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Abstract

Background: The bark oil of Dipterocarpus alatus Roxb. ex G. Don (resin tree) has been used for the treatment of ulcerated wounds
in Ayurvedic medicine. However, information is still scarce about D. alatus extract and its constituents.

Objectives: This study aimed to examine the antibacterial and wound healing effects of D. alatus crude extracts against methicillin-
resistant Staphylococcus aureus (MRSA) in a superficial skin infection using a tape-stripping mouse model.

Methods: Different parts (bark, leaves, twig, wood, and oleo-resin) of D. alatus were used for extraction. Crude extracts with two pure
compounds («,(-gurjunene and dipterocarpol) were examined for antibacterial activity against methicillin-susceptible S. aureus
(MSSA)and MRSA in vitro. The in vivo antibacterial activity against MRSA was examined in a tape-stripping mouse model of superficial
skin infection by evaluating transepidermal water loss (TEWL), colony counts from wound culture swabs, and H&E staining.
Results: Dipterocarpus alatus twig extract showed the lowest MIC (250 p1g/mL) and MBC (500 p1g/mL) against MRSA among extracts
from other D. alatus parts. In addition, «,8-gurjunene showed lower MIC (250 pg/mL) and MBC (250 pg/mL) against MRSA than
dipterocarpol. In vivo, D. alatus twig extract significantly reduced the number of MRSA recovered from superficial wounds to levels
comparable to the non-infected control group on the second day. Oleo-resin, D. alatus wood extract, v, 8-gurjunene, and dipterocar-
pol also significantly reduced the number of MRSA. Moreover, D. alatus twig extract and dipterocarpol healed infected wounds at
rates comparable to the non-infected control group. From H&E staining of wounds, fibrin accumulation and neutrophil infiltration
were attenuated in mice treated with D. alatus twig extract and dipterocarpol.

Conclusions: Dipterocarpus alatus twig extractand dipterocarpol possess antibacterial and wound healing properties against MRSA-

induced superficial skin infection in mice.
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. Background

Staphylococcus aureus is a Gram-positive pathogen of
the skin, soft tissues, and septic infections (1). The first-line
drugs for S. aureus treatment are 3-lactam antibiotics, such
as penicillin and cloxacillin, but the incidence of S-lactam-
resistant S. aureus strains (methicillin-resistant S. aureus,
MRSA) is increasing (2). Hence, new effective antibacterial
agents against MRSA are required.

Traditionally, the oleo-resin of Dipterocarpus alatus
Roxb. ex G. Don was used for illumination and water-
proofing baskets and boats (3). Dipterocarpus alatus bark
oil has been applied in Ayurvedic medicine for external

wound healing (4). Most of the bioactive chemical con-
stituents isolated from genus Dipterocarpus are from the
bark, which is an important source of resins such as ole-
oresin, dammars, and camphor. The main chemical con-
stituents are sesquiterpenes, triterpenes, and coumarin
derivatives (5). A previous study showed that the oleo-
resin of D. alatus was an effective treatment for skin ul-
cers (6). Moreover, crude extracts from several parts of D.
alatus have been reported to have free radical scavenging
and anti-cancer activities (7). Besides, an ethanolic leaf ex-
tract of D. alatus was shown to inhibit monoamine oxidase
and reduce the symptoms of depression in unpredictable
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chronic mild stress in mice (8). To date, there is no informa-
tion about the antimicrobial effects of D. alatus extracts.

2. Objectives

We aimed to investigate the antibacterial and wound
healing effects of D. alatus crude extracts in an MRSA-
induced superficial skin infection mouse model.

3. Methods

3.1. Materials and Chemicals

Two strains of S. aureus, methicillin-susceptible S. au-
reus (MSSA, DMST-2933) and methicillin-resistant S. au-
reus (MRSA, DMST-20651), were identified and provided
by the Department of Medical Sciences, Thailand Biodi-
versity Center, National Center for Genetic Engineering
and Biotechnology, Nonthaburi, Thailand. Mannitol salt
agar (MSA) and Mueller Hinton broth and agar (MHB
and MHA) were prepared from Himedia (Mumbai, India).
Mayer’s Hematoxylin, Eosin Y, and other staining reagents
were the products of Bio Optica (Milano, Italy). Oxacillin,
erythromycin, and tetracycline were supplied by Sigma-
Aldrich Chemical (St. Louis, MO). Other chemicals and ma-
terials were from suppliers with premium quality.

3.2. Extraction of Dipterocarpus alatus

Dipterocarpus alatus crude extracts were prepared from
different parts, namely bark, leaves, twig, and wood. Dipte-
rocarpol and «,8-gurjunene were isolated from the oleo-
resin extract as described elsewhere (6). Briefly, bark,
leaves, twig, and wood were macerated with methanol. Af-
ter evaporation to eliminate methanol, the crude extracts
were obtained in the yields of 4.24, 11.80, 6.07, and 6.01%,
respectively. Oleo-resin was heated at 40 - 60°C to give
clear oil for use in this study. Oleo-resin (25.04 g) was iso-
lated using the open column chromatographic technique
to achieve the two known compounds, dipterocarpol (1.01
g)and o, 5-gurjunene (4.76 g).

3.3. Determination of Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration In Vitro

The minimum inhibitory concentration (MIC) was
evaluated by the broth dilution method in MHB as de-
scribed elsewhere (9). An inoculum of MSSA or MRSA (2
x 10% CFU/mL) was mixed with D. alatus extracts, «,3-
gurjunene, dipterocarpol, oxacillin, erythromycin, and
tetracycline, and incubated at 37°C for 24 hours. The
growth of bacteria was determined at 625 nm by a spec-
trophotometer. The MIC value was identified from the well
in which MSSA or MRSA growth was inhibited.

For minimum bactericidal concentration (MBC), all
wells with no visible growth were cultured on MHA plates
by simple streaking and the plates were incubated at 37°C
for 18 - 24 hours. The MBC was determined from the lowest
concentration of the test compound without colonies (9).

3.4. Tape-Stripping Mouse Model

Seven-week-old male ICR mice (30 - 35 g) were bred
and provided by the National Laboratory Animal Center,
Mahidol University, Thailand. All mice were housed in
the Northeast Laboratory Animal Center, Khon Kaen Uni-
versity, Thailand. Animal-related protocols were adopted
from the Animal Ethics Committee for Use and Care of
Khon Kaen University (approval no. ACUC-KKU-38/2559) in
agreement with the Guide for the Care and Use of Labora-
tory Animals prepared by the National Research Council of
Thailand. After transportation, mice were acclimated for a
week before being randomly divided into eight groups (n
=10 per group). The mice were anesthetized by intraperi-
toneal injection of pentobarbital sodium 50 pg/kg and the
back hair was shaved. An adhesive plaster was quickly ap-
plied to and immediately removed from a 2 x 2 cm? dor-
sal area for 15 - 20 times until the skin became swollen
and ruddy without bleeding. The transepidermal water
loss (TEWL) value was measured by DermaLab® Combo
(Hadsund, Denmark) and standardized at the level of 70 -
75 g/m*h to normalize the skin damage of all mice. After
that, a10 L-MRSA inoculum (1 X 10® CFU/mL) was applied
to wounds (9). A 100-uL aliquot of each sample, i.e., 10%
ethanolin propylene glycol (vehicle),20 mg/mL of D. alatus
twig/oleoresin/wood extract, 4 mg/mL of «,(-gurjunene,
1.1 mg/mL of dipterocarpol, or 160 ug/mL of tetracycline,
was applied to the wound area daily for nine consecutive
days. The non-infected control group and non-treated con-
trol group (MRSA-infected group without treatment) were
treated with a vehicle. The TEWL was determined on days1,
2, 5, and 7. Swabs from infected-wounds were cultured on
6 pg/mL oxacillin-contained MSA plates on days 2, 4, 6, and
8. The number of MRSA colonies was recorded after incu-
bation for 18 - 24 hours (10). Wounds were photographed
ondays1,3,5,7,and 9.

3.5. Skin Staining by Hematoxylin and Eosin

Mice from each treatment group were sacrificed on
days1, 4, and 8. The skin from the dorsal area was collected
and washed in iced isotonic phosphate-buffered saline for
30 minutes before soaking in a 10% formalin solution at
4°C for 24 hours. The skin sample was gradually dehy-
drated in ethanol (50 to 100% v|v) at room temperature,
embedded in warm paraffin (60°C), and frozen at -20°C.
The paraffin-embedded skin was cut into 5 um sections
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and fixed on a glass slide before staining with hematoxylin
and eosin (H&E) solution following the instructions of the
supplier (10).

3.6. Statistical Analysis

The TEWL values and the number of MRSA colonies are
presented as mean = SD. Statistical significance was ana-
lyzed by one-way ANOVA followed by Tukey’s test using SPSS
V. 22.0 program. A P value of < 0.05 was considered signif-
icant.

4. Results

4.1. Effects of Dipterocarpus alatus Extracts on MSSA and MRSA
In Vitro

Table 1shows the MIC and MBC of D. alatus extracts, c,3-
gurjunene, and dipterocarpol, compared to three antibi-
otics, oxacillin, erythromycin, and tetracycline. Tetracy-
cline showed the most anti-MSSA and MRSA activity, while
erythromycin and oxacillin did not inhibit MRSA growth.
Almost all D. alatus extracts showed less antibacterial ac-
tivity than tetracycline, with MICs and MBCs of 500 pg/mL
or higher. The D. alatus twig extract had the lowest MIC
and MBC against MRSA at 250 and 500 pg/mL, respectively.
Moreover, o, 3-gurjunene showed lower MIC and MBC (250
pg/mL) against MRSA than dipterocarpol. Thus, twig and
wood extracts, o, 5-gurjunene, and tetracycline (a positive
control) were selected for in vivo experiments in the mouse
superficial wound model. In addition, we studied the oleo-
resin extract, which has been claimed to heal ulcerated
wounds in Ayurvedic medicine (4), and its principal com-
ponent dipterocarpol (6).

4.2. Antibacterial Effects of Dipterocarpus alatus Extracts on
MRSA-Induced Superficial Skin Infection in Mice

Mice with MRSA-superficial skin infections had very
high numbers of MRSA colonies on the second day of
infection. Of these, the MRSA-non-treated and MRSA-
tetracycline-treated groups showed higher numbers of
MRSA colonies than the others (Table 2). The D. alatus
twig extract significantly decreased the number of MRSA
colonies on the second day of treatment to the same num-
ber of MRSA colonies found in the non-infected control.
The extracts of oleo-resin and wood, «,3-gurjunene, and
dipterocarpol significantly decreased the number of MRSA
colonies compared to the MRSA-infected group without
treatment. Therefore, the D. alatus extracts, a,3-gurjunene,
and dipterocarpol possessed antibacterial activity against
MRSA in this model.
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Table 1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of Dipterocarpus alatus Crude Extracts Against Methicillin-
Susceptible Staphylococcus aureus (MSSA) and Methicillin-Resistant Staphylococcus
aureus (MRSA)

Test Compounds MIC (;+g/mL) MBC (/1g/mL)
Bark crude extract

MSSA 500 1000

MRSA 500 1000
Leaves crude extract

MSSA 500 500

MRSA 500 1000
Twig crude extract

MSSA 250 500

MRSA 250 500
Oleo-resin crude extract

MSSA > 1000 > 1000

MRSA > 1000 > 1000
Wood crude extract

MSSA 500 500

MRSA 500 500
Tetracycline

MSSA < 0.0625 2

MRSA 4 16
Erythromycin

MSSA < 0.0625 0.5

MRSA <64 > 64
Oxacillin

MSSA < 0.0625 2

MRSA > 64 > 64
Dipterocarpol

MSSA 500 500

MRSA 500 1000
a,3-Gurjunene

MSSA 500 500

MRSA 250 250

4.3. Wound Healing Effects of Dipterocarpus alatus Extracts on
MRSA-Induced Superficial Skin Infection in the Mouse Model

The daily examination revealed that the wounds of
non-infected control mice completely healed nine days
after tape stripping (Figure 1) while MRSA-infected non-
treated mice were found to be ulcerated until the ninth
day and remained infected according to the MRSA colony
counts (Table 2). The D. alatus twig extract and dipte-
rocarpol were effective in wound healing at a rate com-
parable to control mice. The oleo-resin extract demon-
strated some wound healing effects though it was infe-
rior to the twig extract and dipterocarpol. The wounds
of the groups treated with wood extract, a,/3-gurjunene,
and tetracycline remained scabby on the ninth day. The
TEWL indicated the permeability of the skin layer by mea-
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Table 2. Numbers of MRSA Colonies Recovered from Infected Superficial Mouse Wounds

Number of MRSA Colonies®

Day 2 Day 4 Day 6 Day 8
Control 0.00 0.00 0.00
MRSA-non-treatment 86.90 & 79.79" 14.63 £ 13.34° 10.83 +12.25" 9.75 +11.06"
MRSA-twig 110 £ 1.29° 0.00 % 0.00° 0.00 % 0.00° 0.00 % 0.00°
MRSA-oleo-resin 12.60 + 203" ¢ 3.88 £ 4.32° 0.50 £ 0.84° 0.00 + 0.00°
MRSA-wood 14.80 £14.02> 0.25 + 0.46° 0.7 + 0.41° 0.00 % 0.00°
MRSA-¢, 3-gurjunene 2710 + 2319 € 2.50 £ 3.12¢ 2.83 +2.79° 0.25 + 0.50°
MRSA-dipterocarpol 2150 £ 27.23™ € 0.25 + 0.46° 1.00 +1.26° 0.00 % 0.00°
MRSA-tetracycline 13170 % 167.21° 113 £10.34° 24.00 = 31.59° 12.00 +18.74°

*Values are expressed as mean = SD.
PP < 0.05 vs. control on the same day.
P < 0.05 vs. MRSA-non-treatment on the same day.

suring the rate of water loss. The TEWL value was the high-
est after the epidermal barrier removal by tape stripping.
In the non-infected control group, TEWL recovered to pre-
wound levels within seven days (Figure 2). The D. alatus
twig extract and dipterocarpol treatments gradually de-
creased the TEWL to the same level as the non-infected con-
trol group, which was significantly lower than the MRSA-
non-treated group. The improvement in wound appear-
ance and a decrease in TEWL indicated that the D. alatus
twig extract and dipterocarpol possessed wound healing
properties.

4.4. Effects of Dipterocarpus alatus Extracts and Dipterocarpol
on Wound Histology

The epidermis (E) of all mice was partially disrupted
by tape stripping (Figure 3). The H&E staining showed fib-
rin accumulation (black arrows) on the fourth day. The
D. alatus twig extract and dipterocarpol reduced fibrin ac-
cumulation comparable to the non-infected control. Neu-
trophil infiltration or accumulation of neutrophils (Figure
3, squares) was observed in the upper dermis of all mice
from the first day. On the fourth day, the D. alatus twig
extract and dipterocarpol were regenerating the epider-
mis and healing the wounds; the dermal-epidermal junc-
tion was clearly differentiated. In contrast, neutrophils
remained in the MRSA-non-treated group, as well as a,-
gurjunene and tetracycline-treated groups. Therefore, the
D. alatus twig extract and dipterocarpol extensively re-
stored the integrity of the epidermis in MRSA-induced su-
perficial skin infection.

5. Discussion

The number of skin and soft tissue infections com-
monly caused by S. aureus and community-acquired MRSA
increased between 1998 to 2004 in North America (11). The
frequency of S. aureus-induced skin infection was 44.6%
and the rate of MRSA among isolates was 35.9% (12). Hence,
there is a need for an effective compound for the treatment
of MRSA infection. To date, there are limited reports on the
antibacterial effects of Dipterocarpus species and diptero-
carpol. Dipterocarpus verrucosus has been reported to have
in vitro antibacterial effects (5). The oleo-resin of Shorea
robusta Gaertn (containing dipterocarpol) is an antibacte-
rial, astringent, analgesic, and wound healing agent (13).
Here, we described the first experiments demonstrating
the activity of D. alatus extracts and dipterocarpol against
S. aureus both in in vitro and in vivo.

The MRSA colony counting from mouse wounds indi-
cated that the number of MRSA colonies gradually reduced
without treatment (Table 2); however, all D. alatus extracts
accelerated the decrease in the colony number from the
first day of treatment. The comparatively reduced antibac-
terial properties of D. alatus extracts and dipterocarpol in
vitro may be due to their low water solubility (9). One
study reported that the rate of antibacterial susceptibility
to tetracycline in MRSA isolates was about 82% (11), which
corresponded to our in vitro results. Hence, tetracycline
was applied as a positive control in the mouse model. How-
ever, tetracycline showed low antibacterial activity against
MRSA in this model, presumably due to its low permeabil-
ity and inability to cross the skin membrane layer.

The tape stripping technique in combination with
MRSA infection is a well-known mouse model for study-
ing antibacterial and wound healing effects, representing
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Figure 1. Mouse superficial wound appearance. Mouse superficial wounds were established by repeated tape stripping to remove the epidermis. Wounds were infected with
1 X 10° MRSA and treated daily with 10% ethanol in propylene glycol (non-treated control), 20 mg/mL Dipterocarpus alatus twigfoleo-resinjwood extract in 10% ethanol in
propylene glycol, 4 mg/mL «,3-gurjunene, 1.1 mg/mL dipterocarpol, or 160 pg/mL tetracycline for nine days along with a non-infected control group (eight groups, 9-10 mice
in each group). The wounds of all mice were photographed on days1,3,5,7,and 9.
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Figure 2. Transepidermal water loss (TEWL) of mouse superficial wounds. Mouse superficial wounds were established by repeated tape stripping to remove the epidermis.
Wounds were infected with 1 x 10° MRSA and treated daily with 10% ethanol in propylene glycol (non-treated control), 20 mg/mL Dipterocarpus alatus twig/oleo-resinfwood
extract in10% ethanol in propylene glycol, 4 mg/mL «,3-gurjunene, 1.1 mg/mL dipterocarpol, or 160 pg/mL tetracycline for nine days along with a non-infected control group
(eight groups, 9 - 10 mice in each group). The TEWL from the superficial wounds was measured on days 1,2, 5, and 7 and presented as mean = SD. *P < 0.05 vs. MRSA-non-

treatment on the same day by one-way ANOVA followed by Tukey’s post hoc test.

an abrasive wound in S. aureus skin-infected patients (10,
14). The TEWL indicates skin barrier damage (10) and it was
used to normalize the same level of skin barrier damage in
all mice on the first day of study. After the tape stripping,
the application of MRSA inoculum to an abrasive wound
allowed MRSA to grow, permeate the wound, and stimu-
late the systematic inflammatory response. Fibrin depo-
sition in the skin is an eminent and compatible marker
for type IV hypersensitivity skin reactions, contact dermati-
tis, and MRSA-infected skin (10, 15). Neutrophil infiltra-
tion is a process required for an effective immune response
against S. aureus (16). Our observations showed both fib-
rin deposition and neutrophil infiltration after tape strip-
ping and MRSA infection. Treatment with D. alatus twig ex-
tract and dipterocarpol completely reversed these condi-
tions, comparable to the non-infection control group. The
MRSA colony counting, TEWL, wound appearance, and H&E
staining clearly indicated that the D. alatus twig extractand
dipterocarpol had anti-MRSA activity and wound healing
properties that would be suitable for further development
as a topical formulation for superficial skin infection.

5.1. Conclusions

The D. alatus twig extract and dipterocarpol had an-
tibacterial effects against MSSA and MRSA in vitro. The
D. alatus twig extract and dipterocarpol possessed wound
healing and antibacterial activities shown by decreasing
the number of MRSA colonies, reducing fibrin accumula-
tion and neutrophil infiltration, and restoring TEWL to pre-

wound levels. Therefore, D. alatus twig extract and diptero-
carpol are candidates for MRSA treatment, particularly in
superficial skin infection.
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Figure 3. Histology of wounds with H&E staining. Mice were sacrificed on days 1, 4, and 8 and tissues were cut into 5-z4m sections, stained with H&E, and mounted. E indicates
epidermis, black arrows indicate fibrin accumulation, and squares indicate areas with neutrophil infiltration. The tissues were photographed at 400x magnification.
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