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The tender shoots of Caesalpinia mimosoides Lam. are used ethnomedically by
the traditional healers of Uttara Kannada district, Karnataka (India) for the
treatment of wounds. The current study was aimed at exploring phenol-
enriched fraction (PEF) of crude ethanol extract of tender shoots to isolate and
characterize the most active bio-constituent through bioassay-guided
fractionation procedure. The successive fractionation and sub-fractionation of
PEF, followed by in vitro scratch wound, antimicrobial, and antioxidant activities,
yielded a highly active natural antioxidant compound ethyl gallate (EG). In vitro
wound healing potentiality of EG was evidenced by a significantly higher
percentage of cell migration in L929 fibroblast cells (97.98 ± 0.46% at 3.81 μg/
ml concentration) compared to a positive control group (98.44 ± 0.36%) at the
48th hour of incubation. A significantly higher rate of wound contraction (98.72 ±
0.41%), an elevated tensile strength of the incised wound (1,154.60 ± 1.42 g/mm2),
and increased quantity of connective tissue elements were observed in the
granulation tissues of the 1% EG ointment treated animal group on the 15th
post-wounding day. The accelerated wound healing activity of 1% EG was also
exhibited by histopathological examinations through Hematoxylin and Eosin,
Masson’s trichome, and Toluidine blue-stained sections. Significant up-
regulation of enzymatic and non-enzymatic antioxidant contents (reduced
glutathione, superoxide dismutase, and catalase) and down-regulation of
oxidative stress marker (lipid peroxidation) clearly indicates the effective
granular antioxidant activity of 1% EG in preventing oxidative damage to the
skin tissues. Further, in vitro antimicrobial and antioxidant activities of EG
supports the positive correlation with its enhanced wound-healing activity.
Moreover, molecular docking and dynamics for 100 ns revealed the stable
binding of EG with cyclooxygenase-2 (−6.2 kcal/mol) and matrix
metalloproteinase-9 (−4.6 kcal/mol) and unstable binding with tumor necrosis
factor-α (−7.2 kcal/mol), suggesting the potential applicability of EG in
inflammation and wound treatment.
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1 Introduction

Awound is an injury that disrupts the anatomical arrangement of
the cells and affects the integrity and functionality of the living skin
tissue. Wounds are clinically classified as acute and chronic, on the
basis of physiology and reparative time frame (Oluwole et al., 2022).
Wound healing is an intricate physiological process with the temporal
synchronization of a variety of cells, coordinating with four over-
lapping phases viz. hemostasis, inflammation, proliferation, and tissue
remodeling (Kasouni et al., 2021). The wound healing process is
strictly regulated by the manifestation of various growth factors and
cytokines at the wound site. Any impediments or alterations during
the healing process can cause severe tissue damage and infections,
which may harm the adjacent healthy tissues. Consequently, it
prolongs the tissue repair process and leads to chronic or non-
healing wounds, which can create severe clinical complications or
even death (Amri et al., 2017; Negut et al., 2018).

Wound care facilities have gained tremendous attention
throughout the world as they significantly affect the healthcare
economy. A retrospective study of medicare recipients in
2018 revealed approximately 8.2 million people around the globe
were suffering from contagious or non-contagious wounds, and the
cost of treatment ranged between 28.1 and 96.8 billion dollars
(Ustuner et al., 2019). In 2017–2018, the annual wound
management cost in the United Kingdom was more than
£5.6 billion (Oluwole et al., 2022), and around 5.7 million patients
in the United States were suffering from chronic wounds with an
annual treatment cost of $20 billion (Kumari et al., 2022). All these
studies have demonstrated that there is a huge scope for research on
the proper management of wounds with distinct modulatory effects.

In recent years, plant-based compounds and their products have
shown improved wound healing through natural repair mechanisms
by shortening the prolonged inflammatory phase, enhancing the
migration and proliferation of fibroblasts, stimulating the process of
angiogenesis, and thereby accelerating the re-epithelization process.
Numerous studies on the potentiality of natural products as wound
healing agents have scientifically evaluated their antimicrobial,
antioxidant, and anti-inflammatory properties (Santos et al.,
2021). In these circumstances, the World Health Organization
(WHO) encourages the utilization of scientifically validated
plant-derived drugs (World Health Organization, 2013).

Natural products from traditional medicines and
ethnopharmacology are an important source of novel leads in the
development of drug discovery research for therapeutic applications.
In the past decades, pharmaceutical industries have been less
attentive toward natural products, specifically due to their
inherent complexities. However, recent technological
advancements assisted in addressing new disputes to a great
extent, and has rejuvenated the scientific interest in the field of
drug discovery from natural resources (Najmi et al., 2022). The
separation and isolation of active compounds from plant extracts
with subsequent identification are important steps in the drug
discovery process. Bioassay-guided fractionation and isolation is
one such effective procedure to discover novel therapeutic

compounds from active fractions of plant extracts. In this
process, each fraction produced during chromatographic
separation is evaluated for specific biological activities. Only the
active fractions are further fractionated and re-fractionated until the
isolation of a single or multiple pure biologically active compounds
(Moyo et al., 2019; Muhammad et al., 2021).

Caesalpinia mimosoides Lam. is an important traditional
medicinal plant that belongs to the family Fabaceae, native to
Southeast Asia, and distributed in India, Thailand, Burma, Laos,
Vietnam, and China (WFO, 2022). It is a sub-erect or scandent
shrub, densely hispid, with recurved prickles throughout the plant.
The tribal communities of Thailand traditionally consume tender
shoots and immature leaves of the plant as a vegetable, appetizer,
carminative, and to get rid of giddiness (Chanwitheesuk et al., 2007;
Tangsaengvit et al., 2013; Manasa et al., 2014). The Mullu Kuruma
tribe of Kerala state, India, uses plant leaves in treating epilepsy (Silja
et al., 2008). During our ethnomedicinal exploratory studies in the
Central Western Ghats region, Karnataka, India, we reported the use
of C. mimosoides tender shoots in treating wounds and skin diseases
(Bhat et al., 2012; Bhat et al., 2014). In addition, the traditional
healers of the Udupi district of Karnataka use the root paste of the
plant in treating wounds, ulcers, and arthritis (Rekha, 2011).

In our earlier studies, the wound-healing activity of crude
ethanol extract of C.mimosoides was scientifically evaluated (Bhat
et al., 2016). Further, phenolic enrichment of bioactive crude ethanol
extract was performed through a sequential liquid-liquid partition
process, and the resulting phenol-enriched fraction (PEF) was
evaluated for wound-healing properties, followed by antioxidant,
antimicrobial, and anti-inflammatory activities (Bhat et al., 2022).
The effective wound-healing activity of PEF over crude ethanol
extract has created an interest to take it for further bioassay-guided
fractionation process to get a pure and biologically active
compound, “ethyl gallate” (EG). In the present study, the
fractions, sub-fractions, and the isolated compound EG were
analyzed by in vitro toxicity and viability studies, followed by
in vitro wound-healing activity through scratch wound assay
against L929 cells. All the samples were further evaluated for
in vitro antimicrobial activity against bacterial and fungal skin
pathogens causing wound infections. In addition, the highly
active fractions and sub-fractions were evaluated for in vitro
antioxidant activity. In vivo acute toxicity and wound-healing
activity of EG was carried out in Wistar albino rats, followed by
histopathology and biochemical estimations of granulation tissues.
In silico docking studies were also performed to elucidate the
wound-healing mechanism of EG.

2 Materials and methods

2.1 Collection and extraction of plant
material, and obtaining PEF

Healthy tender shoots of C. mimosoides were collected from the
thick evergreen forests of Yana village (14° 34′ 0″ N and 74° 32′ 59″
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E), located in the Central Western Ghats region of Uttara Kannada
district, Karnataka, India. The plant was authentically identified
using standard regional floras and the voucher specimen (PB/GRH-
111) was deposited in the Herbarium, Karnatak University,
Dharwad for future reference. The freshly collected tender shoots
of the plant (2.5 kg) were shade dried and coarsely powdered with an
electrical blender. The powdered material [1 kg dry weight (d.w.)]
was sequentially extracted with the solvents (n-hexane, chloroform,
acetone, ethanol, and water) of increasing polarity and dielectric
constants through the hot percolation method using Soxhlet
apparatus (Bhat et al., 2016). The active ethanol extract with
potent wound-healing activity was further processed for the
enrichment of phenols using liquid-liquid partition procedure as
described in our earlier publication (Bhat et al., 2022). The resulting
PEF was further dried using a rotary evaporator (Heidolph Laborota
4000), with a yield of 28.90 ± 0.64% (d.w.), and it was stored at 4°C in
a refrigerator for further experimental use.

2.2 Bioassay-guided fractionation of PEF
through chromatographic techniques and
isolation of an active constituent

A flow chart representing a brief methodology of bioassay-guided
fractionation, isolation, and purification of the biologically active
compound EG is given in Figure 1. A chromatography glass
column (size: 60 cm × 30 mm) with an integral sintered disc (JAIN
Scientific Glass Works, Haryana, India) was used for the fractionation
process. The column was packed with activated silica gel (mesh size
60–120) by mixing chloroform through the slurry method (Özbilgin
et al., 2018). The dried PEF (10.11 g) and the activated silica gel (mesh
size 60–120) dissolved in chloroform were loaded on the top of the
silica bed in the column. The isocratic mode of elution was performed
with CHCl3, combinations of CHCl3:MeOH (99.80:0.20; 99.50:0.50; 99:
1; 98.50:1.50; 98:2; 97.50:2.50; 97:3; 96.5:3.5; 96:4, 95:5, 90:10; 80:20; 70:
30; 60:40; 50:50; 40:60; 30:70; 20:80; and 10:90), and MeOH as mobile

FIGURE 1
Flow chart representing brief methodology of bioassay-guided fractionation, isolation, and purification of biologically active compound EG.
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phase to obtain 86 primary fractions. A thin-layer chromatography
(TLC; silica gel 60 F254, Merck Germany) profile of all the collected
fractions was performed using the combinations of CHCl3:MeOH as
mobile phase and the bands were viewed under UV lights of 254 and
366 nm wavelengths. Fractions with similar retention factor (Rf) of
bands were mixed and finally grouped into 24 fractions (Fraction
1–Fraction 24). The percent yield of all the fractions was calculated and
screened for in vitro wound-healing activity through scratch wound
assay against L929 cell lines, followed by antimicrobial activity against
bacterial and fungal skin pathogens.

The bioactive fraction 9, which showed a significantly higher
percentage of cell migration during scratch wound assay with
potential antimicrobial activity, was further subjected to column
chromatography (weight of the fraction nine taken for separation:
1.006 g) using CHCl3, CHCl3:MeOH (99:1; 98:2; 97:3; 96:4, 95:5, 90:
10; 80:20; 70:30; 60:40; 50:50; 40:60; 30:70; 20:80; 10:90) and MeOH as
eluents to obtain 47 sub-fractions. All the sub-fractions were collectively
included into 15 groups based on their Rf values on the TLC plates (Sub-
fraction 9.1– Sub-fraction 15). The percent yield of all the sub-fractions
was calculated and screened for in vitrowound-healing and antimicrobial
activities. The bioactive sub-fraction 9.13 with a highly significant
percentage of cell migration and antimicrobial activities yielded a
major compound. It was dissolved in MeOH with activated charcoal
to obtain purified off-white, non-crystalline powder after drying.

2.2.1 Structure elucidation of bioactive compound
The structure of the isolated compound was determined through

various spectroscopic techniques such as Fourier transform infra red
(FT-IR), Nuclear magnetic resonance (NMR), Gas
chromatography-mass spectrometry (GC-MS), and Ultraviolet-
visible spectroscopy (UV-Vis).

IR spectra of the isolated compound were recorded on a Nicolet-
5700 FT-IR spectrophotometer (KBr disc). 1H-NMR and 13C-NMR
spectra were recorded on a Bruker 400 and 100 MHz spectrometer
respectively, using DMSO-d6 as the eluting solvent and TMS as an
internal standard. The chemical shifts were expressed as δ (ppm)
and the mass spectra were recorded using the Agilent-single Quartz
GC-MS instrument. UV spectra were recorded on U-3310 UV-Vis
spectrophotometer and structure of the isolated compound was
determined as ethyl gallate (EG) (structure elucidation results
provided in Section 3.2).

2.3 Cell culture, cell viability/toxicity tests,
and in vitro wound healing activity of
fractions, sub-fractions, and EG through
scratch wound assay

L929 mouse fibroblast cells were procured from the National
Centre for Cell Science (NCCS), Pune, India. The cells were
immediately thawed in a water bath at 37°C, and transferred to
25 cm2 T-Flask (Nunc EasYFlask) containing 7 ml complete
growth medium [Dulbecco’s Modified Eagle’s Medium (DMEM),
sodium bicarbonate, 10% fetal bovine serum (FBS), and 1% penicillin-
streptomycin as per manufacturer’s instructions] and maintained at
37°C, 5% CO2 in a humidified incubator. The fresh medium was
supplied a day after plating and for every 2–3 days following until cells
reached 70%–80% confluence before subculture (Azis et al., 2017).

2.3.1 Cell viability and toxicity assay
Cell viability and toxicity of samples (fractions, sub-fractions, and

EG) was analyzed through MTT assay (3-[4,5-Dimethylthiazol-2-yl]-
2,5- diphenyltetrazolium bromide) (Azis et al., 2017). Cells were seeded
in a 96-well microplate (NuncTMMicrowellTM96-well microplates,
ThermoFisher Scientific) at 1 × 104 cells/well density, containing a
complete growth medium, and incubated for 24 h. After incubation,
the medium was replaced by fresh serum-free medium with various
concentrations (1,000–1.95 μg/ml) of samples and the plate was
incubated for a further 48 h. The cells under treatment with serum-
free medium without any samples were considered as control. A
serum-free medium containing 25 µL of MTT (5 mg/ml
concentration) was added to each well. The medium was carefully
removed from the wells followed by complete drying after 4 h of
incubation. Dimethyl sulfoxide solution (DMSO, 100 μL) was put in
each well with intermittent shaking of the plate for 10 min to suspend
the purple-colored residual formazan crystals. Absorbance of the
solution was measured spectrophotometrically with a 96-well
microplate reader (Thermo Scientific Multiscan Go Version 1.00.40)
at 540 nm wavelength. The percentage cell viability and toxicity (IC50)
of all the samples were determined using ED50 plus v1.0 software.

2.3.2 In vitro wound-healing activity through
scratch wound assay

The cell migration activity of all the samples against L929 cells was
performed through scratch wound assay as described in our previous
study (Bhat et al., 2022). The cells were seeded in 24-well plates (TC
plate, sterile, 24 F wells, Tarsons) containing complete medium,
followed by incubation. A linear wound was created on the
confluent monolayer of cells using 10 μL sterile pipette tips and the
cell debris in each well was washed with phosphate buffer saline (PBS).
The medium (with 3% FBS and other ingredients mentioned earlier)
used consisted of either different concentrations of samples or the
positive control (epidermal growth factor EGF at 0.002 μg/ml dose).
The plane medium without any test samples was considered as the
negative control group. Images of scratch wounds of each group were
taken at the 0th, 24th, and 48th hours of treatment using an inverted
microscope (Olympus CKX41) attached to a camera (Magcam DC5).
The ×100 magnification images were photographed to evaluate the
percentage migration of cells towards the scratch wound. The area
between wound edges was precisely calculated using NIH ImageJ
software, and the percentage wound contraction was estimated.

2.4 In vitro antimicrobial assay

The antimicrobial property of all the samples was performed
using tube dilution assay against bacterial and fungal pathogens
causing wound infections (Bhat et al., 2022). The standard microbial
strains were obtained from the Microbial Type Culture and
Collection (MTCC), Chandigarh, and the National Collection of
Industrial Microorganisms (NCIM), Pune, India. Staphylococcus
aureus (MTCC737), Pseudomonas aeruginosa (MTCC 1688),
Proteus vulgaris (MTCC 1771), Klebsiella pneumoniae (MTCC
109), Micrococcus luteus (NCIM 2103), Salmonella typhimurium
(NCIM 2501), and Micrococcus flavus (NCIM 2379) were the
procured bacterial strains. Trichophyton rubrum (MTCC 296),
Microsporum canis (MTCC 2820), Microsporum gypseum (MTCC
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2819), Trichophyton mentagrophytes (MTCC 7687), Malassezia
furfur (MTCC 1374), Epidermophyton floccosum (MTCC 7880),
and Candida albicans (MTCC 183) were the fungal strains procured
for antimicrobial evaluation. The media used for subculturing the
strains were Sabouraud Dextrose Agar (SDA), Nutrient Agar (NA),
and Potato Dextrose Agar (PDA). Peptone water was used to
prepare the bacterial and fungal suspension cultures and they
were incubated for 18–24 h at 37°C. The turbidity of suspension
cultures was set to 1.5 × 106 CFU/ml and the relative antimicrobial
activity was compared with the positive standards viz. streptomycin
(for bacterial strains), nystatin, and voriconazole (for fungal strains).
The stock solutions of samples and the positive standards were
dissolved in 1% DMSO to make two-fold serial dilutions ranging
between 1,000–0.97 μg/ml concentrations. The tubes containing
inocula were incubated for 24–48 h at 37°C and the lowest
concentration of samples/standards, which inhibits the growth of
microbial strains, was considered as MIC.

2.5 In vitro antioxidant activity of bioactive
samples

2.5.1 DPPH radical scavenging assay
DPPH activity of bioactive samples (fraction 9, sub-fraction

9.13, and EG) was measured as per the method described by Pandey
et al. (2017), with few modifications. In brief, 3.5 ml DPPH solution
(0.1 mM) prepared in methanol solvent was mixed with 0.5 ml
standard gallic acid and samples of different concentrations
(100–1.56 μg/ml) prepared in methanol. The reaction mixture
was incubated at 37°C for 30 min and the absorbance of the
reaction mixture was determined at 517 nm against control
(DPPH stock solution) in the 96-well microplate reader.

2.5.2 ABTS radical scavenging assay
ABTS radical scavenging activity of bioactive samples (fraction 9,

sub-fraction 9.13, and EG) was estimated as per the method of Youn
et al. (2018). The ABTS radical cation solution was prepared by mixing
88 μL potassium persulphate (140 mM) and 5 ml ABTS (7 mM)
solutions. An intensely colored ABTS radical cation solution was
diluted to 1:44 ratio with distilled water after 16 h of incubation. A
volume of 50 µL of varying concentrations (125–1.95 μg/ml) of
standard catechin and the samples dissolved in methanol were
mixed with 1 ml diluted ABTS radical cation working solution.
Absorbance of the reaction mixture at 734 nm was measured against
control (ABTS radical cation working solution) in a 96 well microplate
reader after 30 min of incubation in the dark at room temperature.

IC50 of samples and corresponding standards against DPPH and
ABTS radicals were calculated using the ED50 plus v1.0 software
program.

2.6 In vivo acute dermal toxicity studies
of EG

Acute dermal toxicity of the ointment containing EG was
performed as per the Organization for Economic Co-operation
and Development guidelines (OECD Guideline-402) to determine
the suitable doses for evaluating in vivo wound-healing activity

(OECD, 2017). Wistar rats of either sex weighing 200–280 g (b.w.)
were selected for the assessment of acute toxicity and they were
acclimatized to standard room temperature (25°C ± 2°C), alternative
light-dark cycle (12/12 h), and 55% relative humidity. All the
experimental animals were fed with feed procured from Amrut
Laboratory, Pune, India and supplied with water ad libitum
throughout the study period. After 7 days of acclimatization, EG
at 2000 mg/kg b.w. limited dose was dissolved in a simple ointment
base to prepare the test dose as per Indian Pharmacopoeia (IP). The
fur from the dorsal surface of the animals was removed using an
electric shaver. The test was performed in control and treatment
groups, each with five male and five female rats, respectively, and
they were topically applied once with ointment base and EG
ointment. The animals were observed for 14 days of the study
period for the toxic synptoms on rat skin, viz. itching, irritation,
redness, swelling, and other alterations in behavior, if any.

2.7 Evaluation of in vivo wound-healing
activity of EG

Wistar rats (200–280 g) of both sexes were used to evaluate in
vivo wound-healing activity of EG. The approval for experimental
protocols and the use of animals was given by Animal Ethics
Committee, S.E.T. College of Pharmacy, Sangolli Rayanna Nagar,
Dharwad, India (SETCP/IAEC/2012-13/519). Animals of
corresponding treatment groups were managed individually in
clean separate cages for 7 days of acclimatization with standard
diet and water ad libitum, as described earlier. Wound-healing
property of EG evaluated using circular excision and linear
incision wound models was as described in our previous study
(Bhat et al., 2016). Different concentrations of EG (0.5% and 1%)
were employed using a simple ointment base formulation with
yellow soft paraffin, hard paraffin, wool fat, and cetostearyl
alcohol in a 7:1:1:1 ratio as per Indian Pharmacopoeia (Biswas
et al., 2013). The sample size (n) of experimental animals was
statistically calculated using G* Power statistical program
(Charan and Kantharia, 2013) and the number of animals in
each group was finalized as n = 6 (either sex in each group). The
animals for circular excision and linear incision wound models were
categorized into the following groups:

Group 1- Ointment treated with EG 0.5% w/w.
Group 2- Ointment treated with EG 1% w/w.
Group 3- Treated with standard ointment (Positive control

group; Povidone-Iodine ointment 5% w/w I.P.)
Group 4- Treated with Ointment base I.P. (Ointment base

group).
Group 5- No treatment (Negative control group).

2.7.1 Circular excision wound model
The experimental rats were anesthetized through the open mask

method before wound creation (Bhat et al., 2022). A day prior to
starting the experiment, the fur from the dorsal area of the animals
was cleanly shaved with an electric shaver and disinfected with 70%
ethanol. A circular excision wound of 500 mm2 diameter size was
created with a surgical scissor on the shaved dorsal region of the rats.
The wounds were topically applied with approximately 1 G of test
ointments, standard Povidone-Iodine, and the ointment base to the
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respective group of animals once a day up to the 15th post-
wounding day. The raw wound was traced every alternate day up
to the end of the study (15th post-wounding day) using transparent
polythene sheets sterilized with 70% ethanol and a permanent
marker. The area of traced wounds was measured using
millimeter scale graph sheets, and the wound progression images
of all the experimental animals were taken using a Nikon
D5600 camera. The percentage wound contraction in all the
experimental animals was determined through the following
equation:

%wound contraction � Wound area on day ′0′–Wound area on[
day ′n′/Wound area on day ′0′] × 100

Where, n = wound area on every alternate day (from 1st to 15th post
wounding days). The study also includes Complete epithelialization
period (CEP) in all the animals of corresponding groups.day
“0”–Wound area on day “n”/Wound area on day “0” ×100.

2.7.2 Linear incision wound model
A longitudinal incised wound (size: 6 cm length) was created on

the shaved dorsal region of animals of corresponding groups as per
standard procedure (Bhat et al., 2022). The incised wound was
sutured 1 cm apart with Acos™ Sunmedix disposable sterilized skin
staplers. Approximately 1 G of test ointments, standard Povidone-
Iodine, and ointment base were topically applied once per day to the
incised wounds of respective animals till the 15th post-wounding
day. Staples were removed on the 13th post-wounding day, and the
ointment application was continued up to the end of the experiment.
Animals were sacrificed on the 15th post-wounding day under
anesthesia and the tensile strength of each animal’s skin was
determined using the Tensiometer instrument. The weight (in
grams) required to break the treated incised wound was
considered as tensile strength (g/mm2).

2.7.3 Histopathology of granulation tissues
On the 15th post-wounding day, the animal skin tissue

specimens of corresponding groups in the excision wound model
were collected to perform histopathological studies. Skin specimens
were processed and fixed in Bouin’s solution, followed by paraffin
blocking. Skin sections of 5 µm thickness were taken in a microtome
(Leica, RM 2145), followed by staining with hematoxylin and eosin
(H&E), Masson’s trichome, and Toluidine blue stains as per
standard procedures (Suntar et al., 2010). The microphotographs
of sections were captured through an inbuilt analog camera
(ProgRess® C5-JENOPTIK) attached to Carl Zeiss Axio Imager
M2 compound microscope and the images were analyzed at
(×100 and ×400 magnifications. Quantification of different cells
(neutrophils, inflammatory cells, blood vessels, myofibroblasts, mast
cells, and macrophages) per unit area of images
at ×100 magnification were performed using NIH ImageJ
software (Hashemnia et al., 2019).

2.7.4 Biochemical parameters of granulation
tissues

Quantitative biochemical analysis of granulation tissues such as
hydroxyproline, hexosamine, superoxide dismutase (SOD), catalase
(CAT), reduced glutathione (GSH), and lipid peroxidase (LPO) were

carried out as per the method described in our previous publication
(Bhat et al., 2022), using skin tissue specimens of corresponding
animal groups. Known quantities of dried tissues were homogenized
with different solvents using a mechanical homogenizer. The
homogenized tissue samples were centrifuged at 6,000 rpm for
20 min and the supernatants were stored at 4°C for further
biochemical estimations.

2.8 Molecular docking studies of EG

Three important inflammatory drug targets viz.,
cyclooxygenase-2 (COX2/PTGS2), matrix metalloproteinase-9
(MMP-9), and tumor necrosis factor-alpha (TNF-α), were
prioritized. Molecular docking was performed to infer the
intermolecular interaction of EG with COX-2, MMP-9, and
TNF-α. Three stages of molecular docking were carried out: 1)
preparation of the ligand, 2) preparation of macromolecules
(targets), and 3) identification of the active site and docking the
ligand with the target.

(i) Preparation of the ligand: Three-dimensional (3D) structure of
EG was obtained in “.sdf” format from the PubChem small
molecule database (https://pubchem.ncbi.nlm.nih.gov). Using
the conjugate gradients approach, the “uff” forcefield was used
to minimize ligand structure. By including the gasteigers
charges and polar hydrogens, the ligands were changed into
“.pdbqt” format.

(ii) Preparation of macromolecules: The 3D x-ray crystallographic
structure of COX-2 (5IKT) (Orlando and Malkowski, 2016),
MMP-9 (4HMA) (Antoni et al., 2013), and TNF-α (2AZ5) (He
et al., 2005) were retrieved from the protein data bank database
of Research Collaboratory for Structural Bioinformatics (RCSB;
https://www.rcsb.org/). The computed atlas of surface
topography of proteins (CASTp; http://sts.bioe.uic.edu/castp/
index.html?1bxw) (Tian et al., 2018) and P2Rank (https://
prankweb.cz/) (Krivák and Hoksza, 2018) server were used
to identify the active site of each target, and docking of the
ligand was performed within the identified site.

(iii) Docking: AutoDock vina (https://autodock.scripps.edu/) was
used to perform molecular docking via executing through the
POAP pipeline (DasNandy et al., 2022; Patil et al., 2022).
Exhaustiveness was set to 100 and BIOVIA Discovery Studio
Visualizer 2019 (available for download at https://discover.3ds.
com/discovery-studio-visualizer-download) was used for
visualizing protein-ligand intermolecular interaction and
molecules with the lowest binding energy.

2.8.1 Stability of the docked complexes
All-atom molecular dynamics (MD) simulation was carried out

with the docked conformations of three distinct targets for 100 ns in
an explicit solvent to investigate their intermolecular interactions
and structural stabilities. The execution of MD simulations with the
Amber ff99SB-ildn force field was employed with the GROMACS
ver. 2021.3 (https://www.gromacs.org) software package (Khanal
et al., 2022; Khanal et al., 2023). Amber Tools’ xleap module (https://
ambermd.org/AmberTools.php) was used to prepare the topological
properties of the ligands and the whole complex. Further, an
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antechamber with a “bcc” charge model was used to calculate the
partial charges of small molecules. The salvation of the prepared
systems in a rectangular box were performed using the three-site
water (TIP3P) model, with 10.0 Å boundary conditions from the
protein’s boundaries in all directions. The required number of
counter ions were added to neutralize the charges on the prepared
systems. To establish the near-global state least energy
conformations, the steepest descent and conjugate gradient
energy minimization methods were used. Canonical (NVT and
NPT) and isobaric (NPT) ensembles were employed for system
equilibration for 1 ns. A modified Berendsen thermostat approach

was adopted (300 K) to maintain the volume and temperature constant
during NVT equilibration. A Parrinello-Rahman barostat was
employed during NPT equilibration to keep 1 bar pressure constant.
To determine van der Waals, coulomb, and long-range electrostatic
interactions, the Particle Mesh Ewald approximation was utilized with
1 nm cut-off value. Similarly, to constrain the bond length, the Linear
Constraint Solver approach was used. Each complex went through a
100-ns production run, with coordinates recorded every 2 fs. In-built
gromacs tools were used to analyze the generated trajectories and the
additional software was used for further specialized investigations,
wherever appropriate.

FIGURE 2
Characterization of EG. (A) 1H-NMRspectrum, (B) 13C-NMR spectrum, (C) FT-IR (D) UV- Vis spectra, (E) GC chromatogram, (F) EI-MS.
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2.9 Statistical analysis

The experimental parameters were performed in triplicate and
the values were expressed as mean ± standard error. Statistical
analyses were performed using one-way ANOVA (IBM SPSS
software package, 20th version) with Tukey post hoc test, at
significance level of p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001.

3 Results

3.1 Percent yield of fractions, sub-fractions,
and EG

Among 24 fractions collected during column chromatography,
the percent yield of all the fractions was in the range of 0.30%–20.21%.
The highest yield was exhibited by fraction 9 (20.21%; 202.13 mg/g),
followed by fraction 12 (9.11%; 91.08 mg/g), fraction 13 (8.51%;
85.10 mg/g), and fraction 16 (7.57%; 75.72 mg/g). Among 15 sub-
fractions and EG, the percent yields ranged between 1.52% and
74.29%. In comparison, EG exhibited the highest yield (74.29%;
742.86 mg/g), followed by sub-fraction 9.13 (37.81%; 378.11 mg/g),
9.15 (10.10%; 100.99 mg/g), 9.14 (8.08%; 80.84 mg/g), and 9.8 (5.48%;
54.78 mg/g) (Supplementary Table S1).

3.2 Structure elucidation of bioactive
compound

Ethyl 3, 4, 5-trihydroxybenzoate (Ethyl gallate) IR (KBr) cm-

13452 (-OH), 1707 (Ester C=O); UV λmax (EtOH): 270 nm; 1H-NMR
(400 MHz, DMSO-d6, TMS) δ (ppm): 9.13 (br-s, 3H, -OH), 6.90 (s,
2H, Ar-H), 4.16 (q, J = 7.2 Hz, 2H, -CH2), 1.23 (t, J = 7.2 Hz, 3H,
-CH3);

13C-NMR (100 MHz, DMSO-d6) δ (ppm): 14.21, 59.92,
108.42, 119.54, 138.28, 145.50, and 165.77; EI-MS m/z198.

IR spectra showed–OH stretching at 3,452 cm−1; a band at
1707 cm−1 exhibits typical ester stretching. In 1H-NMR, the ethoxy
protons resonated in triplet-quartet pattern at 1.23 ppm and 4.16 ppm
with J-value of 7.2 Hz. The two symmetrical aromatic protons
resonated at 6.90 ppm as a singlet. A broad singlet observed at
9.13 ppm corresponds to three hydroxyl protons. Further, in
13C-NMR, the methyl carbon resonated at 14.21 ppm. A signal at
59.92 ppm corresponds to methylene carbon. The carbonyl carbon of
the ester was observed in the most downfield region at 165.77 ppm.
The signal at 119 ppm is attributed to the methine carbon attached to
the carbonyl carbon. The methine carbon ortho to hydroxyl group
resonated at 108.42 ppm, whereas the two carbons meta and para to
the ester functionality were observed at 145.50 and 138.28 ppm,
respectively. The molecular ion peak at m/z 198 confirms the
compound ethyl gallate (Figure 2, Figure 3).

3.3 Cell viability and toxicity of fractions,
sub-fractions, and EG

L929 cells were exposed to different concentrations
(1,000–1.95 μg/ml) of fractions, sub-fractions, and EG for 24 h
and the cytotoxicity was analyzed through MTT assay. The

percentage viability of L929 cells showed a gradual increase with
increasing concentration of all the samples (fractions, sub-fractions,
and EG) up to certain limits (1.95–15.62 μg/ml in fractions and sub-
fractions, 0.975–7.81 μg/ml in EG). It later decreased rapidly with
increased concentrations. It was found that all the fractions (1–24)
and sub-fractions (9.1–9.15) showed ≥100% cell viability at
15.62–7.81 μg/ml concentrations (Supplementary Figures S1A, B).
However, none of them exhibited 100% cell viability when they were
treated with more than 15.62 μg/ml concentration of fractions, sub-
fractions, and EG. In the case of EG, more than 100% cell viability
was observed only when the cells were treated with 7.81, 3.90, 1.95,
and 0.975 μg/ml concentrations (Supplementary Figure S1C).

Among all the fractions, the highest percentage of cell viability was
achieved by fraction 2 (108.27 ± 0.16%), followed by fraction 9 (106.21 ±
0.77%), fraction 6 (104.48 ± 1.10%), and fraction 4 (103.74 ± 0.96%) at
15.62 μg/ml concentration (Supplementary Figure S1A). While among
the sub-fractions, it was 114.54 ± 1.44%, 112.03 ± 0.90%, 110.45 ±
1.61%, and 109.24 ± 0.41% for sub-fraction 9.13, sub-fraction 9.3, sub-
fraction 9.1, and sub-fraction 9.2 respectively at 7.81 μg/ml
concentration (Supplementary Figure S1B). The isolated compound
EG showed a higher percentage of cell viabilities (122.19 ± 2.85%,
117.40 ± 3.82%, and 103.49 ± 3.54%) at 1.95, 3.90, and 0.975 μg/ml
concentrations respectively (Supplementary Figure S1C).

The IC50 of cell toxicity was found to be 323.75 ± 2.19, 312.01 ±
2.14, 307.51 ± 4.60, and 302.87 ± 6.49 μg/ml for fraction 6, fraction
15, fraction 9, and fraction 7 respectively (Supplementary Figure
S1D). Among sub-fractions, it was 188.48 ± 2.19, 181.80 ± 1.78,
177.58 ± 2.32, and 167.61 ± 1.59 μg/ml for sub-fraction 9.7, sub-
fraction 9.9, sub-fraction 9.2, and sub-fraction 9.10 respectively
(Supplementary Figure S1E). While in the case of EG, the IC50

was determined at 104.08 ± 1.19 μg/ml (Supplementary Figure S1F).

3.4 In vitro wound-healing activity of
fractions, sub-fractions, and EG through
scratch wound assay

Based on cell viability studies, the optimum concentrations that
showed more than 100% cell viability in all 24 fractions (15.62 μg/
ml), 15 sub-fractions (7.81 μg/ml), and EG (3.90 μg/ml and 1.95 μg/
ml) were chosen to carry out in vitro scratch wound assay. The effect
of test samples and positive and negative controls on the migration
rate of L929 cells were measured quantitatively and critically
analyzed at time intervals of 24 and 48 h respectively. Among all
24 fractions, a significantly higher percentage of cell migration was
observed in the cells treated with fraction 9 (92.75 ± 0.09%)
compared to the negative control group (60.55 ± 1.14%) at the
incubation period of the 48th hour. In the positive control group, the
migration rate was increased to 98.44 ± 0.36% at the 48th hour of the
incubation period, which was comparable to the effect of fraction 9
(Table 1). Therefore, fraction nine was selected for further
separation process in the next phase of column chromatography.

During the second phase of the chromatographic separation
process, 15 sub-fractions (sub-fractions 9.1–9.15) were obtained and
were evaluated for scratch wound assay. Among all sub-fractions,
sub-fraction 9.13 exhibited a significantly higher percentage of cell
migration (94.62 ± 0.17%) at the 48th hour of the incubation period
compared to the negative control group (60.55 ± 1.14%) (Table 2).
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The highly active sub-fraction 9.13 was further purified to obtain the
compound EG and it was evaluated for scratch wound assay at
1.95 and 3.90 μg/ml concentrations. Significantly increased cell
migration rate (97.98 ± 0.46%) was attained by the cells treated
with EG at 3.90 μg/ml concentration, which was significantly similar
to the positive control (98.44 ± 0.36%) at the 48th hour of incubation
(Table 2). The images of percentage cell migration in all the
treatment groups are given in Figure 4.

3.5 In vitro antimicrobial activity of fractions,
sub-fractions, and EG

Among all the samples tested, only fraction 9, fraction
12–fraction 17, fraction 19, sub-fractions 9.12–9.15, and EG
exhibited considerably effective antibacterial activity with
MIC<1,000 μg/ml (Table 3). Other than these samples, the other
fractions and sub-fractions failed to reveal effective antibacterial
activity and exhibited the MIC>1,000 μg/ml against all the bacterial
strains. Among the tested fractions, fraction nine was effective
against P. aeruginosa, M. luteus, and M. flavus with the least
MICs (7.81 μg/ml each), followed by P. vulgaris and S. aureus
with 15.62 μg/ml MICs respectively. In the case of sub-fractions,
the sub-fraction 9.13 was highly active with the least MIC (3.90 μg/
ml) against P. aeruginosa, followed by P. vulgaris,M. luteus, andM.
flavus (7.81 μg/ml each). The isolated compound EG was found
efficient against P. aeruginosa, S. aureus, andM. luteus with the least
MICs (3.90 μg/ml each), followed by P. vulgaris and M. flavus
(7.81 μg/ml each), which were comparable to the standard
streptomycin.

Similarly, fraction 9, fraction 12, fraction 13, fraction 16, sub-
fraction 9.13, and EG exhibited considerably effective antifungal
activity with MIC<1,000 μg/ml (Table 3). The other fractions and

sub-fractions failed to reveal effective antifungal activity and
exhibited MIC>1,000 μg/ml against all the fungal strains. Among
the fractions tested, fraction nine was found to be effective with the
least MIC against T. rubrum (7.81 μg/ml), followed by M. furfur
(15.62 μg/ml),M. gypseum, and C. albicans (31.25 μg/ml each). Sub-
fraction 9.13 effectively inhibited the growth of M. gypseum and C.
albicans with the lowest MICs (7.81 μg/ml each). Similar results
were also observed in EG against M. gypseum (3.90 μg/ml), T.
rubrum, M. furfur, and C. albicans with 7.81 μg/ml MICs each,
which were comparable to Nystatin and Voriconazole standards.

3.6 In vitro antioxidant activity

Antioxidant activity of the active samples, such as fraction 9,
sub-fraction 9.13, and EG, were carried out using DPPH and ABTS
scavenging assays. The percentage scavenging activity of standard
gallic acid and the samples were increased in a dose-dependent
mode and ranged from 28.38 ± 0.47% to 85.87 ± 0.36% (fraction 9),
28.38 ± 0.47% to 91.22 ± 0.47% (sub-fraction 9.13), 23.25 ± 0.79% to
98.42 ± 0.20% (EG), and 27.20 ± 0.34% to 98.87 ± 0.20% (standard
gallic acid) at 1.95 and 125 μg/g concentrations respectively
(Table 4). Interestingly, the gallic acid and EG showed
significantly similar IC50 results with 8.33 ± 0.41 and 8.83 ±
0.71 μg/g respectively, which revealed the potential antioxidant
activity of EG (Supplementary Table S2).

Similarly, ABTS radicals were scavenged by standard catechin
and the active samples in a dose-dependent manner. Standard
catechin exhibited 98.68 ± 0.57% scavenging at 125 μg/g
concentration and the samples were also active with the
scavenging percentages of 80.12 ± 0.42% (fraction 9), 89.54 ±
0.55% (sub-fraction 9.13), and 98.68 ± 0.29% (EG) at the same
concentration (Table 4). From the results, it was clear that the
scavenging activity of both EG and standard catechin were close to
each other and were supported by IC50 values with significantly
similar results (15.99 ± 0.33 and 15.12 ± 0.42 μg/g respectively)
(Supplementary Table S2).

3.7 In vivo acute dermal toxicity of EG

Acute dermal toxicity of isolated compound EG was evaluated
and no indications of any toxic symptoms on experimental animals
were detected at 2000 mg/kg limited dose. Toxic signs viz. changes in
mucous membranes, fur, locomotory organs, eyes, or on other body
parts of the animals were not reported during the study period. Any
adverse effects of EG on animal skin viz. itching, swelling, redness,
irritation, other behavioral patterns, and mortality of the animals
were also not noticed during the toxicity study.

3.8 In vivo wound-healing activity of EG

3.8.1 Circular excision wound model
In the circular excision wound model, 1% EG ointment-treated

group started showing a significantly higher rate of wound
contraction (p ≤ 0.01 and p ≤ 0.001) compared to the ointment
base, the negative control, and even the positive control groups from

FIGURE 3
Chemical structure of the compound EG.
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the third day up to the 11th post-wounding day (Table 5).
Thereafter, a significantly elevated percentage of wound closure
was observed from the 13th to 15th day of post-wounding, when
compared to the ointment base and the negative control groups.
Whereas in the 0.5% EG ointment-treated group, a significantly
higher wound-closure rate (p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001) was
observed from the 5th to 11th post-wounding day compared to all
three treatment groups (ointment base, negative control and positive
control) and later on it was limited to only ointment base and
negative control groups. Interestingly, on the 15th post-wounding
day, 0.5% and 1% EG ointment-treated groups showed relatively
higher percentages of wound contraction (98.10 ± 0.20% and 98.72 ±
0.41% respectively) when compared to the positive control group

(96.84 ± 1.27%). Effective wound-healing activity of 1% EG
ointment, positive control, and 0.5% EG ointment could be
noticed by significantly less CEP in all three treatment groups
(15.33 ± 0.33, 15.67 ± 0.67, and 16.00 ± 0.58 days respectively) in
comparison with the ointment base and negative control (21.67 ±
0.33 and 22.00 ± 0.58 days) groups respectively. The photographic
images of wound contraction in different treatment groups of
excision wound models between the 0th to15th post-wounding
days are given in Figure 5A.

3.8.2 Linear incision wound model
Similarly, the results of the incision wound demonstrated the

wound-healing efficacy of 0.5% and 1% EG ointments with

TABLE 1 Percentage cell migration in L929 cells treated with 24 fractions.

Samples Concentration Cell migration (%) Mean ± SE

24th hour 48th hour

Fraction 1 15.62 μg/ml 38.75 ± 0.15a 65.27 ± 0.10a

Fraction 2 15.62 μg/ml 58.16 ± 0.14b 66.99 ± 0.18a

Fraction 3 15.62 μg/ml 40.26 ± 0.11c 71.56 ± 0.33c

Fraction 4 15.62 μg/ml 18.77 ± 0.72e 73.60 ± 0.35c

Fraction 5 15.62 μg/ml 19.71 ± 0.21e 61.22 ± 0.19a

Fraction 6 15.62 μg/ml 16.23 ± 0.23e 69.07 ± 1.97a

Fraction 7 15.62 μg/ml 20.22 ± 0.16e 61.27 ± 0.14a

Fraction 8 15.62 μg/ml 14.01 ± 0.33e 69.27 ± 0.19a

Fraction 9 15.62 μg/ml 63.40 ± 0.24f 92.75 ± 0.09e

Fraction 10 15.62 μg/ml 21.05 ± 0.14e 65.00 ± 0.12a

Fraction 11 15.62 μg/ml 14.72 ± 0.20e 57.55 ± 0.16b

Fraction 12 15.62 μg/ml 57.63 ± 0.24b 81.86 ± 0.11days

Fraction 13 15.62 μg/ml 55.16 ± 0.13b 85.72 ± 0.23days

Fraction 14 15.62 μg/ml 53.63 ± 0.04b 74.60 ± 0.06c

Fraction 15 15.62 μg/ml 34.11 ± 3.20a 74.11 ± 1.80c

Fraction 16 15.62 μg/ml 53.05 ± 2.70b 74.89 ± 2.24c

Fraction 17 15.62 μg/ml 44.03 ± 1.2cd 63.79 ± 2.46a

Fraction 18 15.62 μg/ml 34.15 ± 0.10a 60.95 ± 0.10a

Fraction 19 15.62 μg/ml 27.78 ± 0.16a 71.63 ± 0.69c

Fraction 20 15.62 μg/ml 36.97 ± 0.05a 69.49 ± 0.11a

Fraction 21 15.62 μg/ml 37.37 ± 0.13a 70.08 ± 0.16a

Fraction 22 15.62 μg/ml 34.45 ± 0.14a 68.09 ± 0.30a

Fraction 23 15.62 μg/ml 30.71 ± 0.18a 65.46 ± 0.08a

Fraction 24 15.62 μg/ml 47.42 ± 0.09cd 64.04 ± 0.07a

PC (EGF) 0.002 μg/ml 89.61 ± 0.10g 98.44 ± 0.36f

NC - 31.13 ± 1.73a 60.55 ± 1.14a

SE, standard error; PC, positive control; EGF, epidermal growth factor; NC, Negative control. Different letters (a-z) in each column indicate significant differences among the variables by Tukey

Post hoc analysis at p ≤ 0.05. The bold values provided in the Table represents significantly higher results compared to other groups.
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significantly higher tensile strength (1,127.42 ± 6.24 and 1,154.60 ±
1.42 g/mm2 respectively at p ≤ 0.001) compared to a positive control
(814.02 ± 3.59 g/mm2), ointment base (536.78 ± 14.78 g/mm2), and
negative control (524.30 ± 11.34 g/mm2) groups (Figure 5B).

3.8.3 Histopathology of granulation tissues
Histopathological examination of granulation tissues of animals

of corresponding groups in the excision wound model was carried
out on the 15th day post-wounding (Figure 5C). Through H&E-
stained images, greater regeneration of granulation tissues was
observed in 0.5% and 1% EG treated groups, followed by the
positive control group. Complete re-epithelialization was
observed in these treatment groups with the formation of the
epidermis containing 2-3 layers of epithelial cells, stratified
keratinization over the epidermal layer and formation of hair
follicles. Differential cell count results in positive control and 1%
EG groups illustrated a greater number of newly formed blood
vessels (10.33 ± 0.88 and 7.67 ± 0.88), thickly populated
myofibroblasts (20.33 ± 1.20 and 19.33 ± 0.88), and mast cells
(9.67 ± 0.88 and 7.67 ± 0.88) respectively. Significant reduction in
the number of inflammatory cells, neutrophils, and macrophages
established the effectiveness of 1% EG and positive control groups in
the successful regeneration and remodeling of wounded skin tissues

(Figure 5D). It was clear from the Masson’s trichome stained
sections, with intense blue color staining of well-organized
mature collagen fibers in the granulation tissues. In contrast,
ointment base and negative control groups showed an
incomplete healing process with a lack of epidermal layer
formation, edema, blood clots, infiltration of exudates, and
fibrinoid necrosis. Increased cell counts of inflammatory cells,
neutrophils, and macrophages in the granulation tissues indicated
the poor matrix organization in the ointment base and negative
control groups.

3.8.4 Biochemical parameters of granulation
tissues

Biochemical parameters of connective tissue elements (collagen
fibers) such as hydroxyproline and hexosamine in the granulation
tissues of all the treatment groups were measured on the 15th post-
wound day. A significantly higher quantity (p ≤ 0.001) of
hydroxyproline content was achieved by positive control (49.82 ±
0.44 mg/g), followed by 1% EG (42.92 ± 2.12 mg/g) and 0.5% EG
(37.97 ± 0.88 mg/g) ointment treated groups, compared to ointment
base (16.87 ± 0.07 mg/g) and negative control (14.97 ± 0.92 mg/g)
groups (Figure 6A). Whereas hexosamine contents in the positive
control showed 1% and 0.5% EG ointment treated groups were

TABLE 2 Percentage cell migration in L929 cells treated with 15 sub-fractions and EG.

Samples Concentration Cell migration (%) Mean ± SE

24th hour 48th hour

Sub fraction 9.1 7.81 μg/ml 50.16 ± 0.20a 64.34 ± 0.26a

Sub fraction 9.2 7.81 μg/ml 41.96 ± 0.25b 60.60 ± 0.17a

Sub fraction 9.3 7.81 μg/ml 52.47 ± 0.12a 67.61 ± 0.22a

Sub fraction 9.4 7.81 μg/ml 41.94 ± 0.13b 62.61 ± 0.06a

Sub fraction 9.5 7.81 μg/ml 43.46 ± 0.19b 62.64 ± 0.14a

Sub fraction 9.6 7.81 μg/ml 27.77 ± 1.44c 75.89 ± 1.72b

Sub fraction 9.7 7.81 μg/ml 23.49 ± 0.07days 69.95 ± 2.00b

Sub fraction 9.8 7.81 μg/ml 39.48 ± 0.12b 66.94 ± 0.21a

Sub fraction 9.9 7.81 μg/ml 34.13 ± 0.06e 73.25 ± 0.39b

Sub fraction 9.10 7.81 μg/ml 40.52 ± 0.31b 66.66 ± 0.48a

Sub fraction 9.11 7.81 μg/ml 37.06 ± 0.24e 74.03 ± 1.39b

Sub fraction 9.12 7.81 μg/ml 40.56 ± 0.06b 67.43 ± 0.18a

Sub fraction 9.13 7.81 μg/ml 57.81 ± 0.15f 94.62 ± 0.17c

Sub fraction 9.14 7.81 μg/ml 40.38 ± 0.08b 67.01 ± 0.23a

Sub fraction 9.15 7.81 μg/ml 39.82 ± 0.40b 66.94 ± 0.27a

EG 1.95 μg/ml 57.58 ± 1.18f 92.09 ± 0.19c

EG 3.90 μg/ml 48.39 ± 0.83a 97.98 ± 0.46c

PC (EGF) 0.002 μg/ml 89.61 ± 0.10g 98.44 ± 0.36c

NC - 31.13 ± 1.73c 60.55 ± 1.14a

SE, standard error; PC, positive control; EGF, epidermal growth factor; NC, Negative control. Different letters (a-z) in each column indicate significant differences among the variables by Tukey

Post hoc analysis at p ≤ 0.05. The bold values provided in the Table represents significantly higher results compared to other groups.
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significantly high (8.87 ± 0.39, 8.47 ± 0.60 and 8.07 ± 0.61 mg/g
respectively) compared to ointment base (3.27 ± 0.63 mg/g) and
negative control (2.10 ± 0.38 mg/g) groups (Figure 6B).

The quantity of enzymatic antioxidant elements such as SOD
and CAT enzymes in the granulation tissues were significantly
increased (p ≤ 0.001) in 1% EG (16.31 ± 0.15 and 45.83 ±
4.76 U/mg respectively), positive control (16.30 ± 0.24 and
51.72 ± 4.65 U/mg), and 0.5% EG (15.60 ± 0.15 and 40.97 ±
3.39 U/mg) ointment treated groups, in comparison with
ointment base and negative control groups (Figures 6C, D).

Similarly, a significantly increased quantity of a non-enzymatic
antioxidant element i.e. GSH was observed in the positive control

(4.11 ± 0.07 μg/g), 1% EG (4.10 ± 0.06 μg/g), and 0.5% EG (4.05 ±
0.09 μg/g) ointment-treated groups, in comparison with ointment
base and negative control groups, with 2.58 ± 0.06 and 2.38 ±
0.09 μg/g respectively (Figure 6E).

A significant downregulation of LPO, the oxidative stress-
mediated indicator, was reported in the positive control and 1%
and 0.5% EG ointment-treated groups with 2.91 ± 0.16, 3.16 ± 0.18,
and 3.40 ± 0.11 nM/mg compared to ointment base (7.03 ± 0.16 nM/
mg) and negative control (7.20 ± 0.14 nM/mg) groups (Figure 6F).
Downregulation of LPO content in the granulation tissue treated
with positive control and 1% EG ointment-treated groups clearly
indicates their potentiality in preventing acute inflammation and
oxidative tissue damage during the process of wound healing.

3.9 Molecular docking studies of EG

The active site residues of COX-2 (PDB ID: 5IKT) were His90,
Val116, Arg120, Phe205, Phe209, Val228, Tyr348, Val349, Leu352,
Ser353, Tyr355, Leu359, Asn375, Ile377, Phe381, Leu384, Tyr385,
Trp387, Phe518, Met522, Val523, Gly526, Ala527, Phe529, Ser530,
Leu531, Gly533, and Leu534. In MMP-9 (PDB ID: 4HMA) the
active site residues were Tyr179, Pro180, Gly186, Leu187, Leu188,
Ala189, His190, Ala191, Phe192, Pro193, Leu222, Val223, His226,
Gln227, His230, Gly233, Leu234, Asp235, His236, Ser237, Ser238,
Pro240, Ala242, Leu243, Tyr245, Pro246, Met247, and Tyr248.
Similarly, the active site residues in TNF-α (PDB ID: 2AZ5) were
His15, Leu57, Ile58, Tyr59, Ser60, Tyr119, Leu120, Gly121, Gly122,
Gln149, Val150, Tyr151, and Ile155.

EG scored the lowest binding energy (BE) of -6.2 kcal/mol with
COX-2 through the formation of five non-hydrogen bond
interactions with Ala527 (2), Tyr355, Val523, and Leu352. The
lowest BE of −4.6 kcal/mol was scored by EG with TNF-α by
forming one hydrogen bond interaction with Ser60 and four
non-hydrogen bond interactions with Leu57, Ile155, and Tyr59
(2). Likewise, the binding energy of EG with MMP-9 was
predicted to be −7.2 kcal/mol through the formation of one
hydrogen bond interaction with Ala242 and seven non-hydrogen
bond interactions with Arg249, Leu222, Leu243, His226 (2), Val223,
and Leu188. Figure 7 represents the intermolecular interaction of
EG with COX-2, MMP-9, and TNF-α respectively.

3.9.1 Molecular dynamics
3.9.1.1 Stability of EG-COX-2 complex

The EG-COX-2 complex exhibited stable dynamics after an
equilibration period of 35 ns. Initially, the backbone and the
complex root mean square deviation (RMSD) values gradually
increased from ~1 to 4 Å respectively and further showed steady
decrease in the RMSD up to 73 ns and showed stable RMSD
throughout 100 ns MD simulation. The N-terminal residues
showed larger fluctuations up to ~8 Å and the residues Ala527,
Tyr355, Val523, and Leu352 showed relatively fewer fluctuations
(~2.0 Å), as they participated in stable non-bonded interactions
(Supplementary Movie S1). The compactness of the protein was
studied by radius of gyration (Rg). Initially from 0 to 10 ns, a steady
increase in Rg was observed up to 24.8 Å. Later, from 10 to 60 ns, it
steadily decreased to ~24.4 Å and was stable from 60 to 100 ns,
which indicates the formation of a compact globular shape of the

FIGURE 4
Representative images of percentage cell migration of L929 cells
in scratch wound assay. (A) Fraction nine at 15.62 μg/ml
concentration. (B) Sub-fraction 9.13 at 7.81 μg/ml concentration. (C)
EG at 1.95 μg/ml concentration. (D) EG at 3.90 μg/ml
concentration. (E) Positive control (EGF) at 0.002 μg/ml
concentration. (F) Negative control. Scale bars represent 5 µm size at
the original magnification of ×100.
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binding pocket and higher compactness of the complex. The initial
and final surface area occupied by EG-COX-2 docked complex was
~245 nm2 and 255 nm2. Interestingly, a similar trend in the surface
area was observed to that of Rg and which indicates a decreased
surface area of the binding pocket and the formation of a stable
ligand-protein complex. The complex formed three H-bonds, of
which one H-bond was consistent throughout the simulation.
Figure 8 represents the stability of EG-COX-2 complex.

3.9.1.2 Stability of EG-MMP-9 complex
The EG-MMP-9 complex showed stability during 100 ns of

stimulation after a 40 ns equilibration period. Initially the complex
RMSD and backbone values gradually increased from 4.0 to 5.3 Å
and from ~1.0 to 3.5 Å, respectively. The N terminal residue showed
the highest fluctuation up to 8Å and the residues Ala242, Arg249,
Leu243, His226, and Val223 showed relatively fewer fluctuations
(~1.8 Å), as they participated in stable non-bonded interactions with

MMP-9, while the residue Leu222 and Leu188 showed higher
fluctuations (~3.5 Å) (Supplementary Movie S2). In EG-MMP-
9 complex, the protein was found to be stable at 15-15.5 Å from
20 to 100 ns. This indicates the formation of a compact globular
shape of the binding pocket and the higher compactness of the
complex. Similarly, the surface area was also found to be stable for
MMP-9-EG complex occupying the surface area ~90 and 100 nm2.
The complex formed four H-bonds, of which two H-bonds were
consistent throughout the simulation. Figure 9 represents the
stability of EG-MMP-9 complex.

3.9.1.3 Stability of EG-TNF-α complex
The EG-TNF-α complex showed higher fluctuations during

100 ns of stimulation as compared to the backbone. The
backbone showed stability throughout the stimulation process of
100 ns. The RMSD of the backbone was observed to be from 0 to 4.
However, an increase in the RMSD value of the complex was

TABLE 3 Antibacterial and antifungal activity of fractions, sub-fractions, and EG through tube dilution method (MIC).

Fractions/Sub-fractions/EG/Standards Bacterial strains MIC (µg/ml)

Pa St Pv Sa Kp Ml Mf

Fraction 9 7.81 31.25 15.62 15.62 31.25 7.81 7.81

Fraction 12 62.5 125 62.5 62.5 125 62.5 125

Fraction 13 62.5 250 125 62.5 250 125 250

Fraction 14 125 500 125 500 >1,000 125 125

Fraction 15 500 500 250 500 >1,000 250 500

Fraction 16 125 250 250 >1,000 500 250 500

Sub-fraction 9.12 125 62.5 500 125 250 125 250

Sub-fraction 9.13 3.9 15.62 7.81 15.62 62.5 7.81 7.81

Sub-fraction 9.14 250 62.5 62.5 125 125 125 250

Sub-fraction 9.15 500 125 125 62.5 125 125 250

EG 3.9 15.62 7.81 3.9 15.62 3.9 7.81

Streptomycin (Std) 3.9 7.81 3.9 7.81 3.9 1.95 1.95

Fractions/Sub-fractions/EG/Standards Fungal strains MIC (µg/ml)

Tr Tm Mc Mg Ef Mfu Ca

Fraction 9 7.81 62.5 250 31.25 500 15.62 31.25

Fraction 12 500 500 >1,000 >1,000 >1,000 62.5 125

Fraction 13 7.81 62.5 >1,000 31.25 >1,000 125 62.5

Fraction 16 15.62 62.5 500 62.5 >1,000 125 62.5

Sub-fraction 9.13 15.62 31.25 250 7.81 125 15.62 7.81

EG 7.81 15.62 250 3.9 62.5 7.81 7.81

Nystatin (Std) 3.9 7.81 7.81 1.95 7.81 1.95 1.95

Voriconazole (Std) 1.95 0.975 0.975 3.9 3.9 0.975 1.95

Std, Standard; Pa, Pseudomonas aeruginosa; St, Salmonella typhimurium; Pv, Proteus vulgaris; Sa, Staphylococcus aureus; Kp, Klebsiella pneumoniae; Ml, Micrococcus luteus; Mf, Micrococcus

flavus; Tr, Trichophyton rubrum; Tm, Trichophyton mentagrophytes; Mc, Microsporum canis; Mg, Microsporum gypseum; Ef, Epidermophyton floccosum; Mfu, Malassezia furfur; Ca,

Candida albicans.
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observed from 0 to 25 Å. EGwas found to be unstable with TNF-α as
it moved out of the binding pocket (Supplementary Movie S3). The
N terminal residue showed slight fluctuations up to 2Å and the
residues Ser60, Leu57, Tyr59, and Ile155 showed relatively fewer
fluctuations (~1.8 Å) as they participated in stable non-bonded
interactions with TNF-α. The residues aa30 to aa45 and aa105 to
aa115 showed higher fluctuation. The compactness of the TNF-α
protein was found to be stable at 17–17.5 Å from 20–100 ns.
Similarly, the surface area was also found to be stable for TNF-α.
The complex formed five H-bonds, of which none were consistent
throughout the simulation due to unstable contacts of EG with TNF-
α. Figure 10 represents the stability of EG-TNF-α complex.

4 Discussion

Wound healing is an important physiological process to restore
the anatomical and functional integrity of injured skin tissue. This is
regulated by various complex cellular and molecular pathways to
induce proliferation, migration, and differentiation of cells and
thereby affected tissue renovates at the earliest to its normal
status (Bayrami et al., 2018). Even though the human body has
an incredible capacity to heal wounds, the healing process depends
on the nature and degree of damage, the reparative capability of the
wounded tissues, and the health status of the human body (Kumara
Swamy et al., 2007). However, metabolic syndromes and microbial

TABLE 4 Antioxidant activity (percentage scavenging) of fraction 9, sub fraction 9.13, EG, and reference standards.

Concentration of
samples (μg/ml)

Scavenging activity (%)

DPPH ABTS

Fraction
9

Sub
fraction
9.13

EG Standard
gallic acid

Fraction
9

Sub
fraction
9.13

EG Standard
catechin

125 85.87 ± 0.36 91.22 ± 0.47 98.42 ±
0.20

98.87 ± 0.20 80.12 ± 0.42 89.54 ± 0.55 98.68 ±
0.29

98.68 ± 0.57

62.5 69.26 ± 0.28 81.14 ± 0.42 91.61 ±
0.26

92.51 ± 0.73 55.79 ± 0.87 77.98 ± 0.76 86.78 ±
0.19

87.11 ± 0.75

31.25 50.79 ± 0.46 72.19 ± 0.19 79.96 ±
0.40

80.74 ± 0.25 49.83 ± 0.72 59.75 ± 0.54 77.77 ±
0.57

78.26 ± 0.22

15.62 43.41 ± 0.36 50.56 ± 0.15 67.23 ±
0.41

71.90 ± 0.42 37.98 ± 3.43 50.66 ± 0.24 56.82 ±
0.24

60.16 ± 0.72

7.81 38.62 ± 0.41 43.19 ± 0.55 46.45 ±
0.40

42.00 ± 0.41 34.51 ± 2.44 48.39 ± 0.49 48.14 ±
0.32

48.39 ± 0.58

3.9 33.73 ± 0.62 33.56 ± 0.47 36.65 ±
0.45

34.35 ± 0.09 28.22 ± 0.76 29.63 ± 0.42 33.47 ±
0.11

34.42 ± 0.59

1.95 28.38 ± 0.47 28.38 ± 0.47 23.25 ±
0.79

27.20 ± 0.34 20.74 ± 0.70 20.37 ± 0.27 19.42 ±
0.31

17.19 ± 0.82

TABLE 5 The effect of test ointments on percentage contraction of circular excision wound.

Percentage wound contraction (Mean ± S.E)

Days EG0.5% EG1% Positive control Ointment base Negative control

Day 1 1.87 ± 1.45 3.91 ± 2.36 2.67 ± 1.31 4.09 ± 3.51 0.24 ± 0.03

Day 3 24.10 ± 1.88b***,c* 30.58 ± 2.62a**,b***,c*** 10.05 ± 2.66 13.49 ± 3.82 4.34 ± 3.63

Day 5 39.71 ± 4.08a**,b*,c** 38.08 ± 2.66a**,b*,c** 13.72 ± 4.20 17.89 ± 3.66 20.33 ± 5.70

Day 7 68.55 ± 1.88a***,b***,c*** 66.89 ± 2.66a***,b***,c*** 28.23 ± 5.20 24.00 ± 5.26 27.07 ± 8.54

Day 9 80.93 ± 0.91a***,b***,c** 83.59 ± 1.08a***,b***,c** 48.66 ± 10.57 36.79 ± 3.30 36.10 ± 11.00

Day 11 94.19 ± 0.54a***,b**,c* 94.09 ± 1.43a***,b**,c* 74.38 ± 3.94 59.26 ± 7.11 51.32 ± 5.11

Day 13 96.20 ± 0.45a***,b*** 97.01 ± 0.79a***,b*** 90.84 ± 3.74a**,b** 72.36 ± 3.00 64.32 ± 2.08

Day 15 98.10 ± 0.20a**,b*** 98.72 ± 0.41a**,b*** 96.84 ± 1.27b* 80.05 ± 3.12 70.34 ± 4.81

CEP in days 16.00 ± 0.58a***,b*** 15.33 ± 0.33a***,b*** 15.67 ± 0.67a***,b*** 21.67 ± 0.33 22.00 ± 0.58

S.E, standard error; CEP, Complete epithelialization period. Significance level at *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 were noted between the variables of test groups at different days of post-

wounding with Tukey post hoc test. Different letters (a,b,c) in each column exhibit significant difference against ointment base, negative control, and positive control groups respectively.
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infections interrupt the healing process and cause a considerable
delay in the recovery of wounded tissues. Therefore, they necessitate
the use of substances that give protection from unfavorable risk
factors causing interruptions in wound healing and that have the
capability to accelerate the re-epithelialization process without any
side effects (Juszczak et al., 2022). In the last few decades, natural

compounds obtained from traditional medicinal plants have been of
great interest in drug discovery innovations. Their ability to interact
with various molecular targets, and potent pharmacological
properties with apparently fewer side effects, have made them
indispensable in expediting the wound healing process (Elloumi
et al., 2022).

FIGURE 5
In vivo wound-healing parameters of EG. (A) Wound contraction results on different post-wounding days. (B) Effect of test ointments on incision
wound model. (C) Histopathological view of excision wound model. MT, Masson’s trichome; TB, Toluidine blue. In H&E-stained sections, the
magnification was set at ×100 with 200 µm scale bars. The magnification was set at ×400 with 20 µm scale bars for MT and TB-stained sections. Arrows
representing the cell components are BC, Blood clot; BV, Blood vessel; C, Collagen; E, Edema; F, Fibroblast; HF, Hair follicle; IC, Inflammatory cell; K,
Keratinization; MA, Macrophage; MC, Mast cell; N, Neutrophil; MF, Myofibroblast; NE, Necrosis; NV,Neovascularization; RE, Re-epithelization. (D)
Quantification of cell constituents (1) Inflammatory cells, (2) Myofibroblasts, (3) Macrophages, (4) Blood vessels, (5) Neutrophils, (6) Mast cells. ‘*’
represents the significance levels at *p ≤ 0.05, **p ≤ 0.01, or ***p ≤ 0.001 among corresponding treatment groups and negative control group; ‘+’
represents the significance levels at + p ≤ 0.05, ++p ≤ 0.01, or +++p ≤ 0.001 among corresponding treatment groups and ointment base group; ‘#’
represents the significance levels at #p ≤ 0.05, ##p ≤ 0.01, or ###p ≤ 0.001 among corresponding treatment groups and positive control group with
Tukey post hoc test. PC, Positive control group; OB, Ointment base group; NC, Negative control group.
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C. mimosoides is one of the most important ethnomedicinal
plants being utilized by the herbal healers of Thailand and India to
treat multiple diseases, chiefly wounds and other skin-related
ailments. We have previously evaluated the wound-healing
activity of crude ethanol extract and its PEF (Bhat et al., 2016;
Bhat et al., 2022), demonstrating both were successfully able to
ameliorate the wound-healing process. In the current study, based
on our previous findings, we carried out bioassay-guided
fractionation of the most active sample PEF, with the aim of
isolating and identifying the bioactive compound/s responsible
for wound-healing activity. The known quantity of PEF was
eluted in a chromatography column using combinations of
eluents (CHCl3:MeOH) in different ratios, producing
24 fractions. Of them all, fraction nine exhibited a significantly
higher percentage of cell migration in scratch wound assay with
effective antimicrobial and antioxidant activities. Owing to its
potential activities, fraction nine was re-fractionated to get sub-
fractions which were again analyzed for scratch wound assay,
followed by an antimicrobial activity. Among all the 15 sub-
fractions, the sub-fraction 9.13 was the most active in promoting
a higher percentage of cell migration followed by significant
antimicrobial and antioxidant activities. The sub-fraction 9.13,
containing only one dominant compound, was directly analyzed
by various spectroscopic studies and further was confirmed as EG.

EG is an important natural polyphenolic compound reported in
several plant species such as Acacia nilotica (L.) Delile (Kalaivani
et al., 2011; Mohan et al., 2014), Acalypha wilkesiana var. lace-
acalypha (Oladimeji and Igboasoiyi, 2014), Caesalpinia pluviosaDC.
(Flores et al., 2006), Dimocarpus longan Lour (Tseng et al., 2014;
Tang et al., 2019), Euphorbia fischeriana Steud (Cui et al., 2015),
Geranium carolinianum L. (Ooshiro et al., 2009), Lagerstroemia
speciosa (L.) Pers. (Gao et al., 2010), Libidibia ferrea (Mart. ex Tul.)
L.P.Queiroz (Passos et al., 2021), Phyllanthus urinaria L. (Paulino
et al., 1999), Pistacia integerrima J. L. Stewart ex Brandis (Mehla
et al., 2011), Terminalia arjuna (Roxb. ex DC.) Wight & Arn. (Pettit
et al., 1996), and Terminalia chebula Retz (Saleem et al., 2002; Li
et al., 2016). We reported EG in crude ethanol extract and its PEF of
C. mimosoides for the first time with 56.88 and 255.91 μg/ml
concentrations respectively (Bhat et al., 2016; Bhat et al., 2022).
Previous studies have shown that EG is widely used as a food
additive due to its high antioxidative nature (Hall et al., 1996;
Kalaivani et al., 2011; Kim et al., 2012; Mohan et al., 2014;
Mohan et al., 2014; Mohan et al., 2015; Mohan et al., 2017) and
it shows protective effects against septic shock (Mink et al., 2011). It
was also reported to have anticancer (Pettit et al., 1996; Kim et al.,
2012; Mohan et al., 2014; Mohan et al., 2015; Mohan et al., 2017),
antimicrobial (Ooshiro et al., 2009; Soe et al., 2011; Oladimeji and
Igboasoiyi, 2014; Tseng et al., 2014; Li et al., 2016; Tang et al., 2019),

FIGURE 6
Biochemical parameters of granulation tissues in different treatment groups. (A)Hydroxyproline, (B)Hexosamine, (C) SOD, (D)Catalase, (E)GSH, (F)
LPO. ‘*’ represents the significance levels at *p ≤ 0.05, **p ≤ 0.01, or ***p ≤ 0.001 among corresponding treatment groups and negative control group; ‘+’
represents the significance levels at + p ≤ 0.05, ++p ≤ 0.01 or +++p ≤ 0.001 among corresponding treatment groups and ointment base group; ‘#’
represents the significance levels at #p ≤ 0.05, ##p ≤ 0.01, or ###p ≤ 0.001 among corresponding treatment groups and positive control group
with Tukey post hoc test. PC, Positive control group; OB, Ointment base group; NC, Negative control group.
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FIGURE 7
Intermolecular interaction of EG with (1) COX-2, (2) MMP-9, (3) TNF-α. (A) 2D representation, (B) representation of ligand within the binding pocket.

FIGURE 8
Structural stability of EG-COX-2 complex. (A) RMSD of backbone and complex, (B) Root mean square fluctuation (RMSF), (C) Rg, (D) Solvent
accessible surface area (SASA), (E) number of H-bond interactions during 100 ns MD simulation.
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muscle relaxant (Paulino et al., 1999), and anti-inflammatory
(Murase et al., 1999; Mehla et al., 2011; Park et al., 2011; Mehla
et al., 2013) activities.

Here we reported the isolation and characterization of EG in C.
mimosoides through bioassay-guided fractionation and isolation
procedure, followed by its wound-healing activity for the first time.

FIGURE 9
Structural stability of EG-MMP-9 complex. (A) RMSD of backbone and complex, (B) RMSF, (C) Rg, (D) SASA, (E) number of H-bond interactions
during 100 ns MD simulation.

FIGURE 10
Structural stability of EG-TNF-α complex. (A) RMSD of backbone and complex, (B) RMSF, (C) Rg, (D) SASA, (E) number of H-bond interactions during
100 ns MD simulation.
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More than 100% viability of cells was recorded at ≤7.81 μg/ml dose
and the cell toxicity (IC50) was determined at 104.08 ± 1.19 μg/ml
concentration. This is predominantly within the recommended
threshold (toxicity level: IC50 ≤ 30 μg/ml) set by the American
National Cancer Institute (ANCI) (Bolla et al., 2019), which
provides the safety margin of EG to carry out further in vitro
scratch wound assay. The study demonstrated that EG significantly
stimulated the rate of migration of L929 cells to the wound site with
92.09 ± 0.19 and 97.98 ± 0.46%, at lower doses (1.95 and 3.90 μg/ml
respectively). The stimulation of cell migration at 3.90 μg/ml dose
of EG was nearly similar to that of the positive control (EGF). The
study revealed that in vitro wound-healing efficacy of EG was
comparatively superior over PEF (the fraction containing EG), in
which the cell migration rate in PEF was 89.16 ± 1.98% and 92.59 ±
1.53% in L929 cells, at 3.90 and 7.81 μg/ml doses respectively at the
48th hour of incubation period (Bhat et al., 2022). Previous studies
have reported that the migration of fibroblast cells to the wound
site is linked with the antioxidant property of the treated molecules
(Juszczak et al., 2022). In the present study, this hypothesis holds
good for sub-fraction 13 and its major component EG, which have
exhibited highly significant antioxidant activities (DPPH and
ABTS), almost equal to their corresponding standards. A
similar mode of cell migration was also reported in Lavandula
stoechas L. extract containing luteolin derivatives, which exhibited
prominent stimulation of fibroblast cells at lower concentrations
(54.49 ± 5.02 mg/L), and the activity was decreased with increased
concentrations of the sample (Addis et al., 2020). Similarly, the
compounds longiferone B, pinostrobin, dihydro
bisdemethoxycurcumin, and β-sitosterol-D-glucoside isolated
from Boesenbergia kingii Mood and L.M. Prince enhanced the
migration of L929 cells to 60%–76% at 10 μM concentrations on
the second day of incubation (Sudsai et al., 2016). On the other
hand, Sarkhail et al. (2020) reported a 45% reduction of scratch
wound in NIH/3T3 murine fibroblast cells after 48 h of incubation
when they were treated with 3-epimasticadienolic acid isolated
from Pistacia vera L. at concentrations higher than 200 μg/ml.

Polyphenols are the major constituents of plant metabolites,
considered as an essential element in the human healthcare system.
Currently, the scientific interest towards the treatment of wound
complications using natural polyphenolic compounds is increasing
rapidly (Yadav et al., 2018). In earlier studies, various phenolic
compounds with potential wound-healing activity were isolated
through a bioassay-guided fractionation procedure. Compounds such
as apigenin, daphnetin, demethyldaphnoretin 7-O-glucoside,
(-)-epicatechin, hypericin, hyperoside, isoquercitrin, kaempferol,
luteolin, myricetin-3-O-rhamnoside, quercetin-3-O-rhamnoside, and
rutin (Süntar et al., 2010; Süntar et al., 2010; Süntar et al., 2012;
Süntar et al., 2013; Karakaya et al., 2020; Elloumi et al., 2022) were
isolated from different plant origins and have been repeatedly proven to
accelerate the process of wound healing both in vitro and in vivomodels.
The curative properties of these phenolic compounds are mainly
attributed to their effective antimicrobial, anti-inflammatory, and
antioxidant activities, which are positively correlated with each other.
They play a significant role in enhancing the healing activity by forming a
barrier against contagiousmicrobes to alleviate possible wound infections
and to protect the cells from being damaged by reactive oxygen species
(ROS) (Yadav et al., 2018; Baidoo et al., 2021). Nevertheless, concurrent
to these studies, the current invention exhibited a significantly enhanced

rate of wound contraction in both circular excision and longitudinal
incision wounds treated with ointments containing 1%EG. It might have
possibly correlated with its effective antimicrobial activity with the least
MIC values against wound-invading microbes such as P. aeruginosa, S.
aureus, M. luteus, P. vulgaris, and M. flavus. At the same time, EG
exhibited efficient antioxidant activity with significantly lower IC50 values
against DPPH and ABTS radicals. The potential wound-healing activity
of 1% EG ointment was also clearly evidenced by tensile strength,
histopathology, and biochemical parameters of granulation tissues on
the 15th post-wounding day. According to Mekonnen et al. (2013), the
contraction and complete epithelialization of wounds with increased
tensile strength in a shorter period is a characteristic feature of effective
wound management. In support of this, EG at 1% ointment successfully
facilitated the proliferation and migration of fibroblasts, keratinocytes,
and epithelial cells, followed by the formation of matured collagen fibers
at the wound site to restore skin integrity with higher tensile strength,
compared to other treatment groups. The epithelial layer was found well
oriented with 2–3 cells in thickness, covered by a thick keratin layer. The
dermal region was well orchestrated with an accomplished process of
angiogenesis, maximum cellular infiltration, transformation of fibroblasts
into myofibroblasts, prominent blood vessels, increased mast cells,
distribution of scattered inflammatory cells, and reduction in
macrophage and neutrophil cell counts as judged by H&E, Massons
trichome, and Toluidine blue-stained sections.

Hydroxyproline and hexosamine are vital components of collagen
fiber and hence the measurement of these two contents in
granular tissue is a key indicator for collagen turnover (Dwivedi
et al., 2016). In the present study, higher contents of hydroxyproline
(42.92 ± 2.12 mg/g) and hexosamine (8.47 ± 0.60 mg/g) in the 1% EG
ointment-treated group might have played a significant role in the
speedy recovery of wounds with shorter epithelialization period.
Similarly, an increased quantity of cellular antioxidant elements
(SOD, CAT, and GSH) and down-regulation of oxidative stress-
mediated marker (LPO) at the significant rate might have played a
crucial role in the elevation of wound contraction in 1% EG ointment-
treated groups.

It is a notable fact that normal levels of pro-inflammatory cytokines
prevent infection and accelerate the normal wound-healing process.
However, excessive production of inflammatory markers is detrimental
to successful wound healing as it leads to prolonged inflammatory
conditions (Mehla et al., 2011). Thus, counteracting the overproduction
of pro-inflammatory cytokines endorses a therapeutic effect in chronic
wound healing. In earlier studies, EG was successfully reported to
alleviate the inflammatory condition in acute lung injury through a
significant reduction in pro-inflammatory cytokines by blocking AP-1
transcription factor, followed by inhibiting Nf-kB activation with
increased HO-1/Nrf2 signaling pathways (Murase et al., 1999; Mehla
et al., 2011;Mehla et al., 2013). In our study, the effective wound-healing
activity of EG was also supported by in silico studies. The docking
parameter was performed for EG against the protein targets of
inflammatory markers such as COX-2, MMP-9, and TNF-α. The
mode of binding predicted by the docking studies established a
connection with the affinity of binding and the biological activity of
the constituent. Previous studies carried out by Wang et al. (2018)
hypothesized that the effective pro-inflammatory activity of D. longan
fruits in cell lines and experimental animals might be attributed to
the activation of COX-1 and COX-2 peroxidase active sites
stimulated by EG. The molecular dynamic studies elucidated
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its competitive binding mode and stability of the complex with
COX-2. EG at C-3-OH or C-4-OH site markedly shortened the
distance between Fe4+ and the respective O−and thereby increased
the binding affinity. Further, Cui et al. (2015) demonstrated the
modulating capacity of EG through PI3K/Akt signaling pathways
by inhibiting MMP-9 and MMP-2 mRNA levels and the
downstream targets such as NF-κB p-65 and Bcl-2/Bax. Our
finding is in line with previous reports and EG was found to
bind stably with the active site residues of MMP-9. However, on
looking into TNF-α, EG was unstable throughout 100 ns MD
simulation, which supports EG as a potent inhibitor for
inflammatory markers and playing a crucial role in the
wound-healing process.

5 Conclusion

Using a bioassay-guided fractionation procedure, we successfully
isolated an active natural antioxidant compound, EG, from PEF of C.
mimosoides. The compound displayed a remarkable wound-healing
activity with its enhanced antimicrobial and anti-inflammatory
properties. The study highlighted the role of EG, which could facilitate
the proliferation of extracellular matrix components such as fibroblasts,
keratinocytes, epithelial cells, blood vessels, and collagen fibers, which are
known to contribute to successful re-epithelialization of wounded tissues.
Additionally, the significant up-regulation of enzymatic and non-
enzymatic cellular antioxidant elements and significant down-
regulation of oxidative stress-mediated markers endorsed the
potentiality of EG in the wound-healing process. Molecular docking
analysis of EG against different molecular targets predicted the possible
mechanism of action in wound-healing activity. Our study successfully
validated the wound-healing efficacy of EG and supports the traditional
applications of C. mimosoides plant in wound treatments. Further, these
findings pave the way for molecular mechanistic studies and clinical
investigations that could enable the use of EG as a promising natural
remedy for the treatment of cutaneous wounds.
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