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Objective: To isolate o-mangostin (AMG) from the peels of mangosteen (Garcinia
mangostana L.), grown in Vietnam, and to investigate antibiofilm activity of this com-
pound against three Staphylococcus aureus (S. aureus) strains, one of which was
methicillin-resistant S. aureus (MRSA) and the other two strains were methicillin-
sensitive S. aureus (MSSA).

Methods: AMG in n-hexane fraction was isolated on a silica gel column and chemically
analyzed by HPLC and NMR. The antibiofilm activity of this compound was investigated
by using a 96-well plate model for the formation of biofilms. Biofilm biomass was
quantified using crystal violet. The viability of cells was observed under confocal mi-
croscopy using LIVE/DEAD BacLight stains. Biofilm composition was determined using
specific chemical and enzyme tests for polysaccharide, protein and DNA. Membrane-
damaging activity was assayed by measuring the hemolysis of human red blood cells
in presence of AMG.

Results: The results indicated that the isolated AMG, with a purity that exceeded 98%,
had minimal inhibitory concentrations in the range of 4.6-9.2 imol/L for the three strains
tested. Interestingly, the MSSA strains were more sensitive to AMG than the MRSA
strain. Minimal bactericidal concentrations were 2-fold higher than the minimal inhibitory
concentration values for the three strains, indicating that AMG was a bactericidal com-
pound. AMG also prevented biofilm formation effectively, albeit that again the MRSA
strain was the most resistant. Interestingly, biofilms of the MRSA strain contained protein
as a main component of the extracellular matrix, whereas this was polysaccharide in the
MSSA strains. This might relate to the resistance of the MRSA 252 strain to AMG.
Assays using human red blood cells indicated that AMG caused significant membrane
damage with 50% of cell lysis occurred at concentration of about 36 pmol/L.
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Conclusions: Our results provide evidence that the isolated AMG has inhibitory activity
against biofilm formation by S. aureus, including MRSA. Thus, isolated AMG proposes a
high potential to develop a novel phytopharmaceutical for the treatment of MRSA.

1. Introduction

Biofilm-forming bacteria account for about 2/3 of human
bacterial infections [1l. The bacteria in biofilms are highly
tolerant to antimicrobials due to genetic and metabolic
adaptations of the cells in the films. Staphylococcus aureus
(S. aureus), including antibiotic resistant strains, are strongly
biofilm-producing bacteria and are dangerous factors of human
common infectious diseases [2.3]. In particular, methicillin-
resistant S. aureus (MRSA) is a worldwide challenge and
there is an urgent need to search for new and effective alterna-
tives for the treatment of the bacteria. Therefore, control of
diseases by inhibition of biofilm production is a novel approach
to treat bacterial infections [4-81.

a-Mangostin (AMG), a yellow xanthone extracted from the
peel of Garcinia mangostana L. (G. mangostana), is known for
its potent anti-cancer, inflammatory, antimicrobial and anti-
fungal activities [9-14]. Recently, it was found to be a potential
antibiofilm  agent against  Staphylococcus  epidermidis
(S. epidermidis) [15] and the dental pathogen Streptococcus
mutans [16.17]. However, antibiofilm activity against SA,
including clinical and MRSA, has not
investigated. Thus, it is worthwhile to examine the activity of
AMG against MRSA biofilm formation and to explore the
therapeutic applications of AMG. The present study reported
antibiofilm activity of AMG isolated from the peels of
G. mangostana grown in Vietnam against three SA strains.

isolates been

2. Materials and methods
2.1. Extraction and isolation of AMG

The dried powder of G. mangostana peels were collected
from the South of Vietnam and voucher specimen (NO.
15062014) was deposited at the Institute of Ecology and Bio-
logical Resources, Vietnam Academy of Science and Technol-
ogy, Hanoi. The dried powder was extracted with ethanol at
room temperature, followed by evaporation of the solvent to
give a dark brown gummy ethanolic extract. This residue was
partitioned between water and n-hexane. The n-hexane fraction
was then evaporated and dried under reduced pressure. Chro-
matographic separation was performed using silica gel column
chromatography (Merck Silica gel 60, 70-230 mesh). The pro-
cedure for isolation of AMG was described previously [16]. In
brief, a 12.0 g residue of n-hexane fraction was separated on
silica gel column chromatography (Merck Silica gel 60, 70—
230 mesh) using an eluting system of n-hexane—ethyl acetate—
methanol (6:3:0.1, by volume). Partially purified AMG (4.0 g)
was separated from the active fractions and then further
purified by silica gel column chromatography (Merck Silica
gel 60, 70-230 mesh), eluting with n-hexane—chloroform—
ethyl acetate—methanol (4:1:0.5:0.3, by volume), to give a

single compound AMG as yellow crystals (105 mg). The
purified AMG was identified by 'H and "3C-nuclear magnetic
(NMR), mass spectrometry (MS) and high
performance liquid chromatography (HPLC).

resonance

2.2. Bacteria and growth conditions

SA strains included the reference strain NCTC 6571, and the
two clinical isolates MRSA 252 [18] and MSSA 15981 [19]. SA
strains were aerobically cultured in tryptic soy broth (TSB)
medium (Difco) at 37 °C. For biofilm growth, 0.5% glucose
as a biofilm inducer was added (TSBg).

2.3. Minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC)
determinations

A modified broth microdilution method according to the
Clinical and Laboratory Standard Institute Guidelines [20] was
used to determine the MIC and MBC of AMG. Two-fold se-
rial dilutions of AMG were made in TSB using 96-well flat-
bottom microtiter plates. A suspension of mid-logarithmic
growth phase bacteria in TSB adjusted to 1 x 103 cfu/mL was
added to each well. The final concentrations of AMG ranged
from 1.145 to 36.600 pmol/L. The MIC was the lowest con-
centration of AMG showing no visible growth of microorgan-
isms after incubation at 37 °C for 24 h. The MBC was
determined by plating 20 pUL from the broth with no visible
growth in the MIC tests onto TSB agar. The MBC was the
lowest concentration where no bacteria grew after 24 h incu-
bation at 37 °C. All tests were repeated in triplicate.

2.4. Biofilm assay in 96-well microtiter plate

SA was cultured overnight in TSBg and diluted for biofilm
growth in a 96-well polystyrene plate. The plates were incubated
for 48 h at 37 °C on a 3-dimensional plate rocking machine.
Media were freshly changed after 24 h growth. The cell sus-
pension was then removed and biofilms were washed 3 times
with sterile PBS. The plates were dried for 1 h at 60 °C, and
biofilms were then stained with crystal violet solution (0.1% w/
v) for 15 min. The crystal violet was then removed, and plates
were washed gently with water. The absorbed crystal violet was
dissolved in 30% v/v acetic acid and the absorbance was
quantified at A = 595 nm (Asgs) [211.

2.5. Confocal microscopy

Polyvinyl plastic coverslips (22 mm x 22 mm) were sterilized
in absolute isopropanol, dried and placed in wells of a 6-well cell
culture plate. An aliquot (2 mL) of the diluted bacterial sus-
pension of MRSA 252 in TSBg was added. To test inhibition of
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the formation of biofilms, AMG was added to the wells at the
start of biofilm growth. To test disruption and/or killing of
biofilms, biofilms were grown for 24 h, followed by removal of
planktonic cells and addition of AMG in fresh medium. The
coverslips in the 6-well plate were incubated at 37 °C for a
further 24 h, then the culture medium was removed and the
coverslips were 3 times washed with sterile water. To assess the
effectiveness of the agents, biofilms were stained with 0.3% v/v
LIVE/DEAD BacLight mixture of dye solution in sterile water.
The coverslips were left for 15 min in the dark prior to washing
again with sterile water. Then the coverslips were mounted on
glass slides and sealed with nail varnish. Stained biofilms were
observed using laser scanning confocal fluorescence microscopy
(Olympus, Tokyo, Japan). The image data were processed with
the Imaris software (Bitplane AG, Ziirich, Switzerland) [21.22].

2.6. Membrane activity assay

To determine the activity of AMG against mammalian
membranes, hemolysis of human red blood cells (RBCs) was
determined. RBCs were collected by centrifugation at 800xg for
5 min, washed 4 times with PBS and diluted to 4%. The test
compound was added at a concentration of 100 pg/mL and the
RBCs were incubated for 1 h at 37 °C. Intact RBCs were then
discarded by centrifugation and the release of hemoglobin in the
supernatant was measured spectrophotometrically at 414 nm.
The control for 100% lysis was RBCs lysed in water [221.

2.7. Chemical and enzyme tests for biofilm composition
of SAs

Biofilms were grown in 96-well microtitre plates by inocu-
lating the bacteria in TSBg and incubating the plates at 37 °C for
24 h. Following incubation, the media were removed and either
replaced with 0.2 mL PBS (positive controls) or with 10 mmol/L
sodium periodate in PBS (for removal of polysaccharide in
biofilms), 0.1 mg/mL proteinase K in PBS (for removal of
protein in biofilms) or 0.1 mg/mL bovine DNase I in
150 mmol/L NaCl and 1 mmol/L CaCl, (for removal of eDNA
existing in biofilms). Plates were subsequently incubated at
37 °C for 4 h, then washed vigorously 3 times with PBS, dried at
60 °C for 30 min and stained with 0.1% leuco crystal violet dye.
The absorbance was measured at As95 to detect biofilm biomass
left after treatments [23].
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2.8. Statistical analyses

Data are presented as the mean + standard deviation (SD).
Student's #-test was used to calculate the significance of the
difference between the mean expression of experimental and
control samples. The level of significance was set at 5%.

3. Results
3.1. Isolation of AMG from the peels of G. mangostana

Isolation of AMG was performed as described in the method
section. The purity of compound exceeded 98% as determined
by HPLC (Figure 1). 'H and '3C NMR spectra were measured
and interpreted data are presented in Table 1. Based on the
analyzed and reference data [24.25], the chemical structure of
AMG (Figure 2) was confirmed.

3.2. MIC and MBC determinations

The results for determination of isolated AMG against all
tested SA strains indicated that the MICs for isolated AMG were
4.58, 4.58, and 9.15 pmol/L for NCTC 6571, MSSA 15981 and
MRSA 252, respectively. These concentrations are in the same
range as has been reported for SA (including MRSA) and other
bacterial strains [12,26-29], corroborating our results. The MBC
values were only 2-fold higher, indicating that AMG was
bactericidal rather than bacteriostatic. Our data on killing of
MRSA 252 in suspension at 5 x MIC concentration for 10 min
treatment also indicated a reduction in>-3log CFU (99.9%
killing) compared to the control (data not shown).

3.3. Inhibition of biofilm formation by SA

AMG was used to test the effect on biofilm formation by SA
and isolates, by adding AMG at the start of biofilm growth. The
data in Table 2 show that only at a concentration of 24 umol/L (=
5 x MIC) or higher, there was a significant effect on biofilm for-
mation of SA NCTC 6571 and MSSA 15981. At a concentration
of 48 pmol/L (= 10 x MIC), the biomass was inhibited up
to > 81.0% for NCTC 6571 and > 93.5% for MSSA 15981 isolate.
In contrast, MRSA 252 was more resistant to AMG. At a con-
centration of 96 pmol/L (= 10 x MIC), the biomass of the biofilm
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Figure 1. HPLC data on o-mangostin (AMG) isolated from G. mangostana grown in Vietnam.
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Table 1
'H and '*C NMR data of AMG isolated from G. mangostana grown in
Vietnam.
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Table 2
AMG inhibits biofilm formation by SA strains MRSA 252, NCTC 6571,
and MSSA 15981.

Pos. B Oy (mult., J = Hz) AMG (umol/L)  MRSA 252 NCTC 6571 MSSA 15981

1 159.8 - 0 0.941 £ 0.215 0.850 + 0.176  4.160 + 0.223

2 109.9 = 6 = 0.650 = 0.172" 4.262 + 0.170"

3 162.2 = 12 = 0.461 + 0.153° 3.773 + 0.331"

4 92.2 6.34 (s, 1H) 24 0.780 = 0.129°  0.166 = 0.036"" 0.281 + 0.006
4a 154.5 = 48 0.648 = 0.070°" 0.164 = 0.009"" 0.180 + 0.053"
5 101.8 6.80 (s, 1H) 96 0.469 = 0.112"* 0.162 = 0.010"" 0.194 + 0.082""
6 156.8 - 128 0.401 = 0.092° NA NA

7 143.3 - 386 0.212 + 0.050° NA NA

ga 1(3)22 : Biofilms were grown in TSBg media containing AMG at different
9 1812 _ concentrations for 24 h at 37 °C. Biofilm biomass was assessed by
9%a 1017 _ staining with 0.1% crystal violet solution and dissolving the stain in 30%
10a 154.1 _ acetic acid, followed by measuring the absorbance at A = 595 nm (Asos).
11 20.9 3.21 (d, 2H, J = 7.0 Hz) Data are expressed as the mean + standard deviation; all experiments
12 123.7 5.17 (t, 1H, J = 7.0 Hz) were performed in triplicate, in at least three independent experiments.
13 130.3 _ Data marked with * are significantly different with P < 0.05 and ™ with
14 25.4 1.62 (s, 3H) P < 0.01 from that for the vehicle control (pair-wise comparison using
15 17.9 1.62 (s, 3H) Student's 7 test).

16 25.5 4.02 (d, 2H, J = 7.0 Hz)

17 122.5 5.16 (t, 1H, J = 7.0 Hz)

18 130.2 - with or without 48 pwmol/L AMG (= 5 x MIC) from the start of
19 25.7 1.73 (s, 3H) biofilm for 48 h and stained with the Baclight Live/Dead reagent.
A Lo Lot e, SLED) Biofilms were then observed using laser scanning confocal fluo-
I 60.1 3.70 (s, 3H) , ‘ & g

OH-1 _ 13.71 (s, 1H, chelated OH) rescence microscopy (Figure 3). It can be seen that in the presence

2 Measured in DMSO. ® 125 MHz. ¢ 500 MHz.

was only reduced by about 40% compared to the control. At the
highest concentration tested, 386 pmol/L (= 40 x MIC), the bio-
film was reduced by 77.0%. Our results clearly indicate that SA in
biofilms was more resistant to AMG than planktonic SA.

We also tested the activity of AMG on pre-formed biofilms.
In this experiment, biofilms were grown for 24 h before adding
AMBG in fresh growth media, followed by further 24-h incuba-
tion. However, no inhibitory activity was found for any of the
strains (data not shown). This result shows that AMG exhibited
inhibitory activity only on biofilm formation (early stage), and
had no activity on mature (late stage) biofilms.

3.4. Confocal microscopy

In an attempt to visualize the activity of AMG, biofilms of
MRSA 252 that were grown on polyvinyl coverslips were treated

19 20

of AMG, biofilms were still formed, but the biomass was mark-
edly reduced. Also, in the presence of AMG, significantly more
cells were dead (red) as compared to the control. Thus, AMG
showed bactericidal activity with MRSA 252 in biofilms, similar
to observations with other bacterial strains [15,17,30].

3.5. AMG membrane activity

In this study, the effect of different AMG concentrations on
the membrane of human RBCs was also tested to check again
the effects of AMG on mammalian cells. Results in Table 3
showed that at concentration of 36 umol/L, about 50% of cells
had lysed. Thus, the isolated AMG showed a clearly membrane-
disrupting activity on human RBCs at concentrations higher than
4 x MIC. Our results, together with reported data, indicated that
the killing activity of AMG at the concentration of 4 x MIC and
higher on MRSA 252 was due to the strong surfactant-like ac-
tion of the compound.

Figure 2. Chemical structure of o-mangostin (AMG) isolated from G. mangostana grown in Vietnam.
Molecular formula: C,4H,606. Molecular weight: 410.459 6. ESI-MS at m/z 411.4 [M+H]*.
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(A) Control
Figure 3. Confocal microscopy images of MRSA 252 biofilms grown on coverslips.
Biofilms of MRSA 252 were treated with for 48 h at 37 °C in fresh TSBg medium (Control) or in TSBg medium supplemented with 48 umol/L o.-mangostin
(AMG) (Treated). The coverslips were then stained for 15 min with LIVE/DEAD BacLight mixture (50:50 v/v). Stained biofilms were observed using laser
scanning confocal fluorescence microscopy (Olympus, Tokyo, Japan). The “dead” cells are in red, while “live” cells are in green.

Table 3
Membrane activity of AMG on human red blood cells.

Samples % lysis RBCs
366.00 pmol/L AMG 100.0
183.00 pmol/L AMG 100.0
73.20 pmol/L AMG 79.5 £5.0
36.60 umol/L AMG 56.8 £ 4.6
18.30 umol/L AMG 183 22
9.15 umol/L AMG 92 +2.6
H,0 100.0

100 pmol/L ampicillin 0.0

PBS 0.0
Vehicle 0.0

Data are expressed as the mean + standard deviation for at least three
separate experiments.

3.6. Biofilm composition of the test strains

In this experiment, we determined the composition of our test
strains using specific enzymatic and chemical treatments. The
data in Table 4 showed that more than 82.3% biofilm biomass of
MRSA 252 was removed after treatment with proteinase K
compared to the control, while the biomass was not changed
when biofilms were treated with sodium periodate and DNase.

Table 4
Treatment of NCTC 6571, MSSA 15981, and MRSA 252 biofilms with
sodium periodate, proteinase K and DNase 1.

Treatments MRSA 252 NCTC 6571 MSSA 15981
Control 1.99 + 0.21 4.39 +0.11 4.39 £ 0.11

Proteinase K 0.53 028" 448004~  425+012"
Periodate 324 £0.18" 047007  0.84+0.03"
DNase I 3.69 025" 4290247 427 x0.16"

Biofilms were grown in 96-well microtitre plates at 37 °C for 24 h and
treated with PBS (control), 10 mmol/LL sodium periodate, 0.1 mg/mL
proteinase K or 0.1 mg/mL bovine DNase I. Plates were incubated at
37 °C for 4 h, followed by staining of the biofilms with crystal violet and
measuring the absorbance at Asgs. Data are expressed as the
mean + standard deviation for at least three separate experiments. Data
marked with ™" are significantly different with P < 0.01 from that for the
vehicle control (pair-wise comparison using Student's 7 test).

(B) Treated

This confirmed that MRSA 252 used in our experiments pro-
duces a protein-based biofilm. In contrast, NCTC 6571 and
MSSA 15981 had positive reactions with sodium periodate,
demonstrating that NCTC 6571 and MSSA 15981 produced
polysaccharide-based biofilms.

4. Discussion

In this study, the antibiofilm activity of AMG against SAs is
investigated for the first time. Comparison to MIC and MBC
tests with this compound indicated that SA in biofilms is more
recalcitrant to AMG than planktonic cells. Our data contrast, to
some extent, the findings by Sivaranjani et al [15], who showed
that sub-MIC concentrations were sufficient to inhibit biofilm
formation of S. epidermidis. Thus, biofilm formation by
S. epidermidis seems to be more sensitive to AMG as compared
to biofilm formation by S. aureus. Moreover, we realized that
AMG exhibited inhibitory activity only on biofilm formation
(early stage), and had no activity on mature (late stage) biofilms.
This was also found in our previous tests with S. mutans biofilms
(data not shown) [171. Similarly, Sivaranjani et al indicated a less
effective bactericidal activity of AMG on mature (24 h old)
S. epidermis biofilms [15]. Thus, bactericidal activity of AMG
on biofilms is strongly dependent on biofilm age, and AMG
may be more efficient when used on combination with other
antimicrobial compounds to maximize its activity.

Phenolic compounds may serve as surface active agents to
disrupt lipid—protein interfaces [31]. Shapiro and Guggenheim
studied the antibacterial mechanism of thymol, a phenolic
plant-derived compound, against oral bacteria Porphyromonas
gingivalis, Streptococcus artemidis, and Streptococcus sobrinus
and found that the antibacterial activity was mainly due to rapid
disruption of cell membranes by a surfactant-like action [32]. For
AMG, its membrane damaging activity to bacteria was reported
previously [14,16,29.30]. However, Koh et al tested membrane
activity of AMG on rabbit RBCs and found the compound did
not have significant lysis activity at concentrations around
MIC value, and the authors concluded that AMG selectively
targets bacterial membranes [29]. Phitaktim er al (301 and Koh
et al 129] proposed that benzene ring and the isoprenyl group
of AMG may play a significant role in inhibiting the growth
of MRSA strains by direct interactions with the membrane.



Nguyen Thi Mai Phuong et al./Asian Pacific Journal of Tropical Medicine 2017; 10(12): 1154-1160

However, the concentrations of AMG used for testing against
rabbit erythrocytes were lower than that needed for biofilm
eradication, and did not test the effect of AMG on human
erythrocytes [29]. Interestingly, in our experiment, significant
membrane-disrupting activity on human red blood was clearly
found at a concentration of 4 x MIC and higher, corresponding
to the concentration of AMG that is bactericidal for MRSA 252.
This result confirmed the strong surfactant-like action of AMG.

SA strains produce either a PIA/PNAG (ica-dependent
pathway to form polysaccharide-type biofilm) or protein-
mediated biofilms (ica-independent pathway) depending on the
environmental conditions [4.30.33-36]. Interestingly, protein-
mediated biofilm seems to be formed frequently among the
highly virulent MRSA isolates, demonstrating the special role of
biofilm structure. A relation between methicillin resistance and
protein-dependent multicellular behavior in SAs has been re-
ported [35.37]. The four different surface proteins, Bap, SasG,
protein A, and fibronectin-binding proteins (FnBPs) have been
indicated in proteinaceous biofilms. In SAs, FnBPs are proven to
play an important role in ica-independent biofilm formation by
human MRSA isolates and during the in vivo colonization of
cathartic. In case of MRSA 252 here, the organism can produce
surface proteins FnBPA [38] and possibly other proteins. The
finding that antibiofilm activity of AMG exhibits differently
among test strains in this study might be explained in terms of
biofilm structure. One hypothesis is that components of the
extracellular matrix in biofilms (polysaccharides for NCTC
6175 and MSSA 15981, and surface proteins such as FnBPA
for MRSA 252) interact differently with AMG. A number of
studies that show that AMG can bind to various unrelated
proteins such as human serum albumin, transferrin (391, and
the ATP-binding cassette drug transporter ABCG2 in cancer
cells [40]. The data on molecular docking of this research reveal
that the main interaction between AMG and human serum
albumin is through hydrophobic interactions, while the main
interaction between AMG and transferrin is by hydrogen
bonding and Van der Waals forces. We previously showed
that AMG interacts with membrane bound enzymes F-ATPase
and phosphotransferase system in S. mutans, as well as with
catalytic domain of glucosyntransferase C, a key enzyme
responsible for biofilm formation by this organism [16.17].
Thus, it is conceivable that AMG interacts with extracellular
matrix proteins in the biofilm of MRSA 252, while it may not
interact with the polysaccharides in the biofilm matrix of
NCTC 6715 and MSSA 15981. If so, the proteinaceous
biofilm matrix of MRSA 252 provides a protective effect by
binding to AMG. However, further investigations to assess the
global impact of AMG on key proteins involved in biofilm
formation, as well as fully explore the interactions of AMG
and surface proteins in MRSA are needed to understand the
underlying mechanism and might be exploited in the
development of new strategies to better prevent and treat SA
infections.

In conclusion, our findings provide evidence that isolated
AMG from the peels of G. mangostana L. has antibiofilm ac-
tivity against SAs by killing the bacteria in biofilms, particularly
during the early stages of biofilm formation. AMG provides
potential to develop a useful of novel agent for the treatment of
SA and MRSA. Future studies should disclose a full picture of
actions of AMG against SAs and MRSAs, as well as its toxicity
in animals and humans for therapeutic application.

1159
Competing interests

The authors declare that they have no competing interests.
Authors’ contributions

NTMP designed the project, supervised and performed the
experiments, analyzed data and wrote the manuscript. AB
supervised the experiments, revised the research and wrote the
manuscript. TTM, NVQ, NVA performed the experiments,
and analyzed data. VR and CK helped in isolation of AMG,
spectroscopic identifications of the isolates and editing the
manuscript. All authors have read and approved the final
manuscript.

Acknowledgments

The authors are highly appreciative of the TWAS research
grant 14-062 RG/BIO/AS_G and NAFOSTED grant 106-
NN.02-2016.19 for financial support. Financial supports from
National Research Council of Thailand (NRCT) and Center of
Excellence for Innovation in Chemistry (PERCH-CIC) for
short-term research placement in
acknowledged.

Thailand are also

References

[1] Spoering AL, Lewis K. Biofilms and planktonic cells of Pseudo-
monas aeruginosa have similar resistance to killing by antimicro-
bials. J Bacteriol 2001; 183: 6746-6751.

[2] Archer NK, Mazaitis MJ, Costerton JW, Leid JG, Powers ME,
Shirtliff ME. Staphylococcus aureus biofilms: properties, regula-
tion, and roles in human disease. Virulence 2011; 2(5): 445-459.

[3] Flemming HC, Wingender J. The biofilm matrix. Nat Rev Micro-

biol 2010; 8: 623-633.

Foulston L, Elsholz AK, DeFrancesco AS, Losick R. The extra-

cellular matrix of Staphylococcus aureus biofilms comprises

cytoplasmic proteins that associate with the cell surface in response
to decreasing pH. MBio 2014; 5(5). e01667-14.

McCarthy H, Rudkin JK, Black NS, Gallagher L, O'Neill E,

O'Gara JP. Methicillin resistance and the biofilm phenotype in

Staphylococcus aureus. Front Cell Infect Microbiol 2015; 5: 1-9.

Paterson GK, Harrison EM, Holmes MA. The emergence of mecC

methicillin-resistant Staphylococcus aureus. Trends Microbiol

2014; 22(1): 42-47.

Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO.

Biofilm formation mechanisms and targets for developing anti-

biofilm agents. Future Med Chem 2015; 7(4): 493-512.

Kostakioti M, Hadjifrangiskou M, Hultgren SJ. Bacterial biofilms:

development, dispersal, and therapeutic strategies in the dawn of

the postantibiotic era. Cold Spring Harb Perspect Med 2013; 3(4).

a010306.

[9] Ee GC, Daud S, Izzaddin SA, Rahmani M. Garcinia mangostana:
a source of potential anti-cancer lead compounds against CEM-SS
cell line. J Asian Nat Prod Res 2008; 10: 475-479.

[10] Ee GC, Daud S, Taufig-Yap YH, Ismail NH, Rahmani M. Xan-
thones from Garcinia mangostana (Guttiferae). Nat Prod Res
2006; 20: 1067-1073.

[11] Kosem N, Ichikawa K, Utsumi H, Moongkarndi P. In vivo toxicity
and antitumor activity of mangosteen extract. J Nat Med 2013;
67(2): 255-263.

[12] Ibrahim MY, Hashim NM, Mariod AA, Mohan S, Abdulla MA,
Abdelwahab SI, et al. a-Mangostin from Garcinia mangostana
Linn: an updated review of its pharmacological properties. Arab J
Chem 2016; 9(3): 317-329.

[4

—

[5

—_

[6

=

[7

—

[8

[t


http://refhub.elsevier.com/S1995-7645(17)31442-6/sref1
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref1
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref1
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref2
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref2
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref2
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref3
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref3
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref4
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref4
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref4
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref4
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref5
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref5
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref5
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref6
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref6
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref6
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref8
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref8
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref8
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref9
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref9
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref9
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref9
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref10
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref10
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref10
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref11
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref11
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref11
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref12
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref12
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref12
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref13
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref13
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref13
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref13

1160

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Zhang KJ, Gu QL, Yang K, Ming XJ, Wang JX. Anticarcinogenic
effects of o-mangostin: a review. Planta Med 2017; 83(3-04):
188-202.

Wang M, Zhang K, Gu Q, Bi X, Wang J. Pharmacology of man-
gostins and their derivatives: a comprehensive review. Chin J Nat
Med 2017; 15(2): 81-93.

Sivaranjani M, Prakash M, Gowrishankar S, Rathna J, Pandian SK,
Ravi AV. In vitro activity of alpha-mangostin in killing and
eradicating Staphylococcus epidermidis RP62A biofilms. Appl
Microbiol Biotechnol 2017; 101(8): 3349-3359.

Nguyen PTM, Marquis RE. Antimicrobial actions of alpha-
mangostin against oral Streptococci. Can J Microbiol 2011;
57(3): 217-225.

Nguyen PTM, Falsetta M, Hwang G, Gonzalez M, Koo H. a-
Mangostin disrupts the development of Streptococcus mutans
biofilms and facilitates its mechanical removal. PLos One 2014;
9(10). e1113122014.

Holden MT, Feil EJ, Lindsay JA, Peacock SJ, Day NP,
Enright MC, et al. Complete genomes of two clinical Staphylo-
coccus aureus strains: evidence for the rapid evolution of viru-
lence and drug resistance. Proc Natl Acad Sci USA 2004; 101:
9786-9791.

Valle J, Toledo-Arana A, Berasain C, Ghigo MJ, Amorena B,
Penades RJ, et al. SarA and not sigmaB is essential for biofilm
development by Staphylococcus aureus. Mol Microbiol 2003; 48:
1075-1087.

Matthew AW, Franklin RC, William AC, Micheal ND,
George ME, David WH, et al. Methods for dilution antimicrobial
susceptibility tests for bacteria that grow aerobically. In:
Lorian VS, editor. Clinical and laboratory standards Institute
document M0O7-A9. Pennsylvania: Clinical and Laboratory Stan-
dards Institute; 2012, p. 16-34.

Alhusein N, De Bank PA, Blagbrough IS, Bolhuis A. Killing
bacteria within biofilms by sustained release of tetracycline from
triple-layered electrospun micro/nanofibre matrices of poly-
caprolactone and poly(ethylene-co-vinyl acetate). Drug Deliv
Transl Res 2013; 3(6): 531-541.

Beeton ML, Aldrich-Wright JR, Bolhuis A. The antimicrobial and
antibiofilm activities of copper(Il) complexes. J Inorg Biochem
2014; 140: 167-172.

Zapotoczna M, O'Neill E, O'Gara JP. Untangling the diverse and
redundant mechanisms of Staphylococcus aureus biofilm forma-
tion. PLoS Pathog 2016; 12(7). e1005671.

Al-Massarani SM, El Gamal AA, Al-Musayeib NM, Mothana RA,
Basudan OA, Al-Rehaily AJ, et al. Phytochemical, antimicrobial
and antiprotozoal evaluation of Garcinia mangostana pericarp and
o-mangostin, its major xanthone derivative. Molecules 2013;
18(9): 10599-10608.

Ren Y, Matthew S, Lantvit DD, Ninh TN, Chai H, Fuchs JR, et al.
Cytotoxic and NF-kB inhibitory constituents of the stems of
Cratoxylum cochinchinense and their semisynthetic analogues.
J Nat Prod 2011; 74(5): 1117-1125.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Nguyen Thi Mai Phuong et al./Asian Pacific Journal of Tropical Medicine 2017; 10(12): 1154—-1160

Chomnawang MT, Surassmo S, Wongsariya K,
Bunyapraphatsara N. Antibacterial activity of Thai medicinal
plants against methicillin-resistant Staphylococcus aureus. Fito-
terapia 2009; 80: 102-104.

Chomnawang MT, Surassmo S, Nukoolkarn VS, Gritsanapan W.
Antimicrobial effects of Thai medicinal plants against acne-
inducing bacteria. J Ethnopharmacol 2005; 101: 330-333.
Tinuma M, Tosa H, Tanaka T, Asai F, Kobayashi Y, Shimano R,
et al. Antibacterial activity of xanthones from guttiferacous plants
against methicillin-resistant Staphylococcus aureus. J Pharm
Pharmacol 1996; 48: 861-865.

Koh JJ, Qiu S, Zou H, Lakshminarayanan R, Li J, Zhou X, et al. Rapid
bactericidal action of alpha-mangostin against MRS A as an outcome of
membrane targeting. Biochim Biophys Acta 2013; 1828(2): 834-844.
Phitaktim S, Chomnawang M, Sirichaiwetchakoon K,
Dunkhunthod B, Hobbs G, Eumkeb G. Synergism and mechanism
of action of o-mangostin isolated from Garcinia mangostana L.
and oxacillin combination against oxacillin-resistant Staphylo-
coccus saprophyticus. BMC Microbiol 2016; 16(1): 195.
Greenberg M, Dodds M, Tian M. Naturally occurring phenolic
antibacterial compounds show effectiveness against oral bacteria
by a quantitative structure-activity relationship study. J Agric Food
Chem 2008; 56(23): 11151-11156.

Shapiro S, Guggenheim B. The action of thymol on oral bacteria.
Oral Microbiol Immunol 1995; 10(4): 241-246.

Fey PD, Olson ME. Current concepts in biofilm formation of
Staphylococcus Epidermidis. Future Microbiol 2010; 5(6): 917-933.
Speziale P, Pietrocola G, Foster TJ, Geoghegan JA. Protein-based
biofilm matrices in Staphylococci. Front Cell Infect Microbiol
2014; 10(4): 171.

Vergara-Irigaray M, Valle J, Merino N, Latasa C, Garcia B, Ruiz
de Los Mozos I, et al. Relevant role of fibronectin-binding proteins
in Staphylococcus aureus biofilm-associated foreign-body in-
fections. Infect Immun 2009; 77(9): 3978-3991.

Oniciuc E, NunoCerca N, Nicolau A. Compositional analysis of
biofilms formed by Staphylococcus aureus isolated from food
sources. Front Microbiol 2016; 7: 390.

O'Neill E, Pozzi C, Houston P, Humphreys H, Robinson DA,
Loughman A, et al. A novel Staphylococcus aureus biofilm
phenotype mediated by the fibronectin-binding proteins, FnBPA
and FnBPB. J Bacteriol 2008; 190: 3835-3850.

Burke FM, McCormack N, Rindi S, Speziale P, Foster TJ. Fibro-
nectin-binding protein B variation in Staphylococcus aureus. BMC
Microbiol 2010; 10: 160.

Guo M, Wang X, Lu X, Wang H, Brodelius PE. o-Mangostin
extraction from the native mangosteen (Garcinia mangostana L.)
and the binding mechanisms of o.-mangostin to HSA or TRF. PLoS
One 2016; 11(9). e0161566.

Wu CP, Hsiao SH, Murakami M, Lu YJ, Li YQ, Huang YH, et al.
Alpha-mangostin reverses multidrug resistance by attenuating the
function of the multidrug resistance-linked ABCG2 transporter.
Mol Pharm 2017; 14(8): 2805-2814.


http://refhub.elsevier.com/S1995-7645(17)31442-6/sref14
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref14
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref14
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref15
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref15
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref15
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref16
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref16
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref16
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref16
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref17
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref17
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref17
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref18
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref18
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref18
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref18
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref19
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref19
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref19
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref19
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref19
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref20
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref20
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref20
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref20
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref21
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref22
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref22
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref22
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref22
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref22
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref23
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref23
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref23
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref24
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref24
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref24
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref25
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref25
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref25
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref25
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref25
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref26
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref26
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref26
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref26
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref27
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref27
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref27
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref27
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref28
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref28
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref28
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref29
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref29
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref29
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref29
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref30
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref30
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref30
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref31
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref31
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref31
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref31
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref31
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref32
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref32
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref32
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref32
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref33
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref33
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref34
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref34
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref35
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref35
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref35
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref36
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref36
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref36
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref36
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref37
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref37
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref37
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref38
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref38
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref38
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref38
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref39
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref39
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref39
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref40
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref40
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref40
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref40
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref41
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref41
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref41
http://refhub.elsevier.com/S1995-7645(17)31442-6/sref41

	Antibiofilm activity of α-mangostin extracted from Garcinia mangostana L. against Staphylococcus aureus
	1. Introduction
	2. Materials and methods
	2.1. Extraction and isolation of AMG
	2.2. Bacteria and growth conditions
	2.3. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) determinations
	2.4. Biofilm assay in 96-well microtiter plate
	2.5. Confocal microscopy
	2.6. Membrane activity assay
	2.7. Chemical and enzyme tests for biofilm composition of SAs
	2.8. Statistical analyses

	3. Results
	3.1. Isolation of AMG from the peels of G. mangostana
	3.2. MIC and MBC determinations
	3.3. Inhibition of biofilm formation by SA
	3.4. Confocal microscopy
	3.5. AMG membrane activity
	3.6. Biofilm composition of the test strains

	4. Discussion
	Competing interests
	Authors’ contributions
	Acknowledgments
	References


