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Background: Dodonaea viscosa Jacq. (D. viscosa) belongs to the family of
Sapindaceae, commonly known as “Sinatha,” and is used as a traditional medicine
for treating wounds due to its high flavonoids content. However, to date there is no
experimental evidence on its flavonoid-rich fraction of D. viscosa formulation as an
agent for healing wounds.

Objective: The present study aimed to evaluate the wound healing effect of ethyl
acetate fraction of D. viscosa leaves on dermal wounds.

Methods: The ethyl acetate fraction was produced from a water-ethanol extract of
D. viscosa leaves and was quantitatively evaluated using the HPLC technique. The in-
vivo wound healing ability of the ethyl acetate fraction of D. viscosa ointment (DVFO,
2.5%w/w and 5%w/w) was investigated in Sprague-Dawley rats utilizing an incision
and excision paradigm with povidone-iodine ointment (5% w/w) as a control. The
percentage of wound closure, hydroxyproline and hexosamine concentrations,
tensile strength and epithelialization duration were measured. Subsequently,
histopathology analysis of skin samples as well as western blots were performed

Abbreviations: bFGF, basic fibroblast Growth Factor; COL3A, Collagen type 3; CPCSEA, committee for the
purpose of control and supervision of experimental animals; DVFO, Dodonaeaviscosa fraction ointment;
OECD, organisation for economic co-operation and development; VEGF, vascular endothelial growth factor.
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for collagen type 3 (COL3A1), basic fibroblast growth factor (bFGF) and vascular
endothelial growth factor (VEGF).

Results: The ethyl acetate fraction of D. viscosa revealed flavonoids with high
concentrations of quercetin (6.46% w/w) and kaempferol (0.132% w/w). Compared
to the control group, the DVFO (2.5% and 5.0% w/w) significantly accelerated wound
healing in both models, as demonstrated by quicker wound contraction,
epithelialization, elevated hydroxyproline levels and increased tensile strength.
Histopathological investigations also revealed that DVFO treatment improved
wound healing by re-epithelialization, collagen formation and vascularization of
damaged skin samples. Western blot analysis further demonstrated an up-
regulation of COL3A, vascular endothelial growth factor and bFGF protein in
wound granulation tissue of the DVFO-treated group (p < 0.01).

Conclusion: It is concluded that flavonoid-rich D. viscosa ethyl acetate fraction
promotes wound healing by up-regulating the expressions of COL3A, VEGF and
bFGF protein in wound granulation tissue. However, extensive clinical and pre-
clinical research on the flavonoid-rich fraction of D. viscosa is needed to determine
its significant impact in the healing of human wounds.
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1 Introduction

A wound is a breakdown in the tissue’s cellular and anatomic
continuity that results in the loss of epithelial continuity regardless of the
loss of the underlying connective tissue. It comprises of tissue/organ
damage caused by disease, pressure, friction/shear force, heat/cold,
surgery, chemicals and a blow or a cut (Lawrence, 1998; Rodrigues
et al, 2019; Mohd Zaid et al,, 2022). Wound healing results from a
complicated interplay between epidermal and dermal cells, the
extracellular matrix (ECM), regulated angiogenesis and plasma-
derived proteins, all of which are influenced by various cytokines
and growth factors. The dynamic process includes four overlapping,
continuous phases: hemostasis, inflammation, proliferation, and
remodeling (Richardson, 2004; Gonzalez et al, 2016; Nourian
Dehkordi et al., 2019). The first phase of hemostasis occurs shortly
after injury, with vascular constriction and the creation of a fibrin clot.
Alpha granules released from platelets secretes the growth factors such
as platelet derived growth factor (PDGF), transforming growth factor-f§
(TGF-p), epidermal growth factor (EGF) and insulin-like growth factor
(IGF) which act as promoters in wound healing cascade by activating
and attracting neutrophils and later macrophages, endothelial cells, and
fibroblasts. The inflammatory phase is distinguished by neutrophil and
monocyte infiltration as well as differentiation to macrophage and
lymphocyte penetration. In addition, these macrophages commence
the growth of granulation tissue and discharge a variety of
proinflammatory cytokines (Interleukin, IL-1 and IL-6) and growth
factors [Fibroblast Growth Factor (FGF), EGF, TGF-B, and PDGF].
Fibroblasts, endothelial cells, and keratinocytes multiply during the
proliferative phase, as does the deposition of fibronexus and collagen
type III (Henry and Garner, 2003). This phase is characterized by
fibroblast migration, deposition of newly synthesized extracellular
matrix (ECM), angiogenesis and abundant formation of granulation
tissue which are regulated by FGF and vascular endothelial growth
factor (VEGF). Finally, during the modeling phase, collagen type III
fibers are massively replaced by collagen type I fibers, more resistant to
enormous pressures.

During the tissue-modeling phase, there is an increase in
crosslinking among the collagen fiber monomers in the direction of
the skin stress lines. Smoking, obesity, sex hormones, stress, age,
nutrition, medicine, and infection may all adversely influence this
process and cause delayed wound healing (Guo and DiPietro, 2010).
Consequently, the therapeutic identification of compounds with
healing action may differ depending on the stage of the healing
process. Anti-inflammatories (steroidal and non-steroidal) and
chemotherapeutics (antiseptics and antibiotics) are two often-used
treatments that have a substantial influence on wound healing (Guo
and DiPietro, 2010). However, they are expensive and risky,
sometimes ineffective; adverse effects are often observed. As a
result, herbal therapy emerges as an alternative technique for
wound care (Budovsky et al., 2015). The use of various herbs and
traditional medicine should also be economical in the face of escalating
healthcare costs. Hence, research is essential to understand proper
utilization of this nature throve to increase the number of
armamentariums in advanced wound care techniques.

Flavonoids are secondary metabolites of polyphenolic in nature.
Flavonoids have fifteen carbon skeletons consisting of two
benzene rings connected by a heterocyclic pyran ring.
Flavonoids are categorized as flavanones, flavones, isoflavones,

flavonols, flavan-3-ol, and anthocyanin (Figure 1). These
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compounds are coupled with multifaceted health benefits ensue
from their bioactive properties, such as anti-inflammatory,
anticancer, anti-aging, cardio-protective, neuroprotective,
immunomodulatory, antidiabetic, antibacterial, antiparasitic,
antiviral and wound healing properties in humans (Fraga
et al., 2019; Juca et al., 2020; Saini et al., 2017). Several studies
have demonstrated the significance of flavonoids as wound
healing agents attributed to their antioxidant, antimicrobial
flavonoids

and anti-inflammatory properties. Furthermore,

influences the inflammatory process, angiogenesis, re-
epithelialization and oxidative stress and also stimulates the
macrophages, fibroblasts and endothelial cells through the
expression of TGF-B1, VEGF, Ang, Tie, Smad 2 and 3, and IL-
10 (Carvalho et al., 2021). Several lines of evidence indicating the
wound healing potential of flavonoid rich fraction of medicinal
plants viz. Tephrosia purpurea (L.) Pers., Martynia annua L.,
Ononidis radix L., and Eugenia pruniformis Cambess (Lodhi et al.,
2013; Lodhi and Singhai, 2013; de Albuquerque et al., 2016;
Ergene Oz et al., 2018). Thus, medicinal plants rich in
flavonoids are suitable candidates for developing newer wound
healing agents from natural sources.

The presence of several flavonoids was revealed in the leaves and
aerial parts of Dodonaea viscosa Jacq (D. viscosa) (Family:
Sapindaceae). The plant is believed to possess anti-inflammatory,
anti-bacterial and antipyretic effects and is traditionally used to
treat gout, rheumatism, snakebite, wounds, swellings, and burns
(Kirtikar and Basu, 1995; Mashelkar, 2008). To date, limited
investigations on the pharmacological characteristics of D. viscosa
leaves exists with scattered reports of anti-bacterial (Getie et al., 2003),
antiulcer (Aruna and Asha, 2008), antidiabetic (Veerapur et al., 2010),
anti-inflammatory and analgesic activities (Getie et al., 2003; Khalil
etal., 2006) (Figure 2). Some important flavonoid constituents such as
quercetin, kaempferol, 3,3',4',5,7-Pentahydroxy flavane, 5-Hydroxy-
7,3'4'-trimethoxy-6-acetoxy-3-prenylflavone, ~ 3,4'-Dimethoxy-5,7-
dihydroxyflavone, 3,5,7-Trihydroxy-4'-methoxyflavone, Pinocembrin
and Penduletin have been isolated (Table 1) (Getie et al., 2000; Teffo
et al, 2010; Asila and Hossain, 2018; Al-Aamri and Hossain, 2016;
Muhammad et al., 2015; Mostafa et al.,, 2014). Beshah et al. reported
that many species of Dodonaea genus were found to possess flavonoids
and terpenoids (Beshah et al, 2020). According to the findings of
Sebelemetja et al. (2020) using D. viscosa extract, created polymeric
nanoparticle which was evaluated against the oral cavity acid-
producing Streptococcus mutans (Sebelemetja et al., 2020). Joshi et al.
proved the preliminary wound healing studies with ethanol extract of D.
viscosa leaves (Joshi et al., 2003). Nayeem et al. evaluated the wound
healing potential of D. viscosa formulation prepared with methanol and
chloroform extract of leaves in experimental animals (Nayeem et al,
2021). Literature studies indicate that D. viscosa leaves possess significant
wound healing potential. However, the wound healing studies are lacking
in the fractions of leaves and the correlation to its phytoconstituents. Our
preliminary studies proved the wound healing potential of flavonoid rich
fraction of D. viscosa by in-vitro cell proliferation assay on HACAT cell
line (Shanthi et al,, 2015). Although the plant is traditionally claimed to
have fast wound-healing effects besides its rich flavonoid content, there
has been no scientific data to confirm this claim on flavonoid rich fraction
of D. viscosa. Hence, the present study aimed to investigate the
mechanism of action and the wound healing properties of the
flavonoid-rich ethyl acetate fraction of D. viscosa leaves in the forms
of new topical formulations by using animal models.
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FIGURE 1
Classification of flavonoids.
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phytoconstituents, which have a variety of properties including anti-inflammatory, antibacterial, antidiabetic, and antiulcer properties, may be useful for the

treatment of infected wounds.
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TABLE 1 Reported flavonoids from D. viscosa.
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Flavonoid Chemical structure References

Quercetin Getie et al. (2000)
HO.

Kaempferol Teffo et al. (2010)

3,3',4',5,7-Pentahydroxy flavane

5-Hydroxy-7,3'4’-trimethoxy-6-acetoxy-3-prenylflavone

34" -Dimethoxy-5,7-dihydroxyflavone

3,5,7-Trihydroxy»4' -methoxyflavone

Pinocembrin (5,7dihydroxyflavone)

Penduletin (5,4'-dihydroxy-3,6,7-trimethoxyflavone)

Asila and Hossain, (2018)

Khaloud and Hossain (2016)

Muhammad et al. (2015)

Teffo et al. (2010)

Mostafa et al. (2014)

Mostafa et al. (2014)

2 Materials and methods

2.1 Collection, authentication and extraction
of D.vicosa

Fresh, healthy leaves of D. vicosa were harvested from the Madurai
district, Tamil Nadu, India. The plant was authenticated, and the
herbarium was deposited at the Plant anatomical research center,
Chennai (PARC/14/2169). The plant material was shade-dried and
then ground into a coarse powder. The coarse powder was extracted
with ethanol (70%) at room temperature for 24, 48 and 72 h. The
mixed extracts were concentrated using a rotavapor to yield the final
solvent-free crude extract. To get a flavonoid-rich fraction, the extract

Frontiers in Pharmacology

was suspended in water and separated with ethyl acetate (Seyfi et al.,
2010).

2.2 Quantification of flavonoid by high-
performance liquid chromatography (HPLC)
analysis

Ethyl acetate fraction (10 mg) was refluxed for 135 min with 78 ml
of alcohol, and hydrochloric acid cocktail (50:42:8).
Subsequently, 20 ml of 70% methanol was added, followed by a
sonication step for 30 min. The extract was filtered and diluted
with ethanol to 100 ml. An aliquot (5 ml) was filtered through a C-

water,
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FIGURE 3

HPLC analysis of ethyl acetate fraction of (A) Quercetin, (B) Kaempferol and (C) Ethyl acetate fraction of D. viscosa.

18 silica column followed by methanol elution (4 ml). The elution
volume was limited to 10 ml before being analyzed using a HPLC
(Oliveira et al., 2001).

HPLC analysis was conducted at room temperature in a Shimadzu
apparatus outfitted with an SPD-M10A diode array detector and a
reverse-phase column (Linchosorb RP-18, 25 cm x 5 mm). Elution
was conducted using a solution of methanol, water, and phosphoric
acid (50.0:49.6:0.4). The flow rate was set at 1 ml/min, with detection
set at 270 nm. Quercetin and kaempferol were utilized as controls by
diluting the standards in methanol (1 mg/ml). For analysis, 10 pL of
sample and standards were injected each time. The peak regions of the

Frontiers in Pharmacology

HPLC chromatogram from the triple selection were used to compute
the flavonoids concentration.

2.3 Preparation of topical formulation and
ethical approval

Prior to the animal study, the ethyl acetate fraction of D. viscosa
was formulated as a D. viscosa ointment (DVFO) (2.5% and 5% w/
w) using a simple ointment base. The experimental protocols were
approved by the Institutional Animal Ethical Committee, Sri

frontiersin.org
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TABLE 2 The effect of DVFO on the percentage wound contraction in excision wound.

Day 3 Day 6

Day 9

Day 12 Day 15

Epithelialization period (days)

Control 14.72 £ 0.65 34.55 + 1.44

58.41 + 1.32

68.49 + 1.45 73.92 £ 1.51 21.15 £ 0.07

Standard (Povidone Iodine ointment 5%) ‘ 23.07 + 1.22%* 68.29 + 2.44**

55.57 £ 3.457

DVFO 2.5% w/w ‘ 18.68 + 0.40**"

DVFO 5% w/w 21.86 £ 0.80** = 60.27 + 0.49°*

83.42 + 1.24**
72.27 + 0.99*°

80.82 + 0.64**

92.56 + 4.51** 99.66 + 0.19** 15.33 + 0.04**

81.40 + 0.93**  88.88 + 0.99**" 18.09 + 0.09***

89.96 + 1.15** | 94.89 + 1.08** 17.04 + 0.11**

Values are expressed as Mean + SD., The statistical analysis was conducted by Kruskal-Wallis test followed by Mann-Whitney U test. Statistical significance of differences: *p < 0.05, **p < 0.01 vs.

Control and *p < 0.05, *p < 0.01 vs. Povidone iodine-treated group.
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FIGURE 4

Effect of DVFO on hydroxyproline content. Values are expressed as
Mean + SD. Statistical analysis was done by Kruskal-Wallis followed by
Mann-Whitney U test. Statistical significance: **p < 0.01 vs. Control, °p <
0.05 vs. Povidone iodine-treated groups.

Ramachandra Institute of Higher Education and Research
(Approval no: IAEC/XXXV/SRU/309/13). The
constituted under the Committee for the Purpose of Control
and Supervision of Experimental Animals (CPCSEA-837/ac/
2004) guidelines.

approval is

2.4 Acute dermal toxicity study

An acute dermal toxicity study was performed according to
the Organization for Economic co-operation and Development
(OECD) test guideline 402 (OECD, 1987). Briefly, healthy adult
Sprague Dawley male and female rats (210-280 g) were housed
individually in a polypropylene cage with proper ventilation and
were randomized into a group of 10 (five animals/each gender)
each. The animals were maintained at 22°C + 3°C with a relative
humidity of 50%-80% and an artificial photoperiod (12 h light/
dark).

The fur was removed from the animal’s dorsal region. Then,
5% w/w DVFO formulation was evenly applied to a small area
[Not less than 10% of the body surface area) of the closely clipped
skin of the animals. Mortality and aberrant clinical indicators
were monitored daily for 14 days until the study was completed.
The body weight was measured before medication administration
and then weekly until the investigation was completed. At the end
of the experiment, any significant pathological variations were
identified.

Frontiers in Pharmacology

2.5 Evaluation of in-vivo wound healing
activity

2.5.1 Excision wound model

The animals were randomly divided into four groups (n = 12). Group
I served as a control (ointment base alone), while Group II was treated
with a standard (povidone iodine ointment 5% w/w). Groups III and IV
were treated with DVFO 2.5% w/w and 5.0% w/w, respectively.

Before inflicting the experimental wounds, the animals were
anesthetized by intraperitoneal (ip.) injection of sodium
phenobarbitone (40 mg/kg). The dorsal fur was shaved and a circular
stainless-steel stencil with methylene blue was used to outline the
projected wound location to be made on the back and the sides of the
animals. Using surgical scissors and forceps, a circular excision (500 mm?)
was formed on the shaved dorsal skin up to a certain depth (1.5 mm) of
loose subcutaneous tissue. Day 0 was calculated when a circular excision
wound was deemed created. Treatment was administered once daily until
full epithelialization was achieved.

One-third of the experimental animals were sacrificed on the
seventh post-operative day. Wound granulation tissues (excluding any
underlying muscle and superfluous tissue) were collected. A tissue
sample was taken and was treated for western blotting, connective
tissue parameters and histopathological assessments, while another
portion was preserved in a 4% formaldehyde. Following injury on day
15, half of the surviving animals were euthanized, and the retrieved
tissue was utilized for histopathological analysis. The remaining
animals were monitored until a complete epithelialization occurred
(Upadhyay et al, 2013). For every third-day post-wounding, the
perimeter of the excision wound was traced on a transparent paper
until the wound closed. The wound area was measured by retracing
the injury on millimeter scale graph paper and the percentage of
wound contraction was estimated using the following formula:

(Initial wound size - wound size on a specific day ) « 100

Percentage wound contraction = Initial wound size

The wound was monitored for the presence of complete
epithelialization. Basically, it was measured from wounding day
(baseline) until the eschar separated itself from the raw wound
(Nayak et al., 2007; Dwivedi et al., 2017).

2.5.2 Incision wound model

The rats were anesthetized before and throughout the wound
infliction. The animals’ dorsal fur was shaved using an electric clipper.
The animals were randomly divided into four groups (n = 6). Group I
served as the control (ointment base alone), whereas Group II served

frontiersin.org
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Effect of DVFO on hexosamine content. Values are expressed as
Mean + SD. Statistical analysis was done by Kruskal-Wallis followed
by Mann-Whitney U test. Statistical significance: **p < 0.01 vs. Control,
®p < 0.01 vs. Povidone iodine-treated groups.
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Effect of DVFO on Tensile strength. Values are expressed as Mean +

SD. Statistical analysis was done by Kruskal—-Wallis followed by Mann-
Whitney U test. Statistical significance: **p < 0.01 vs. Control, ?p < 0.05,
®p < 0.01 vs. Povidone iodine-treated groups.

as the standard (5% w/w povidone iodine ointment). Groups IIT and
IV were given DVFO at 2.5% and 5.0% w/w, respectively. Using a
sterile scalpel, a 6 cm long and 2.1 mm wide incision wound was made
on the shaved skin. Following the incision, the skin was held together
and sewn at 1cm intervals of interrupted sutures using a surgical
thread and a curved needle (no.8). The wounds were left naked, and
the formulations were topically administered to the wound daily. On
day 8, the sutures were removed, and the formulation continued to be
applied. On day 10, the breaking strength of the wound was tested
using Lee’s technique. Finally. the weight (in grams) required to break
open the wound/skin, referred to as tensile strength, was measured
(Lee, 1968; Dwivedi et al., 2017).

2.5.3 Estimation of hydroxyproline content

The extracted skin tissues were dried until they reach a constant
weight in a hot air oven (60°C-70°C). Subsequently, the dry tissues
were hydrolyzed by 6 N HCl at 130°C for 4 h in sealed glass vials. After
neutralizing the acidic tissue hydrolysate to pH 7.0 with 0.1 N
potassium hydroxide, it was exposed to chloramine-T oxidation for
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20 min. The reaction was stopped by adding 0.4 M perchloric acid.
Subsequently, color was produced at 60°C using an Ehrlich’s reagent.
A UV visible spectrophotometer was used to detect the absorbance at
557 nm. The standard calibration curve for pure 4-hydroxy-L-proline
was plotted and utilized to estimate the sample concentrations in the
test samples (Murthy et al., 2013).

2.5.4 Estimation of hexosamine content

The hydrolyzed fraction (0.05 ml) was diluted to 0.5 ml with
distilled water. Subsequently, 0.5 ml of acetylacetone reagent was
added. The step was followed by heating in a boiling water bath
for 20 min before cooling. Then, 1.5 ml of 96% alcohol was added,
followed by the addition of 0.5 ml of Ehrlich’s reagent. The reaction
was left for 30 min before measurement of color intensity at 530 nm
against a blank. The hexosamine content of the samples was calculated
using a standard curve produced with D (+) glucosamine
hydrochloride at 5-50 ug/0.5 ml (Dische and Borenfreund., 1950).

2.5.5 Histological examinations of the skin tissue
On the 7th and 15th days of the study, cross-sectional full-
thickness skin specimens from each group were obtained to
examine for histopathological changes. The samples were fixed in a
10% buffered formalin, processed, and blocked with paraffin before
being cut into 5pum sections. Hematoxylin and Eosin (HE) and
Masson’s Trichome (MT) stains were used to stain the sections.
The
keratinization,

tissues were examined qualitatively for

fibroblastic
proliferation, collagen depositions and neovascularization under a

regenerated
epithelization, inflammation,
light microscope.

2.5.6 Western blot analysis

The protein expression of collagen type 3 (COL3Al), basic
fibroblast growth factor (bFGF) and vascular endothelial growth
factor (VEGF) in granulation tissue from seven-day-old wounds
was determined by western blotting (Feng et al, 2012). The
harvested wound tissue was homogenized in
radioimmunoprecipitation assay buffer (RIPA) (50 mM Tris-HCI,
150 mM NaCl, 1mM EDTA, 1% NP-40 and 1 mM Phenazine
Metho Sulfate Fluoride PMSF; pH 7.4) and centrifuged at 10,000xg
for 10 min at 4°C. Protein concentration was estimated by using a
Bradford reagent.

An equal amount of protein was electrophoresed onto the 12%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) at 80V for 45 min. The proteins were trans-blotted poly
vinylidene fluoride (PVDF) membrane and incubated with
COL3A1, bFGF, VEGF and B-actin primary antibodies (1:1000)
overnight at 4°C, at room temperature with the corresponding
secondary antibodies (1: 2000) for 1-2 h. The desired proteins were
detected by a Western Max-HRP-Chromogenic detection kit and 5-
Bromo-4-chloro-3-indolyl phosphate p-toluidine salt-Nitro Blue
Tetrazolium (BCIP-NBT) solution using (-actin as the internal

control.

2.6 Statistical analysis
Statistical evaluations were performed with an IBM SPSS (version

23) and with Microsoft excel 2007. Results of parametric tests were
expressed in terms of mean + SD. Kruskal Wallis test, followed by the
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FIGURE 7

w/w DVFO treatment group [(G) on 7" Day and (H) on 15" Dayl.

Histological evaluation of 7" and 15" postoperative day wound skin sections stained with hematoxylin and eosin (Bar = 100 pm). Control group [(A) on 7"
Day and (B) on 15" Day], Standard treatment group [(C) on 7" Day and (D) on 15" Day], 2.5% w/w DVFO treatment group [(E) on 7" Day and (F) on 15" Dayl, 5%

Mann-Whitney U-test, was used in the multivariate analyses. In both
test methods, the probability value p < 0.05 was considered as
statistically significant while p < 0.01 was considered as highly
significant.

3 Results
3.1 Percentage yield and HPLC analysis

The ethanol extract of D. viscosa was fractionated with ethyl
acetate solvent to yield an ethyl acetate fraction (11.3%w/w) rich in
flavonoids. The fraction was greenish brown semi-solid mass which
was soluble in water. The flavonoids in the ethyl acetate fraction
were estimated by HPLC using quercetin and kaempferol as
standards. The flavonoids were identified by comparing the
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retention time in HPLC chromatograms of the fraction with the
standards run in Similar condition. The retention time was
12.3 min (quercetin) and 15.7 min (kaempferol). The amounts of
flavonoids were calculated from the peak area of the HPLC
chromatogram of ethyl acetate fraction (Figure 3). Quercetin
and kaempferol were determined to be 6.46% w/w and 0.132%
w/w, respectively.

3.2 Acute dermal toxicity study

The acute toxicity study and skin irritation tests were performed as
per the OECD 402 guideline to determine the formulation’s safety. A
5% w/w DVFO was applied once to the bare skin portion at the back of
the rat and was observed for 14 days for an abnormal skin response
including itching, redness, irritation, and other related symptoms. No
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Normal Skin

1000 pm

FIGURE 8

Histological evaluation of wound skin sections stained with

Masson'’s trichome (Bar = 1000 um). (A) Normal skin, (B) Wound control
group, (C) Standard treatment group, (D) 2.5% w/w DVFO treatment
group, (E) 5% w/w DVFO treatment group.

evidence of toxicity with respect to clinical signs, remarkable
bodyweight observations, or mortality, were recorded in all the
experimental animals. The findings revealed that 5% w/w DVFO
was deemed suitable and safe for further studies.

3.3 The effect of DVFO on wound contraction

The percentage wound contraction findings based on the excision
wound model experiment following topical administration of ethyl acetate
fraction ointment at different concentrations (2.5% w/w and 5.0% w/w) are
shown in Table 2. The control group exhibited a contraction of 73.92% on
day 15 post-operation. Nevertheless, the 2.5% w/w and 5.0% w/w DVFO-
treated groups demonstrated significantly higher wound contraction than
the control group on day 15 (88.88% and 94.89% respectively). Moreover,
the 5% w/w DVFO-treated groups exhibited a similar percentage of wound
contraction as the standard povidone-iodine group (99.66%).

A full-thickness skin defect was induced by skin excision and
the various groups were treated with base, povidone-iodine
ointment and DVFO ointment at different concentrations until
complete epithelialization. Wound healing, as indicated by the
formation of granular tissue, occurred on day 18 in the 2.5% w/
w DVFO group and on day 17 in the 5% w/w DVFO group. The
data indicated that DVFO formulations significantly promote
cutaneous excision wound healing in a dose-dependent manner
compared to the control group (p < 0.01).
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FIGURE 9

Western blot analysis of important growth factors involved in the
regulation of wound healing and regeneration. The skin tissue of animals
treated with DVFO showed increased expression of FGF, VEGF and
COL3A as compared to control. Values are expressed as Mean +
SEM. Statistical analysis was done by Kruskal-Wallis followed by Mann-
Whitney U test. Statistical significance: **p < 0.01 vs. Control, ?p < 0.05,
p < 0.01 vs. Povidone iodine-treated groups.

3.4 The effect of DVFO on hydroxyproline
concentrations

Hydroxyproline levels in granuloma tissue treated with D. viscosa
ethyl acetate fraction is represented in Figure 4. In the present study,
the topical application of DVFO (2.5 and 5.0%w/w) significantly
increased (p < 0.01) hydroxyproline when
compared to the control group. Similarly, DVFO 5% w/w
treatment (73.50 + 2.24 mg/g) had a similar effect as povidone-
iodine treated group (79.00 + 2.63 mg/g) with respect to the
hydroxyproline content indicating the wound healing potential
of DVFO.

concentrations

3.5 The effect of DVFO on hexosamine
concentrations

Hexosamine is one of the components of glycosaminoglycans. The
levels of hexosamine were significantly (p < 0.01) increased in 2.5%
and 5.0% w/w DVFO-treated animals (14.35 + 0.89 and 20.97 +
0.44 mg/g, respectively) as compared to the control (8.01 + 0.15 mg/g)
(Figure 5) indicating better stabilization of collagen fibers in DVFO-
treated animals.
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Future perspectives of encapsulating D. viscosa phytoconstituents into hydrogels with epidermal growth factor (EGF) against infected wounds. The
flavonoids found in the plant may expedite healing and the eradication of bacteria, whereas the presence of EGF will facilitate in dermal regeneration.

3.6 The effect of DVFO on tensile strength

Tensile strength is a crucial characteristic in an incision wound
model (Figure 6). The minimum tensile strength of the wound in the
control group was 319.28 + 2.59 g. In comparison the mean strength of
the animals from the DVFO group increased considerably in a dose-
dependent manner. The mean tensile strength of a wound treated with
2.5% w/w DVFO was 557.23 + 4.79 g, whereas a wound treated with
5% w/w DVFO had 640.48 + 8.89 g. Tensile strengths in the DVFO-
treated groups were substantially (p < 0.01) higher than that reported
for the control group and were almost equal to those in the
conventional drug-treated group (669.59 + 12.42 g).

3.7 Histological analysis of skin tissues

Histopathology of skin samples was performed with hematoxylin
and eosin (H&E) staining and was evaluated for changes. In the
DVFO- and povidone-iodine treated groups, the histopathological
sections on day 7 post-operative wound tissue revealed more
significant infiltration of macrophages/fibroblasts with reduced
inflammatory cells and ulcer-oedematous regions. In contrast, the
control groups had moderate edema with high polymorphonuclear
(inflammatory) cell density and fewer macrophages/fibroblasts. On
day 7, many new capillaries and fibroblasts were seen in the
granulation tissue in the DVFO- and standard treated groups,
which were more prevalent than in the control group (Figure 7)
indicating that DVFO stimulates neovascularization while also
increasing fibroblast proliferation and migration.

On day 15, wound healing processes were well-organized
following treatment with either DVFO or povidone-iodine.
Wounds from the DVFO 5% (w/w) treated group had more
collagen fibers and strong dermal blood vessel development with
dense and thick mesenchymal matrix deposition in H&E-stained
sections as compared to the control group which had fewer
inflammatory cells, inadequate and

collagen fiber synthesis

incomplete epidermis (Figure 7). Additionally, all treated tissues
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lacked fibrinoid necrosis. The histology of an excision biopsy of a
skin wound on day 15 revealed healed skin structures with normal
epithelialization, adnexal restoration, and extensive fibrosis within the
dermis in the DVFO and standard treated groups. In contrast, the
control groups lag behind the treated groups in forming ground
substances in the granulation tissue, as observed in the tissue
sections. The DVFO- and standard treatment groups had full
epithelialization, ~ while the group had  partial
epithelialization (Figure 7). Masson’s trichrome (MT) staining

control

revealed the existence of compact collagen fibers in both the
DVFO- and control groups. In fact, in the control group, collagen
bundles were loosely packed, and wounds were only mildly cellular
with fibroblasts (Figure 8).

3.8 Western blotting

Western blotting was used to examine COL3A, VEGF and bFGF
protein expression levels (Figure 9). Compared to the control group,
administration of DVFO substantially increased (p = 0.01) the
COL3A, VEGF and bFGF protein expressions in the wound
granulation tissue. The protein expression of COL3A, VEGF and
bFGF in the standard group was considerably more significant than in
the control group. Notably, COL3A, VEGF and bFGF levels in the 5%
w/w DVFO- treated group were comparable to those in the control
group. Overall, our findings suggest that DVFO promotes wound
healing by increasing the protein expression levels of COL3A, VEGF
and bFGF.

4 Discussion

Our work provides the scientific data to validate the traditional
claims that D. viscosa leaves have wound-healing effects, possibly by
increasing the protein expression levels of COL3A, VEGF and bFGF.
Wound healing is considered a complicated and dynamic process that
typically encompasses several phases signifying healing stages and
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necessitates the involvement of many cell types in various cellular
activities (Lopez-Jornet et al., 2014). Hemostasis is the first stage of
wound healing, followed by inflammation, proliferative and
cytokines,
chemokines are involved in the signalling network that controls
and executes this intricate process. The TGF-beta, FGF, VEGF,
Granulocyte Macrophage Colony Stimulating Factor (GM-CSF),
PDGF, Connective Tissue Growth Factor (CTGF), Interleukin (IL)
family, and TNF-a families are of particular significance (Barrientos

maturation phases. Many growth factors, and

et al., 2008). Failure to progress through normal stages of phases of
wound healing can ultimately result in delayed wound healing. Several
factors contributing to the delayed healing are diabetes, metabolic
disorders, infection, venous disease, deficiencies, and age. Most
existing medications used to treat wounds are costly, and some of
them cause allergic responses and drug resistance (Prasad and Dorle,
2006). Plants or their phytocompounds may impact some of these
wound healing stages by speeding up the healing process. Herbal
remedies have generated much interest for the treatment of wounds as
they are affordable and safe. (Maver et al., 2015). Thus, the potential
for obtaining affordable medicines from traditional plant-based
medicine has been investigated (Phan et al., 2000).

Flavonoid rich fraction of many medicinal plants such as
Tephrosia purpurea (L.) Pers., Martynia annua L., Ononidis radix
L., and Eugenia pruniformis Cambess (Lodhi et al., 2013; Lodhi and
Singhai, 2013; de Albuquerque et al., 2016; Ergene Ozetal., 2018) have
been proved to have potent wound healing efficiency. In line with this,
earlier reports indicated that the plant D. viscosa possesses rich
polyphenolic components, mainly flavonoids which are well known
for their significant wound healing properties. Flavonoids such as,
Quercetin, kaempferol, 3,3',4’,5,7-Pentahydroxy flavane, 5-Hydroxy-
3,4’-Dimethoxy-5,7-
3,5,7-Trihydroxy-4'-methoxyflavone,

7,3'4'-trimethoxy-6-acetoxy-3-prenylflavone,
dihydroxyflavone,
Pinocembrin and Penduletin has been identified from the plant
(Al-Asmari and Hossain, 2016; Asila and Hossain, 2018; Getie
et al., 2000; Mostafa et al., 2014; Muhammad et al., 2015; Teffo
et al., 2010; Van Heerden et al., 2000), and also few unexplored
minor components such as di and triterpenoids. The contribution of
various flavonoids in wound healing is enormous. In this context, the
plant D. viscosa has been selected for the current investigation.
Moreover, several experimental studies have explored the wound
healing potential of the whole extract, such as a group of
researchers have disclosed the preliminary wound healing studies
with ethanol extract of D. viscosa leaves (Joshi et al., 2003).
Similarly, another study has unveiled the wound healing potential
of D. viscosa formulation prepared with methanol and chloroform
extract of leaves in experimental animals (Nayeem et al., 2021). All the
previous studies have used the whole crude extract of D. viscosa, and
no one has explored the wound healing potential of the fractions of
leaves together with mechanism of action. In the previous in-vitro
wound healing studies, the authors compared the potential of ethanol
extract and flavonoid rich fraction (Ethyl acetate fraction) of D. viscosa
by in-vitro cell proliferation assay on HaCaT cell line (Shanthi et al.,
2015) and the results showed that flavonoid rich fraction was more
effective in inducing the proliferation on HACAT keratinocytes.
Hence, the potential of the flavonoid rich fraction of D. viscosa as
topical formulation was evaluated for wound healing efficacy. Our
investigation on the acute dermal toxicity investigation indicated that
DVFO was safe. Our study, which employed two distinct models to
test the wound healing impact of D. viscosa ethyl acetate fraction on
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various stages of wound healing, indicated that similar to conventional
treatment, DVFO decreased wound size considerably as compared to
the control. Accelerated wound contraction is associated with
fibroblast which
myofibroblasts of granulated tissues (Moulin et al., 2000). Wound

activation, is mediated by specialized
contraction, which pulls the wound’s margins toward its centre during
the proliferative phase of healing, improves closure of the defect (Tang
etal., 2007). Contraction minimizes the amount of extracellular matrix
required to repair the damage and thereby shortens the healing
process. In addition, by reducing the distance that migratory
keratinocytes must cover, contraction promotes re-epithelization
(Strodtbeck, 2001). Furthermore, if the medicine is more effective,
the wound will heal quickly (Prasad and Dorle, 2006). Therefore, the
significant effect of DVFO on the wound healing process in rats may
be attributed to an increase in fibroblast activities, required for proper
wound closure. The positive effect of DVFO treatment was further
ascertained with a histopathological examination, which confirmed
normal skin histology with the reappearance of intact epidermis and
dermis, fibroblast and collagen deposition compared to the control
group that had disrupted tissues in the dermal wound area.

The DVFO-group exhibited faster epithelialization, while the
control group exhibited a partial epithelialization. Granulation
the
epithelialization due to the arrangement of epithelial cells

tissue development over wound section hastens re-
surrounding the newly formed tissue to establish a barrier between
the wound area and the external environment (Esimone et al., 2008).
The wound re-epithelialization cycle is mainly associated with a faster
wound healing process that can be indicated by hydroxyproline level
as well. Hydroxyproline concentration is a critical component of the
collagen fiber triple helix (Shoulders and Raines., 2009). An increase in
hydroxyproline concentration suggests a decrease in cellular
proliferation and collagen formation. In addition, hexosamine
levels increase in the early phases of wound healing, indicating that
fibroblasts actively
(mucopolysaccharides) on which collagen may be deposited (Ross
and Benditt, 1964).

administration of DVFO (2.5 and 5.0%w/w) significantly increased

are synthesizing ~ ground  material

In the excision wound model, topical

hydroxyproline, hexosamine concentrations as well as collagen
formation indicating that the plant has wound-healing properties.

Tensile strength is an essential indicator of the quality and amount
of epithelialized collagen as well as the strength and degree of wound
healing (Raghuwanshi et al., 2017). In terms of wound healing tissue
tensile strength, DVFO has an excellent wound healing property. The
improved tensile strength of the treated incision wounds may be
related to increased collagen content and fiber stability. Collagen, a
component of developing cells, is synthesized by tissue going for
repair. Collagen molecules are generated and laid down at the wound
site, where they crosslink to create fibers. Wound strength is gained by
both collagen remodeling and the creation of stable intra- and
intermolecular crosslinks in the fibers. Consequently, wound
healing effects of DVFO (2.5%and 5.0% w/w) may be linked to the
synthesis and organization of newly synthesized subdermal collagen
fibers as well, since there was a higher tensile strength as compared to
the control group.

On day 15 after the injury, histopathological sections of both
DVFO and positive control revealed newly formed collagen aligned
with just a few cells. Additionally, wound healing and cell
differentiation were also seen. The control wound tissue had low
inflammatory cells and high fibroblasts producing the epidermal layer,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1096905

Subramanian et al.

with the new collagen seemingly disordered. The histopathology of
wound granulation tissue demonstrated a faster wound closure rate
and increased hydroxyproline content in the DVFO-treated group,
which corroborated with prior findings on wound healing processes in
dogs (El-Tookhy et al., 2017). The histopathological findings backed
with the biochemical results showed a considerable increase in
collagen and fibroblastic deposition in DVFO and standard drug
treated rats compared to control animals.

The wound healing proliferation phase includes the formation and
vascularization of granulation tissue, collagen production and subsequent
maturation. Collagen type III is present in remodeling wound tissues and
is generated by proliferating juvenile fibroblasts in response to growth
factors such as basic fibroblast growth factor (bFGF) and transforming
growth factor-B (TGF-P) (Ganeshkumar et al., 2012). The angiogenic
bFGF
granulation tissue. Increased oxygen supply promotes collagen fiber
development in granulation tissue (Kondo and Ishida, 2010). VEGF
increases angiogenesis/vasculogenesis, vascular permeability, endothelial

molecule increases neovascularization and blood flow to

cell proliferation and migration and leukocyte adherence. Further studies
indicated that VEGF increases endothelial cell hydrogen sulfide
generation and release, resulting in endothelial cell proliferation,
migration and permeability, micro vessel formation and wound
healing. Furthermore, VEGF stimulates wound epithelialization and
collagen deposition (Bao et al., 2009).

The growth factors bFGF and VEGF have been known to play an
important role in angiogenesis. Angiogenesis, or the formation of new blood
vessels, is involved in various physiological and pathological processes,
including ovulation, embryogenesis, wound healing, inflammation,
malignant tumor development, retinopathies, rheumatoid arthritis, and
angiogenesis-dependent disorders (Bitto et al., 2008). In the DVFO treated
group, both FGF and VEGF were up-regulated. Increased expression of
growth factors was identified in the DVFO-treated group in the current
investigation, showing that ethyl acetate fraction increases angiogenesis and
collagen formation and mediates the wound healing process. The wound
healing effect of Quercetin from Oxytropis falcata Bunge in cutaneous
wound healing in mice was demonstrated by Mi and co-authors, reduced
the inflammatory factors (Tumor Necrosis Factor-a, IL-1p and IL-6),
increased expression levels of VEGF, FGF and alpha smooth muscle
actin, abundant collagen formation, improved levels of antioxidant
enzymes and act viaWnt/B-catenin signaling pathway (Mi et al., 2022).
Our results are in good agreement with the studies of Mi and co-workers,
evidence that flavonoids excerts the wound healing effect by stimulating
VEGF and FGF.

The phytochemical research indicated that the ethyl acetate
fraction of D. viscosa leaves contain flavonoids, which have also
been shown to have anti-bacterial and free radical scavenging
activities (Panche et al., 2016). Quercetin and kaempferol which are
flavonols have remarkable potentials to function as antioxidants, anti-
bacterial and anti-inflammatory agents by promoting the rapid healing
of injured skin tissue (Serafini et al., 2010; Gopalakrishnan et al., 2016).
In addition to other phenolic compounds with free radical scavenging
activities, quercetin and kaempferol can improve wound contraction
rates (Gomathi et al.,, 2003; Ozay et al, 2019). These aids wound
healing and protect tissues from oxidative injury by lowering free
radical levels. It is plausible that the phenolic chemicals and flavonoids
in D. viscosa extract acted synergistically to create a substantial dermal
wound healing effect. According to Sutthammikorn et al., 2021, topical
(Lour.) Merr.,
kaempferol and quercetin compounds on the wounded skin of

application of Gynura procumbens contained
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diabetic mice accelerated wound healing and induced the
expression of angiogenin, EGF, FGF, TGF and VEGF. Wound
healing potential of Eugenia pruniformis Cambess., hydroethanol
and ethyl acetate extract were studied by De Albuquerque et al.
and suggested that ethyl acetate extract was effective due to the
presence of Quercetin, kaempferol and hyperoside (De
Albuquerque et al, 2016). Moreover, topical administration of
Moringa oleifera Lam., extract in excision wounds exhibited the
inhibitory potential of pro-inflammatory cytokine IL-6 and
endopeptidase MMPs (matrix metalloproteinases) subtype I and II,
which are attributed to the flavonoid constituents viz. Quercetin,
caffeic acid, and kaempferol (Shady et al., 2022). Previous reports
indicate that the efficacy of plant extracts rich in flavonoids such as
Quercetin and Kaempferol attenuates the wound healing via reducing
the inflammatory markers, increasing the expression of growth factors
and abundant collagen formation which corroborates with the reports
of present study with flavonoid rich fraction of D. viscosa.
Quercetin and Kaempferol are reported to possess potent
antioxidant ability by scavenging free radicals. Hanasaki et al.
proved that Quercetin is the most potent free radical scavenger
1994). It exhibits
antioxidant effect by directly scavenging free radicals (Oh et al,
2019), by Chelating metal ions (Tang et al., 2014), by Inhibiting
lipid peroxidation (Lim et al., 1998) and by regulating the antioxidant

among the flavonoids (Hanasaki et al,

enzymes (Kobori et al., 2015). It also has a broad spectrum of
antimicrobial activities (Qin et al., 2009). Both the flavonoids
excerts the anti-inflammatory effect in Chang Liver cells through
the inhibition of inducible nitric oxide synthase, cyclooxygenase-2 and
reactive C-protein, and causes down-regulation of the nuclear factor
kappaB pathway (Garcia-Mediavilla et al., 2007). The antioxidant,
anti-microbial and anti-inflammatory potential of Quercetin and
Kaempferol may also support the wound healing potential of D.
viscosa.

The present investigation confirmed the wound healing
potential of flavonoid rich fraction of D. viscosa since DVFO at
both concentrations impart considerable healing effects in excision
and incision wound models when applied topically for several days.
Our findings were further supported by a significant acceleration of

wound  contraction rate, increased in  hydroxyproline
concentration and reduction in the time required for
granulation tissue development. Our biochemical and

histopathological tests further verified the favorable impact of
DVFO on wound healing. The various phytoconstituents (phenolic
compounds and flavonoids) have been shown to accelerate wound
healing, owing
inflammatory characteristics. Consequently, the current investigation

to their antioxidant, anti-microbial and anti-
revealed that topical use of D. viscosa ethyl acetate fraction improves
wound healing by stimulating collagen formation and generating up-
regulation of bFGF and VEGF in wound granulation tissue that have
been further supported by the histopathological findings.

As for future perspectives, nanocarriers can be implemented to
encapsulate the D. viscosa ethyl acetate fraction for a more effective
and targeted delivery of the bioactive compounds. Up until now, the
plant extract has been used to biologically synthesize gold
nanoparticles (Anandan and Gurumallesh Prabu, 2018), silver
nanoparticles (Sebelemetja et al, 2020) and stabilised polymeric
nanoparticles (PLGA-PEG) for the treatment of dental caries
(Sebelemetja et al., 2020), but none have reported on loading the
extract in a hydrogel embedded with epidermal growth factor (EGF).
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The rate of healing of a chronic wound can be accelerated by applying
drugs topically at the wound site in accordance with physiological
necessity (Johnson and Wang, 2015). Here, we suggest the use of
hydrogel, where the polymer can be tailored to have specific properties
like pH sensitivity (Hendi et al., 2020) and thermosensitivity (Huang
et al., 2019; Fan et al., 2022) to achieve smart delivery strategies. In
addition to the flavonoid from D. viscosa, which aids in bacterial
eradication, EGF may benefit skin regeneration by promoting cell
formation, proliferation, and differentiation (Leonard and Koria,
2017) (Figure 10). Even though loading bioactive chemicals onto
nanocarriers continues to be of interest, more investigation is
needed to examine the stability, drug release, and cytotoxicity of
such formulations to fully comprehend their pharmacokinetic and
pharmacodynamic properties.

5 Limitations of the study

In the present study, the effect of ethyl acetate fraction of D. viscosa
on COL3A, VEGF and bFGF has been established; however, Influence
of Inflammatory markers may be studied in future. Isolation of lead
molecule from the ethyl acetate fraction also needs to be done. In
future, clinical trials on flavonoid-rich ethyl acetate fraction/lead
molecule of D. viscosa should be conducted to confirm its potential
as an innovative wound healing formulation for the treatment of
wounds in humans.

6 Conclusion

The ethyl acetate fraction of D. viscosa has potential wound
healing activity, purported to be due to the rich flavonoids. It acts
by increasing the production of COL3A, VEGF and bFGF protein
in wound granulation tissue, which are significant growth factors
for wound healing. Therefore, the D. viscosa ethyl acetate fraction,
which is rich in flavonoid compounds, may have potential value as
a topical medicinal treatment to accelerate wound healing.
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