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ABSTRACT: Information about the anti-inflammatory activity and metabolism of α-mangostin (α-MG), the most abundant
xanthone in mangosteen fruit, in human cells is limited. On the basis of available literature, we hypothesized that α-MG will
inhibit the secretion of pro-inflammatory mediators by control and activated macrophage-like THP-1, hepatic HepG2,
enterocyte-like Caco-2, and colon HT-29 human cell lines, as well as primary human monocyte-derived macrophages (MDM),
and that such activity would be influenced by the extent of metabolism of the xanthone. α-MG attenuated TNF-α and IL-8
secretion by the various cell lines but increased TNF-α output by both quiescent and LPS-treated MDM. The relative amounts of
free and phase II metabolites of α-MG and other xanthones present in media 24 h after addition of α-MG was shown to vary by
cell type and inflammatory insult. Increased transport of xanthones and their metabolites across Caco-2 cell monolayers suggests
enhanced absorption during an inflammatory episode. The anti-inflammatory activities of xanthones and their metabolites in
different tissues merit consideration.
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■ INTRODUCTION
Garcinia mangostana is a tree native to Southeast Asia that
produces a fruit referred to as mangosteen. The aril portion of
mangosteen fruit has an acidic, sweet taste that is enjoyed by
many, whereas extracts of the pericarp have been used in
traditional medicine. The proposed health-promoting proper-
ties of pericarp from mangosteen have been associated with a
family of compounds referred to as xanthones.1 These
hydrophobic compounds have a tricyclic aromatic ring system
possessing various mixtures of isoprenyl, hydroxyl, and
methoxyl substitutions.2 α-Mangostin (α-MG, Figure 1) and

γ-mangostin (γ-MG) are the most abundant xanthones in the
pericarp of mangosteen fruit.3,4 In vitro studies have
consistently shown xanthones to possess antioxidant,5,6

antiproliferative,7 proapoptotic,8,9 antimicrobial,10 anti-inflam-
matory,11,12 and anticarcinogenic activities.8,9,13 Anti-inflamma-
tory11,14−16 and anticarcinogenic17−19 activities have also been
demonstrated in rodents. As a result of the aggressive
marketing of health-promoting activities observed in cellular
and rodent models, numerous supplements, beverages, and
food products containing mangosteen fruit have become

available with sales of beverages alone in 2008 exceeding
$200 million in the United States.20

In order for xanthones to exert their proposed health-
promoting activities, these compounds or their active
metabolites must be delivered to target tissues. We previously
reported that α-MG and its phase II metabolites were
transported across the basolateral membrane of Caco-2
human intestinal cells, suggesting that a portion of xanthones
in mangosteen products likely were bioavailable.21 Indeed, low
concentrations of xanthones and their phase II metabolites have
been identified in the plasma and urine of healthy adults after
consumption of mangosteen juice.22,23 Xanthones and phase II
metabolites also have been detected in the plasma and liver of
athymic Balb/c nu/nu mice fed an AIN-93G diet containing
900 mg of xanthones/kg,18 as well as in plasma from C57BL/6J
mice orally dosed with α-MG.24 Moreover, the presence of α-
MG and other xanthones in the HT-29 human colon cell
xenografts in mice fed the diet containing α-mangostin was
associated with decreased tumor growth and reduced tumor
expression of the mitogenic Wnt protein and antiapoptotic bcl-
2 protein.18 These data suggest that xanthones and/or their
metabolites are absorbed and delivered to various tissues, where
they may be accumulated, further metabolized, and modulate
cellular processes.
The antiproliferative and proapoptotic activities of xanthones

have been demonstrated in numerous in vitro studies using
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Figure 1. Structure of α-mangostin.
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rodent cell lines.7−9,11,12 However, the reported anti-inflamma-
tory activity of xanthones in cells of human origin has been
limited to primary cultures of adipocytes25 and the U937
macrophage-like cell line.26 To the best of our knowledge, the
uptake and metabolism of these compounds by cells of animal
or human origin have not been examined with the exception of
differentiated cultures of Caco-2 human intestinal cells.21

Similarly, the effect that the pro-inflammatory condition may
have on the metabolism of α-MG has not been addressed.
Although it has been generally assumed that xanthones are

stable in cell culture media, many polyphenols degrade
spontaneously in vitro and generate products such as hydrogen
peroxide, which is known to induce transcriptional activity
associated with the anti-inflammatory response.27,28 The first
objective of the present study was to investigate the anti-
inflammatory activity of α-MG in prototypical human immune
cell types and in other human cells originating from tissues
responsive to inflammatory insult. This initially required
developing appropriate delivery systems to ensure the stability
of the xanthone in the different culture media used for the
proliferation and activities of the tested cell types. The second
objective was to study the metabolism of this xanthone by these
cell types maintained in normal and pro-inflammatory environ-
ments. To the best of our knowledge, this work is the first to
systematically compare the anti-inflammatory activity of α-MG
for human cells with various tissue origins, as well as the
metabolism of this xanthone under normal and inflammatory
conditions.

■ MATERIALS AND METHODS
Chemicals and Reagents. α-, γ-, and β-mangostins, 9-

hydroxycalabaxanthone, gartanin, and garcinones D and E were
purified (>98% as assessed by NMR spectroscopy and ESIMS) as
described previously.3,5 All solvents (acetonitrile, ethyl acetate, acetic
acid, n-butanol, 2-propanol) and water were HPLC grade from Fisher
Scientific (Pittsburgh, PA). Cell culture reagents were from Sigma-
Aldrich (St. Louis, MO) and Gibco (Grand Island, NY). IL-8 and
TNF-α ELISA DuoSet Kits were purchased from R&D Systems
(Minneapolis, MN). MCS-F was obtained from Peprotech, Inc.
(Rocky Hill, NJ). Fluorochrome-conjugated anti-CD14 and anti-
CD11b were purchased from BD Biosciences (San Jose, CA). Ficoll-
Paque PLUS was obtained from GE Healthcare (Uppsala, Sweden).
Transwell inserts and filters were from Millipore (Billerica, MA). All
other reagents and materials were from Sigma-Aldrich.

Cell Cultures. The following human cell lines were purchased from
American Type Culture Collection (ATCC, Manassas, VA) for use in
this study: THP-1 (monocyte-like leukemia), HepG2 (hepatocellular
carcinoma), Caco-2 HTB-37 (colorectal adenocarcinoma cells that
spontaneously differentiate to enterocyte-like phenotype), and HT-29
(colorectal adenocarcinoma). Since α-MG has been reported to exert
anti-inflammatory activity in murine RAW 264.7 macrophage-like
cells,11,12 this cell line was included for comparison with the responses
of the human cell types. HepG2 cells (passages 5−15), HT-29 cells
(passages 135−139), and RAW 264.7 (unknown passage) were
maintained as per ATCC recommendations and used for experiments
2 days after monolayers reached confluency. THP-1 monocytic cells
(unknown passage) were differentiated to macrophage-like cells by
treatment with 100 nM phorbol myristate acetate (PMA) for 48 h
before initiating experiments. Caco-2 cells (passages 20−40)
spontaneously differentiated to a phenotype resembling the intestinal
epithelium by culturing by 21−25 day postconfluency as previously
described.29 Primary cultures of monocytes were prepared from buffy
coats obtained from the American Red Cross (Columbus, OH).
Mononuclear cells were separated by centrifugation through a Ficoll-
Paque PLUS and further purified by the clumping method.30

Monocytes were differentiated to macrophages by treatment with 50
ng/mL M-CSF for 6 days. Monocyte-derived macrophages (MDM)
were 97% pure as estimated by flow cytometry after staining cells with
anti-CD14 and anti-CD11b as cellular markers. All cultures were
maintained at 37 °C in a humidified atmosphere of 95% air/5% CO2.

Stability of α-MG during Incubation in the Cell Culture
Environment. As many polyphenolic compounds spontaneously
degrade in cell culture media,27,28 we first examined the stability of α-
MG solubilized in DMSO and added to the various media lacking FBS.
Stability was assessed by incubation in a cell free system for 24 h.
Aliquots were collected at 0, 4, 8, and 24 h before extraction and
analyzed as described below. Recovery of α-MG from all basal media
decreased in proportion to duration of incubation in the absence of
cells (Figure 2A). The extent of loss after 24 h ranged from 55 to 97%,
depending on the composition of the medium. The calculated rate of
α-MG loss per hour during the 24 h incubation was 2.7, 4.0, 3.2, and
2.3% in RPMI, MEM, DMEM, and McCoy’s 5A, respectively.

On the basis of the above observation, the influence of delivery
vehicle and the presence of FBS in media were tested as possible
stabilizers of α-MG during incubation in cell-free media. Dimethyl
sulfoxide (DMSO), Tween 40, and FBS were used to prepare stock
solutions of the xanthone for addition to media. A stock solution of α-
MG was prepared in DMSO before dilution in MEM, DMEM, and
RPMI media containing 10% FBS and filter sterilized (0.22 μm pores).
The final amount of DMSO in the test media was <0.03%. To prepare
Tween 40 micelles containing α-MG, the compound was solubilized in
acetonitrile and mixed with 20% Tween 40:80% acetone before

Figure 2. The lack of stability of α-MG in basal media in cell-free dishes (panel A) was offset by addition of the xanthone solubilized in DMSO to
media containing 10% FBS or by addition of the xanthone incorporated in Tween 40 to basal media (panel B). Data are mean ± SD for n = 3 dishes
with media.
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evaporating the solvent under a stream of nitrogen gas. After addition
of basal media (either DMEM or McCoy’s 5A), the mixture was
sonicated for 30 min to facilitate incorporation of the xanthone in the
Tween micelles. Media were filtered (0.22 μm pores) and further
diluted to obtain indicated concentrations of the xanthone. The final
content of Tween 40 in test media was <0.02%. FBS was also used as
delivery vehicle by incubating pure α-MG with 100% FBS for 48 h at
37 °C in a shaking water bath (85 rpm). This stock solution was then
filtered (0.22 μm pores) and diluted 1:10 with RPMI 1640. The
stability of α-MG during the 24 h incubation period was increased to
101 ± 6% (p < 0.05) when DMSO containing the xanthone was added
to media (RPMI 1640, MEM, and DMEM) with 10% (v/v) FBS.
Similarly, recovery of α-MG from DMEM and McCoy’s media without
FBS after 24 h incubation was 110 ± 3 and 108 ± 4, respectively, when
the xanthone was incorporated in Tween 40 micelles. The stability of
α-MG was 95 ± 8% after 24 h when the xanthone was added to 100%
FBS that was diluted 1:10 (v:v) into RPMI 1640 (Figure 2B).
Subsequently, α-MG solubilized in DMSO was delivered to medium
containing 10% FBS for macrophage-like THP-1, macrophage-like
RAW 264.7, and HepG2 cells, and α-MG was solubilized in Tween 40
micelles added to medium for enterocyte-like Caco-2 cells and HT-29
colonic cells. For MDM cells, α-MG was delivered in 100% FBS to a
final concentration of 10% FBS in RPMI 1640 medium.
Cytotoxicity of α-MG. Cell cultures were exposed to increasing

concentrations of α-MG to determine cytotoxicity. Viability of RAW
264.7, MDM, HepG2, and HT-29 was assessed after 24 h, whereas
that of THP-1 and Caco-2 cells was determined after 8 and 4 h,
respectively. Times of exposure matched those used in experiments
addressing anti-inflammatory activity and metabolism described below.
Examination of cell morphology by phase contrast microscopy and
reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] to formazan were used as indicators of cytotoxicity as
this reaction is dependent on mitochondrial respiration.31

Anti-Inflammatory Activity of α-MG. The anti-inflammatory
activity of α-MG was studied by measuring its inhibitory effects on the
secretion of pro-inflammatory mediators. Preliminary studies were
performed for each cell type to establish nontoxic concentrations and
appropriate periods for preincubation with α-MG, as well as the
concentrations and duration of exposure to pro-inflammatory stimuli.
Cells were incubated in media containing concentrations of α-MG well
below the IC50 to determine the effect, if any, on responsiveness to
pro-inflammatory insult. Experimental conditions for determining the
anti-inflammatory activity of α-MG are presented in Table 1. As Caco-
2 cells were grown on Transwell membrane inserts, α-MG was added
to the apical compartment before addition of IL-1β to the basolateral
compartment. IL-8 was selected as biomarker of inflammation in
Caco-2 and HT-29 cells given its essential role as a chemoattractant
during intestinal inflammation.32 IL-8 also served as the marker for
THP-1 macrophage-like cells as it is the predominant chemokine in
supernatants of LPS-treated cells.33 TNF-α is a key mediator of hepatic
physiology and pathology, and its secretion was selected as the marker
for PMA-stimulated HepG2 cells.34 Because TNF-α secretion by tissue
macrophages has been proposed as a key mediator of LPS-triggered
septic shock, this inflammatory cytokine was selected as a marker in
MDM cells.35 Finally, medium nitrite concentration was used as a
surrogate for the induction of iNOS (inducible nitric oxide synthase)

activity in RAW 264.7 cells. IL-8 and TNF-α were quantified by ELISA
as instructed by the manufacturer. Nitrite concentration in medium
was measured by the Griess reaction.36

Cellular Uptake and Metabolism of α-MG. Cells were exposed
to nontoxic concentrations of α-MG (5.2, 3.3, 7.7, 9.0, 12.0, and 8.5
μM, for THP-1, MDM, RAW 264.7, HepG2, Caco-2, and HT-29 cells,
respectively), using previously established delivery systems (Figure
2B) to ensure stability of the xanthone in culture. After 24 h, spent
medium and cells were collected separately for analysis, except for
RAW 264.7 cells, where both cells and medium were collected in the
same tube, as some cells were nonadherent at confluency. For cultures
with Caco-2 cells, medium with α-MG was added to the apical
compartment, and medium from both the basolateral and apical
compartments along with cell monolayer were collected separately for
analysis. Spent medium and cells were extracted as previously
described21 prior to reverse-phase high-performance liquid chroma-
tography (RP-HPLC).3 Glucuronidated/sulfated metabolites of α-MG
were determined as previously described.21 Identification and
quantification of xanthones was based on retention time, UV
spectrum, and five-point standard curves using pure (>98%) α-, γ-,
and β-mangostins; 9-hydroxycalabaxanthone; gartanin; and garcinones
D and E. When pure compounds were not available, identification was
made by comparison with the retention time and UV spectrum
reported in the literature3,4 and the concentration estimated as α-MG
equivalents. Peaks with a xanthone-like spectra (λmax = 240−300 and
310−370 nm)4 that could not be matched to one of the standards
were labeled as unknown.

Effect of Inflammation on Uptake and Metabolism. To study
the effect of inflammatory conditions on the metabolism of α-MG,
cells were exposed to the following inflammatory insults: 5 ng/mL
LPS for THP-1 and RAW 264.7 cells, 100 ng/mL LPS for MDM, 10
ng/mL TNF-α for HepG2 cells, 5 ng/mL IL-1β for Caco-2 cells, and
800 ng/mL LPS for HT-29. LPS was used at higher concentrations in
cultures with THP-1 and HT-29 cells than those used for the anti-
inflammatory experiments in order to ensure a robust pro-
inflammatory state. Since HepG2 cells secrete TNF-α in response to
PMA treatment, we used this cytokine to induce a pro-inflammatory
state. After 4 h, media containing inflammatory stimuli were aspirated
and cells washed with sterile PBS. Cultures were then incubated in
medium containing α-MG at concentrations similar to those used in
cultures under control conditions. Spent media and washed cells were
collected after 24 h for analysis as above.

Statistical Analysis. The number of independent cultures tested
per cell line for each experiment was ≥5 and each experiment was
repeated at least twice. Data are reported as mean ± standard
deviation (SD). For analysis, one-way ANOVA was performed
followed by Tukey post hoc in order to determine differences
between treatments. A p-value of less than 0.05 was considered
statistically significant. Statistical analyses were performed using
Minitab 16.2.2.

■ RESULTS

Anti-Inflammatory Activity of α-MG. α-MG was
previously reported to exert an anti-inflammatory effect on
murine RAW 264.7 macrophage-like cells.11,12 We initially

Table 1. Experimental Conditions for Assessing the Anti-Inflammatory Activity of α-Mangostin

α-MG pretreatment pro-inflammatory stimulus

cell type delivery vehicle IC50 (μM) μM h insult (ng/mL) h inflammatory marker

RAW 264.7 10% FBS 23 10 2 LPSa (5) 16 nitric oxide
THP-1 10% FBS 23 10 4 LPS (0.1) 4 IL-8
MDM 10% FBS >12 4.5 4 LPS (100) 10 TNF-α
HepG2 10% FBS 25 7 16 PMAb (50) 4 TNF-α
Caco-2 Tween 40 >80 15 4 IL-1β (5) 16 IL-8c

HT-29 Tween 40 180 10 1 LPS (100) 16 IL-8
aLipopolysaccharide (LPS) from Escherichia coli 0111:B4. bPhorbol 12-myristate 13-acetate. cMeasured in basolateral medium.
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monitored the effect of treatment with α-MG on LPS-induced
generation of nitric oxide (NO) in RAW 264.7 cultures for
comparison with its effect on the response of various cell lines
to pro-inflammatory insult. Exposure to LPS increased NO
production 36-fold above that in control cultures. Concen-
trations of 1, 3, and 10 μM α-MG inhibited LPS-induced
production of NO by 50, 61 and 78%, respectively, significantly
(p < 0.05) exceeding the extent of inhibition (30%) mediated
by 200 μM L-NAME, a widely used nonspecific inhibitor of
iNOS (data not shown).

The effect of α-MG on the secretion of inflammatory
mediators was dependent on human cell type and state of
cellular activation (Figure 3). Pretreatment with α-MG
significantly (p < 0.05) attenuated IL-8 secretion by activated
macrophage-like THP-1 (Figure 3A), enterocyte-like Caco-2
(Figure 3D) and colonic HT-29 (Figure 3E) cells, and TNF-α
secretion by PMA-activated HepG2 cells (Figure 3C). In
contrast, pretreatment of MDM cells with α-MG increased
LPS-stimulated secretion of TNF-α more than 50% (Figure
3B). When added to nonactivated cultures, α-MG also more
than doubled basal secretion of TNF-α by MDM cells (Figure

Figure 3. α-MG attenuates secretion of inflammatory mediators in activated human cell lines but exacerbates TNF-α secretion by LPS-treated
cultures of human monocyte-derived macrophages (MDM). THP-1 and MDM cells were differentiated to macrophage-like phenotype and Caco-2
cells differentiated to an enterocyte-like phenotype. Data are mean ± SD, for n ≥ 5. Different letters above bars in a panel indicate significant
differences at p < 0.05.
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3B) and IL-8 by HT-29 cells (Figure 3E), suggesting pro-
inflammatory activity. Concentrations of α-MG as low as 0.7
μM also significantly (p < 0.05) increased TNF-α secretion by
nonactivated MDM cells, although secretion of this cytokine
was similar (p > 0.05) in LPS-treated cultures in the absence
and presence of 0.7 μM α-MG (data not shown). Secretion of
TNF-α in nonactivated cultures of HepG2 (Figure 3C) and
secretion of IL-8 by nonactivated cultures of THP-1 (Figure
3A) and Caco-2 cells (Figure 3D) was not altered by the
presence of α-MG in medium.
Cell Uptake and Metabolism of α-MG in Nonactivated

Cultures. The reported anti-inflammatory activities of α-
mangostin have assumed that the compound added to cell
culture media or administered either by diet, gastric gavage, or

injection in preclinical models is responsible for the observed
effects. Although limited, recent data suggests that dietary
xanthones are poorly absorbed.22−24,37 There is increased
awareness that metabolites of “bioactive” dietary compounds
often are the modulators of observed biological effects.38−40

Thus, we tested whether the observed anti-inflammatory
activity of α-MG with the human cell lines was associated
with the extent of its metabolism and profile of metabolites.
Analysis of both media and cells indicated that α-MG was taken
up by all tested cell lines. Glucuronide/sulfate conjugates of α-
MG were identified in either both medium and cells or only in
cells as described below. Xanthones other than α-MG also were
present despite their absence in medium added to cultures or in
medium incubated for the same period of time in the absence

Figure 4. Metabolism of α-MG in control and activated cell cultures. Data (mean ± SD, n ≥ 5) represent the amounts of free xanthones and their
glucuronidated/sulfated metabolites in medium and cells as a percentage of the initial amount of α-MG added to each culture. Dark bars represents
free xanthones and open bars indicate glucuronidated/sulfated metabolites. M: medium, C: cells, AM: apical medium, BM: basolateral medium.
THP-1 and MDM cells were differentiated to macrophage-like cells and Caco-2 cells differentiated to an enterocyte-like phenotype. *Denotes
statistically significant difference in free:conjugated ratio in activated cultures when compared to control cultures (p < 0.05).
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of cells. These xanthones were detected in cultures of RAW
264.7, THP-1, HepG2, Caco-2, and HT-29 cells, but not in
MDM.
Analysis of combined medium and cells revealed that RAW

264.7 murine macrophage-like cultures, our reference cell line,
internalized and metabolized α-MG. Glucuronidated/sulfated
conjugates (61 ± 6%) were the primary metabolites, with free
α-MG accounting for 18 ± 3% of the initial concentration
present in cultures. In addition, relatively low amounts of
garcinone C and an unknown xanthone were detected.
Recovery of α-MG was 80 ± 6% after 24 h incubation.
Free xanthones (20 ± 4% of initial α-MG) and phase II

conjugates (14 ± 3%) were present in THP-1 cells, whereas
only free xanthones (40 ± 1%) were present in spent medium
(Figure 4A). Garcinone D and three unknown xanthones also
were detected in the cells (Table 3). Recovery of xanthones
after 24 h incubation was 75 ± 6% of the amount of α-MG
added to cultures. Only free xanthones also were detected in
spent medium from MDM and HepG2 cultures and accounted
for 57 ± 4% and 36 ± 2% of initial amounts of α-MG,
respectively. Both free and glucuronidated/sulfated conjugates
of α-MG were present in MDM cells (22 ± 5% and 20 ± 10%
of total, respectively) (Figure 4B) and HepG2 cells (27 ± 3%
and 29 ± 3% of total, respectively) (Figure 4C). Other
xanthones including 9-hydroxycalabaxanthone, a calabaxan-
thone-like compound, and several unknown xanthones also
were detected in spent medium and cells in HepG2 cultures
(Tables 2 and 3), but not in cultures of MDM cells. Recovery
of α-MG equivalents added to cultures of MDM and HepG2
was 99 ± 12% and 91 ± 4%, respectively.
Apical medium containing 12 μM α-MG was added to

cultures of differentiated Caco-2 cells on Transwell inserts and
incubated for 24 vh. Xanthones in apical medium, basolateral
medium, and cells accounted for 47 ± 3% (35 ± 1% free and 11
± 2% conjugates), 3 ± 0.3% (0.8 ± 0.1% free and 1.7 ± 0.3%
conjugated), and 16 ± 3% (6 ± 0.6% free and 10 ± 3%

conjugated) of the initial amount of α-mangostin, respectively.
In addition, garcinone C, 9-hydroxycalabaxanthone, and two
unknown xanthones were detected in Caco-2 cultures (Tables 2
and 3). Recovery of xanthones represented approximately 65%
of the amount of α-MG added to the cultures, suggesting the
presence of other unknown metabolites (Figure 4D).
HT-29 cells metabolized the majority of α-MG to phase II

conjugates that were present in both medium and cells,
accounting for 42 ± 3% and 5 ± 1%, respectively, of α-MG
added to the cultures. Garcinones C and D and an unknown
xanthone also were detected in spent medium (Table 2). Free
xanthones accounted for 7 ± 2% of initial amount of α-MG in
the medium, but only traces of these nonconjugated xanthones
were detected in cells (Figure 4E). Recovery of α-MG after
incubation in cultures of HT-29 cells was only 54 ± 4%.
The above data generally show that α-MG was transported

and metabolized to phase II compounds by all human cell types
and converted into other xanthones by the transformed human
cell lines but not by the primary cultures of MDM cells.

Uptake and Metabolism of α-MG in Response to
Inflammatory Insult. As α-MG was shown to attenuate
secretion of IL-8 and TNF-α by the activated cell lines, we next
examined whether the metabolism of this xanthone was altered
in a pro-inflammatory environment. Cultures were exposed to
cell-specific inflammatory stimuli before addition of α-MG to
media. After 24 h, media and cells were analyzed for xanthones
and their metabolites. The total amounts of xanthones in media
and cells were similar to that in nonactivated cultures (Figure
4). However, the inflammatory environment was associated
with an increased intracellular ratio of free to conjugated
xanthones in THP-1 (Figure 4A), HepG2 (Figure 4C), and
Caco-2 cells (Figure 4D), as well as in medium of HT-29
cultures (Figure 4E) and apical medium in Caco-2 cell cultures
(p < 0.05). In contrast, the amount of xanthones and the ratio
of conjugated to free xanthones transported into the basolateral
compartment by Caco-2 cells were increased by treatment with

Table 2. Profile of Xanthones in Media of Human Cell Cultures 24 h after Addition of α-MGa

xanthone THP-1 (pmol/dish) HepG2 (pmol/dish) Caco-2 (pmol/dish) HT-29

α-MG (0 h) 33710 ± 161 17834 ± 115 20741 ± 261 16517 ± 373
α-MG (24 h) 13215 ± 212 4688 ± 354 9366 ± 510 7512 ± 410

garcinone Cb ndc nd 339 ± 41 273 ± 80
garcinone D nd nd nd 461 ± 115
calabaxanthone derivatived nd 173 ± 17 nd nd
9-hydroxycalabaxanthone nd 44 ± 10 80 ± 7 nd
unknownse nd 1190 ± 127 407 ± 18 502 ± 170

aData are mean ± SD for n ≥ 5 cultures per cell type. bQuantity estimated by using a garcinone D calibration curve. cnd: not detected. dQuantity
estimated by using a 9-hydroxycalabaxanthone calibration curve. eQuantities estimated as α-MG equivalents.

Table 3. Intracellular Profile of Xanthones 24 h after Addition of α-MG to Control Cultures of Human Cell Typesa

xanthone THP-1 (pmol/dish) HepG2 (pmol/dish) Caco-2 (pmol/dish) HT-29

α-MG (0 h) 33710 ± 161 17834 ± 115 20741 ± 261 16517 ± 373
α-MG (24 h) 11439 ± 995 9344 ± 298 3000 ± 551 807 ± 178

garcinone D 66 ± 2 ndb nd nd
calabaxanthone derivativec nd 56 ± 10 nd nd
9-hydroxycalabaxanthone nd 44 ± 5 100 ± 17 nd
unknownsd 355 ± 57 732 ± 174 170 ± 12 nd

aData are mean ± SD for n ≥ 5 cultures per cell type. bnd: not detected. cQuantity estimated by using a 9-hydroxycalabaxanthone calibration curve.
dQuantity estimated as α-MG equivalents.
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IL-1β (p < 0.05) (Figure 4D). The ratio of free to conjugated
xanthones in RAW 264.7 cultures also was increased by LPS
treatment (data not shown). Treatment of MDM cells with
LPS did not significantly alter the relative amounts of free
xanthones and phase II metabolites of xanthones either in
medium or intracellularly (Figure 4B).

■ DISCUSSION
The goal of this study was to examine the in vitro anti-
inflammatory activity and metabolism of α-MG in cells of
human origin. Stability of α-MG was maintained by delivering
the xanthone into media containing FBS or by solubilizing the
xanthone in Tween 40 micelles for addition to serum-free
media. Noncytotoxic concentrations of α-MG attenuated
secretion of IL-8 and TNF-α by the various human cell lines.
Influx and metabolism of α-MG to phase II metabolites and/or
other xanthone products occurred with all cell lines. The extent
of metabolism and types of products depended on cell type. In
marked contrast with the results from the various cell lines, α-
MG stimulated TNF-α secretion in both control and activated
primary cultures of human MDM cells, and only glucuroni-
dated/sulfated metabolites were detected in these cells. The
results suggest that metabolic conversion of α-MG to other
xanthones may be necessary for anti-inflammatory activity. As
Caco-2 cells have been shown to take up and transport
metabolites of α-MG across the basolateral membrane21 and
metabolites of xanthones were present in sera soon after
ingesting mangosteen juice,23 it is expected that peripheral
tissues are exposed to both free and conjugated xanthones.
Epidemiological evidence suggests that a diet rich in fruit and

vegetables prevents or may delay onset of cardiovascular
disease, diabetes, and cancer.41−44 These effects have been
attributed, in part, to plant-derived polyphenolic compounds.45

Xanthones from mangosteen fruit, for instance, exhibit anti-
inflammatory11,12 and anticarcinogenic8,9,13 activities in vitro.
Consideration of the in vitro stability of phytochemicals when
assessing bioactivities is often neglected, despite the fact that
many polyphenolic compounds readily react with components
of cell culture media to generate H2O2, quinones, and
semiquinones capable of inducing alterations in cellular
activities.27,28 As part of our preliminary analysis, we found
that α-MG was unstable when introduced into different basal
media in the commonly used DMSO vehicle. Previous cellular
studies reporting the in vitro anti-inflammatory activity of α-
MG bioactivities used DMSO to deliver the xanthone to
medium.11,12 It is unclear if FBS was present, and the stability
of α-MG in these studies was not reported. The report that
addition of catalase to medium inhibited γ-mangostin-mediated
apoptosis in human malignant glioma cells supports the
likelihood that spontaneous degradation of xanthones in
medium can induce alterations in cellular activities.46 Thus,
our first goal was to stabilize α-MG in cell culture in order to
test its in vitro anti-inflammatory activity and cellular
metabolism. Previous investigators have used Tween 40 to
solubilize and stabilize β-carotene47 and fetal bovine serum for
delivery of lycopene48 to cultured cells. We found that
degradation of α-MG in media was prevented by incorporating
α-MG in Tween 40 micelles, in media containing FBS, and by
direct addition to FBS prior to its dilution in media (Figure 2).
As lipophilic compounds are incorporated into micelles during
digestion before being transported into enterocytes, Tween 40
micelles were used to deliver α-MG to enterocyte-like Caco-2
cells and colonic HT-29 cells. Because liver and immune cells

are exposed to plasma components in vivo, fetal bovine serum
was selected as the delivery vehicle for HepG2, THP-1, MDM,
and RAW 264.7 cells.
Previous studies examining the anti-inflammatory activity of

α-MG in human cells have been limited to primary adipocytes25

and macrophage-like U937 lymphoma cells,26 where α-MG
decreased LPS-induced expression of inflammatory genes. As
the focus of our study was the anti-inflammatory activity of α-
MG, we selected the human immune macrophage-like THP-1
cell line and primary monocyte derived macrophages (MDM)
from human peripheral blood for investigation. HepG2 cells
were included in our study because hepatic epithelial cells
synthesize and secrete greater amounts of cytokines and acute
phase proteins in response to pro-inflammatory signals, and our
lab has identified xanthones and their metabolites in hepatic
tissue of mice fed a diet containing 900 mg of α-MG/kg.18

Differentiated cultures of Caco-2 human intestinal cells possess
enterocyte-like characteristics, including a variety of host
defense activities such as antigen-processing and presentation
and secretion of a battery of cytokines and chemokines in
response to pro-inflammatory insult.49 Furthermore, we
recently reported that α-MG inhibits colon HT-29 tumor-
igenicity in vitro and in vivo.18 Thus, these two colonic cell
lines also were included in the study. Finally, because α-MG has
been reported to inhibit the LPS-induced synthesis of NO by
murine RAW 264.7 macrophage-like cells,11,12 the metabolism
of the xanthone by these cells was considered for comparison
with that by the human cells.
Our results showed that the impact of α-MG on the human

cell lines differed from that on the primary MDM. Treatment of
activated THP-1, Caco-2, and HT-29 cells with α-MG inhibited
IL-8 chemokine secretion by 30−40%. Similarly, α-MG
attenuated TNF-α secretion by 22% in PMA-activated cultures
of HepG2 cells. In contrast, α-MG enhanced TNF-α secretion
by both quiescent and activated primary cultures of MDM. This
stimulatory effect with quiescent cultures was observed even
when the concentration of the xanthone was less than 1 μM.
This lower concentration is more in line with those we found in
serum of healthy adults following ingestion of a mangosteen
juice product23 and in mice after oral administration of α-MG
in cottonseed oil.24 Possible explanations for different responses
of the cell lines and the primary MDM cells to α-MG may
include differences in phenotype, tissue origin, and metabolism
by transformed versus normal cells. Our experimental design is
limited by the selection of only two inflammatory markers, viz.,
secretion of IL-8 and TNF-α, to assess the activity of α-MG.
More detailed studies, and particularly in vivo studies, are
needed to further characterize the pro- and anti-inflammatory
effects of xanthones. In this regard, increased concentrations of
inflammatory cytokines IL-1α and IL-1β, as well as higher T
helper cell frequency and increased levels of complement C3
and C4, were found after healthy human subjects consumed 59
mL of a blended juice product containing mangosteen for 30
days.50 The possibility that the proposed health-promoting
effects of dietary xanthones are mediated by induction of an
adaptive stress or “hormetic” response in nontransformed cells
merits investigation,51,52 as does the possibility that xanthones
may be detrimental for some inflammatory disorders.
Although there is extensive literature demonstrating the

health-promoting properties of phytochemicals in vitro, many
of these compounds undergo extensive first-pass metabolism to
glucuronidated, sulfated, and methylated conjugates in vivo.
Although such metabolites are generally assumed to be
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inactive,53,54 recent evidence suggests that phase II metabolites
exert some of the activities attributed to their parent
compounds.33−35,55 We previously reported the presence of
glucuronidated/sulfated metabolites of α-MG as early as 1 h
after incubation of cells with the xanthone.21 We also observed
these metabolites in cultures of RAW 264.7 cells 8 h after
addition of α-MG (data not shown). These observations
suggest that metabolites and/or the parent compound α-MG
may affect early events in signaling pathways involved in
synthesis of pro-inflammatory mediators. The present results
agree with our recent reports that Caco-2 cells,21 mice,18,24 and
human subjects23 metabolize α-MG to phase II products. In
addition to phase II metabolites, other xanthones such as
garcinones C and D, 9-hydroxycalabaxanthone, a calabaxan-
thone derivative, and several unknown xanthone compounds
were detected in our analysis with the human cell lines. Many
of these identified metabolites of α-MG are also present in
mangosteen pericarp, suggesting that mixtures of xanthones
may have greater efficacy than individual compounds.
Furthermore, recovery of α-MG in cultures for several of the
human cell types was incomplete, suggesting the presence of
additional metabolites. It also is possible that we under-
estimated xanthone conjugates due to incomplete enzymatic
hydrolysis by the mollusc preparation due to the nature and
position of substitutions on the tricyclic aromatic compounds,
binding of conjugated xanthones to proteins, localization within
organelles, and the presence of natural inhibitors.56 More
robust analyses are required to further characterize xanthone
metabolism and the bioactivities of the various metabolites.
During an inflammatory insult, the ratio of free to conjugated

xanthones increased in THP-1, HepG2, and Caco-2 cells and in
the media of HT-29 and Caco-2 cell cultures. LPS has been
reported to increase intracellular and secreted β-glucuronidase
activity in RAW 267.4 cells, causing enhanced hydrolysis of
quercetin glucuronides.57 Similarly, increased serum β-glucur-
onidase activity in LPS-treated rats was associated with an
increase in deconjugation of luteolin glucuronide.58 Glucur-
onidase activity was increased in media of LPS-activated THP-1
and RAW 264.7 cells (data not shown). These observations
may explain the greater concentration of free xanthones in cells
and media when α-MG was added to activated cultures. Also,
transport of xanthones (mainly conjugates) across the Caco-2
monolayer was increased when cells were pretreated with IL-
1β, supporting the possibility that xanthones may be more
bioavailable during inflammatory episodes. The possible use of
xanthones as coadjuvants for the treatment of chronic
inflammatory conditions merits consideration.
The results for the present investigation show that α-MG

attenuates the secretion of pro-inflammatory mediators by
activated human cell lines of diverse tissue origin. However, this
xanthone stimulates the secretion of TNF-α by primary cultures
of quiescent and activated monocyte-derived human macro-
phages. We also show that α-MG was transported into cells,
where it undergoes phase II metabolism and other metabolic
processes in a manner that is dependent on cell type and
inflammatory status. We speculate that these metabolites may
be immunomodulatory either by stabilizing the parent
compound or by directly exerting anti- or pro-inflammatory
activity. Finally, we also show that inflammatory conditions may
alter cellular metabolism of α-MG and possibly increase its
bioavailability.
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