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Abstract: Beverages and supplements prepared from mangosteen fruit are claimed to
support gut health and immunity, despite the absence of supporting evidence from clinical
trials. We recently reported that a-mangostin (a-MG), the most abundant xanthone in
mangosteen fruit, altered the intestinal microbiome, promoted dysbiosis, and exacerbated
colitis in C57BL/6J mice. The objective of this study was to determine whether induction of
dysbiosis by dietary a-MG is limited to the C57BL/6J strain or represents a more generic
response to chronic intake of the xanthone on the gut microbiota of mice. C3H, Balb/c, Nude
FoxN1™, and C57BL/6J mice, each demonstrating unique microbiomes, were fed standard
diet or diet containing 0.1% o-MG for four weeks. Dietary a-MG significantly altered the
cecal and colonic microbiota in all four strains of mice, promoting a reduction in generally
assumed beneficial bacterial groups while increasing the abundance of pathogenic bacteria.
Consumption of a-MG was associated with reduced abundance of Firmicutes and increased
abundance of Proteobacteria. The abundance of Lachnospiraceae, Ruminococcaceae, and
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Lactobacillaceae was reduced in a-MG-fed mice, while that of Enterobacteriaceae and
Enterococcaceae was increased. Dietary a-MG also was associated with increased
proliferation of colonic epithelial cells, infiltration of immune cells, infiltration of immune
cells and increased fluid content in stool. These results suggest that ingestion of
pharmacologic doses of xanthones in mangosteen-containing supplements may adversely
alter the gut microbiota and should be used with caution.

Keywords: mangosteen; alpha-mangostin; inflammation; gut microbiota; inflammatory
bowel diseases; ulcerative colitis; colon

1. Introduction

The gastrointestinal (GI) tract is inhabited by a collection of bacteria, viruses, and single-cell
eukaryotes generically referred to as the gut microbiota. These microbes play an essential role in the
development of immunity both systemically and in the intestinal mucosa, as well as in the functional
and structural maturation of the Gl tract. In addition, the microbiota provides a protective barrier against
pathogens and has a critical role in the metabolism of dietary nutrients and xenobiotics [1]. An imbalance
between putative ‘protective’ versus ‘harmful’ intestinal bacteria, also known as dysbiosis, is often
associated with diseased states [2—6]. For instance, the microbiota of individuals with inflammatory
bowel diseases (IBD) shifts to a reduced abundance of Firmicutes and Bacteroidetes and increased
abundance of Proteobacteria [7—-9]. Altered bacterial profiles are also present in the gut of obese humans
and mice [2,4,10], as well as in individuals with colorectal tumors [5] and type 2 diabetes [6]. Whether
such alterations in the gut microbiota are the cause or the result of the disease processes remains to
be elucidated.

Dietary components affect the composition of the gut microbiota [11,12]. For example, switching
from a low fat/high fiber dietary pattern to a ‘Western’ diet rich in fat and added sugar alters the
composition of the microbiome [11]. Similarly, changes in the microbiota are reported for individuals
consuming an animal-based diet versus a plant-based diet [12]. Ingestion of poorly digested
carbohydrates, also known as prebiotics, has been associated with increased abundance of protective
bifidobacteria in humans [13]. Like prebiotics, many plant polyphenols have limited absorption in the
small intestine and are potential substrates for bacterial metabolism that may exert either adverse or
beneficial health effects, either locally or systemically if absorbed [14].

Dietary patterns rich in fruits and vegetables have been associated with a healthy gut. This effect has
been hypothesized to be due in part to polyphenols, which possess a multitude of biological effects, such
as modulation of oxidative stress and anti-inflammatory and anti-carcinogenic activities [15]. Although
many polyphenols are poorly absorbed, their concentrations in the lumen of the Gl tract can be several
hundred micromolar [16]. Because polyphenols also exert modulatory effects on the growth of bacteria,
fungi, and viruses [17,18], they may also have an impact on the composition of the gut microbiota.

The pericarp of mangosteen (Garcinia mangostana), a fruit native to Southeast Asia, has been used
in traditional medicine as an anti-inflammatory and wound-disinfecting agent for centuries [19].
Xanthones, the most abundant polyphenolic compounds present in mangosteen pericarp, have been
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associated with these and other proposed health-promoting properties [20]. This has provided the basis
for extensive marketing of mangosteen-containing supplements and beverages as beneficial for gut
health and immune function despite modest preclinical evidence and a lack of supporting evidence from
randomized trials in humans. The anti-inflammatory activity of mangosteen xanthones has been
addressed by various researchers [21]. Counter to our hypothesis, we found that dietary a-MG actually
exacerbated colonic inflammation and injury during chemically-induced colitis in mice [22]. Because of
the relatively poor bioavailability of xanthones in humans [23], the Gl tract is exposed to relatively high
concentrations these compounds [24]. This directed our attention to the relatively non-selective
inhibitory activities of xanthones against bacteria residing in the large intestine [20] to determine if orally
consumed a-MG might affect the gut microbial community. Indeed, dietary a-MG (0.1% a-MG for four
weeks) promoted dysbiosis in the colon and cecum of otherwise healthy C57BL/6 mice [22]. This
alteration was associated with loose stools, increased proliferation of colonic epithelial cells, and
increased infiltration of immune cells in the colonic lamina propria. These results suggested that
a-MG-induced dyshiosis may have contributed to the exacerbation of inflammation during experimental
colitis. Because host genotype is one of many factors affecting the host inflammatory response as well
as the composition of the gut microbiota, the primary objective of the present study was to determine
whether the induction of dysbiosis by dietary a-MG is impacted by mouse genetics or represents a more
general response to the xanthone. Female C3H, Balb/c, Nude FoxN1™, and C57BL/6J mice were fed
semi-purified diet containing 0.1% a-MG for 4 weeks. Tissue-associated bacteria in the cecum and
colon, as well as the histological profiles of the colon of these mice, were analyzed.

2. Materials and Methods
2.1. Mice

The gut microbiota of humans and mice are considered to share broad similarities [10,25]. Induction
of dysbiosis by dietary a-MG in female C57BL/6 mice was recently reported by our group [22]. Thus,
we have used 3 additional strains of mice to investigate the effect of a-MG on the gut microbiota.
10-week-old female C57BL/6 (Jackson Laboratories, Bar Harbor, ME), Balb/c (Jackson Laboratories),
and C3H (Charles River, Wilmington, MA, USA) mice, as well as 8-9 week old athymic FoxN1™
(Harlan, Indianapolis, IN, USA) were housed in the animal facilities at The Ohio State University (OSU)
under sterile conditions with controlled temperature at 23 °C and a 12-h light/dark cycle. Female mice
were used as in our previous study since their response to dextran sulfate sodium-induced inflammation
IS less severe than males [26]. Mice were acclimatized for 1 week before initiating the study and had
free access to water and standard AIN93G diet.

2.2. Ethics Statement

All procedures were approved under Protocol #2011A00000006 and followed the guidelines by the
Institutional Animal Care and Use Committee (IACUC) at The Ohio State University.
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2.3. Diet

a-MG was >98% pure as assessed by NMR spectroscopy and ESIMS [27,28]. Gamma-irradiated
AIN93G diet (control) and AIN93G diet containing 900 mg/kg a-MG and FDA approved dyes E102
and E133 for green color were prepared by Research Diets (New Brunswick, NJ, USA). This dose of
a-MG was selected in light of recent reports indicating its safety and efficacy in reducing tumor mass in
xenograft models of colon and prostate cancers [24,29]. For a mouse weighing 20 g and ingesting
2.5 g diet/day, this dose is equivalent to 112 mg/kg body weight. Thus, the equivalent dose
((112 mg/kg)/(3/37) = 9.12 mg/kg) for an adult weighing 60 kg equates to 547 mg/day [30].
This dose is achievable for individuals ingesting either 1-2 of pure o-MG dietary supplement,
approximately 7 capsules of a commercially available mangosteen dietary supplement containing 80 mg
a-MG/capsule [29], or 8 ounces (224 mL) of 100% mangosteen juice [23].

2.4. Experimental Groups and Tissue Collection

After the one-week acclimation to the animal facility, mice of each strain were randomly assigned to
be fed either the standard AIN93G diet (control group, n = 5) or the AIN93G diet containing a-MG
(a-MG group, n = 5). Mice had ad libitum access to tap water and their respective diets for 4 weeks.
Body weight (BW) was recorded throughout the experiment. Fresh stool was collected within a time
frame of 10 min of expulsion and placed in sealed microtubes to prevent evaporation. Fresh weight was
recorded soon after and stool was transferred to dishes and placed in an oven at 60 °C for 24 h to
determine water content. At necropsy, the colon and cecum were excised aseptically, opened and gently
rinsed in sterile cold PBS. The cecum and the distal sections of the colon were transferred to sterile tubes,
frozen in liquid nitrogen and stored at —80 °C until analysis of microbiota by pyrosequencing (Section
2.6.). In addition, the mid and proximal sections of the colon were collected and fixed in 10% neutral
buffered formalin for 24 h and processed for histologic evaluation and immunohistochemistry analysis.

2.5. Histology and Immunohistochemistry (IHC)

For IHC analysis, 5-um-thick, paraffin-embedded sections of the mid colon from 5 mice per group
were used. T cells and macrophages were identified using CD3 and F4/80, respectively, as markers. CD3
immunostain was performed using a rabbit anti-human polyclonal antibody diluted 1:200 (Dako
#A0452, Dako, Carpinteria, CA, USA). F4/80 detection was performed using a rat anti-mouse
monoclonal antibody diluted 1:100 (Serotec #MCA497G, Bio-Rad, Raleigh, NC, USA). Detection and
quantification were performed as previously described [22]. To evaluate epithelial cell proliferation,
tissue sections were immunostained for Ki67 using a commercially available rat anti-mouse monoclonal
antibody diluted 1:50 (clone TEC-3; #M7249; Dako, Carpinteria, CA, USA). Detection and quantification
followed protocols previously described [22].

2.6. Bacterial Analyses

Bacterial analyses were performed using bacterial tag-encoded FLX amplicon pyrosequencing
(bTEFAP) at the Research and Testing Laboratory (Lubbock, TX, USA). The 16S rRNA gene sequence
was amplified for pyrosequencing using a forward and reverse fusion primer. The forward primer was
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constructed with (5'-3") the Roche A linker (CCATCTCATCCCTGCGTGTCTCCGACTCAG), an
8-10 bp barcode, and the forward specific universal primer 28F (5'-GAGTTTGATCNTGGCTCAG-3').
The reverse fusion primer was constructed with (5-3') a biotin molecule, the Roche B linker
(CCTATCCCCTGTGTGCCTTGGCAGTCTCAG), and the reverse specific primer 519R (5'-GTNT
TACNGCGGCKGCTG-3'). Amplifications were performed in 25 pL reactions with Qiagen HotStar
Taq master mix (Qiagen Inc., Valencia, CA, USA), 1 uL of each 5 uM primer, and 1 uL of template.
Reactions were performed on ABI Veriti thermocyclers (Applied Biosytems, Carlsbad, CA, USA) using
the following thermal treatment: 95 °C for 5 min, 35 cycles of 94 °C for 30 s; 54 °C for 40 s; 72 °C for
1 min, followed by one cycle of 72 °C for 10 min and 4 °C hold. Amplification products were visualized
with eGels (Life Technologies, Grand Island, NY, USA). Products were then pooled equimolar and each
pool was cleaned with Diffinity RapidTip (Diffinity Genomics, West Henrietta, NY, USA), and size
selected using Agencourt AMPure XP (BeckmanCoulter, Indianapolis, IN, USA) following Roche 454
protocols (454 Life Sciences, Branford, CT, USA). Size selected pools were then quantified and 150 ng
of DNA were hybridized to Dynabeads M-270 (Life Technologies, Grand Island NY, USA) to create
single stranded DNA following Roche 454 protocols (454 Life Sciences, Grand Island, NY, USA).
Single stranded DNA was diluted and used in emPCR reactions, which were performed and subsequently
enriched. Sequencing was done following established manufacturer protocols (454 Life Sciences). Fasta
and qual files obtained from pyrosequencing were uploaded into Quantitative Insights Into Microbial
Ecology (QIIME) software version 1.7.0 [31]. Clustering of sequencing reads into operational taxonomic
units (OTUs) was achieved at 97% identity. OTU picking was performed in the QIIME pipeline using
the Uclust algorithm [32]. Taxonomic assignment was achieved using the Ribosomal Database Project
(RDP) classifier [33], employing the GreenGenes database [34]. The minimum and maximum sequence
lengths were 200 and 1000, respectively. The minimum qual score was 25. The maximum number of
ambiguous bases was 6 and no primer mismatch was allowed. 86.1% of sequences were retained after
quality trimming. Sequences PyNAST [35] aligned by QIIME were used the Shannon index [36] as a
measurement of a-diversity using cutoff depths of 1370 and 1452, 1700 and 1912, 1774 and 1646, and
1112 and 902 sequences for cecum and colon samples from Balb/c, C3H, C57BL/6, and Athymic
FoxN1™ strains, respectively. Unifrac analysis [37] followed by principal coordinate analysis (PCoA,
based on unweighted unifrac distance) were done to characterize the diversity in the bacterial populations
by using 1639 and 1574, 1893 and 2074, 1858 and 1769, and 1140 and 1113 sequences for cecum and
colon, from Balb/c, C3H, C57BL/6, and Athymic FoxN1"™ strains, respectively, and jackknifed data
(1229 and 1180, 1419 and 1555, 1393 and 1326, and 855 and 834 sequences for cecum and colon,
respectively) from Balb/c, C3H, C57BL/6, and Athymic FoxN1"™ strains.

2.7. Statistical Analysis

All data are expressed as mean + SD. For parametric data, statistical differences were determined
by one-way analysis of variances followed by Tukey’s test. Nonparametric data were analyzed by
Kruskal-Wallis test followed by selected mean comparisons with Bonferroni correction. Differences
were considered statistically significant at p < 0.05. Analyses were performed using SPSS v. 20 (IBM,
Armonk, NY, USA). For pyrosequencing data, statistically significant differences in unweighted Unifrac
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distance were investigated by Analysis of Similarities (ANOSIM), provided by R’s vegan package
version 2.0-3 [38,39] implemented into QIIME.

2.8. Availability of Supporting Data

The sequences supporting the results of this article are available in the NCBI Sequence Read Archive
under the study accession number SRP040305.

3. Results
3.1. Dietary a-MG Increases Fluid Content in Stool

Consumption of diet containing a-MG did not result in significant differences in either food intake or
body weight compared to ingestion of control diet for any of the four murine strains (Table 1). However,
consumption of a-MG resulted in a rapid and significant increase in the fluid content of stools for all
four strains (Figure 1). Fluid content of stool was 29%, 20%, 13%, and 8.5% greater in mice fed a-MG
at five days after initiating the dietary intervention in C57BL/6J, Balb/c, C3H and athymic FoxN1™
strains, respectively, compared to control mice. Although this difference in stool fluid content between
the dietary treatment groups tended to decline for the C57BL/6J and Balb/c mice as the weeks
progressed, fluid content of stool from Balb/c and C3H mice fed diet with a-MG for 26 days remained
significantly elevated compared to their respective controls fed the diet without a-MG. Athymic FoxN1™
also had significantly greater water content in stool when fed a-MG for 18 days, although there was no
difference between control and a-MG groups after 26 days.

Table 1. Body weight (g) and average food intake (g/mouse/day) of mice fed control diet or
diet with a-MG for 4 weeks.

Body Weight (g)/Experimental Day Food Intake
Strain Group 1 6 12 19 26 (g/Day)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

control 184 06 192 11 195 11 210 15 202 06 2.1 0.2

C57BL/6) a-MG 187 19 190 16 194 13 198 13 202 11 2.2 0.3
Balb/c control 199 11 206 10 205 11 204 10 218 14 2.3 0.4
a-MG 205 10 206 06 214 08 216 08 21.7 0.3 2.3 0.2

C3H control 252 12 250 14 253 08 262 11 268 17 2.7 0.2

a-MG 256 11 254 16 257 20 265 23 272 19 2.8 0.3

Athymic control 221 14 224 15 237 13 242 16 235 10 3.0 0.1
FoxN1™ o-MG 230 09 236 10 242 08 248 12 250 14 2.9 0.1

Data are means + standard deviation for n = 5 mice/group; p > 0.05 for body weight and food intake between
dietary groups within each strain.
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Figure 1. Dietary a-mangostin increases fluid content in stool. Water content in stool
excreted by (A) C57BL/6J; (B) Balb/c; (C) C3H; and (D) Athymic FoxN1™ mice during
feeding of control diet or diet with a-MG. Stool was collected on the indicated days after
initiating dietary intervention. * p < 0.05 against control group. Data represent the mean
(xSD) of values for 3-5 mice per group for each murine strain on indicated days of the study.

3.2. Colonic Epithelial Cell Proliferation and Immune Cell Infiltration are Stimulated by a-MG
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To assess epithelial cell proliferation, Ki67* cells were quantified in the mid colon of C3H, Balb/c,
and athymic FoxN1™, as well as in C57BL/6J mice to verify our previous observation with this
strain [22]. There was a significant increase in Ki67" cells in the mid colonic epithelium of all four strains
of mice fed diet with a-MG compared to control animals (Figure 2A). Infiltration of CD3* and F4/80"
cells, markers of T cells and macrophages, respectively, in the mid colon also was significantly increased
in all four strains of mice fed diet with a-MG compared to control diet (Figure 2B,C).
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Figure 2. Induction of colonic epithelium hyperproliferation and infiltration of immune cells
by dietary a-mangostin. Dietary a-mangostin induces a significant increase in Ki67* (A, D);
CD3" (B, E); and F4/80" (C, F) immunostaining in the mid colon of C57/BL6J, Balb/c, C3H
and Athymic FoxN1™ mice. * p < 0.05 against control group. Data are mean (xSD) for
5 mice per group for each strain fed either control diet or diet containing a-MG.

3.3. Dietary a-MG Induces Dysbiosis in Mice with Different Genetic Backgrounds

Because host genetics are known to impact immune function and the composition of the gut
microbiota [40], we sought to determine if diet with a-MG influenced the gut microbiota in a
strain-specific or strain-independent manner. The tissue-associated bacterial communities in the colon
and cecum of the four murine strains were determined after feeding either control diet or a diet with
a-MG for 4 weeks. Rather than using individual primers as for our previous report with the C57BL/6J
mice [22], a universal bacterial primer was used for the pyrosequencing analysis in the present study.
Thus, samples from our previous study using the C57BL/6J strain were re-analyzed to verify our
earlier observations.

3.3.1. C57BL/6J Strain

The phyla Firmicutes, Bacteroidetes, and Tenericutes comprised 97% and 88% of the identified
sequences in the cecal and colonic tissue of control C57BL/6J mice, respectively. The relative
abundances of Firmicutes and Tenericutes were significantly reduced when C57BL/6J mice were fed
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diet with a-MG (p < 0.01). This change was associated with a significant increase in the relative
abundance of Proteobacteria in the cecum and colon of these mice (p < 0.01), accounting for 86%
and 82% of all sequences, respectively (Figure 3A). At the family level, dietary a-MG elicited a
significant reduction in the relative abundance of Erysipelotrichaceae, Lactobacillaceae, Rikenellaceae,
Rumminococcaceae and Lachnospiraceae (p < 0.01), while inducing a significant increase in the
abundance of Enterobacteriaceae and Enterococcaceae in both cecum and colon (p < 0.01) (Figure 3B).
At the genus level, Allobaculum, Lactobacillus, Alistipes and an unclassified genus within Lachnospiraceae
were reduced in mice fed a-MG, while increases in Enterobacter and Enterococcus were observed.

The within-sample diversity was calculated using the Shannon index. Dietary a-MG elicited a
significant reduction in bacterial diversity in the cecum and colon of C57BL/6J mice (p < 0.01)
(Figure 3C,D). PCoA results indicated significantly different bacterial communities in the colon and
cecum of these mice, as samples in the a-MG group clustered together and away from the control
samples (Figure 3E,F). Accordingly, there were significant differences in the B-diversity between dietary
groups (p < 0.01).

3.3.2. Balb/c Strain

Firmicutes and Bacteroidetes accounted for 84% and 14%, respectively, of all sequences in the cecum
of control Balb/c mice. These proportions were significantly altered by dietary a-MG with Fimicutes
and Bacteroidetes accounting for 59% and 31% of the community, respectively (p < 0.01), and the
presence of significantly increased abundance of Tenericutes (p < 0.05). In the colon, Firmicutes
significantly decreased in a-MG-fed animals (p < 0.01), and the relative abundance of Bacteroidetes
remained unchanged. Greater relative abundance of Tenericutes and unclassified sequences at the
phylum level also was observed in colon of mice fed a-MG, although these changes failed to achieve
statistical significance (Figure 4A). The abundance of the Firmicutes family members Lachnospiraceae
and Ruminococcaceae in the cecum was significantly reduced (p < 0.01). In addition to these changes,
Lactobacillaceae was significantly decreased (p < 0.01) in the colon of Balb/c mice fed a diet containing
a-MG. There also was a significantly greater abundance of an unclassified family within Bacteroidetes
in the cecum of Balb/c mice fed a-MG (p < 0.01). The relative abundance of Enterococcaceae was
greatly increased in both cecum and colon of mice fed diet with a-MG (p < 0.01) (Figure 4B). At the
genus level, Lactobacillus and an unclassified genus within Lachnospiraceae were reduced in mice fed
a-MG, whereas the relative abundance of Enterococcus was increased.

There was a significant reduction in the within-sample bacterial diversity in the cecum of Balb/c mice
in the a-MG group (p < 0.01) (Figure 4C). Reduced o-diversity was also observed in the colon
(p = 0.05) (Figure 4D). The bacterial communities in the colon and cecum of Balb/c mice analyzed by
PCoA revealed marked separation of samples according to the dietary treatment group (Figure 4E,F).
Significant differences in the B-diversity between dietary groups also were observed (p < 0.01).
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Figure 3. Induction of dysbiosis in C57BL/6J mice fed a diet containing a-MG. Dietary
a-mangostin (a-MG) changes the relative abundance of bacterial communities in the cecum
and colon of C57BL/6J mice at the (A) phylum and (B) family levels. Mice fed a-MG had
significantly lower a-diversity in (C) cecum and (D) colon compared to mice fed control
diet. Panels E and F show principal coordinate analysis (PCoA) for cecum and colon,
respectively. Samples in the a-MG group (red) cluster together and away from those in
control group (blue). Data are for tissues from 5 mice/group.
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Figure 4. Dietary a-MG alters gut microbiota in Balb/c mice. Dictary a-mangostin (a-MG)
changes the relative abundance of bacterial communities in the cecum and colon of Balb/c
mice at the (A) phylum and (B) family levels. Significantly lower a-diversity in (C) cecum
and (D) colon of mice fed a-MG. Panels E and F show principal coordinate analysis (PCoA)
for cecum and colon, respectively. Samples in the a-MG group (red) are well separated from
those in control group (blue). Data are for tissues from 5 mice/group.

3.3.3. C3H Strain

Firmicutes and Bacteroidetes accounted for 55% and 26% of all sequences in the cecum of C3H
control mice. The relative abundance of Firmicutes was significantly reduced by dietary a-MG to 15%
(p < 0.05), whereas that of Bacteroidetes was not altered. There also was a significant increase in the
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abundances of Verrucomicrobia and Proteobacteria (p < 0.01). While Firmicutes was significantly
decreased in the colon of C3H mice in the a-MG group (p < 0.01), the relative abundances of
Verrucomicrobia, Bacteroidetes, and Proteobacteria significantly increased (p < 0.05) (Figure 5A).
Significantly reduced cecal abundance of Lachnospiraceae, Deferribacteraceae, Ruminococcaceae,
Lactobacillaceae, and an unclassified family within Bacteroides were observed in mice fed diet with
a-MG (p <0.01). In addition, Lactobacillaceae significantly decreased in the colon in response to dietary
a-MG (p < 0.05) and the abundance of Bacteroidaceae, Enterobacteriaceae, and Verrucomicrobiaceae
increased in both cecum and colon of C3H mice fed o-MG (p < 0.05). The abundance of
Lactobacillaceae, Ruminococcaceae, and an unclassified family within Bacteroidetes in the colon of
C3H mice fed a-MG also was decreased (Figure 5B). At the genus level, Lactobacillus, Mucispirillum,
and an unclassified genus within Lachnospiraceae were reduced in mice fed a-MG, whereas there were
increases in the abundance of Bacteroides, Enterobacter, and Akkermansia.

C3H mice fed a-MG had a significant reduction in the within-sample bacterial diversity in the cecum
(p < 0.01), but not in the colon (Figure 5C,D). Results from the PCoA revealed significantly different
bacterial communities in the colon and cecum of C3H mice fed diet with a-MG compared to those fed
the control diet (Figure 5E,F). Significant differences in the B-diversity between dietary groups also were
observed (p < 0.01).

3.3.4. Athymic FoxN1"™ Strain

Firmicutes accounted for 99% and 61% of all sequences in the cecum and colon, respectively, of
athymic FoxN1™ mice fed the standard AIN-93G diet. The relative abundance of Firmicutes in the
cecum and colon of mice fed diet with a-MG was reduced to 62% and 19%, respectively (p < 0.01).
These changes were associated with an increase in Proteobacteria in cecum and colon (p < 0.01)
(Figure 6A). At the family level, Lachnospiracea and Turicibacteriacea were reduced in cecum and
colon of mice fed a-MG (p < 0.01). Significant increases in the abundance of Enterobacteriaceae in the
cecum and colon was also observed in this group (p < 0.01) (Figure 6B). The relative abundance of two
genera, Enterobacter and Anaerotruncus, significantly increased in the colon and cecum of mice fed the
diet containing a-MG.

The a-diversity (as measured by the Shannon index) was significantly reduced in the cecum and colon
of mice fed a-MG (p < 0.01) (Figure 6C,D). These tissues also had significantly different microbial
communities when compared to those from control animals, as seen from the PCoA analysis
(Figure 6E,F). The B-diversity also was significantly different between dietary groups in both cecum and
colon (p < 0.01).
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Figure 5. Dysbiosis is induced in colon and cecum of C3H mice fed diet with a-MG. Dietary
a-mangostin (a-MG) changes the relative abundance of bacterial communities in the cecum
and colon of C3H mice at the (A) phylum and (B) family levels. Mice fed a-MG had
significantly lower a-diversity in (C) cecum but not in (D) colon. Panels E and F show
principal coordinate analysis (PCoA) for cecum and colon, respectively. Samples in the
a-MG group (red) cluster together and away from those in control group (blue). Data are for
tissues from 5 mice/group.

776



Nutrients 2015, 7

A Phylum
100% [ ] B Firmicutes
|| ] Proteobacteria
2 80% [ Tenericutes
£ [ Other
j
S 60% A
2
L4
§ 40% -
5
7]
14
20% -
Control «-MG  Control «-MG
Cecum Colon
Cecum
Cc
6 -
5 -
3 4-
<]
£
c 34
o
£
5 24
s e control
14 ® qa-mangostin
D T T T T T T
200 400 600 800 1000 1200
sequences per sample
E
Cecum
0.2
e o u-MG control
01
— 0.0 %
2
®
~
g -o1f °
o
[&]
o g2}
.
0.3
.
0.4 1 1 L 1 1 1 1 L

.-0.5 -04-03-02-0100 01 02 03 04 05
PCA1 (37.72%)

Figure 6. Altered composition in the microbiota of athymic FoxN1™ mice fed diet
containing a-MG. Dietary a-mangostin (a-MG) changes the relative abundance of bacterial
communities in the cecum and colon of athymic FoxN1™ mice at the (A) phylum and
(B) family levels. Mice fed a-MG had significantly lower a-diversity) in (C) cecum and (D)
colon compared to mice fed control diet. Panels E and F show principal coordinate
analysis (PCoA) for cecum and colon, respectively. Samples in the a-MG group (red)
cluster together and away from those in control group (blue). Data are for tissues collected

from 5 mice/group.

Family
100% 1 [ Other
[ Enterococcaceae
80% Il streptococcaceae
[ Turicibacteraceae
[ Clostridia-unclassified
60% [ Clostridiaceae
Il Lachnospiraceae
[ Peptococcaceae
40% - Il Ruminococcaceae
Il Enterobacteriaceae
20% I Erysipelotrichaceae
Control «-MG Control u-MG
Cecum Colon
Colon

1 ) e control
® og-mangostin
0 T T T T 1
200 400 600 800 1000
sequences per sample
Colon
0.3
control
02F o
a-MG
01 F o
— . -
= 00
(=2
~
- -
= 0.1 . .
)
© -02F
03
0.4 F *
_05 L 1 L 1 1 L 1 1

.-0.5 04 -03-02-01 00 01 02 03 04 05
PC1 (45.23%)

T



Nutrients 2015, 7 778

4. Discussion

Mangosteen is a fruit native to Southeast Asia where hot water extracts of pericarp have been used in
traditional medicine to treat infected wounds, diarrhea and chronic ulcers [19]. In vitro and animal studies
demonstrate that a-MG has anti-inflammatory [41-43], anti-cancer [44], and anti-microbial [20,45]
activities. Supplements containing mangosteen are advertised by the nutraceutical industry as beneficial
for gut heath and immunity, among other claimed health promoting properties. However, a recent study
by our group indicated that dietary o-MG, the most abundant xanthone in mangosteen pericarp,
exacerbated colonic injury and inflammation in colitic C57BL/6J mice, and increased fluid content
of stools, infiltration of immune cells and the hyperproliferation of epithelial cells in the colon of
non-colitic animals. The dietary xanthone also induced dysbiosis in the cecum and colon of otherwise
healthy C57BL/6J mice [22].

The objective of the present study was to determine if the changes in the microbiota and colonic
epithelium associated with ingestion of a-MG were specific to the C57BL/6J mouse strain or represented
amore generic response to the xanthone among mice with diverse genetic backgrounds, each with unique
microbiome composition. Host genetics affect both the response to chemical induction of colitis [46]
and the composition of the gut microbiota [40]. The results of this study clearly show that feeding a diet
containing 0.1% a-MG for 4 weeks to otherwise healthy C57BL/6J, C3H, Balb/c, and athymic FoxN1"™
strains of mice induced an increase in fluid content in stools in the absence of alterations in food intake
or body weight. Moreover, chronic consumption of the diet with a-MG induced dysbiosis in the colon
and cecum of these murine strains. These changes in the tissue-associated microbiota induced by a-MG
resemble those reported in individuals with IBD [7,47,48]. Greater colonic epithelial cell proliferation
and infiltration of T lymphocytes and macrophages were also observed in the colon of a-MG-fed mice.
Our findings suggest that ingestion of mangosteen products may have unintended effects on health status,
especially on individuals predisposed to or afflicted with inflammatory bowel disorders.

Inflammation is a component of many chronic diseases processes including cancer and cardiovascular
disease [49]. Dietary polyphenols have been reported to suppress ef pathology associated with excessive
inflammation [50]. Various investigators have reported that a-MG also exerts anti-inflammatory
activities in cellular and animal models [21]. Less attention has been given to the potential impact of
these plant secondary metabolites such as a-MG and other xanthones on the microbiome [17]. As for
other polyphenols, the majority of the studies addressing the anti-microbial activity of a-MG have used
a single microorganism as the target rather than complex microbial communities such as those that exist
in the large intestine. We are aware of a single report demonstrating the ability of a-MG to inhibit the
growth of commensal bacteria [45], supporting the possibility that dietary a-MG can alter the complex
microbial communities in the cecum and colon. Our results clearly demonstrate that chronic ingestion
of a-MG induced marked alterations in the colonic and cecal microbiota of all four murine strains
selected for the present investigation. The extent and type of these disruptions differed among strains
but shared several common features. For instance, a-MG decreased the relative abundance of the phylum
Firmicutes and its families Lachnospiraceae, Ruminococcaceae, and Lactobacillaceae. Also, the relative
abundance of Proteobacteria and its Enterobacteriaceae family and the Firmicutes family Enterococcaceae
increased in response to dietary a-MG.
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Firmicutes is the most abundant (64%) bacterial phylum in the human gut, while members from
the Proteobacteria phylum are found in relatively lower abundance (8%) within the human gut
microbiota [7]. This suggests that the alterations induced by a-MG may have important health
implications. Reduced abundance of Firmicutes and increased abundance of Proteobacteria have been
observed in individuals with IBD [47,48]. Reduced abundance of the Firmicutes family members
Rumminococcaea and Lachnospiraceae is likely to affect the production of short chain fatty acids which
are known to have anti-inflammatory activities and serve as fuel for colonic epithelial cells [51,52].
Similar to our results, the polyphenols quercetin and naringenin have been shown to inhibit the growth
of Lactobacillus species in a dose dependent manner [53]. This bacterial group is predominant in the gut
and it is linked to beneficial effects in the colon, such as the inhibition of growth of pathogenic bacterial
species and the production of organic acids such as acetate and lactate that are utilized as fuel by colonic
epithelial cells [54].

The increase in Proteobacteria in the colon and cecum of mice fed a-MG was primarily associated
with an increase in Enterobacteriaceae. A similar increase in Proteobacteria has been reported in mice
fed a diet containing polyphenols from black tea and red wine grapes, although such change was largely
due to greater abundance of Klebsiella sp., a commensal opportunistic pathogen [55]. The mechanisms
by which polyphenols influence the composition of non-pathogenic microbial communities in the gut
remain unknown. C3H mice fed a diet containing a-MG also had increased abundance of VVerrucomicrobia.
Interestingly, this phylum is increased in the human gut after exposure to broad-spectrum antibiotics [56].
Dietary a-MG also increased the abundance of genera such as Alistipes and Akkermansia. Black tea and
a red wine grape extract promoted the growth of Akkermansia, and the red wine grape extract also
stimulated an increase in Alistipes [55]. Akkermansia participates in the degradation of mucin [57], and
like Alistipes, metabolize polyphenols [55,58].

Because the absorption of most polyphenols is inefficient, these compounds transit into the colon in
significant quantities [16] where they can exert effects on and be metabolized by the gut microbiota. The
absorption of xanthones in humans is relatively poor [23] and their concentrations in plasma are much
lower than those found in the gastrointestinal tract [24]. It is possible that xanthones and/or their
metabolites modulate crosstalk among the colonic epithelium, the gut microbiota and the gut immune
system. Because balanced interactions among epithelium, microbiota, and immune system are crucial
for maintaining health, disruption of the balance (dysbiosis) may predispose to a diseased state. More
research is needed on the role of dietary bioactive compounds and/or their metabolites in modulating the
gut microbiome. Whether a-MG is metabolized by gut microbes remains unknown, but the increased
abundance of some groups of bacteria in response to the ingestion of the xanthone suggests that these
groups may preferentially be able to catabolize the xanthone or its products to support their growth.
Elucidation of primary targets for the anti-bacterial activity of a-MG in the complex cecal and colonic
environments also requires investigation, as does the reversibility of the changes in the microbiota
following cessation of ingestion of a-MG. It is possible that the increased infiltration of pro-inflammatory
immune cells in the colon may be a response of the host to the microbial changes. The gut microbiota,
however, can also be altered in response to host mediated inflammation [9]. The sequence of changes
induced by a-MG requires further investigation to determine if dysbiosis is a direct effect of the xanthone
or the result of a pro-inflammatory immune response of the host to a-MG that in turn mediates changes
in the microbiota.
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The present study was limited to examining the effect of a single dose (0.1% wt/wt) of a-MG.
This dietary dose was selected for investigation because it was shown to decrease tumor growth in
xenograft models of colon and prostate cancer [24,29], although it exacerbated murine colitis in our
recent study [22]. This dose is achievable for individuals ingesting one to two capsules of pure a-MG
dietary supplement, approximately seven capsules of a commercially available mangosteen dietary
supplement containing 80 mg oa-MG/capsule [29], or eight ounces (224 mL) of 100% mangosteen
juice [23]. Studies are now needed to determine if the effects of dietary a-MG on the gut microbiota are
dose dependent in mice and whether mangosteen-containing beverages and supplements also alter the
microbiota and disease processes in humans.

5. Conclusions

Our results suggest that ingestion of a-MG may adversely impact the gut microbiota. These alterations
resemble some of the changes present in the microbiota of individuals with IBD. The level of a-MG
tested in our study can be achieved by ingesting available mangosteen-containing beverages and
supplements. Thus, we suggest that consumption of pharmacological doses of xanthones in
mangosteen-containing supplements may have a negative impact on the gut microbiota and their use
should be considered with caution pending further information.

Acknowledgments

The authors thank Sunit Suksamrarn for providing a-MG used in this study and Hannah Bills for her
assistance with daily care of mice, necropsy, and laboratory analyses. Chureeporn Chitchumroonchokchai
and Paulo Berni also provided assistance during necropsy.

This study was supported by grants from the Molecular Carcinogenesis and Chemoprevention
Program and the Food Innovation Center at The Ohio State University (Gregory B. Lesinski,
Steven K. Clinton, and Mark L. Failla), the Ohio Agriculture Research and Development Center
(Fabiola Gutierrez-Orozco and Mark L. Failla) and the Conacyt Doctoral Scholarship of Mexico and
OSU College of Education and Human Ecology Dissertation Fellowship (Fabiola Gutierrez-Orozco).

Author Contributions

Mark L. Failla and Fabiola Gutierrez-Orozco conceived and designed the studies;
Fabiola Gutierrez-Orozco and Jennifer M. Thomas-Ahner acquired the data. Fabiola Gutierrez-Orozco,
Jennifer M. Thomas-Ahner, Jeffrey D. Galley, Michael T. Bailey analyzed and interpreted the data with
assistance from Gregory B. Lesinski, Steven K. Clinton, and Mark L. Failla. Gregory B. Lesinski,
Steven K. Clinton, and Mark L. Failla procured funding. Fabiola Gutierrez-Orozco and Mark L. Failla
prepared the manuscript. All coauthors revised the manuscript for important intellectual content and
approved the final version.

Conflicts of Interest

The authors declare no conflict of interest.



Nutrients 2015, 7 781

References

1.

10.

11.

12.

13.

14.

Sekirov, I.; Russell, S.L.; Antunes, L.C.; Finlay, B.B. Gut microbiota in health and disease. Physiol.
Rev. 2010, 90, 859-904.

Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes
associated with obesity. Nature 2006, 444, 1022-1023.

Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An
obesity-associated gut microbiome with increased capacity for energy harvest. Nature 2006, 444,
1027-1031.

Castellarin, M.; Warren, R.L.; Freeman, J.D.; Dreolini, L.; Krzywinski, M.; Strauss, J.; Barnes, R.;
Watson, R.; Allen-Vercoe, E.; Moore, R.A.; et al. Fusobacterium nucleatum infection is prevalent
in human colorectal carcinoma. Genome Res. 2012, 22, 299-306.

Kostic, A.D.; Gevers, D.; Pedamallu, C.S.; Michaud, M.; Duke, F.; Earl, A.M.; Ojesina, A.l,;
Jung, J.; Bass, A.J.; Tabernero, J.; et al. Genomic analysis identifies association of Fusobacterium
with colorectal carcinoma. Genome Res. 2012, 22, 292—-298.

Larsen, N.; Vogensen, F.K.; van den Berg, F.W.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.;
Al-Soud, W.A.; Sorensen, S.J.; Hansen, L.H.; Jakobsen, M. Gut microbiota in human adults with
type 2 diabetes differs from non-diabetic adults. PLoS One 2010, 5, 9085, doi:10.1371/journal.
pone.0009085

Frank, D.; St Amand, A.; Feldman, R.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic
characterization of microbial community imbalances in human inflammatory bowel diseases. PNAS
2007, 104, 13780-13785.

Ott, S.; Musfeldt, M.; Wenderoth, D.; Hampe, J.; Brant, O.; Folsch, U.R.; Timmis, K.N.;
Schreiber, S. Reduction in diversity of the colonic mucosa associated bacterial microflora in patients
with active inflammatory bowel disease. Gut 2004, 53, 685-693.

Lupp, C.; Robertson, M.; Wickham, M.; Sekirov, I.; Champion, O.; Gaynor, E.C.; Finlay, B.B.
Host-mediated inflammation disrupts the intestinal microbiota and promotes the overgrowth of
Enterobacteriaceae. Cell Host Microbe 2007, 2, 119-129.

Ley, R.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.1. Obesity alters gut
microbial ecology. PNAS 2005, 102, 11070-11075.

Turnbaugh, P.J.; Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Knight, R.; Gordon, J.I. The effect of diet on
the human gut microbiome: A metagenomic analysis in humanized gnotobiotic mice. Sci. Transl.
Med. 20009, 1, doi:10.1126/scitransImed.3000322.

David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E,;
Ling, A.V.; Devlin, S.; Varma, Y.; Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the
human gut microbiome. Nature 2014, 505, 559-563.

Ramirez-Farias, C.; Slezak, K.; Fuller, Z.; Duncan, A.; Holtrop, G.; Louis, P. Effect of inulin on the
human gut microbiota: Stimulation of Bifidobacterium adolescentis and Faecalibacterium prausnitzii.
Br. J. Nutr. 2009, 101, 541-550.

Blaut, M.; Clavel, T. Metabolic diversity of the intestinal microbiota: Implications for health and
disease. J. Nutr. 2007, 137, 751-755.



Nutrients 2015, 7 782

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary
(poly) phenolics in human health: Structures, bioavailability, and evidence of protective effects
against chronic diseases. Antioxid. Redox Signal. 2013, 18, 1818-1892.

Scalbert, A.; Williamson, G. Dietary intake and bioavailability of polyphenols. J. Nutr. 2000, 130,
2073-2085.

Daglia, M. Polyphenols as antimicrobial agents. Curr. Opin. Biotechnol. 2012, 23, 174-181.
Taguri, T.; Tanaka, T.; Kouno, I. Antibacterial spectrum of plant polyphenols and extracts
depending upon hydroxyphenyl structure. Biol. Pharm. Bull. 2006, 29, 2226-2235.
Yapwattanaphun, C.; Subhadrabandhu, S.; Sugiura, A.; Yonemori, K.; Utsunomiya, N. Utilization
of some Garcinia species in Thailand. Acta Hort. (ISHS) 2002, 575, 563-570.

Pedraza-Chaverri, J.; Cardenas-Rodriguez, N.; Orozco-lbarra, M.; Pérez-Rojas, J.M. Medicinal
properties of mangosteen (Garcinia mangostana). Food Chem. Toxicol. 2008, 46, 3227-32309.
Gutierrez-Orozco, F.; Failla, M.L. Biological activities and bioavailability of mangosteen
xanthones: A critical review of the current evidence. Nutrients 2013, 5, 3163-3183.
Gutierrez-Orozco, F.; Thomas-Ahner, J.M.; Berman-Booty, L.D.; Chitchumroonchokchai, C.;
Mace, T.; Suksamrarn, S.; Bailey, M.T.; Clinton, S.K.; Lesinski, G.B.; et al. Dietary a-mangostin,
a xanthone from mangosteen fruit, exacerbates experimental colitis and promotes dysbiosis in mice.
Mol. Nutr. Food Res. 2014, 58, 1226-1238.

Chitchumroonchokchai, C.; Riedl, K.M.; Suksumrarn, S.; Clinton, S.K.; Kinghorn, A.D.;
Failla, M.L. Xanthones in mangosteen juice are absorbed and partially conjugated by healthy adults.
J. Nutr. 2012, 142, 675-680.

Chitchumroonchokchai, C.; Thomas-Ahner, J.M.; Li, J.; Riedl, K.M.; Nontakham, J.; Suksumrarn, S.;
Clinton, S.K.; Kinghorn, A.D.; Failla, M.L. Anti-tumorigenicity of dietary a-mangostin in an
HT-29 colon cell xenograft model and the tissue distribution of xanthones and their phase Il
metabolites. Mol. Nutr. Food Res. 2013, 57, 203-211.

Eckburg, P.B.; Bik, E.; Bernstein, C.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R,;
Nelson, K.E.; Relman, D.A. Diversity of the human intestinal microbial flora. Science 2005, 308,
1635-1638.

Ding, S.; Walton, K.; Blue, R.; MacNaughton, K.; Magnes, S.T.; Lund, P.K. Mucosal healing and
fibrosis after acute or chronic inflammation in wild type FVB-N mice and C57BL6 procollagen
al(I)-promoter-GFP reporter mice. PLoS One 2012, 7, e42568, doi:10.1371/journal.pone.0042568.
Walker, E.B. HPLC analysis of selected xanthones in mangosteen fruit. J. Sep. Sci. 2007, 30,
1229-1234.

Chaivisuthangkura, A.; Malaikaew, Y.; Chaovanalikit, A.; Jaratrungtawee, A.; Panseeta, P.;
Ratananukul, P.; Suksamrarn, S. Prenylated xanthone composition of Garcinia mangostana
(mangosteen) fruit hull. Chromatographia 2009, 69, 315-318.

Johnson, J.; Petiwala, S.; Syed, D.; Rasmussen, J.; Adhami, V.; Siddiqui, 1.A.; Kohl, A.M.;
Mukhtar, H. a-Mangostin, a xanthone from mangosteen fruit, promotes cell cycle arrest in prostate
cancer and decreases xenograft tumor growth. Carcinogenesis 2012, 33, 413-419.

Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited.
FASEB J. 2008, 22, 659-661.



Nutrients 2015, 7 783

31.

32.

33.

34.

35.

36.
37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

47.

Caporaso, J.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K;
Fierer, N.; Gonzalez Pefia, A.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of
high-throughput community sequencing data. Nat. Methods 2010, 7, 335-336.

Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010,
26, 2460-2461.

Wang, Q.; Garrity, G.; Tiedje, J.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261-5267.
McDonald, D.; Price, M.; Goodrich, J.; Nawrocki, E.P.; DeSantis, T.Z.; Probst, A.; Andersen, G.L.;
Knight, R.; Hugeholtz, P. An improved Greengenes taxonomy with explicit ranks for ecological
and evolutionary analyses of bacteria and archaea. ISME J. 2012, 6, 610-618.

Caporaso, J.; Bittinger, K.; Bushman, F.; DeSantis, T.Z.; Andersen, G.L.; Knight, R. PyNAST: A
flexible tool for aligning sequences to a template alignment. Bioinformatics 2010, 26, 266—267.
Shannon, C.E. The mathematical theory of communication. MD Comput. 1997, 14, 306-317.
Lozupone, C.; Knight, R. UniFrac: A new phylogenetic method for comparing microbial
communities. Appl. Environ. Microbiol. 2005, 71, 8228-8235.

Oksanen, J.; Guillaume Blanchet, F.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’Hara, R.B.;
Simpson, G.L.; Solymos, P.; Stevens, H.H.; Wagner, H. Vegan: Community Ecology Package.
Available online: http://www.cran.r-project.org/package=vegan (accessed on 12 February 2014).
The R Core Team. R: A language and Environment for Statistical Computing. Available online:
http://lwww.web.mit.edu/r_v3.0.1/fullrefman.pdf (accessed on 16 January 2014).

Campbell, J.; Foster, C.; Vishnivetskaya, T.; Campbell, A.G.; Yang, Z.K.; Wymore, A
Palumbo, A.V.; Chesler, E.J.; Podar, M. Host genetic and environmental effects on mouse intestinal
microbiota. ISME J. 2012, 6, 2033-2044.

Chen, L.G.; Yang, L.L.; Wang, C.C. Anti-inflammatory activity of mangostins from Garcinia
mangostana. Food Chem. Toxicol. 2008, 46, 688-693.

Jang, H.Y.; Kwon, O.K.; Oh, S.R.; Lee, H.K.; Chin, Y.W. Mangosteen xanthones mitigate
ovalbumin-induced airway inflammation in a mouse model of asthma. Food Chem. Toxicol. 2012,
50, 4042-4050.

Tewtrakul, S.; Wattanapiromsakul, C.; Mahabusarakam, W. Effects of compounds from Garcinia
mangostana on inflammatory mediators in RAW264.7 macrophage cells. J. Ethnopharmacol. 2009,
121, 379-382.

Shan, T.; Ma, Q.; Guo, K.; Liu, J.; Wang, F.; Wu, E. Xanthones from mangosteen extracts as natural
chemopreventive agents: Potential anticancer drugs. Curr. Mol. Med. 2011, 11, 666-677.
Sindermsuk, J.; Deekijsermphong, S. The antibacterial activities of crude extract from the fruit hull
of Garcinia mangostana on enteric pathogens and intestinal commensal flora. Bull. Depart. Med.
Serv. 1989, 14, 421-426.

Kitajima, S.; Morimoto, M.; Sagara, E.; Schimizu, C.; Ikeda, Y. Dextran sodium sulfate-induced
colitis in germ-free 1QI/Jic mice. Exp. Anim. 2001, 50, 387-395.

Fite, A.; Macfarlane, S.; Furrie, E.; Bahrami, B.; Cummings, J.H.; Steinke, D.T.; Macfarlane, G.T.
Longitudinal analyses of gut mucosal microbiotas in ulcerative colitis in relation to patient age and
disease severity and duration. J. Clin. Microbiol. 2013, 51, 849-856.



Nutrients 2015, 7 784

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pathmakanthan, S.; Thornley, J.P.; Hawkey, C.J. Mucosally associated bacterial flora of the human
colon: Quantitative and species specific differences between normal and inflamed colonic biopsies.
Microb. Ecol. Health Dis. 1999, 11, 169-174.

Calder, P.; Albers, R.; Antoine, J.; Blum, S.; Bourdet-Sicard, R.; Ferns, G.A.; Folkerts, G.;
Friedmann, P.S.; Frost, G.S.; Guarner, F.; et al. Inflammatory disease processes and interactions
with nutrition. Br. J. Nutr. 2009, 101, 1-45.

Romier, B.; Schneider, Y.J.; Larondelle, Y.; During, A. Dietary polyphenols can modulate the
intestinal inflammatory response. Nutr. Rev. 2009, 67, 363-378.

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc.
2003, 62, 67-72.

Maslowski, K.; Vieira, A.; Ng, A.; Kranich, J.; Sierro, F.; Yu, D.; Schilter, H.C.; Rolph, M.S,;
Mackay, F.; Artis, D.; et al. Regulation of inflammatory responses by gut microbiota and
chemoattractant receptor GPR43. Nature 2009, 461, 1282-1286.

Duda-Chodak, A. The inhibitory effect of polyphenols on human gut microbiota. J. Physiol.
Pharmacol. 2012, 63, 497-503.

Walter, J. Ecological role of Lactobacilli in the gastrointestinal tract: Implications for fundamental
and biomedical research. Appl. Environ. Microbiol. 2008, 74, 4985-4996.

Kemperman, R.A.; Gross, G.; Mondot, S.; Possemiers, S.; Marzorati, M.; Van de Wiele, T.;
Dore, J.; Vaughan, E.E. Impact of polyphenols from black tea and red wine/grape juice on a gut
model microbiome. Food Res. Int. 2013, 53, 659-669.

Dubourg, G.; Lagier, J.C.; Armougom, F.; Robert, C.; Audoly, G.; Papazian, L.; Raoult, D.
High-level colonization of the human gut by Verrucomicrobia following broad-spectrum antibiotic
treatment. Int. J. Antimicrob. Agents 2013, 41, 149-155.

Derrien, M.; Collado, M.C.; Ben-Amor, K.; Salminen, S.; de Vos, W.M. The mucin degrader
Akkermansia muciniphila is an abundant resident of the human intestinal tract. Appl. Environ.
Microbiol. 2008, 74, 1646-1648.

Li, F.; Hullar, M.A.; Schwarz, Y.; Lampe, J.W. Human gut bacterial communities are altered by
addition of cruciferous vegetables to a controlled fruit- and vegetable-free diet. J. Nutr. 2009, 139,
1685-1691.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. Ethics Statement
	2.3. Diet
	2.4. Experimental Groups and Tissue Collection
	2.5. Histology and Immunohistochemistry (IHC)
	2.6. Bacterial Analyses
	2.7. Statistical Analysis
	2.8. Availability of Supporting Data

	3. Results
	3.1. Dietary α-MG Increases Fluid Content in Stool
	3.2. Colonic Epithelial Cell Proliferation and Immune Cell Infiltration are Stimulated by α-MG
	3.3. Dietary α-MG Induces Dysbiosis in Mice with Different Genetic Backgrounds
	3.3.1. C57BL/6J Strain
	3.3.2. Balb/c Strain
	3.3.3. C3H Strain
	3.3.4. Athymic FoxN1nu Strain


	4. Discussion
	5. Conclusions
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	References

