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a b s t r a c t

Boerhavia diffusa is a perennial herb belonging to the Nyctaginaceae family. This plant has been widely
used in Indian traditional medicinal system to cure several human ailments. However, traditional use of
this plant in the treatment and management of wounds has not been validated by any comprehensive
scientific study. The present study was aimed to explore the in vitro and in vivo wound healing potential
of methanol extract (ME) and chloroform extract (CE) from B. diffusa leaf and subsequent identification of
the bioactive metabolites, which might be responsible for enhancement of wound healing property of
the extracts.

The study included in vitro cell viability and wound scratch assays as well as in vivo excision wound
assays in rat models. Both ME and CE were analysed for their antioxidant properties and phenolics
content. The gas chromatography-mass spectrometry analyses were performed for identification of
bioactive metabolites present in the ME and CE. ME of B. diffusa leaf significantly enhanced viability and
migration of human keratinocyte cells (HaCaT) as compared to the untreated and CE-treated groups. The
topical application of ME of B. diffusa leaf in excision wound model significantly decreased the wound
area by the 14th day (91%) as compared to control (22%) (p< 0.05). The GC-MS analysis revealed the
presence of caffeic acid, ferulic acid and D-pinitol as the major bioactive metabolites in ME. These results
suggest that ME of B. diffusa possesses significant wound healing potential, where D-pinitol and caffeic
acid served as the lead constituent metabolites responsible for the healing.
© 2019 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The human skin acts as a semi-permeable barrier for the body.
The integrity of the skin is critical for the protection, maintenance
of body temperature, sensation, metabolism and communication.1

Skin disorders, especially wounds are quite common ailments. A
wound is a break in the continuity of tissue. When there is a
restoration of the wounded tissue to normal condition, the wound
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is considered to be healed.2

The process of wound healing is very complex and dynamic
since it involves multiple cell types, chemical mediators and the
extracellular matrices.3 Although wound healing is a natural pro-
cess, by itself it may lack quality, promptness and aesthetics.4 Tissue
repair begins with inflammation, followed by granular tissue for-
mation, which leads to synthesis of new connective tissues and
epithelial wound closure, and finally a scar-remodelling phase
resulting in a functional physical barrier.5

Currently prescribed methods and medicines to treat wounds
are largely ineffective and some even have adverse side effects.6

The principal constituents of many present day wound-healing
medicines are polypeptide growth factors, which promote and
control cell proliferation at the site of wound. However, these
growth factors may also lead to the development of cancer due to
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List of abbreviations

AAE Ascorbic acid equivalents
CE Chloroform extract
DMSO Dimethyl sulfoxide
DPPH 1,1-diphenyl-2-picrylhydrazyl
FRAP Ferric reducing antioxidant power
GAE Gallic acid equivalents
GC-MS Gas chromatography-mass spectrometry
HaCaT Human keratinocyte cells
KE Kaempferol equivalents
ME Methanol extract
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-

tetrazoliumbromide
TPTZ 2,4,6-tripyridyl-s-triazine
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their enhanced proliferation-inducing activities.7

Plant extracts have long been known for their effective wound
healing properties.8 The ancient Ayurvedic literature presents
about 164 medicinal plants indicating their use in wound healing.9

Among these, whole plant of B. diffusa has been routinely utilized
for treating wounds and syphilitic ulcers.10 Various ethno-
pharmacological surveys have reported that roots and leaves of
B. diffusa are used by several Indian tribes for the treatment of a
number of ailments.11e14

B. diffusa L. is commonly known as Punarnava in the Indian
traditional medicinal system. It is an abundantly growing perennial
creeping herb, found throughout India.15 Many traditional phar-
macological uses of B. diffusa such as immunomodulatory, anti-
cancer, antidiabetic, antifibrinolytic, anti-inflammatory, diuretic,
hepatoprotective, antimicrobial, antifungal, anticonvulsant and
antioxidant activities have been reported and scientifically vali-
dated.16e21 Nevertheless, to the best of our knowledge, the wound
healing potential of B. diffusa has not yet been explored scientifi-
cally. In addition, comprehensive metabolite profile of leaf extracts
of B. diffusa has not been reported. Understanding the constituent
metabolites present in the B. diffusa extracts and their modes-of-
actions in wound healing would facilitate development of new
herbal wound healing formulations with more safety and efficacy.
In view of these facts, the present study was aimed to investigate
the wound healing properties of B. diffusa leaf extracts with special
reference to their bioactive metabolite profile and antioxidant
potentials.

2. Materials and methods

2.1. Plant material collection

B. diffusa leaves were collected in the month of August 2017
from the local medicinal plant garden of Indian Institute of Tech-
nology Roorkee, India. B. diffusa plants were identified and
authenticated by taxonomist Dr. Anup Chandra from the Forest
Research Institute, Dehradun, India vide letter No. 172/Dis./2018/
Syst.Bot./Rev.Gen./4e5.

2.2. Chemicals and reagents used

Methanol, chloroform, ethanol, sodium carbonate, Folin-Cio-
calteau reagent, aluminum chloride, MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5diphenyl-2H-tetrazoliumbromide) and cell culture
grade dimethyl sulfoxide (DMSO) were purchased from HiMedia
(Mumbai, India). MSTFA and DPPH (1,1-diphenyl-2-picrylhydrazyl)
were purchased from Sigma (Bangalore, India). All solvents used
were of HPLC grade. Human keratinocyte (HaCaT) cell line was
obtained from National Center for Cell Science (NCCS), India.

2.3. Sample preparation

B. diffusa leaves were separated from the stem, air-dried in
shade for 15 days at room temperature. After drying, the leaves
were crushed to a coarse powder and stored in air tight containers
at 4 �C until further use. The leaf powder was subjected to suc-
cessive solvent extraction. In the first solvent extraction, 4 g of leaf
powder was macerated in 20mL of chloroform followed by
centrifugation at 10,000�g for 15min. The resulting supernatant
was collected, evaporated to dryness under reduced pressure to
give chloroform extract (CE). The left over pellet from the first
solvent extraction was then macerated in 20mL of methanol, fol-
lowed by centrifugation at 10,000�g for 15min. The resulting su-
pernatant was collected, dried under reduced pressure to yield
methanol extract (ME). An aliquot of both CE and ME was dissolved
in 50% methanol in a final concentration of 1mg/mL and further
used for the estimation of total phenolics, total flavonoids and
antioxidant potential.

2.4. Assay of total phenolic content

The total phenolic content in CE and ME was measured by the
Folin-Ciocalteau method using a multi-well plate reader.22 Briefly,
20 mL of CE or ME was added to 100 mL of Folin-Ciocalteu reagent
(10% in distilled water) and incubated for 5min at room tempera-
ture, followed by addition of 80 mL of 5% sodium carbonate. After
20min incubation in dark, the absorbancewasmeasured at 765 nm
using a multi-well plate reader (BioTek Synergy HTX multi-mode
plate reader, USA). A reagent blank was used as negative control.
The total phenolic contents were determined from a standard curve
prepared using gallic acid and results were expressed as milligrams
of gallic acid equivalents per gram dry weight of leaves (mg GAE/g
DW).

2.5. Assay of total flavonoid content

The total flavonoid content in CE and ME was determined as
essentially described by Wang et al. with suitable modification.23

Extract (100 mL) was added to 100 mL of 2% aluminium chloride
solution in ethanol and incubated at room temperature for 1 h.
After incubation, absorbance was measured at 420 nm against a
reagent blank in a multi-well plate reader (BioTek Synergy HTX
multi-mode plate reader, USA). The total flavonoid content was
expressed as milligrams of kaempferol equivalents per gram dry
weight of leaves (mg KE/g DW).

2.6. DPPH antioxidant assay

The antioxidant activity of the leaf extracts was determined by
analyzing their radical scavenging potential using DPPH method.24

DPPH radicals were prepared by dissolving DPPH in methanol.
40 mL of various concentrations of CE andMEwas added to 160 mL of
the 100 mMmethanolic solution of DPPH in a microtitre plate. After
incubation at room temperature for 30min, absorbance was
measured at 517 nm (BioTek Synergy HTXmulti-mode plate reader,
USA). All experiments were performed in triplicate. Control reac-
tion consisted of all reagents except the leaf extract. Blank consisted
only of methanol. Percentage of inhibition (%) of DPPH free radicals
was calculated from the absorbance (A) using the following
formula.
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Inhibition (%) ¼ (1 - A Sample/A Control) x 100

The results were expressed as IC50 values. The IC50 value is the
concentration of an antioxidant required to reduce the initial con-
centration of DPPH by 50%. Ascorbic acid was used as standard
antioxidant.

2.7. Ferric reducing antioxidant power assay

Ferric reducing antioxidant power (FRAP) was calculated
following the protocol of Benzie and Strain with minor modifica-
tions.25 First, a master mixture was prepared by adding 10mM
2,4,6-tripyridyl-s-triazine (TPTZ) solution (1mL) with 300mM ac-
etate buffer in 40mM hydrochloric acid (10mL) and 20mM ferric
chloride hexahydrate (1mL). Thereafter, 40 mL of extract (CE or ME)
and 60 mL of water was added to 1mL of freshly prepared master
mixture. The assay was incubated at 37 �C for 15min and then
absorbance was measured at 593 nm against a blank. In blank re-
action, extract was replaced by 50% methanol. A calibration curve
was prepared using different concentrations of standard ascorbic
acid. Results were expressed as milligram of ascorbic acid equiva-
lents per gram dry weight of leaves (mg AAE/g DW).

2.8. GC-MS analyses

The dried CE (1mg) and ME (1mg) were derivatized with 40 mL
of N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA). While
preparing extracts for GC-MS analysis, 4-phenylphenol was added
as internal standard. The derivatizationmixtures were kept at 60 �C
for 30min, with occasional shaking. After centrifuging the deriv-
atized extracts at 14,000 rpm for 5min, the supernatant was
carefully transferred to a 200 mL glass insert in a GC vial. GC-MS
analysis was performed on Agilent 7890A gas chromatograph
(Agilent Technologies, CA, USA) coupled with an Agilent 5975C
mass detector (Agilent Technologies, CA, USA). One microliter of
derivatized sample was injected into GC-MS by automatic sampler
(7683B series, Agilent Technologies, CA, USA) with a split ratio of
10:1. DB-5 MS column (5% phenyl methyl polysiloxane:
30 m� 0.25 mm i.d. x 0.25 mm, Agilent Technologies, CA, USA) was
used for metabolite separation. The temperature program was as
follows: Initial temperature of 90 �C for 5min, followed by tem-
perature increase to 200 �C at the ramp rate of 12 �C/min, followed
by temperature increase to 300 �C at the ramp rate of 6 �C/min and
finally a 10min hold at 300 �C. Total run time calculated was
45.8min. As carrier gas heliumwas used at a flow rate of 1mL/min.
The inlet temperature and interface temperature was set at 280 �C.
The MS unit was tuned to its maximum sensitivity and the mass
range for total ion current was m/z 70e800. Samples were injected
in triplicates. Scan was started after solvent delay of 5min with
scan frequency of 4 S�1 (2.0 HZ). Metabolites were identified by
matching the mass spectra of target metabolite (3:1 signal to noise
ratio) with the NIST-11 mass spectral library (National Institute of
Standards and Technology), and our in-house mass spectral data-
base. Metabolite identity was reported only when the matching
value of the mass spectra comparison was more than 70%.

2.9. Cell viability assay

Cell viability assay was performed according to a previously
described protocol.26 HaCaT cells were seeded at a density of
5� 103 cells/well into a 96-well plate. Cells were incubated over-
night in a 5% CO2 humidified atmosphere at 37 �C. Thereafter, cells
were treated with different concentrations (0e40 mg/mL) of CE and
ME dissolved in final DMSO concentration of 0.1%. After 48 h, 20 mL
of MTT solution was added to each well in a final concentration of
0.5mg/mL and further incubated for 4 h at 37 �C. The presence of
viable mitochondria results in the formation of a purple formazan
product. The media was replaced by 200 mL of DMSO. The formazan
formation was estimated by taking absorbance at 570 nm in a
microplate reader. The experiments were performed in triplicate.
Cell viability was calculated as a percentage compared to the
experimental control.

2.10. In vitro scratch wound-healing assay

The scratch wound healing assay was carried out according to a
previously reported protocol.27 The keratinocytes HaCaT
(1� 105 cells/well) were seeded in 12-well cell culture plate. After
reaching confluency, a scratch was made in the monolayer using a
sterile p200 tip. Cell debris were washed out using phosphate
buffer saline. Fresh medium containing 1% fetal bovine serum and
CE or ME (5 mg/mL) was added to the cells. Cells with medium
without extract were used as control. The cells were incubated for
up to 60 h at 37 �C in 5% CO2. Images of the scratch were taken at
0 h, 12 h, 24 h, 48 h, and 60 h using a phase contrast inverted mi-
croscope (Axiovert 25, Zeiss, Germany). Three images were pho-
tographed for each well under 10x magnifications after incubation
to estimate the proliferation and/or migration of cells. The area
enclosed between the scratch edges was measured using ImageJ
software. The wound closure percentage was calculated compared
to the initial scratch area at 0 h.

2.11. Excision wound healing activity

Albino Wistar rats (weight 200e250 g)28 of either sex were
selected for this experiment because these experimental animals
are readily available, docile, easy to handle and routinely used as
animal model29,30 for testing wound healing activity. The rats were
allowed to acclimatize to the laboratory conditions for 5 days
before initiation of the experiment. Rats were maintained under
standard laboratory conditions (12 h light/darkness at 25± 3 �C)
with standard animal diet and water available ad libitum. These
animal experiments were carried out at the M. M. College of
Pharmacy, Maharishi Markandeshwar (Deemed to be University),
Mullana, Ambala, Haryana-133203, India. The Institutional Animal
Ethical Committee (1355/PO/Re/L/10/CPCSEA) permitted the
studies under the certification (Ref. No. IAEC 18/02 of dated
07.02.2018).

The animals were randomly divided into five groups, each group
having six rats. The following five experimental groups were
framed:

Group I: Wounded control (untreated) group
Group II: Standard group (5.0% w/w povidone-iodine ointment)
Group III: Base group (Only base of ointment)
Group IV: CE ointment group (10% w/v)
Group V: ME ointment group (10% w/v)

10% (w/v) ointment was prepared for the extracts in saline
containing 0.1% propylene glycol. Animals of all groups were
anaesthetized by ketamine/xylazine anesthesia (1mg of ketamine
and 0.1mg of xylazine per 10 g of body weight i.p.) prior to and
during creation of thewounds. A full thickness of excisionwound of
circular area of 8mm was created using biopsy punches. The sur-
gical procedures were performed entirely in an aseptic area. The
wound was left completely undressed during the study. CE, ME,
base and the standard ointment (500mg each) were applied on the
wounds of animals in their respective groups (groups II to V) once a
day for 14 days. Wound areas were recorded and measured by
millimeter scale on day 1, day 5, day 9 and day 14.
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2.12. Evaluating in vitro wound healing activity of major bioactive
metabolites

From the results of the in vitro and in vivowound healing assays
as well as phytochemical and GC-MS analyses of the extracts, three
compounds present in ME were chosen to be tested for their po-
tential wound-healing activities on the HaCaT keratinocyte cell
line. First, the cytotoxicity of each pure compound, namely D-
pinitol, caffeic acid and ferulic acid, was separately evaluated via
the MTT assay by following the same procedure as that carried out
in section 2.9. HaCaT cells were treated with different concentra-
tions (0e50 mM) of each compound dissolved in DMSO (final con-
centration of 0.1%).

Based on their effect on the viability of the HaCaT cells, the
following concentrations were chosen to evaluate the in vitro
wound healing ability of the pure compounds: 5 mM of caffeic acid,
3 mM of ferulic acid, and 5 mM of D-pinitol. The protocol for scratch
assay was the same as that presented in section 2.10.
2.13. Statistical analysis

Each experiment was performed at least three times. Statistical
analyses were performed using Microsoft Office Excel 2007 data
Table 1
Quantitative estimation of total phenolics, total flavonoids and antioxidant activities (DPP
mean± SD (n¼ 3).

Leaf extract Total phenolic content (mg GAE/g DW) Total flavonoid content (mg KE/g

ME 17.60± 0.65 3.67± 0.54
CE 0.11± 0.01 0.44± 0.01

Table 2
List of 33 identified metabolites fromME of B. diffusa leaves after GC-MS analyses. The rel
the total area (RPA,%).

S.No. Compound TMS derivative RT (

1 Ethylene glycol 2 7.80
2 L-Valine 1 9.91
3 L-Alanine 2 10.0
4 2-Pyrrolidinone 1 10.9
5 L-Proline 1 11.4
6 L-Valine 2 11.8
7 L-Isoleucine 2 12.9
8 L-Threonine 2 12.9
9 Succinic acid 2 13.1
10 Uracil 2 13.5
11 Fumaric acid 2 13.6
12 L-Serine 3 13.7
13 L-Threonine 3 14.0
14 D-(�)-Citramalic acid 3 15.1
15 Malic acid 3 15.2
16 L-Threonic acid 4 16.1
17 L-Asparagine 2 16.8
18 L-Glutamic acid 3 17.0
19 DL-Phenylalanine 2 17.3
20 3,4-Dihydroxy-benzyl alcohol 3 18.1
21 4-Methylcatechol 2 19.3
22 D-Fructofuranose 5 19.6
23 D-Pinitol 5 20.0
24 L-Tyrosine 3 21.7
25 b-D-Glucopyranose 5 22.0
26 D-Gluconic acid 6 22.5
27 Oxaloacetic acid 3 22.8
28 D-Glucuronic acid 5 23.2
29 Ferulic acid 2 24.0
30 Caffeic acid 3 24.6
31 L-Tryptophan 2 25.9
32 Sucrose 8 30.7
33 1-Monopalmitin 2 30.8
analysis. Data are expressed as the mean± SD. Significant differ-
ences between the control and test samplewere determined by one
way analysis of variance inMicrosoft Office Excel 2007 data analysis
with the significance factor p< 0.05.

3. Results

3.1. Total phenolic and flavonoid contents

The total phenolic and total flavonoid contents in the B. diffusa
leaf extracts are shown in Table 1. Of the two leaf extracts analysed,
ME showed significantly higher total phenolics as well as total
flavonoid content as compared to CE. In general, in both CE andME,
total flavonoid content was significantly lower than that of total
phenolic content, suggesting that leaf extracts are rich in phenolic
compounds.

3.2. Antioxidant capacity

DPPH produces radicals in a methanolic solution. Radical scav-
enging molecules can sequester DPPH radicals and subsequently
decrease the visible color from purple to straw-colored. Antioxi-
dant potential of ME was found to be significantly higher than that
H radical scavenging and FRAP) from B. diffusa leaf extracts. Results are expressed as

DW) DPPH radical scavenging activity (IC50 mg/mL) FRAP value (mg AAE/g DW)

0.50± 0.04 48.09± 1.22
17.10± 0.68 6.88± 0.64

ative amounts of the individual metabolites are expressed as a percentage relative to

min) Area (RPA%) PubChem CID Qualification Ions

0.0128 81858 191, 103
0.2018 22211754 174, 156

7 0.5709 11424808 218, 116
4 0.0067 84461 157, 142
0 1.9422 13514636 187, 172
5 0.2201 11108121 246, 144
3 0.0736 21632765 260, 158
6 0.1475 91696554 248, 130
9 0.2194 520988 262, 247
4 0.028 552702 256, 241
3 0.0193 5353016 245, 83
1 0.0507 90474444 306, 204
3 0.0767 21632766 320, 291
6 0.0392 526005 349, 247
6 1.0752 522155 350, 233
1 0.1114 528672 409, 292
8 0.0675 276, 159
2 0.0513 12451984 363, 246
6 0.0705 12451977 294, 192
8 0.0065 101663520 356, 267
7 0.0275 530364 268, 253
1 7.1974 528401 437, 257
7 9.4039 91750479 507, 318
6 0.1753 14189425 397, 218
0 4.9769 13587619 435, 204
7 0.0486 523310 435, 333
0 0.007 553054 333, 231
9 0.0149 22211710 539, 305
8 0.0837 5379186 338, 323
7 0.1278 5376254 396, 219
1 0.1436 521975 348, 202
0 2.0906 10931011 451, 361
0 0.0976 552033 459, 371



Table 3
Four identifiedmetabolites from CE of B. diffusa leaves after GC-MS analyses. The relative amounts of the individualmetabolites are expressed as percentage relative to the total
area (RPA, %).

S.No. Compound TMS derivative RT (min) Area (RPA%) PubChem CID Qualification Ions

1 Glycerol 3 12.54 0.5493 522285 293, 205
2 2-(Methylthio) benzothiazole NA 17.82 0.0343 11989 181, 148
3 Palmitic acid 1 23.36 21.6938 521638 328, 313
4 Stearic acid 1 26.23 14.0422 87777 356, 341

K. Juneja et al. / Journal of Traditional and Complementary Medicine 10 (2020) 52e5956
of CE (Table 1). Ascorbic acid was used as standard antioxidant with
IC50 value of 0.16 mg/mL. Furthermore, ME showed high antioxidant
activity as revealed from FRAP assays as well (Table 1). FRAP activity
was significantly higher for ME as compared to CE.

3.3. GC-MS analysis of bioactive metabolites from B. diffusa leaf
extracts

To assess the physiological role of metabolites in wound healing
mechanism, metabolic profiles of the methanol and chloroform
extracts of the B. diffusa leaves were acquired using GC-MS. The
representative GC-MS (total ion current: TIC) chromatograms of ME
and CE are shown in Supplementary Figs. S1AeB. The corre-
sponding mass spectral fragmentation patterns are shown in
supplementary Fig S2 (ME) and supplementary Fig S3 (CE). The GC-
MS analyses of ME showed significantly higher number of
Fig. 1. MTT assay performed to evaluate the effect of various doses ME (A) and CE (B) of
B. diffusa leaf extracts on the viability of human keratinocytes. The viability of control
treatment (without extract) was considered as 100% and results are expressed as % cell
viability with respect to untreated control cells. Results are expressed as mean± SD
(n ¼ 3). Statistical significance is denoted by *p < 0.05 compared to control.

Fig. 2. Effect of B. diffusa leaf extracts and some pure metabolites on scratch wound healing
(B) Effect of three pure metabolites, D-pinitol (5 mM), caffeic acid (5 mM), and ferulic acid
significance is denoted by *p < 0.001 compared to control (vehicle).
metabolites as compared to CE. In ME, 33 metabolites were iden-
tified (Table 2), whereas in CE, only 4 metabolites were identified
(Table 3). ME was found to be rich in phenolics, sugars and amino
acids. Based on the relative abundance, the top three major me-
tabolites present in ME were D-pinitol (9.4%), fructofuranose (7.1%)
and b-D-glucopyranose (4.9%). CE contained palmitic acid (21.6%)
followed by stearic acid (14.0%) and glycerol (0.5%). Metabolites
were characterized based on their retention time and specific
fragmentation pattern.

3.4. Effect of B. diffusa leaf extracts on keratinocyte viability

The effect of ME and CE on the cell viability of keratinocytes
(HaCaT cell line) was studied using the scratch assay. The effect of a
range of concentrations of ME and CE are shown in Fig. 1. HaCaT
cells are immortalized human skin keratinocytes that mimic many
properties of normal epidermal keratinocytes. They are non-
invasive and can differentiate under appropriate experimental
conditions. A significant enhancement in the viability of keratino-
cytes, as shown by theMTTmethod, was evident as early as day 2 in
concentration ranging from 2.5 to 20 mg/mL for ME and from 2.5 to
15 mg/mL for CE. Higher dose of ME (�40 mg/mL) and CE (�20 mg/
mL) was found to be detrimental for cell viability.

3.5. Migration of keratinocytes (HaCaT) into in vitro wounds

Scratches were made in confluent HaCaT monolayers. The
scratches were treated with either ME (5 mg/mL) or CE (5 mg/mL).
The progress of the closure of the scratches was recorded at in-
tervals of 12 h for a total duration of 60 h. Movement of the cells
could be detected as early as 12 h. Both ME and CE stimulated the
migration of keratinocytes into the denuded area. ME resulted in
faster and more complete closure of wound area than did CE
(Fig. 2A). Treating scratched HaCaT cells with 5 mg/mL of ME closed
the scratch wound by 59% within the first 12 h of treatment, and
after 60 h, almost 97% closure was observed. In comparison to ME,
in HaCaT cell line. (A) Effect of ME and CE on scratch wound healing in HaCaT cell line.
(3 mM) on scratch wound healing in HaCaT cell line. Results are mean ± SD. Statistical



Fig. 3. Digital image showing the effect of B. diffusa leaf extracts on human kerati-
nocyte cell migration in a scratch assay: (A) control cells treated with vehicle; (B) cells
treated with ME; (C) cells treated with CE. A confluent monolayer of human kerati-
nocytes (HaCaT) was scratched using a sterile p200 tip. ME and CE were applied as
treatments to the wound (open gap) and keratinocyte media served as control. The
dashed lines mark the boundaries of the scratch wound at 0 h. Migrations of kerati-
nocytes were photographed using light microscope fitted with digital camera with 10x
magnification.

Fig. 4. Effect of ME and CE from B. diffusa leaf and standard ointment (povidone-
iodine) on percentage (%) wound contraction of excision wound models in rats. Results
are mean ± SD. Statistical significance is denoted by *p< 0.05 compared to control.

Fig. 5. Changes seen in wound contraction area of excision wounds of albino Wistar
rats when treated with standard (povidone-iodine), ointment base, CE and ME. CE and
ME extracts were prepared from B. diffusa leaf. Control group remained untreated.
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CE (5 mg/mL) showed slowwound closure efficacy with 68% closure
after 60 h. In vehicle treated cells, 44% closure was observed after
60 h. The migration of keratinocytes was seen to be more signifi-
cant in the ME-treated cells compared to vehicle-treated and CE-
treated cells (see Fig. 3). The pure D-pinitol and caffeic acid was
tested for in vitro wound closure efficiency, a significant wound
closure was observed at 60 h (Fig. 2B). Ferulic acid showed very
poor wound closure efficiency (Fig. 2B).

3.6. Wound contraction

The effect of ME and CE from B. diffusa leaf on excision wound
model in albino Wistar rats is shown in Fig. 4. A significant healing
pattern with almost complete wound closure was observed in ME-
treated rats within 14 days (91% wound closure; Fig. 4), whereas
CE-treated and untreated animal groups lagged far behind (Fig. 5).
Wounds treated with povidone-iodine showed healing behavior
comparable to wounds treated with ME. ME left no prominent scar
at the wound sites while CE-treated and povidone-iodine oint-
ment-treated groups had prominent scars.

4. Discussion

Wound healing is a mechanism-based complex re-
programming process of restoring cellular structures and tissue
layers in damaged tissue to enable it to attain normal physiological
state and commencing the fibroblastic stage in which the wounded
area shrinks.31 In general, the healing process involves three phases
viz. Inflammatory, proliferative and remodelling phases, which are
characterized by haemostasis and inflammation, cell proliferation
and migration, and epithelialization, angiogenesis and collagen
deposition, respectively. The wounds start to shrink during
remodelling phase.32 The mechanism of wound healing involves
activation of a series of cells such as keratinocytes, fibroblasts,
endothelial cells and macrophages.33 For successful wound closure,
the cross-talk between healthy keratinocytes and other cell types
participating inwound healing is required.34 Therefore, therapeutic
plant metabolites that are able to stimulate keratinocyte/fibroblast
growth and proliferation may be able to accelerate the wound
healing process, as observed in the present study. Our study
demonstrated the effect of methanol and chloroform extracts from
B. diffusa leaf in enhancing the viability of human keratinocyte
(HaCaT) cells in vitro. As evident from the in vitro scratch assay, ME
caused significantly higher stimulation of keratinocytes as
compared to CE. The total phenolics, flavonoids and antioxidant
properties were also significantly higher in ME as compared to CE.

Phenolics and flavonoids reduce lipid peroxidation, which, in
turn, enhances the viability of collagen fibrils by increasing the
strength of collagen fibres, preventing cell damage and accelerating
DNA synthesis.35 Phenolics, flavonoids and terpenoids are known
to promote the wound healing process because of their antioxidant
and antimicrobial properties, which seem to be responsible for
wound contraction and an enhanced rate of epithelialization.36
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It has been previously shown that the presence of reactive ox-
ygen species delays the wound healing process.35 While antioxi-
dant enhances the healing process by reducing the damage caused
by free oxygen radicals.37 Plant-derived antioxidants such as phe-
nolics, flavonoids and tannins act as potent scavengers of free
radicals, and thereby prevent the damage due to free radicals
during wound healing process. In our study, higher wound healing
properties as exhibited by ME could be due to its enhanced anti-
oxidant potential in comparison to CE. Potent antioxidant capacity
in ME can be directly linked to high content of phenolics and fla-
vonoids in ME as compared to CE. Moreover, the process of wound
healing was also enhanced in the animals treated with ME, indi-
cating a clear role of these phenolics and flavonoids in the process
of wound healing both in vitro and in vivo. The GC-MS analyses of CE
and ME provide a complete investigation for all the major metab-
olites present in those extracts. The ME was found to be rich in
phenolics, sugars, and amino acids. On the contrary, only four
metabolites were identified in CE. This may therefore in part
explain the enhanced efficacy of ME as compared to CE in wound
healing process in vitro and in vivo. ME in particular was found to be
rich in D-pinitol content, which is an insulinomimetic.38 Sivakumar
et al. demonstrated the beneficial effect of D-pinitol against
oxidative stress, which could be attributed to its free radical scav-
enging capacity.39 Yu et al. reported that topically applied insulin
improved diabetic wound healing by regulating wound inflam-
matory cells and repairing cellular functions.40 Bioactive insulin
induces activation of the IR/IRS/PI3K/AKT pathways involved in
cutaneous wound healing,41 which leads to tissue regeneration and
growth, proliferation and migration of keratinocytes and fibro-
blasts.42 These studies show a strong correlation between the
insulinomimetic D-pinitol and the PI3K/AKT pathway in wound
healing. Furthermore, caffeic and ferulic acids were present in ME
which were known to promote wound healing process mainly
because of their potent antioxidant and anti-inflammatory
properties.43

In order to determine the wound-healing potential of the plant
extracts, two major parameters were chosen: (i) wound closure
time and (ii) wound contraction. It was observed that the efficacy of
ME to heal wounds was comparable with that of the standard drug
(povidone-iodine).

Thereby it is worth to conclude that ME has the potential to
satisfy all requirements of an ideal dressing material in that it
provides amicro-environment at the surface of thewound inwhich
healing occurs at an accelerated rate. Further, in the ME-treated
animals, no prominent scar at the wound sites was observed
while povidone-iodine ointment-treated groups exhibited scars.
This property of ME, in general, is of cosmetic value especially to
patients who are prone to scar formation. As a result, this study
provides a scientific validation of wound healing potential of
B. diffusa leaf ME and rationale of its use in the discovery and
preparation of novel wound healing formulations and/or dressings.

5. Conclusion

This study has evidently demonstrated the in vitro and in vivo
wound healing activity of ME of B. diffusa leaves. Future research
warrants identification of the actual bioactive metabolites present
in the B. diffusa leaves responsible for its wound healing property
and subsequent understanding of their mechanisms of action at
cellular level.
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