydrogen bond with a dis-
tance of 2.06 A (Fig. 17). The Co-crystalized ligand SJA displayed a
binding affinity of —4.12 kcal/mol (Fig. 18).

This suggests that the tetrahydronaphthalene ring system and its
hydrophobic faces, and the propanol group for the creation of the
hydrogen bond, are essential characteristics in the active site.
Lyciiterpenoid-A exhibited an affinity score of —5.85 kcal/ mol. it was
formed nine hydrophobic zn-Alkyl interactions with Leul92, Phe280,
Phel96, Alal89, and Val287. Additionally, two hydrogen bonds were
observed with Glu276, and Ala189 with distances of 1.84 (Fig. 19).

The slightly improved binding affinity compared to lyciiterpenoid-C

IV to the active site, highlights the significance of the

14

tetrahydronaphthalene ring system and the hydroxyl for the formation
of hydrogen bonds.

Collectively, the in-silico docking studies revealed that the six
examined L. shawii metabolites exhibited varying degrees of affinity for
key regulatory proteins involved in angiogenesis and wound repair.
These binding differences point to potential structure-activity relation-
ships. The docking scores of the co-crystalized ligands confirm the val-
idity of our method. Furthermore, our in vivo data demonstrating
increased VEGF expression provides additional support for the potential
role of these compounds in promoting angiogenesis. While Salannin I-1T
displayed the strongest affinity for GSK3-4, 2-hydroxysolajiangxin-E and
blumenol A showed promising interactions with HIF Hydroxylase and
the KEAP1-Nrf2 complex. Lyciiterpenoid-C I-V showed the most favor-
able binding for PTEN. These findings suggest that different structural
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Fig. 12. Figure of the proposed binding mode of blumenol A against HIF Hydroxylase.

features may be important for targeting each protein. These findings
suggest that L. shawii extracts may promote wound healing through
multiple mechanisms, primarily through enhanced VEGF and increased
angiogenesis.

3.4. Pharmacokinetics, toxicity and drug likeness (ADME/Tox), in-silico
prediction

The in silico ADMET (Absorption, Distribution, Metabolism, Excre-
tion, and Toxicity) profiles of the six tested compounds (with excellent
binding affinities to the targets) derived from L. shawii extract were
predicted using the Deep-PK online tool, and the results are compiled in
(Table 3).

This analysis provides an initial assessment of the compounds’ po-
tential as drug candidates, emphasizing key parameters relevant to
bioavailability, distribution, metabolic fate, and potential toxicity.

Key physicochemical properties revealed the logarithm of the n-
octanol/water distribution coefficient (log D7.4), as a measure of lip-
ophilicity at physiological pH (7.4), ranging from 0.5 to 4.48. Log P
values ranged between 0.47 and 5.73, suggesting an overall appropriate
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range for crossing cellular membranes. Furthermore, the negative S
values, (from —1 to —6), indicate low water solubility and potential
stability.

The Human Oral Bioavailability (HOB) predictions demonstrated
favorable values across all compounds. Lyciiterpenoid-C I-V, (0.792),
Lyciiterpenoid-A (0.763), blumenol-A (0.789), Salannin I-II (0.762),
Doitungbiphenyl-A I-II (0.699), and 2-hydroxysolajiangxin-E (0.839) all
exhibited values above 0.699, signifying a high probability of oral ab-
sorption. Supporting this, permeability across the intestinal epithelium,
simulated by Caco-2 cell permeability values, indicated permeability
through the cell membrane, ranging from —4.55 to —5.01.

In terms of distribution, Blood-Brain Barrier (BBB) permeability
predictions suggest variability, with compounds, Lyciiterpenoid-C I-V,
Lyciiterpenoid-A, and blumenol-A predicted to cross the BBB.

The compounds also exhibited high protein-binding ability, as
exemplified by Lyciiterpenoid-A (60.47) and Doitungbiphenyl-A I-II
(66.71), which is consistent to a low SSVDf; (stead state distribution)
indicating less body distribution. The CYP (Cytochrome P450) meta-
bolism predictions revealed all compounds as substrates for these en-
zymes. For our investigation, Salannin I-II and Doitungbiphenyl-A I-II
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Fig. 14. 3D figure of the proposed binding mode of Blumenol-A against KEAP1-Nrf2 complex.

Fig. 15. 3D figure of the proposed binding mode of the co-crystalized ligand (J6H) against KEAP1-Nrf2 complex.

16
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Fig. 17. 3D figure of the proposed binding mode of Lyciiterpenoid-C I-V against PTEN.

showed a good inhibition capacity against the P450 isoform. Finally, the
toxicity evaluation revealed generally low and safe profiles; however,
some members were considered toxic or unsafe based on predictions.
Additionally, it is crucial to note that these in-silico predictions, while
valuable for initial screening, are not definitive and require experi-
mental validation. The toxicity flags identified, such as for AMES
mutagenesis, serve as preliminary warnings that necessitate rigorous
safety evaluation before any clinical consideration. Future work must
therefore prioritize experimental confirmation through in vitro assays
for cytotoxicity and mutagenicity, and subsequent in vivo dermal
sensitization studies to definitively establish a safe profile for topical
application. This validation is a critical step to bridge our computational
findings with translational potential. Having established the significant
in vivo efficacy of the L. shawii extract, the translational pathway to a
clinical product necessitates a rigorous pharmaceutical development
phase. This subsequent stage must address the comprehensive charac-
terization of the delivery vehicle, a scope intentionally deferred in the
present study. Future investigations are therefore imperative to define
crucial formulation parameters, including long-term physicochemical
stability, drug release kinetics, and skin permeation profiles. Establish-
ing a robust, reliable, and effective formulation through such studies is
essential to translate the potent biological activity demonstrated herein
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into a viable therapeutic.

Indeed, this comprehensive investigation was strategically executed
using a modern chemo-centric approach, where the comprehensive
metabolomic characterization of the extract served as the foundation for
all subsequent inquiries. Molecular docking, followed by in-silico ADME/
toxicity analysis, was then leveraged as a powerful chemo-informatic
screening tool to rationally prioritize metabolites with high predicted
affinity for key wound-healing targets. The subsequent in vivo evalua-
tion of the crude extract was therefore not merely exploratory but served
as the pivotal experimental validation of our central hypothesis: that the
synergistic action of these computationally identified lead compounds
would manifest as significant, measurable biological efficacy. While
definitive mechanistic conclusions for individual compounds are
intentionally deferred to subsequent bioassay-guided isolation studies,
the present work successfully bridges the gap from chemical composi-
tion to validated therapeutic potential, providing a robust foundation for
the targeted development of its most promising constituents.

4. Conclusion

This study comprehensively evaluated the wound-healing potential
of L. shawii methanolic extract using a multi-modal approach. In vivo
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Fig. 19. 3D figure of the proposed binding mode of Lyciiterpenoid A against PTEN.

experiments demonstrated significant wound contraction (88.63 % by
day 14) and enhanced collagen deposition, effectively paralleling the
performance of the standard Fucidin®. Histopathological and immu-
nohistochemical analyses further revealed reduced inflammation,
accelerated re-epithelization, and upregulated VEGF expression,
underscoring the extract’s pro-angiogenic activity. Metabolic profiling
identified 62 secondary metabolites, including terpenes, fatty acids, and
phenolic compounds, suggesting a synergistic mechanism of action. In
silico molecular docking corroborated these findings, demonstrating
strong interactions between key metabolites (e.g., salannin I-II, 2-
hydroxysolajiangxin-E) and crucial wound-healing targets such as
GSK3-p, HIF Hydroxylase, and KEAP1-Nrf2, thus supporting the
observed VEGF upregulation and modulation of oxidative stress and
angiogenesis pathways. Favorable ADMET predictions indicated
acceptable oral bioavailability and low toxicity risks for the active
compounds, strengthening their pharmaceutical potential. Although
Fucidin® exhibited superior performance in some respects, L. shawii
presents a compelling natural, multi-targeted therapeutic alternative
with a potentially reduced risk of adverse effects. Future research should
prioritize the isolation of individual bioactive compounds, optimization
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of clinical formulations, and validation through human clinical trials.
This work highlights the significance of integrating traditional herbal
medicine knowledge with contemporary computational and experi-
mental methodologies to facilitate the development of safe and effective
wound-healing therapies.
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Table 3
ADME/Tox profiling of six selected compounds.*
ADME/Tox Lyciiterpenoid-C I- Lyciiterpenoid-A Salannin Doitungbiphenyl- Blumenol- 2-
\ I ATl A hydroxysolajiangxin-E
General Properties
log D7.4 2.2 1.86 4.48 2.53 0.5 1.91
log P 2.84 2.65 5.73 3.9 0.47 2.68
log S —2.45 —-2.47 —6.15 —-4.29 —-0.95 —-2.72
Absorption
Caco-2 permeability —4.61 —4.68 —5.01 —4.85 —4.68 —4.55
Human Oral Bioavailability 20 % Bioavailable Bioavailable Bioavailable Bioavailable (0.699) Bioavailable Bioavailable (0.839)
(0.792) (0.763) (0.762) (0.789)
Human Intestinal Absorption Absorbed (0.994) Absorbed (0.995) Absorbed (0.927) Absorbed (0.954) Absorbed (0.977) Absorbed (0.992)
Skin Permeability -2.85 -2.98 10.39 -1.63 —2.66 -2.43
Distribution
Blood-Brain Barrier Penetrable (0.991) Penetrable (0.938) Penetrable Non-Penetrable Penetrable (1) Penetrable (0.999)
(0.969) (0.005)
Plasma Protein Binding 17.56 60.47 20.78 66.71 17.84 46.68
SSVDff 1.8 2.33 2.82 1.16 0.99 1.14
Metabolism
CYP 1A2, CYP 2C19, CYP 2D6, Non-Inhibitor Non-Inhibitor Inhibitor (0.634) Inhibitor (0.976) Non-Inhibitor Non-Inhibitor (0.001)

OATP1B1 Inhibitor
CYP 1A2, CYP 2C19, CYP 2D6
Substrate
CYP 2C9, CYP 3A4 Inhibitor

CYP 2C9, CYP 3A4 Substrate

Excretion
Clearance
Organic Cation Transporter 2

Toxicity
AMES Mutagenesis
Avian
Bee
Biodegradation
Carcinogenesis
Crustacean
Liver Injury I
Eye Corrosion
Eye Irritation
Maximum Tolerated Dose
Liver Injury II
hERG Blocker
Skin Sensitization

(0.021)
Substrate (0.656)

Non-Inhibitor
(0.003)
Non-Substrate
(0.294)

8.48
Non-Inhibitor
(0.126)

Toxic (0.851)
Safe (0.173)
Toxic (0.804)
Safe (0.02)
Toxic (0.628)
Safe (0.28)
Safe (0.236)
Safe (0.001)
Safe (0.33)
0.95
Toxic (0.595)
Safe (0)
Toxic (0.642)

(0.024)
Substrate (0.564)

Non-Inhibitor
(0.003)
Non-Substrate
(0.144)

9.32
Non-Inhibitor
(0.096)

Safe (0.433)
Safe (0.071)
Toxic (0.686)
Safe (0.036)
Safe (0.482)
Safe (0.305)
Safe (0.261)
Safe (0.171)
Safe (0.171)
0.64
Toxic (0.552)
Safe (0.005)
Toxic (0.609)

Substrate (0.65)
Inhibitor (0.753)

Non-Substrate
(0.383)

10.6
Non-Inhibitor
(0.063)

Safe (0.003)
Safe (0.025)
Toxic (0.981)
Safe (0.009)
Toxic (0.527)
Toxic (0.704)
Safe (0.438)
Safe (0)
Safe (0.02)
-0.35
Toxic (0.518)
Safe (0)
Safe (0.242)

Non-Substrate
(0.373)
Non-Inhibitor
(0.219)
Non-Substrate
(0.009)

7.89
Inhibitor (0.754)

Safe (0.013)
Safe (0.037)
Safe (0.469)
Safe (0.006)
Toxic (0.669)
Safe (0.073)
Toxic (0.669)
Safe (0.486)
Safe (0.484)
0.78
Toxic (0.59)
Safe (0.256)
Toxic (0.518)

(0.01)
Non-Substrate
(0.494)
Non-Inhibitor (0)

Non-Substrate
(0.005)

4.54
Non-Inhibitor
(0.072)

Safe (0.306)
Safe (0.156)
Toxic (0.78)
Safe (0.347)
Toxic (0.838)
Safe (0.245)
Safe (0.153)
Safe (0.008)
Toxic (0.556)
0.86
Safe (0.483)
Safe (0)
Toxic (0.597)

Substrate (0.609)
Non-Inhibitor (0.002)

Non-Substrate (0.001)

11.24
Non-Inhibitor (0.474)

Toxic (0.563)
Safe (0.079)
Toxic (0.988)
Safe (0.119)
Toxic (0.56)
Safe (0.056)
Safe (0.208)
Safe (0)
Safe (0.079)
0.04
Toxic (0.581)
Safe (0)
Toxic (0.638)

* Probabilities and confidence levels are indicated in parentheses where applicable.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fitote.2025.106749.

Data availability

The data presented in this study are available in the present article
and the supplementary material.
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