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Abstract

The information about a marker compound's pharmacokinetics in herbal products including
the characteristics of absorption, distribution, metabolism, excretion (ADME) is closely
related to the efficacy/toxicity. Also dose range and administration route are critical factors
to determine the ADME profiles. Since the supply of a sufficient amount of a marker com-
pound inin vivo study is still difficult, pharmacokinetic investigations which overcome the
limit of blood collection in mice are desirable. Thus, we have attempted to investigate con-
currently the ADME and proposed metabolite identification of a-mangostin, a major constit-
uent of mangosteen, Garcinia mangostana L, in mice with a wide dose range using an in
vitro as well as in vivo automated micro-sampling system together. a-mangostin showed
dose-proportional pharmacokinetics at intravenous doses of 5-20 mg/kg and oral doses of
10—-100 mg/kg. The gastrointestinal absorption of a-mangostin was poor and the distribution
of a-mangostin was relatively high in the liver, intestine, kidney, fat, and lung. a-mangostin
was extensively metabolized in the liver and intestine. With regards to the formation of
metabolites, the glucuronidated, bis-glucuronidated, dehydrogenated, hydrogenated, oxi-
dized, and methylated a-mangostins were tentatively identified. We suggest that these
dose-independent pharmacokinetic characteristics of a-mangostin in mice provide an
important basis for preclinical applications of a-mangostin as well as mangosteen. In addi-
tion, these experimental methods can be applied to evaluate the pharmacokinetics of natu-
ral products in mice.
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Introduction

As the use of herbal products as adjuvant or alternative medicines has been increasing, the eval-
uation of the therapeutic outcomes of pharmacologically active compounds in herbal products
is essential at the preclinical and clinical levels [1], [2]. In the prediction of therapeutic out-
comes, including efficacy and safety, the pharmacokinetic characteristics of compounds with a
wide dose ranges are fundamental [3], [4], [5], [6], [7] and the US FDA encourages to monitor
the blood levels of active compounds in herbal products as far as is feasible [US FDA Guidance
for industry botanical drug products]. In addition, tissue distribution and plasma protein bind-
ing values elucidate the delivery and specific affinity of compounds to target organs [8], [9], of
which factors are affected by dose ranges [7], [10]. Together with the above characteristics, the
identification of metabolites in major metabolic organs helps predict the metabolic pathways
and identify possible accumulation of parent compounds and/or metabolites [11], [12], [13].

Recently, attention has been paid to mice due to the use of relatively small amounts of com-
pounds required and various applications on disease models including transgenic or xeno-
grafted mice [11], [12], [14], [15]. An automated micro-sampling and validated analytical
method accelerates the pharmacokinetics of herbal products in mice with the reproducible and
accurate blood sampling using only <10 pL of blood at each time [11], [12], [16]. The validated
analytical method using high-performance liquid chromatography tandem mass-spectrometry
(HPLC-MS/MS) allows analyzing a parent compound and tentative metabolites with sufficient
quantitation limits [11], [12], [14].

o-Mangostin (a-MG), a major xanthone derivative from Garcinia mangostana L. a tropical
fruit, exhibits anti-metastatic, renal protective and anti-allergic properties [17], [18], [19], [20],
[21], [22]. Although the pharmacokinetic evaluation of a-MG was conducted using the plasma
of rat [23], [24], [25] and in vitro hepatic metabolism tools [26], it is necessary to gain insight
into the ADME of o-MG in mice due to the different physiological and pathological states of
mice and rats [27]. In particular, collecting blood from tail saphenous veins or by heart punc-
ture causes stress, which influences the normative pharmacokinetics by reducing absorption,
delaying gastric emptying time and altering the metabolism [28], [29] and as such, the collec-
tion of multiple blood samples from conscious and freely moving mice using a micro-blood
sampling system could yield different pharmacokinetic results.

This is the first report to explore ADME properties in mice including tissue distribution,
protein binding and tentative metabolites identification of a-MG with a wide dose range using
a microsampling system. Simultaneous investigation of the preferential tissue distribution and
metabolite identification of 0-MG might be an efficient means to predict any correlations with
pharmacological activity in certain organs as well as the pharmacokinetics of metabolites. This
integrated tool, with a microsampling and analytical system, enables simultaneous ADME
screening and metabolite identification in mice in a manner different from previous reports
[30], [31], [32], [33].

Materials and Methods
Materials

0-MG was purified (> 96.0% purity) in the College of Pharmacy, Dongguk University (Seoul,
South Korea) according to the previously reported protocol [34]. Docetaxel [internal standard
(IS) for HPLC-MS/MS; > 99% purity] was supplied from Shin Poong Pharmaceutical Com-
pany, Ltd (Ansan, South Korea). Polyethylene glycol 400 (PEG 400) was obtained from the
Showa Chemical Company (Tokyo, Japan). Dextran, the reduced form of B-nicotinamide ade-
nine dinucleotide phosphate (NADPH; as a tetrasodium salt), uridine diphosphate glucuronic
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acid (UDPGA,; as a trisodium salt) and Tris-buffer were purchased from Sigma-Aldrich

(St. Louis, MO, USA). Methanol, acetonitrile, formic acid and water were purchased from
Fisher Scientific (Seoul, South Korea). All other chemicals and reagents used were of analytical
grade.

Animals

The protocols for the animal studies were approved by the Institute of Laboratory Animal
Resources of Dongguk University, Seoul, South Korea (# 2012-0674; July 25, 2012). Male Insti-
tute of Cancer Research (ICR) mice (8 weeks old, weighing 20-30 g) were purchased from the
Charles River Company Korea (Orient, Seoul, South Korea). The mice were acclimated for one
week before starting the study. Upon arrival, animals were randomized and housed at three per
cage under strictly controlled environmental conditions (20-25°C and 48-52% relative humid-
ity). A 12-hour light/dark cycle was used at an intensity of 150 to 300 Lux.

Pharmacokinetic studies of a-MG

The surgical procedures were conducted under intramuscular injection anesthesia with 125 mg
(1.5 mL)/kg of tiletamine HCl and zolazepam HCI mixture. The carotid artery (for intravenous
and oral studies) and the jugular vein (for intravenous study) were cannulated using CX-2052S
and CX-2022S catheters (BASi, West Lafayette, IN), respectively. After the mice awoke from
anesthesia, the administration of o-MG and blood sampling were performed [11], [12], [31].

In intravenous study, o-MG (dissolved in PEG 400: distilled water = 6:4, v/v) at doses of 5,
10 and 20 mg (5 mL)/kg was administered through the jugular vein. The micro-sampling sys-
tem (Culex BASi, West Lafayette, IN) was programmed to collect a 10 uL sample of blood into
a micro-vial containing 50 pL of 12.5 units/mL heparinized saline. Blood loss due to blood
sampling was replaced with equal volumes of heparinized saline. Blood samples were collected
at0, 1, 5, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min after intravenous administration of the
0-MG with virtually no blood loss. After centrifugation of each micro-vial, 50 pL of superna-
tant was collected. At the end of 24 h, each metabolic cage was rinsed with 5 mL of distilled
water and the resulting fluid combined with the urine collected over the previous 24 h. At this
time, each mouse was sacrificed by cervical dislocation, and then the entire gastrointestinal
tract (including its contents and feces) was removed, transferred into a beaker that contained
10 mL of methanol (to facilitate the extraction of a-MG) and the gastrointestinal tract was cut
into small pieces. After manual shaking and stirring, a 50 pL aliquot of the supernatant was col-
lected from each beaker and stored.

0-MG (the same solution as used in the intravenous study) at doses of 10, 50 and 100 mg
(10 mL)/kg was administered orally using a gastric gavage tube after overnight fasting with free
access to water. A blood sample using the microsampling system was collected via the carotid
artery at 0, 5, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min after the oral administration of o-
MG. Other procedures were similar to those in the intravenous study.

Tissue distribution of a-MG

The surgical procedures and administration of o.-MG were conducted according to a previ-
ously reported method [11], [12], [31]. At 30 and 180 min after intravenous and oral adminis-
tration of a-MG at doses of 10 mg/kg, as much blood as possible was collected via the carotid
artery and each mouse was then sacrificed by cervical dislocation. Each liver, spleen, stomach,
small intestine, large intestine, mesentery, kidney, fat, muscle, heart, lung, and brain was
excised, weighted and homogenized with a volume of distilled water at 4 times the each organ.
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After centrifugation for 10 min, the supernatant was collected and all samples stored at -80°C
until required.

Mouse plasma protein binding of a-MG using an equilibrium dialysis
technique

A 250 pL of mouse plasma was dialyzed against 250 L of isotonic Serensen phosphate buffer
with pH 7.4 containing 3% (w/v) dextran (‘the buffer’) in a dialysis cell using a Spectra/Por 4
membrane (molecular weight cutoff of 12000-14000; Spectrum Medical Industries). a-MG
was spiked into the plasma compartment to produce an initial concentration of 1 or 20 pg/mL
and all other procedures followed the reported method [31].

Metabolism of a-MG in in vitro S9 fractions from various tissues

The procedures for using S9 fractions from various tissues were similar those already reported
[31]. Each liver, stomach, small intestine, large intestine, lung, heart, kidney, fat, mesentery,
muscle, and brain was excised after cervical dislocation (n = 6). Each tissue sample was rinsed
with cold 0.9% NaCl-injectable solution, blotted dry with tissue paper and weighed. Then each
tissue was homogenized with a volume of 0.25 M sucrose at 4 times of each tissue. Metabolic
activity was initiated by adding a 100 pL aliquot of the 9000 x g supernatant fraction (S9) of
each tissue to a 135 L of Tris-buffer (pH 7.4), 5 puL of 0.9% NaCl-injectable solution with 1 or
20 pg/mL 0-MG as a final concentration, 5 uL (1 mM) of NADPH and 5 pL (3.3 mM) of
UDPGA. A 250 pL aliquot of acetonitrile (containing 1 ug/mL of the IS) was added after a

30 min incubation in a thermomixer (37°C and 500 opm) to terminate the enzyme activity.
The amount of remaining a-MG in the S9 fraction of each tissue was determined using the
HPLC-MS/MS analytical method.

Determination of a-MG

The analytical method for measuring o-MG was modified from a previous report [12]. In sam-
ple preparation, 100 pL of acetonitrile containing 1 pug/mL IS was added to 50 uL of aliquot of
the sample. After vortex-mixing and centrifugation (15000 x g for 10 min), 10 uL of the super-
natant was directly injected into a reversed-phase C; column (Cadenza CD-C18, 2 mm x 75
mm i.d., 3-pum particle size; Imtakt, USA) kept at 4°C until injection. The analytes were moni-
tored using a API4000 triple quadrupole mass spectrometer (AB Sciex, Foster City, CA)
equipped with a turbo ion-spray interface for electrospray ionization and operated in positive
ion mode at 5500 V and 500°C at 50 L/min of nebulizing gas flow, 50 L/min of turbo ion-spray
gas flow, 20 L/min of curtain gas flow, 5500 V of ring voltage and 5 Torr of collision gas (nitro-
gen) pressure.

The mass transitions for o-MG and IS were m/z 411.14 — 354.99 (collision energy, 23 eV)
and 808.379 — 527.200 (15 eV), respectively, in the multiple reaction monitoring (MRM)
mode with positive ionization. These analytes were separated on the column with an isocratic
mobile phase consisting of 0.1% formic acid in water and 0.1% formic acid in acetonitrile (30:
70, v/v) at a flow rate of 0.35 mL/min. The quantitation limit of o-MG was 1 ng/mL. All analyt-
ical data were processed using the Analyst software (Version 1.5.1; Applied Biosystems).

Tentative identification of metabolites from a-MG

Probable metabolites of 0.-MG were identified using the simultaneous full scan MS, MRM and
MS/MS modes in a Waters UPLC-XEVO TQ system (Waters Corporation, Milford, USA) to
confirm the structures of any metabolites. The m/z ratios of the metabolites in plasma, urine,
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feces, liver, small intestine and S9 fractions of the liver and small intestine samples were deter-
mined from full scans in positive and negative modes from m/z 100 to 900. Structural elucida-
tion of the metabolites was based on the fragmentation patterns of parent ion from the MS/MS
mode at a collision energy of 10 to 20 eV generating daughter ions. The mass transitions for o-
MG was m/z 411.21 — 354.85 (collision energy of 20 eV and collision cell exit potential of 25
eV, respectively). The unknown masses were further analyzed in MS/MS (daughter scan) mode
with the electrospray ionization interface used to generate positive and negative ions at a capil-
lary voltage of 3.0 kV, source temperature of 350°C and desolvation gas temperature of 650°C.
The MRM methods for identification of possible metabolites generated by phase I and/or II
reactions were included.

These compounds were separated on a reversed-phase C;g column (XSELECT CSH, 2.1
mm x 100 mm i.d., 1.7-pum particle size; Waters, Ireland) with a flow rate of 0.35 mL/min. The
mobile phase composition was started at 95: 5 (v/v) of distilled water containing 0.1% formic
acid (A) and acetonitrile (B) and gradually changed to 35: 65 (v/v) for 30 min, and then
switched back to 95: 5 (v/v) for 40 min.

Pharmacokinetic analysis

Standard methods [35] were used to calculate the following pharmacokinetic parameters using
a non-compartmental analysis (WinNonlin 2.1; Pharmasight Corp., Mountain View, CA). The
extent of absolute oral bioavailability (F) was calculated by dividing the AUC,,..,/AUC;, at the
same dose. The peak plasma concentration (Cy,,y) and time to reach Cp,y (Tax) Were read
directly from the extrapolated data.

Statistical analysis

A Pvalue < 0.05 was deemed to be statistically significant using a student -test between the

two means for the unpaired data, or a Tukey’s multiple range test from the Social Package of
Statistical Sciences (SPSS) posteriori analysis of variance (ANOVA) among the three or four

means for the unpaired data. All data are expressed as mean + standard deviations excepting
the median (ranges) used for Tip.y.

Results
Pharmacokinetic studies of a-MG

The mean plasma concentration—time profiles of o-MG after the intravenous (5, 10 and 20
mg/kg) and oral (10, 50 and 100 mg/kg) administration of a.-MG to mice are shown in Fig 1
and the relevant pharmacokinetic parameters are listed in Table 1. Note that the dose-normal-
ized (based on 1 mg/kg of 0-MG) AUC values of o-MG at doses of 5-20 mg/kg were not signif-
icantly difference among the mice. Similarly, no statistically significant difference was
perceived in other parameters including the terminal half-life, mean residence time (MRT),
apparent volume of distribution at steady state (Vy), total body clearance (CL), renal clearance
(CLR), non-renal clearance (CLyg), and percentage of the intravenous dose of o-MG excreted
in the urine as unchanged a-MG (Aey_»4 1,), and percentage of the intravenous dose of a-MG
remaining in the gastrointestinal tract (including its contents and feces) at 24 h as unchanged
0-MG (Gl,4 1,). These results indicate that a-MG exhibits dose-independent (linear) pharma-
cokinetics at intravenous doses of 5-20 mg/kg in mice.

After oral administration of a-MG, a-MG was detected in the plasma from the first blood
sampling time point (5 min), indicating rapid gastrointestinal absorption of a-MG. The dose-
normalized (based on 1 mg/kg of a-MG) AUC values of o-MG at oral doses of 10-100 mg/kg
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Fig 1. Mean plasma concentration of a-MG after intravenous administration of a-MG at doses of 5 (e), 10 (o)
and 20 (o) mg/kg to mice (A). Also plasma concentration of a-MG after oral administration of a-MG at doses

of 10 (e), 50 (o) and 100 (o) mg/kg to mice (B). Bars represent SDs.
doi:10.1371/journal.pone.0131587.g001
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Table 1. Mean (+ SD) plasma concentration of a-MG after intravenous and oral administration of a-MG to mice.

Parameters Intravenous

5 mg/kg (n =9)

10 mg/kg (n = 8)

20 mg/kg (n = 8)

Body weight (g) 30.9 +5.67 36.4 +6.87 33.3 + 3.46
AUC (ug min/mL)? 169 £ 42.7 340 +99.4 633 * 226
Normalized AUC (ug min/mL)P 33.8 + 8.53 32.1 + 8.91 31.7+11.3
Terminal half-life (min) 226 +34.3 219+73.8 173+£71.9
MRT (min) 145 £ 27.7 160 £ 67.0 144 + 68.5
CL (mL/min/kg) 31.4+7.28 31.3+7.95 34.7+12.4
CLg (mL/min/kg) 0.283 £0.194 0.205 £ 0.150 0.141 £ 0.0801
CLnr (ML/min/kg) 31.1+£7.14 31.1+7.83 34.6+12.3
Vss (ML/kg) 4304 + 1005 4270 + 1974 4500 + 1381
Aep_24 1 (% of dose) 0.839 + 0.525 0.592 + 0.394 0.403 £ 0.163
Glo4 1 (% of dose) 3.44£1.16 2.28 £ 1.96 3.42+1.73

Parameters 10 mg/kg (n = 8) 50 mg/kg (n =7) 100 mg/kg (n =9)
Oral
Body weight (g) 25.0 +0.310 25.3+1.89 27.9+3.62
AUC (ug min/mL)? 7.80 +2.58 37.3+105 83.2+23.8
Normalized AUC (ug min/mL)® 0.861 + 0.258 0.746 + 0.209 0.831+0.274
Terminal half-life (min) 177 £ 711 197 £81.0 151 £49.3
Cmax (Hg/mL)? 0.0403 £ 0.0307 0.242 + 0.0350 0.709 £ 0.397
Normalized Ciyax (Mg/mL)P 0.00403 + 0.00306 0.00484 + 0.000698 0.00708 + 0.00396
Tmax (min)© 60 (15-120) 30 (15-60) 60 (15-360)
CLg (mL/min/kg) 0.535 £ 0.309 0.547 £ 0.309 0.418 £ 0.229
Aep_24 1 (% of dose) 0.0255 + 0.0107 0.0315 + 0.0241 0.0270 + 0.0113
Glag 1 (% of dose) 43.5+10.6 40.2£11.6 41.2 £+ 4.51
F (%) 2.29

All values were statistically analyzed and all of them were not statistically different (p < 0.05) except AUC and C,ox values among three doses.
2 Statistically different (p < 0.05) among three doses.

® Normalized values based on 1 mg/kg were not statistically different among three doses.

¢ Median (ranges) for Tyax.

doi:10.1371/journal.pone.0131587.t1001

indicated that o-MG has dose-independent (linear) pharmacokinetics at oral doses of 10-100
mg/kg in mice.

Tissue distribution of a-MG

The degree of 0-MG distributed to the tissues at 30 and 180 min after intravenous and oral
administration of o-MG at a dose of 10 mg/kg are listed in Fig 2. The tissue-to-plasma (T/P)
ratios of 0-MG administered intravenously were greater than unity in the liver, small intestine
and lung (at 30 and 180 min), kidney (at 30 min) and large intestine and fat (at 180 min). Like-
wise, the T/P ratios of 0-MG administered orally were greater than unity for all tissues studied
except the brain (at 30 and 180 min). These results indicate that the distribution of o-MG at a
dose of 10 mg/kg to mouse tissues is substantial.

Mouse plasma protein binding of a-MG using an equilibrium dialysis
technique

The protein binding value of a-MG at a concentration of 1 or 20 pg/mL to fresh mouse plasma
was 91.8 £ 13.5 or 89.3 + 11.6%, respectively.
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Fig 2. Mean T/P ratios of a-MG from various tissues at 30 (ll) and 180 (o) min after intravenous (A) and
oral (B) administration of a-MG at a dose of 10 mg/kg to mice. Bars represent SDs.

doi:10.1371/journal.pone.0131587.g002

Metabolism of a-MG in in vitro S9 fractions from various tissues

The values for the disappearance of o-MG at 1 or 20 pg/mL in S9 fractions from various mouse
tissues are listed in Fig 3. In the S9 fractions of the liver and small intestine, 57.3 and 34.8% of
the spiked 1 ug/mL of a-MG had disappeared (mainly metabolized), respectively. The corre-
sponding values at 20 pg/mL of o-MG were 51.4 and 36.2% in liver and small intestine, respec-
tively. However, other tissues studied had almost negligible metabolic activities for both spiked
1 and 20 pg/mL of a-MG.

PLOS ONE | DOI:10.1371/journal.pone.0131587 July 15,2015 8/16



el e
@ : PLOS ‘ ONE Dose-Independent ADME and Metabolite Identification of a-Mangostin

70 q
60 -
50
40 |
30 4
20 -

10 H

. ,II,IEIﬁiﬁIHEﬁIE_LLEi

Disppeared percentages of spiked o-MG (%)

s B w® o
o < @ﬂ“ﬁc s“o eﬁo‘\ " RS “e‘g ‘\eﬂ oed @\@c\ (o

W
oY (&
o™

S9 fractions of various tissues

Fig 3. Mean values for the disappearance of a-MG after spiking 1 (Hll) or 20 (z) pg/mL of a-MG into S9 fractions of various tissues from mice. Bars
represent SDs.

doi:10.1371/journal.pone.0131587.9003

Tentative Identification of Metabolites from a-MG

The tentative identification of metabolites was based on different retention times, and the m/z
ratios and fragment ions identified by LC-MS and MS/MS [36]. The MS/MS spectra of the pro-
posed metabolites are shown in Figs 4-6 and the predicted structures of the metabolites are
given in Table 2. M1-M3 (m/z 587.17, 587.04, and 587.23 with RT of 21.4, 25.1, and 26.6 min)
were 176 Da higher than the [M+H]" signal of a-MG (m/z 411.14), indicating that o-MG was
metabolized via glucuronide conjugation. M4 (m/z 763.21, RT 21.0 min) was 352 Da higher
than that of a-MG by bis-glucuronide conjugation. From the ions at the [M+H]" signals of
M5-MS8, the m/z values of M5 (m/z 409.07, RT 20.8 min) and M6-M8 (m/z 409.07, 409.33,
and 409.14 with RT of 24.0, 25.0, and 27.6 min) were 2 Da lower than that of o-MG, implying
the formation of dehydrogenated metabolites from a-MG. The M9 (m/z 413.00, RT 26.6 min)
might have been metabolized by a hydrogenation reaction. The m/z values of M10 and M11
(m/z 427.17 and 426.85 with RT 16.5 and 18.2 min) and M12-M14 (m/z 427.30, 427.43, 426.98
and 427.27 with RT 24.6, 26.4, and 27.4 min) were possibly formed via oxidation through add-
ing O (16 Da) to o-MG. The 14 Da higher m/z of M15 (m/z 425.04, RT 28.2 min) than that of
0-MG indicates that o-MG was metabolized by methylation. Here, the m/z of precursor and
product ions of the possible metabolites were as follows: metabolites from glucuronide conju-
gation (m/z 587.3 — 531.1 or 355.1), bis-glucuronide conjugation (m/z 763.3 — 707.1 or
355.1), dehydrogenation (m/z 409.2 — 353.0), hydrogenation (m/z 413.3 — 357.1), oxidation
(m/z 427.2 — 371.1 or 355.1), and methylation (m/z 425.3 — 369.1).
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Fig 4. Spectrums of a-MG and its tentative metabolites (M1-M5) detected in mice’s plasma, urine, feces, liver and small intestine after intravenous
and oral administration of a-MG and S9 fractions of the liver and small intestine after 30 min incubation.

doi:10.1371/journal.pone.0131587.9004

Discussion

The pharmacokinetic parameters of o-MG are useful to describe and predict information

related to its efficacy and toxicity, including blood and tissue levels, determination of optimum
dosage regimens, and correlation of drug concentration with pharmacological or toxicological
activity [37]. All values on the Table 1 were statistically analyzed and all of them were not sta-
tistically different except AUC and C,,,.x values among three doses. The intravenous normal-
ized AUC of a-MG at doses of 5-20 mg/kg were not significantly different and oral normalized
AUC and C,,.x values of 0-MG at doses of 10-100 mg/kg were also not significantly different,

indicating that a-MG showed dose-independent pharmacokinetics at these dosage ranges in
mice (Table 1). After intravenous administration of o-MG at doses of 5, 10 and 20 mg/kg to
mice, the Aey_,4 1, values of a-MG were less than 0.839% of the intravenous dose (Table 1), sug-
gesting that almost all intravenous a-MG is eliminated via a non-renal route (CLyg). The con-
tribution of the gastrointestinal (including the biliary) excretion of a-MG to the CLyg was
almost negligible because the GI,4;, values of a-MG were less than 3.44% of the doses (Table 1).
Moreover, stable o-MG in various buffer solutions (having pHs ranging from 2 to 13; unpub-
lished data) suggested that chemical and enzymatic degradation of a-MG did not seem to
occur. Thus, the CLyg of o-MG listed in Table 1 could represent the metabolic clearance of the

drug.

The slower CL of a-MG (31.3-34.7 mL/min/kg; Table 1) than cardiac output (8 mL/min/
0.02 kg) based on the plasma data (using hematocrit of 0.45 in mice; [27], [38]) indicated that
0-MG in linear pharmacokinetic ranges can be eliminated by systemic metabolism in mice.
This was proved by in vitro metabolism studies which showed that o-MG at spiked 1 and
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Fig 5. Spectrums of tentative metabolites (M6—-M11) detected in mice’s plasma, urine, feces, liver and small intestine after intravenous and oral
administration of a-MG and S9 fractions of the liver and small intestine after 30 min incubation.

doi:10.1371/journal.pone.0131587.9005
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liver and small intestine were similar even at spiked 1 and 20 pg/mL of o-MG. In addition, the
CLgs of 0-MG were estimated based on free (unbound to plasma proteins) fractions in plasma
(CLg, f); the CLg, g, value thus estimated was 1.72-3.44 mL/min/kg. This value was
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Fig 6. Spectrums of tentative metabolites (M12-M15) detected in mice’s plasma, urine, feces, liver and small intestine after intravenous and oral
administration of a-MG and S9 fractions of the liver and small intestine after 30 min incubation.

doi:10.1371/journal.pone.0131587.9006
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Table 2. Proposed metabolic reactions and metabolites in mice’s plasma, urine, feces, liver and small intestine after intravenous and oral adminis-
tration of a-MG and S9 fractions of mice’s liver and small intestine after 30-min incubation.

Metabolite ([M
+ H]+1)

a-MG (411.21)
M1 (587.17)
M2 (587.04)
M3 (587.23)
M4 (763.21)

M5 (409.07)
M6 (409.07)
M7 (409.33)
M8 (409.14)
M9 (413.00)
M10 (427.17)

M11 (426.85)
M12 (427.30)

M13 (427.43)
M14 (426.98)
M15 (425.04)

2RT: retention time.

Fragment ions

354.85,299.19
355.18, 104.30
531.18, 411.05, 354.86
530.98, 411.17, 354.86

707.15, 587.06, 530.99,
411.23, 355.10

352.91, 334.81, 289.04
353.23, 321.04, 83.98
353.10

352.91, 334.94

356.92

371.33, 354.85, 132.86,
105.25

354.97

408.94, 385.22, 354.91,
353.04, 272.95

371.13, 341.27, 299.26
408.94, 315.16
369.19, 351.10

doi:10.1371/journal.pone.0131587.1002

RT? Mass offset  Probable metabolic Source

(min) (Da) reaction

27.6 parent form plasma, urine, feces, liver, small intestine, S9
fractions of liver and small intestine

214 176.034 glucuronide conjugation  plasma, urine, feces, liver, small intestine, S9
fractions of liver and small intestine

25.1 176.034 glucuronide conjugation  plasma, urine, feces, liver, small intestine, S9
fractions of liver and small intestine

26.6 176.034 glucuronide conjugation  plasma, urine, feces, liver, small intestine, S9
fractions of liver and small intestine

21.0 352.068 bis-glucuronidation plasma, feces, liver, small intestine

conjugation

20.8 -2.016 dehydrogenation urine, feces, liver, small intestine

24.7 -2.016 dehydrogenation urine, feces, liver, small intestine

25.0 -2.016 dehydrogenation urine, feces, liver, small intestine

27.6 -2.016 dehydrogenation urine, feces, liver, small intestine

26.6 2.016 hydrogenation urine

16.5 15.995 oxidation liver, small intestine, feces

18.2 15.995 oxidation liver, small intestine, feces

24.6 15.995 oxidation liver, small intestine, feces

26.4 15.995 oxidation liver, small intestine, feces

27.4 15.995 oxidation liver, small intestine, feces

28.2 14.016 methylation liver, small intestine, feces

considerably slower than the glomerular filtration rate of 14.0 mL/min/kg in mice (based on
creatinine clearance; [27], [38]), suggesting that o-MG is excreted into urine predominantly
via glomerular filtration in mice.

The F values of a-MG, only 2.29% of oral o-MG at 10 mg/kg, were low (Table 1). To find
whether the poor gastrointestinal absorption of 0.-MG caused this low F, the ‘true’ fraction of
the oral dose of 0.-MG unabsorbed (‘F,.p ) was calculated based on the reported equation
assuming linear pharmacokinetics [39]. The estimated ‘F,,,.ps Value of 0.434 indicated that the
poor gastrointestinal absorption of a-MG might be one of the main reasons for the low F of o-
MG. The low absorption of a-MG in the Caco2 cell line [40] and a-MG as a substrate of P-gly-
coprotein in MDCK-mdr1 cell line (our unpublished data) supports the poor gastrointestinal
absorption of 0-MG in the in vivo system. Also the considerable degree of metabolism
observed in the liver and intestine is another reason for the low F of a-MG.

In aspect of extensive metabolism of o-MG, the chemical structures of the metabolites from
o-MG were elucidated by LC-MS and MS/MS modes providing the [M+H]" of a-MG, parent
compounds and daughter ions thus giving more structural information. The components that
presented at high concentrations were assumed to be the parent compounds [41] and the tenta-
tive metabolic pathways of o-MG were as follows: glucuronide conjugation (m/z 587.3 —
531.1 or 355.1), bis-glucuronide conjugation (m/z 763.3 — 707.1 or 355.1), dehydrogenation
(m/z 409.2 — 353.0), hydrogenation (m/z 413.3 — 357.1), oxidation (m/z 427.2 — 371.1 or
355.1), and methylation (m/z 425.3 — 369.1). The probable metabolites suggest that o-MG
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Fig 7. Proposed structures and metabolic pathways of metabolites in mice’s plasma, urine, feces, liver and small intestine after intravenous and
oral administration of a-MG and S9 fractions of the liver and small intestine after 30 min incubation.

doi:10.1371/journal.pone.0131587.9007

was metabolized via phase I/II reactions. The enzymatic reactions such as glucuronide and bis-
glucuronide conjugation via UGT's and oxidation, methylation, hydrogenation and dehydroge-
nation via CYPs, respectively [42], [43], supported the metabolic pathways of a-MG shown in
Fig 7 [44].

The observed MS/MS fragments of the proposed metabolites were based on those of a-MG,
m/z of 354.99 and 299.13, because the mass transition of the daughter ion at 354.99 was from
[M+H]"-R (H,C = CCH;3CH3) and 299.13 from [M+H]*-2R. Considering the RT shift of o
MG, the polarities of the metabolites generated by phase I/II reactions, excepting methylation,
were increased because all RT values were shifted to the left of a-MG. The reduced hydrophilic-
ity of methylated metabolite was also observed in another report [36]. Among dehydrogenated
metabolites (M5-M8), the cyclized structures M6-M8 (Fig 7) were proposed from the previous
report that cyclized metabolite of a-MG was made by microbial transformation [45].

The polarity of M5 seemed to be higher than other metabolites (M6-M8) and we predicted
that the RT of M5 was 20.8 min, the shortest RT among M5-M8. Furthermore, M10 and M11
seemed to show the shorter RT than those of M12-M14, because M12 and M13 were formed
by epoxidation and M14 was formed by oxidation and ring formation, whereas the hydroxyl-
ation was related to M10 and M11. In oxidation, the relative retention shift by epoxidation and
ring formation with oxidation were closer to 1 than hydroxylation, which indicated that the
hydroxylated metabolite was more polar than metabolites formed via epoxidation or ring for-
mation [36]. The metabolites formed by glucuronide and bis-glucuronide conjugation were cir-
culated into the blood. Also the metabolites formed by dehydrogenation, oxidation,
hydrogenation, and methylation were observed at low levels and were probably eliminated into
urine and feces.
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In tissue distribution study, after intravenous administration of 0.-MG at a dose of 10 mg/
kg, the high T/P ratios in the liver, small intestine, fat and/or lung were higher than unity (T/

P = 1), suggesting that 0-MG was highly distributed to these tissues with high affinities. Espe-
cially in the fat and lung, the T/P ratios showed a marked increase at 180 min, indicating that
0-MG distributed slowly to these tissues. After oral administration of o-MG at a dose of 10
mg/kg, the T/P ratios were above unity in all tissues except the brain, indicating that o-MG dis-
tributed well to most tissues. After intravenous and oral administration of o-MG at doses of 5
mg/kg [31] and 20 mg/kg (our unpublished data) to mice, the tendencies of tissue distribution
of 0-MG were similar to those at 10 mg/kg in this study, indicating that o.-MG showed the
dose-independent tissue distribution from 5 to 20 mg/kg to mice. The high T/P ratios of a-MG
indicate that o-MG might show pharmacological or toxicological activity in targeted tissues
even if the plasma concentration was under the therapeutic range or the F was low. For exam-
ple, the therapeutic potential of o-MG in a mouse model of allergic asthma might be in part
explained by the high T/P of a-MG in the lung in spite of the low plasma concentration of a-
MG [46].

In conclusion, o-MG showed dose-independent pharmacokinetics at intravenous (5-20
mg/kg) and oral (10-100 mg/kg) doses. The F of a-MG was low, 2.29%, and this could be due
to the poor gastrointestinal absorption and/or extensive metabolism of o-MG in the liver and
small intestine. Also the distribution and affinities of a-MG to the liver, small intestine, kidney,
fat and lung were high after intravenous administration, while those of a-MG were high in
most tissues except the brain after oral administration. Possible metabolites of a-MG via glucu-
ronide conjugation, bis-glucuronide conjugation, dehydrogenation, hydrogenation, oxidation,
and methylation have been proposed. These findings may be useful in understanding the effi-
cacy and toxicity of o-MG in various preclinical models with specific diseases for the design of
adjunctive therapies using o-MG.

Acknowledgments

This work was supported by the National Research Foundation of Korea (NRF-
2012R1A1A2004424, YHC) and GRRC program of Gyeonggi province [Development of new
health supplements/therapeutics for neurodegenerative diseases (GRRC-DONGGUK2015-
B01) and Development of functional food to alleviating metabolic syndromes and circulatory
disorders (GRRC-DONGGUK2015-B03)]. The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of this manuscript.

Author Contributions

Conceived and designed the experiments: YWC YHC. Performed the experiments: SYH BHY.
Analyzed the data: SYH BHY YHC. Contributed reagents/materials/analysis tools: SYH BHY
YWC YHC. Wrote the paper: SYH BHY YCK YWC YHC.

References

1. Ritchie MR (2007) Use of herbal supplements and nutritional supplements in the UK: what do we know
about their patterns of usage? Proc Nutr Soc 66: 479-482. PMID: 17961268

2. Skalli S, Zaid A, Soulaymani R (2007) Drug interactions with herbal medicines. Ther Drug Monit 29:
679-686. PMID: 18043467

3. De Smet PA, Brouwers JR (1997) Pharmacokinetic evaluation of herbal remedies: basic introduction,
applicability, current status and regulatory needs. Clin Pharmacokinet 32: 427—-436. PMID: 9195114
4. MedhiB, Patyar S, Rao RS, Byrav DSP, Prakash A (2009) Pharmacokinetic and toxicological profile of

artemisinin compounds: an update. Pharmacology 84: 323-332. doi: 10.1159/000252658 PMID:
19851082

PLOS ONE | DOI:10.1371/journal.pone.0131587 July 15,2015 14/16


http://www.ncbi.nlm.nih.gov/pubmed/17961268
http://www.ncbi.nlm.nih.gov/pubmed/18043467
http://www.ncbi.nlm.nih.gov/pubmed/9195114
http://dx.doi.org/10.1159/000252658
http://www.ncbi.nlm.nih.gov/pubmed/19851082

@’PLOS ‘ ONE

Dose-Independent ADME and Metabolite Identification of a-Mangostin

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Singh SS (2006) Preclinical pharmacokinetics: an approach towards safer and efficacious drugs. Curr
Drug Metab 7: 165—182. PMID: 16472106

Choi YH, Kim Y-J, Chae H, Chin Y-W (2015) In vivo gastroprotective effect along with pharmacokinet-
ics, tissue distribution and metabolism of isoliquiritigenin in mice. Planta Med (accepted).

JiaW, DuF, Liu X, Jiang R, Xu F, Yang J et al. (2015). Renal tubular secretion of tanshinol: molecular
mechanism, impact on its systemic exposure and propensity for dose-related nephrotoxicity and renal
herb-drug ineractions. Drug Metab Dispos [Epub ahead of print].

LiLH, Dong H, Zhao F, Tang J, Chen X, Ding J et al. (2013) The up-regulation of dihydropyrimidine dehy-
drogenase in liver is involved in acquired resistance to 5-fluorouracil. Eur J Cancer 49: 1752—-1760.
PMID: 23313143

Yokozawa T, Liu ZW (2000) The role of ginsenoside-Rd in cisplatin-induced acute renal failure. Ren
Fail 22: 115-127. PMID: 10803758

Tanaka C, Kawai R, Rowland M (2000) Dose-dependent pharmacokinetics of cyclosporine A in rats:
events in tissues. Drug Metab Dispos 28: 582-589. PMID: 10772639

Han SY, Chin YW, Choi YH (2013) A new approach for pharmacokinetic studies of natural products:
measurement of isoliquiritigenin levels in mice plasma, urine and feces using modified automated dos-
ing/blood sampling system. Biomed Chromatogr 27: 741-749. doi: 10.1002/bmc.2854 PMID:
23339046

Han SY, Chin YW, Kim DY, Choi YH (2013) Simultaneous determination of a- and-y mangostins in
mouse plasma by HPLC-MS/MS method: application to a pharmacokinetic study of mangosteen
extract in mouse. Chromatographia 76: 643—-650.

Mekjaruskul C, Jay M, Sripanidkulchai B (2012) Pharmacokinetics, bioavailability, tissue distribution,
excretion and metabolite identification of methoxyflavones in Kaempferia parviflora extract in rats. Drug
Dispos Metab 40: 2342—-2353.

Malaney P, Nicosia SV, Dave V (2013) One mouse, one patient paradigm: new avatars of personalized
cancer therapy. Cancer Lett 344: 1-12. doi: 10.1016/j.canlet.2013.10.010 PMID: 24157811

Viana AF, Fernandes HB, Silva FV, Oliveira IS, Freitas FF, Machado FD et al. (2013) Gastroprotective
activity of Cenostigma macrophyllum Tul. var. acuminate Teles Freire leaves on experimental ulcer
models. J Ethnopharmacol 150: 316-323. doi: 10.1016/j.jep.2013.08.047 PMID: 24035848

An G, Morris ME (2012) A physiologically based pharmacokinetic model of mitoxantrone in mice and
scale-up to humans: a semi-mechanistic model incorporating DNA and protein binding. AAPS J 14:
352-364. doi: 10.1208/s12248-012-9344-7 PMID: 22451016

Chin YW, Kinghorn AD (2008) Structural characterization, biological effects, and synthetic studies on
xanthones from mangosteen (Garcinia mangostana), a popular botanical dietary supplement. Mini Rev
Org Chem 5: 355-364. PMID: 21562610

CuiJ,HuW, Cai Z,LiuY, Li S, Tao W et al. (2010) New medical properties of mangostins: analgestic
activity and pharmacological characterization of active ingredients from the fruit hull of Garcinia man-
gostana L. Pharmacol Biochem Behav 95: 166—172. doi: 10.1016/j.pbb.2009.12.021 PMID: 20064550

Lee YB, Ko KC, Shi MD, Liao YC, Chiang TA, Wu PF et al. (2010) alpha-Mangostin, a novel dietary xan-
thone, suppresses TPA-mediated MMP-2 and MMP-9 expressions through the ERK signaling pathway
in MCF-7 human breast adenocarcinoma cells. J Food Sci 75: H13—-H23. doi: 10.1111/j.1750-3841.
2009.01407.x PMID: 20492173

Peerapattana J, Otsuka K, Otsuka M (2013) Application of NIR spectroscopy for the quality control of
mangosteen pericarp powder: quantitative analysis of alpha-mangostin in mangosteen pericarp powder
and capsule. J Nat Med 67: 452—459. doi: 10.1007/s11418-012-0698-z PMID: 22926311

Chae H-S, Oh S-R, Lee H-K, Joo SH, Chin Y-W (2012) Mangosteen xanthones, a-and y-mangostins,
inhibit allergic mediators in bone marrow-derived mast cells. Food Chem 134: 397-400.

Sanchez-Perez Y, Morales-Barcenas R, Garcia-Cuellar CM, Lopez-Marure R, Calderon-Oliver M, Ped-
raza—Chaverri J et al. (2010) The alpha-mangostin prevention on cisplatin-induced apoptotic death in
LLC-PK1 cells is associated to an inhibition of ROS production and p53 induction. Chem Biol Interact
188: 144-150. doi: 10.1016/j.cbi.2010.06.014 PMID: 20603111

Li L, Brunner |, Han AR, Hamburger M, Kinghorn AD, Frye R et al. (2011) Pharmacokinetics of a-
mangostin in rats after intravenous and oral application. Mol Nutr Food Res 55: 567-574.

Li L, Han AR, Kinghorn AD, Frye RF, Derendorf H, Butterweck V (2013) Pharmacokinetic properties of
pure xanthones in comparison to a mangosteen fruit extract in rats. Planta Med 79: 646—653. doi: 10.
1055/s-0032-1328543 PMID: 23673465

Yodhnu S, Sirikatitham A, Wattanapiromsakul C (2009) Validation of LC for the determination of alpha-

mangostin in mangosteen peel extract: a tool for quality assessment of Garcinia mangostana L. J Chro-
matogr Sci 47: 185-189. PMID: 19298703

PLOS ONE | DOI:10.1371/journal.pone.0131587 July 15,2015 15/16


http://www.ncbi.nlm.nih.gov/pubmed/16472106
http://www.ncbi.nlm.nih.gov/pubmed/23313143
http://www.ncbi.nlm.nih.gov/pubmed/10803758
http://www.ncbi.nlm.nih.gov/pubmed/10772639
http://dx.doi.org/10.1002/bmc.2854
http://www.ncbi.nlm.nih.gov/pubmed/23339046
http://dx.doi.org/10.1016/j.canlet.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24157811
http://dx.doi.org/10.1016/j.jep.2013.08.047
http://www.ncbi.nlm.nih.gov/pubmed/24035848
http://dx.doi.org/10.1208/s12248-012-9344-7
http://www.ncbi.nlm.nih.gov/pubmed/22451016
http://www.ncbi.nlm.nih.gov/pubmed/21562610
http://dx.doi.org/10.1016/j.pbb.2009.12.021
http://www.ncbi.nlm.nih.gov/pubmed/20064550
http://dx.doi.org/10.1111/j.1750-3841.2009.01407.x
http://dx.doi.org/10.1111/j.1750-3841.2009.01407.x
http://www.ncbi.nlm.nih.gov/pubmed/20492173
http://dx.doi.org/10.1007/s11418-012-0698-z
http://www.ncbi.nlm.nih.gov/pubmed/22926311
http://dx.doi.org/10.1016/j.cbi.2010.06.014
http://www.ncbi.nlm.nih.gov/pubmed/20603111
http://dx.doi.org/10.1055/s-0032-1328543
http://dx.doi.org/10.1055/s-0032-1328543
http://www.ncbi.nlm.nih.gov/pubmed/23673465
http://www.ncbi.nlm.nih.gov/pubmed/19298703

@’PLOS ‘ ONE

Dose-Independent ADME and Metabolite Identification of a-Mangostin

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Foti RS, Pearson JT, Rock DA, Wahlstrom JL, Wienkers LC (2009) In vitro inhibition of multiple cyto-
chrome P450 isoforms by xanthone derivatives from mangosteen extract. Drug Metab Dispos 37:
1848-1855. doi: 10.1124/dmd.109.028043 PMID: 19541824

Davies B, Morris T (1993) Physiological parameters in laboratory animals and humans. Pharm Res 10:
1093-1095. PMID: 8378254

Jamali F, Kunz-Dober CM (1999) Pain-mediated altered absorption and metabolism of ibuprofen: an
explanation for decreased serum enantiomer concentration after dental surgery. Br J Clin Pharmacol
47:391-396. PMID: 10233203

Peternel L, Skrajnar S, Cerne M (2010) A comparative study of four permanent cannulation procedures
in rats. J Pharmacol Toxicol Methods 61:20-26. doi: 10.1016/j.vascn.2009.07.004 PMID: 19622393

Chitchumroonchokachai C, Thomas-Ahner JM, Li J, Riedl KM, Nontakham J, Suksumrarn S et al.
(2013) Anti-tumorigenicity of dietary a-mangostin in an HT-29 colon cell xenograft model and the tissue
distribution of xanthones and their phase |l metabolites. Mol Nutr Food Res 57: 203—-211. doi: 10.1002/
mnfr.201200539 PMID: 23239542

Choi YH, Han SY, Kim YJ, Kim YM, Chin YW (2014) Absorption, tissue distribution, tissue metabolism
and safety of a-mangostin in mangosteen extract using mouse models. Food Chem Toxicol 66:
140-146. doi: 10.1016/}.fct.2014.01.028 PMID: 24472368

Ramaiya A, Li G, Petiwala SM, Johnson JJ (2012) Single dose oral pharmacokinetic profiles of a-
mangostin in mice. Curr Drug Targets 13: 1698—-1704. PMID: 23140281

Petiwala SM, Li G, Ramaiya A, Kumar A, Gill RK, Saksena S, Johnson JJ (2014) Pharmacokinetic char-
acterization of mangosteen (Garcinia mangostana) fruit extract standardized to a-mangostin in C57BL/
6 mice. Nutr Res 34: 336-345. doi: 10.1016/j.nutres.2014.03.002 PMID: 24774070

Quan GH, Oh SR, Kim JH, Lee HK, Kinghorn AD, Chin YW (2010) Xanthone constituents of the fruits of
Garcinia mangostana with anticomplement activity. Phytother Res 24: 1575—-1577. doi: 10.1002/ptr.
3177 PMID: 20878711

Gibaldi M, Perrier D (1982) Pharmacokineics, 2nd ed. Marcel-Dekker, New York.

Holcapek M, Kolarova L, Nobilis M (2008) High-performance liquid chromatography-tandem mass
spectrometry in the identification and determination of phase | and phase Il drug metabolites. Anal Bioa-
nal Chem 391: 59-78. doi: 10.1007/s00216-008-1962-7 PMID: 18345532

Shargel L, Wu-Pong S, Yu A (2005) Applied Biopharmaceutics and Pharmacokinetics, 5 th ed.
McGraw-Hill, New York.

Mitruka BM, Rawnsley HM (1987) Clinical biochemical and hematological reference values in normal
experimental animals and normal humans 2nd ed. Masson Publishing USA Inc, New York.

Chiou WL, Barve A (1998) Linear correlation of the fraction of oral dose absorbed of 64 drugs between
humans and rats. Pharm Res 15: 1792—-1795. PMID: 9834005

Bumrungpert A, Kalpravidh RW, Suksamrarn S, Chaivisuthangkura A, Chitchumroonchokchai C, Failla
ML (2009) Bioaccessibility, biotransformation, and transport of alpha-mangostin from Garcinia mangos-
tana (Mangosteen) using simulated digestion and Caco-2 human intestinal cells. Mol Nutr Food Res
53: 54-61.

Sutthanut K, Sripanidkulchai B, Yenjai C, Jay M (2007) Simultaneous identification and quantitation of
11 flavonoid constituents in Kaempferia parviflora by gas chromatography. J Chromatogr A 1143:
227-233. PMID: 17266972

Moridani MY, Scobie H, O’Brien PJ (2002) Metabolism of caffeic acid by isolated rat hypatocytes and
subcellular fractions. Toxicol Lett 133: 141-151. PMID: 12119122

Guo J, Liu A, Cao H, Luo Y, Pezzuto JM, Van Breemen RB (2008). Biotransformation of the chemo-
preventive agent 2',4',4-trihydroxychalcone (isoliquiritigenin) by UDP-glucuronosyltransferases. Drug
Metab Dispos 36: 2104—2112. doi: 10.1124/dmd.108.021857 PMID: 18653743

Chitchumroonchokchai C, Riedl KM; Suksumrarn S, Clinton SK, Kinghorn AD, Failla Mark L (2012)
Xanthones in mangosteen juice are absorbed and partially conjugated by healthy adults. J Nutr 142:
675-80. doi: 10.3945/jn.111.156992 PMID: 22399525

Arunrattiyakorn P, Suwannasai N, Aree T, Kanokmedhakul S, It H, Kanzaki H (2014) Biotransformation
of a-mangostin by Colletotrichum sp. MT02 and Phomopsis euphorbiae K12. J Mol Cat B: Enzymatic
(2014), 102, 174-179.

Jang HY, Kwon OK, Oh SR, Lee HK, Ahn KS, Chin YW (2012) Mangosteen xanthones mitigate ovalbu-
min-induced airway inflammation in a mouse model of asthma. Food Chem Toxicol 50: 4042—-4050.
doi: 10.1016/j.fct.2012.08.037 PMID: 22943973

PLOS ONE | DOI:10.1371/journal.pone.0131587 July 15,2015 16/16


http://dx.doi.org/10.1124/dmd.109.028043
http://www.ncbi.nlm.nih.gov/pubmed/19541824
http://www.ncbi.nlm.nih.gov/pubmed/8378254
http://www.ncbi.nlm.nih.gov/pubmed/10233203
http://dx.doi.org/10.1016/j.vascn.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19622393
http://dx.doi.org/10.1002/mnfr.201200539
http://dx.doi.org/10.1002/mnfr.201200539
http://www.ncbi.nlm.nih.gov/pubmed/23239542
http://dx.doi.org/10.1016/j.fct.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24472368
http://www.ncbi.nlm.nih.gov/pubmed/23140281
http://dx.doi.org/10.1016/j.nutres.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24774070
http://dx.doi.org/10.1002/ptr.3177
http://dx.doi.org/10.1002/ptr.3177
http://www.ncbi.nlm.nih.gov/pubmed/20878711
http://dx.doi.org/10.1007/s00216-008-1962-7
http://www.ncbi.nlm.nih.gov/pubmed/18345532
http://www.ncbi.nlm.nih.gov/pubmed/9834005
http://www.ncbi.nlm.nih.gov/pubmed/17266972
http://www.ncbi.nlm.nih.gov/pubmed/12119122
http://dx.doi.org/10.1124/dmd.108.021857
http://www.ncbi.nlm.nih.gov/pubmed/18653743
http://dx.doi.org/10.3945/jn.111.156992
http://www.ncbi.nlm.nih.gov/pubmed/22399525
http://dx.doi.org/10.1016/j.fct.2012.08.037
http://www.ncbi.nlm.nih.gov/pubmed/22943973

