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Abstract

Scope—Ulcerative colitis (UC) is a chronic inflammatory disease of the colon. α-Mangostin (α-

MG), the most abundant xanthone in mangosteen fruit, exerts anti-inflammatory and antibacterial

activities in vitro. We evaluated the impact of dietary α-MG on murine experimental colitis and on

the gut microbiota of healthy mice.

Methods and results—Colitis was induced in C57BL/6J mice by administration of dextran

sulfate sodium (DSS). Mice were fed control diet or diet with α-MG (0.1%). α-MG exacerbated

the pathology of DSS-induced colitis. Mice fed diet with α-MG had greater colonic inflammation

and injury, as well as greater infiltration of CD3+ and F4/80+ cells, and colonic myeloperoxidase,

than controls. Serum levels of granulocyte colony-stimulating factor, IL-6, and serum amyloid A

were also greater in α-MG-fed animals than in controls. The colonic and cecal microbiota of

healthy mice fed α-MG but no DSS shifted to an increased abundance of Proteobacteria and

decreased abundance of Firmicutes and Bacteroidetes, a profile similar to that found in human

UC.
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Conclusion—α-MG exacerbated colonic pathology during DSS-induced colitis. These effects

may be associated with an induction of intestinal dysbiosis by α-MG. Our results suggest that the

use of α-MG-containing supplements by patients with UC may have unintentional risk.
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1 Introduction

Ulcerative colitis (UC) is a chronic disease characterized by mucosal and submucosal

inflammation limited to the colon with cryptitis and crypt abscesses. Persistent progressive

or relapsing inflammation results in bloody diarrhea and abdominal distress that are

hallmarks of UC [1]. In addition, the relative risk of UC patients developing colorectal

cancer is substantially increased with duration and severity of the disease [2]. The etiology

of UC remains only partially understood, but it is thought to result from a dysregulated

immune response to the gut microbiota in a genetically susceptible host [3]. Dysbiosis, an

imbalance between putative species of “protective” versus “harmful” intestinal bacteria, has

been implicated in UC [4].

The chemically induced dextran sulfate sodium (DSS) colitis model has been shown to

mimic human UC pathology, and recent preclinical studies have supported its use as a

system to evaluate the role of anti-inflammatory agents [2]. Oral ingestion of DSS induces

diarrhea, rectal bleeding, ulceration of the colonic epithelium, loss of goblet cells, and

immune cell infiltration, similar to the phenotypic changes observed in human UC [5].

Attenuation of the synthesis and secretion of proinflammatory mediators is expected to be

beneficial during chronic inflammatory conditions such as inflammatory bowel disease

(IBD). Medical therapy for the treatment of IBD has only modest success and is associated

with adverse side effects [6]. This likely contributes to the use of complementary and

alternative medicine (CAM), such as herbal preparations, by as many as 50% of IBD

patients [7]. However, clinical evidence supporting the use of such products in UC

management is limited or absent.

In vitro and in vivo studies have shown that dietary components can protect against

inflammation [8]. Plant-derived phytochemicals, such as specific polyphenols, have been

shown to inhibit cell signaling processes that are involved in the inflammatory response,

thus attenuating synthesis of proinflammatory cytokines and cell adhesion molecules [9].

Garcinia mangostana is a tree native to Southeast Asia that produces a fruit known as

mangosteen, which has been used in traditional medicine to treat inflammation, infections,

wounds, and diarrhea. The bioactivities of mangosteen have been associated with a family of

polyphenolic compounds referred to as xanthones [10]. α-Mangostin (α-MG; Fig. 1), the

most abundant xanthone in the pericarp of mangosteen fruit [11], attenuates secretion of

proinflammatory cytokines in colonic and immune human cell lines [12] and reduces the

inflammatory response by human and rodent macrophages, as well as primary human

adipocytes [13]. In vivo, α-MG attenuates paw edema and airway inflammation in rodents

[14, 15]. However, α-MG stimulates tumor necrosis factor-α(TNF-α) secretion in primary

human blood monocyte-derived macrophages [12], and ingestion of a mangosteen juice
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supplement by healthy individuals is associated with elevated serum levels of IL-1 and

complement components [16]. α-MG also exerts antibacterial, antifungal, and antiviral

activities [10]. For instance, α-MG inhibits pathogenic bacteria such as Staphylococcus

aureus and Bacillus subtilis, but has no effect on Escherichia coli and Candida albicans

[10], which suggests low selectivity against these pathogens. As a result of the aggressive

marketing of purported health-promoting activities, numerous supplements, beverages, and

food products containing mangosteen are now available. Mangosteen juice, for instance, has

been promoted as beneficial for gastrointestinal and immune health. Although objective

scientific data supporting these and other claims are lacking, sales of mangosteen-containing

beverages alone exceeded $200 million in the United States in 2008 [17]. Indeed, many

individuals suffering illness consume these products without the knowledge of their medical

team. The potential for both adverse interactions with conventional medications and

unintended effects on health outcomes is often overlooked.

The modulatory effects of α-MG in the context of intestinal inflammation remain unknown.

Because greater concentrations of dietary bioactive components, such as α-MG, are found in

the gastrointestinal tract than in peripheral tissues [18], this xanthone may exert protective

effects in conditions such as UC. Thus, we hypothesized that α-MG would ameliorate

colonic inflammation and injury during experimental colitis. The chemically induced DSS

colitis model was used in the present study. C57BL/6 mice were fed standard diet or diet

containing α-MG and disease severity was assessed based on body weight (BW) loss,

diarrhea, and rectal or occult bleeding. Colonic infiltration of immune cells and epithelial

cell proliferation, as well as systemic and colonic inflammation, were evaluated. Finally,

because α-MG has been reported to exert antibacterial activities, its impact on the gut

microbiota of healthy, noncolitic mice was also studied.

2 Materials and methods

2.1 Mice

For colitis studies, 10-week-old female C57BL/6 mice (Jackson Laboratories, Bar Harbor,

ME) were housed in the animal facilities at The Ohio State University (OSU) under

conventional conditions with controlled temperature at 23°C and a 12-h light/dark cycle.

Mice were acclimatized for 1 week before entering the study and had free access to water

and standard AIN93G diet. All procedures were approved under Protocol no.

2011A00000006 and followed the guidelines by the Institutional Animal Care and Use

Committee (IACUC) at The Ohio State University.

2.2 Diet

α-MG was >98% pure [11, 19]. Gamma-irradiated AIN93G diet (control) and AIN93G diet

containing 900 mg/kg α-MG and FDA approved dyes E102 and E133 for green color were

prepared by Research Diets (New Brunswick, NJ). This dose has been reported to be safe

and effective in reducing tumor mass in xenograft models of colon and prostate cancer. For

a mouse weighing 20 g and ingesting 2.5 g diet per day, this dose equates to 112 mg/kg BW.

The human equivalent dose (mg/kg) is calculated as animal dose (mg/kg) × (mouse Km/

human Km), where Km is a correction factor reflecting the relationship between BW and
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body surface area [20]. Thus, the human equivalent dose [(112 mg/kg)/(3/37) = 9.12 mg/kg]

for an adult weighing 60 kg equates to 547 mg/day. Intake of this amount could be achieved

by ingesting one to two capsules of mangosteen extract [21] or one cup of 100% mangosteen

juice [22].

2.3 Induction of colitis and experimental groups

DSS-induced colitis is a widely used model to evaluate the role of anti-inflammatory agents

[2]. Murine strain, gender, microbiota, the molecular weight, concentration and batch of

DSS, and the duration of administration of the chemical insult are known to affect

susceptibility to DSS-induced colitis. We selected the C57BL/6J mouse strain as it has been

shown that DSS-induced colitis in this strain mimics the chronicity observed in human UC

[5]. Furthermore, female mice were selected as their response to DSS-induced inflammation

has been reported to be less severe than males [23]. In addition, two pilot studies were

performed to optimize the dose of DSS and duration of administration necessary to induce

colitis. Accordingly, the dose of DSS in water was decreased from 3 to 2%, and DSS was

administered for 4 rather than 5 days. These conditions were found to induce colitis without

significant loss of BW. The experimental design is presented in Fig. 2. Colitis was

chemically induced with DSS (MP Biomedicals; molecular weight 36 000–50 000)

dissolved in the drinking water (2% wt/vol) and provided ad libitum for 4 days. One week

prior to the induction of colitis, mice were randomized to be fed either the standard AIN93G

diet or the AIN93G diet with α-MG. Mice continued to be fed their respective diets until the

end of the study. We followed this approach to mimic chronic use of mangosteen-containing

products during both inflammatory flare ups and remission periods. To induce colitis, mice

in each diet group were provided ad libitum access to either tap water (control groups:

control [n = 20] and α-MG [n = 20]), or water containing 2% DSS (DSS groups: DSS [n =

20] and DSS + α-MG [n = 20]) for 4 days. After DSS administration, all mice were given

tap water without DSS and allowed to recover for either 1 or 2 weeks before euthanasia. Ten

mice per group were used at each end point.

2.4 Disease activity index (DAI) and histopathological evaluation of colitis

The DAI was calculated as previously described [24]. At necropsy, colons were excised,

rinsed in PBS and divided into three segments of equal length (proximal, middle, and distal).

Sections from each segment were fixed in 10% neutral buffered formalin, paraffin

embedded, and stained with hematoxylin and eosin for examination by light microscopy (n

= 9–10/group). Histological evaluation was performed in a blinded manner by a board-

certified veterinary anatomic pathologist (L.D.B.B.). Inflammation, crypt lesions, ulceration,

and hyperplasia, as well as lesion distribution, in each colon section were graded. A

combination of the grading and scoring schemes established previously was used [25,26]

(Supporting Information—methods).

2.5 Biochemical analyses

Distal colonic tissue was lysed (n = 8–10 mice per group) as previously described [5] and

colonic myeloperoxidase (MPO) protein was measured by ELISA according to the

manufacturer’s instructions (Hyccult biotech, Plymouth Meeting, PA). Serum amyloid A
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(SAA) levels were quantified by ELISA (n = 6–8 mice per group; Tridelta Development

Ltd., Ireland). To assess possible liver toxicity, serum (n = 3–6 mice per group) was

analyzed for aspartate and alanine aminotransferase enzyme activities using commercial

assays (Pointe Scientific Inc., Canton MI). A panel of 15 cytokines was analyzed in plasma

using high-throughput Luminex Mulitplex Cytokine Kits (Affymetrix, Santa Clara, CA;

Supporting Information—methods).

2.6 Immunohistochemistry

For immunohistochemistry analysis, 5-μm-thick, paraffin-embedded sections of the distal

colon from three mice per group were randomly selected. T cells and macrophages were

identified using CD3 and F4/80, respectively, as markers. Avidin-biotin complex was used

for detection (Vector), followed by 3,3′-diaminobenzidine chromogen, and hematoxylin as

counterstain. To quantify CD3+ and F4/80+ cells, three randomly selected 200X fields for

each sample were scanned to obtain pixel count using Aperio Smage Scope (v11.2). Data

(expressed as percentage) represent the average number of weak positive, positive, and

strong positive pixels per total pixels. To evaluate cell proliferation, tissue sections were

immunostained for Ki67 using the streptavidin/horseradish peroxidase method, 3,3′-

diaminobenzidine as chromogen followed by hematoxylin counterstain. For each colonic

section, the percentage of Ki67-immunopositive cells in the crypts in three randomly

selected 200X fields was calculated using Image-Pro Plus software (Supporting Information

—methods).

2.7 Bacterial analyses

To study the effect of dietary α-MG on the gut micriobiota of healthy mice (i.e. non-DSS

treated), 10-week-old female C57BL/6 mice (Jackson Laboratories) were housed under

sterile conditions with controlled temperature at 23°C and a 12-h light/dark cycle. Mice

were acclimatized for 1 week before entering the study with free access to water and

AIN93G diet. Mice were randomly assigned to AIN93G diet (control group, n = 5 mice) or

the AIN93G diet with α-MG (α-MG group, n = 5 mice) for 4 weeks ad libitum. At

necropsy, cecum and distal colon were excised under aseptic conditions, gently rinsed in

sterile cold PBS, and collected in sterile tubes. Tissue was frozen in liquid nitrogen and

stored at −80°C until analysis. Bacterial analyses were performed using bacterial tag-

encoded FLX amplicon pyrosequencing at the Research and Testing Laboratory (Lubbock,

TX). Fasta and qual files obtained from pyrosequencing were uploaded into Quantitative

Insights Into Microbial Ecology (QIIME) software [27]. Clustering of sequencing reads into

operational taxonomic units was achieved at 97% identity. Operational taxonomic unit

picking was performed in the QIIME pipeline using the Uclust algorithm [28]. Taxonomic

assignment was achieved using the Ribosomal Database Project classifier [29], employing

the GreenGenes database [30]. Sequences were aligned using python nearest alignment

space termination [31]. QIIME was used to calculate α-diversity (Shannon index). Unifrac

analysis [32] followed by principal coordinate analysis (based on unweighted Unifrac

distance) was used to characterize the diversity in the bacterial populations (Supporting

Information—methods).
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2.8 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). For pyrosequencing data,

statistical differences in unweighted Unifrac distance were investigated by analysis of

similarities, provided by R’s vegan package implemented into QIIME.

3 Results

3.1 Dietary α-MG exacerbates disease activity in DSS-induced colitis

The DAI was calculated by adding the scores from the percentage of BW lost from baseline,

stool consistency, and rectal bleeding [24]. As expected, DSS treatment increased DAI.

However, DAI was significantly greater in mice that received DSS and were fed the

AIN93G diet with α-MG (DSS + α-MG group) than in mice that received DSS while being

fed a standard AIN93G diet (DSS group; p < 0.01). While DAI in the DSS group steadily

declined to baseline 5 days after cessation of DSS treatment, increased severity of symptoms

persisted in the DSS + α-MG group and remained significantly greater 8 days post-DSS

administration (p < 0.01; Fig. 3B). Significant loss of BW (17% from baseline) only

occurred in the DSS + α-MG group following DSS treatment but was recovered 1 week

post-DSS (data not shown). Diarrhea and rectal bleeding were also more severe in the DSS

+ α-MG group.

Food intake was temporarily decreased in the DSS + α-MG group after cessation of DSS

treatment but reverted to that of all other groups 5 days later. No alterations in liver aspartate

aminotransferase and alanine aminotransferase enzyme activities or histological evidence of

hepatic toxicity were detected in any experimental group (data not shown).

3.2 DSS-induced colonic inflammation and injury are aggravated by α-MG

Microscopic assessment of hematoxylin and eosin stained colon (Fig. 3A) confirmed

induction of colitis by DSS, as mice in the DSS group had significantly greater inflammation

(Fig. 3D) and crypt injury (Fig. 3E) scores in the mid colon 1 week after DSS administration

compared to mice receiving tap water (p < 0.05). Although there was no significant

difference in the scores for inflammation and crypt injury in the distal colon of mice in the

DSS group after recovering for 1 week, these scores were significantly greater compared to

the control group after 2 weeks of recovery (Fig. 3D and E, p < 0.05). Mice in the DSS + α-

MG group had more severe inflammation in the mid and distal colon compared to DSS

group 1 and 2 weeks after cessation of DSS treatment (Fig. 3D, p < 0.05). Crypt injury

scores were also significantly higher in the mid and distal colon of mice in the DSS + α-MG

group compared to DSS group after 1 week of recovery from DSS (Fig. 3E, p < 0.05).

Ulcers were only present in the mid and distal colon of animals receiving DSS + α-MG

(Table 1).
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Although administration of 3% DSS to C57BL/6 mice for 5 days has been reported to

shorten the colon [5], colonic length of mice treated with 2% DSS was not altered in this

study (data not shown). However, the ratio of colon weight (after removal of luminal

contents) to colon length was significantly greater in non-DSS-treated animals receiving α-

MG in the diet compared to mice fed standard diet after 1 and 2 weeks of recovery (p <

0.05). This ratio was also greater in the DSS + α-MG group than in the DSS group at 1 and

2 weeks post-DSS treatment (p < 0.05; Table 2). Increased fluid volume in the colonic

lumen of mice fed diet with α-MG was evident especially in the proximal and mid colon,

independently of DSS treatment (Fig. 3C).

3.3 Dietary α-MG stimulates colonic epithelial cell proliferation

Crypt distortion, increased epithelial cell proliferation, and dysplasia have been described in

the DSS colitis model [25]. Mild hyperplasia was observed in both the mid and distal colon

of mice in the DSS group 1 week after cessation of DSS treatment (Fig. 3A). Hyperplasia

was reversible, as it was not observed in this group at 2 weeks after DSS treatment. In

contrast, moderate hyperplasia in the mid and distal colon of mice in the DSS + α-MG group

was present at 1 week after DSS treatment and mild hyperplasia remained evident following

2 weeks of recovery (Table 1).

Colonic epithelial cell proliferation, as determined by the percentage of Ki67+ cells in the

crypts (Fig. 4A), was significantly greater in the DSS + α-MG group compared to the DSS

group after 1 and 2 weeks of recovery (p < 0.05). Interestingly, the percentage of Ki67

expressing cells was greater in the colonic epithelium of non-DSS-treated mice fed diet with

α-MG as compared to control mice fed standard diet at 1 (p > 0.05) and 2 weeks (p < 0.05;

Fig. 4D).

3.4 Macrophage and T-cell infiltration in the colon are exacerbated by dietary α-MG

Increased colonic infiltration of T cells and macrophages in response to DSS ingestion has

been reported [33, 34]. Thus, we examined the expression of CD3+ and F4/80+ in the distal

colonic lamina propria as markers of T-cell and macrophage infiltration, respectively (Fig.

4B and C). The area of positively stained tissue for CD3+ cells was greater in mice fed the

diet with α-MG compared to control mice at 1 week, independently of DSS treatment. At 2

weeks, only the DSS + α-MG group had significantly greater infiltration of CD3+ cells

compared to control group (p < 0.05; Fig. 4E). Infiltration of F4/80+ macrophages, as

determined by the area of F4/80 staining in the tissue section, also was significantly greater

in the DSS + α-MG group compared to DSS group after 2 weeks of recovery (p < 0.05; Fig.

4F).

3.5 Dietary α-MG exacerbates DSS-induced colonic and systemic inflammation

We examined MPO protein expression in the distal colon as a surrogate indicator of

neutrophil infiltration and activity [35]. Colonic MPO expression was significantly greater

in the DSS + α-MG group compared to the DSS group after both 1 and 2 weeks post-DSS

treatment (p < 0.05). MPO was also significantly greater in non-DSS-treated mice fed diet

with α-MG compared to control mice fed standard diet at 1 and 2 weeks (p < 0.05; Table 3).
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Splenomegaly and increased liver weight were observed in mice in the DSS + α-MG group

(Table 2), thus we determined the effects of α-MG on systemic markers of inflammation by

analyzing a panel of soluble inflammatory factors in serum. SAA has been shown to be well

correlated with disease activity in the DSS-induced colitis model [5]. Consistent with these

data, SAA was significantly higher in the DSS group compared to the control group (p <

0.05). SAA in the DSS + α-MG group was significantly greater than in the DSS group after

1 and 2 weeks of recovery (p < 0.05; Table 3). The acute inflammatory response in the DSS-

induced colitis model also has been characterized by increased serum levels of TNF-α, IL-6,

and IL-17, and elevated levels of IL-6, IFN-γ, IL-4, and IL-10 have been reported in chronic

colitis [36]. Multiplex analysis of 15 cytokines involved in inflammatory and immune

responses revealed that IL-6 and granulocyte colony-stimulating factor were significantly

increased in mice receiving DSS + α-MG treatment compared to other groups after 1 week

of recovery. Following 2 weeks of recovery, granulocyte colony-stimulating factor and

IL-12p40 levels were significantly elevated in the DSS + α-MG group (p < 0.05; Supporting

Information Table 1).

3.6 Dietary α-MG induces changes in tissue-associated colonic and cecal microbiota

Because alterations in the gut microbiota have been implicated in the pathogenesis of UC [4]

and α-MG has been reported to exert antimicrobial activities [10], we examined if this

xanthone was capable of inducing changes in the abundance of tissue-associated bacterial

communities in the colon and cecum of C57BL/6 mice in the absence of DSS-induced

colonic inflammation. Consistent with our initial findings (Fig. 3C), there was an increase in

fluid content in the colonic lumen and stool of non-DSS-treated mice fed diet with α-MG

(α-MG group) compared to mice fed standard diet (control group), while BW and food

intake did not differ between the groups (data not shown).

There was a change in the microbiota profile in the colon and cecum of mice fed diet with

α-MG but no DSS. The Firmicutes and Bacteroidetes phyla comprised approximately 95–

97% of the identified sequences in the colonic and cecal tissue of mice in the control group.

Changes at the phylum taxonomic level were identified in mice in the α-MG group

compared to animals in the control group (Fig. 5A). The relative abundances of Firmicutes

and Bacteroidetes in the colon were significantly reduced in mice fed diet with α-MG (p <

0.01), as was the relative abundance of Bacteroidetes in cecum (p < 0.01). Conversely, there

was a significant increase in the relative abundance of Proteobacteria in the colon and cecum

of mice fed diet with α-MG (p < 0.01).

To investigate which bacterial populations accounted for the changes induced by dietary α-

MG at the phylum level, the relative abundances of the top ten orders were analyzed (Fig.

5B). α-MG elicited a significant reduction in the abundance of Lactobacillales and

Bacteroidales in the colon (p < 0.05). Only Bacteroidales abundance was significantly

reduced in the cecum (p < 0.01). Within Lactobacillales, there was a significant increase in

the genus Enterococcus and a decrease in the genus Lactobacillus in both colon and cecum

of mice fed α-MG (p < 0.01, data not shown). Furthermore, significantly lower abundances

of Erysipelotrichales, Clostridiales, and Bifidobacteriales were also found in colon and

cecum of these mice (p < 0.05). In contrast, there was a significant increase in the relative
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abundance of an unclassified genus of bacteria in the family Enterobacteriaceae (order

Enterobacteriales) in the colon and cecum of mice in the group fed diet with α-MG (p <

0.01).

The Shannon index was calculated to describe within-sample diversity. Although no

significant changes were identified in the colon (Fig. 5C), a significant reduction in bacterial

diversity was observed in the cecum of mice in the α-MG group compared to mice fed

standard diet (p < 0.05; Fig. 5D). Principal coordinate analysis provided additional evidence

of changes in colonic and cecal bacterial populations induced by dietary α-MG. Data

corresponding to mice in the α-MG group (red) clustered together and away from those

corresponding to control group (blue; Fig. 5E and F). There were significant differences in

the α-diversity of the colonic and cecal microbiota between α-MG and control groups (p <

0.01).

4 Discussion

CAM has become increasingly popular in the last few years with nearly 40% of American

adults reporting its use [37]. Given the marginal success and adverse side effects of

conventional therapies, CAM is used by up to 50% of UC patients [6, 7]. Mangosteen-

containing supplements are promoted as beneficial for gut health and the immune system. α-

MG, the most abundant xanthone in mangosteen, has been shown to exert anti-inflammatory

activities in vitro and in vivo [38] but its effect on experimental colitis has not been

previously examined. In addition, antimicrobial activities of α-MG against pathogenic

bacteria, fungi, and virus have been reported [10]. The aim of this study was to characterize

the effects of dietary α-MG in the DSS-induced mouse model of colitis. The dose of α-MG

was selected based on recent studies that showed decreased tumor growth in xenograft

models of colon and prostate cancer [18,21]. Surprisingly, dietary α-MG exacerbated, rather

than attenuated, DSS-induced inflammation and injury in the colon of C57BL/6 mice.

Increased disease severity in animals receiving DSS and fed diet with α-MG included loss

of BW, greater inflammatory and crypt injury scores, immune cell infiltration, ulceration, an

increased degree of hyperplasia and epithelial cell proliferation in the colon, and greater

systemic and colonic inflammation. Interestingly, increased colonic MPO protein levels,

epithelial cell proliferation, and immune cell infiltration were also observed in non-DSS-

treated mice fed diet with α-MG. Dietary α-MG also elicited a shift in the mucosa-

associated microbiota profile in the colon and cecum of non-DSS-treated mice. This shift

was similar to that seen in human UC [39]. We speculate that this alteration may be

associated with the exacerbation of DSS-induced pathology.

We first observed that dietary α-MG exacerbated the pathology of DSS-induced colitis in

two pilot studies. Because previous studies with transformed cells and rodents suggested that

the compound has anti-inflammatory activity [38], the possibilities that the xanthone may

have been degraded to toxic products or that there may have been other adverse changes in

dietary quality were considered. Analyses showed that α-MG was stable in the diet during

storage for at least 6 months. Also, fresh diet was prepared for use in the more

comprehensive present study. The dose and time of exposure to DSS were adjusted to

induce colitis without significant loss of BW in control mice. Despite such changes, the
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adverse effect of dietary α-MG on colonic pathology in mice-administered DSS was

replicated. Contamination of diets with microbial pathogens also was unlikely because they

were irradiated and handled aseptically until placed in cages. These findings led us to

consider several reports that α-MG also has proinflammatory activity. This xanthone

stimulated TNF-α output by normal human monocyte-derived macrophages [12] and

increased serum levels of IL-1α, IL-1β, and complement components C3 and C4 in human

subjects ingesting a mangosteen supplement [16]. Also, several other phytochemicals and

plant extracts generally assumed to be health promoting have been reported to exacerbate

DSS-induced colitis in mice. These included dietary luteolin, tomato lycopene, and green tea

polyphenol extracts [40–42].

Mangosteen has been used as an antidiarrheal agent in traditional medicine for centuries

[10]. However, mice fed diet with α-MG developed loose stools shortly after initiating

feeding and this response was independent of the administration of DSS. Preparation of the

antidiarrheal liquid involves boiling roasted mangosteen pericarp in water [43]. The

differential effect of the hot water extract and dietary α-MG is likely due to the relative

absence of lipophilic xanthones in the former. The effect of α-MG on consistency of stool in

mice does align with the gentle laxative activity advertised online as a purported health

benefit of ingested mangosteen products. It is interesting that mangosteen xanthones are

structurally similar to anthraquinones, which are widely used as laxatives and have been

shown to induce apoptosis of colonic epithelial cells [44]. α-MG also has antimicrobial

activity. For example, this xanthone inhibited the growth of pathogenic bacteria, such as B.

subtilis (IC50 3.9 μM), S. aureus (IC50 7.8 μM), with no effects against other pathogens,

such as E. coli and C. albicans (IC50 >200 μM) [10]. α-MG also has been shown to inhibit

bacterial species such as methicillin-resistant S. aureus, vancomycin-resistant Enterococci,

Mycobacterium tuberculosis, and Helicobacter pylori at concentrations in the range of 1.6–

12.5 μg/mL [45]. Although these studies have been done using a single species, the results

suggest that α-MG at the levels found in the gut lumen after oral ingestion [18] may affect

the balance between commensal and pathogenic bacterial communities. Perhaps more

importantly, the relatively nonselective antimicrobial activities of α-MG could potentially

impact commensal bacteria [46]. Altered consistency of stool and exacerbation of DSS-

induced colitis by α-MG, as well as reported antimicrobial activities of α-MG [10], led us to

investigate the possible effect of α-MG on the gut microbiota of healthy mice (i.e. non-DSS

treated). Consistent with previous reports in both humans and mice [47, 48], 95–97% of

tissue-associated colonic and cecal bacteria of mice fed the control diet belonged to the

Firmicutes and Bacteroidetes phyla. In contrast, mice fed the diet with α-MG had reductions

in the relative abundance of Firmicutes and Bacteroidetes and increased Proteobacteria, a

shift similar to that seen in UC and Crohn’s disease [39, 49, 50].

The change in the gut microbiota may have enhanced colonic inflammation in response to

the chemical insult. Bacteria in the Bacteroidetes and Firmicutes phyla ferment dietary fiber,

generating short chain fatty acids (SCFA) that exert anti-inflammatory activity [51,52]. It is

possible that the lower abundance of Bacteroidetes and Firmicutes associated with ingestion

of α-MG resulted in reduced levels of colonic SCFA, thus exacerbating inflammation. In

addition, some members of the microbiota, such as bacteria of the genus Lactobacillus, have

Gutierrez-Orozco et al. Page 10

Mol Nutr Food Res. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



immunoregulatory effects [53]. Ingestion of α-MG led to a decrease in the relative

abundance of Lactobacillus in the colon and cecum, and a concomitant increase in the

Enterobacteriaceae, which have known proinflammatory effects. This profile is often

evident in various mouse models of colitis and in IBD patients [48,54,55]. Moreover, the

increase in Enterococcus in the colon and cecum in the present study is similar to that seen

during DSS-induced colitis [56]. The reduced microbial diversity in α-MG-fed animals is

similar to reports of patients with active UC [39, 50]. The possibility that the overgrowth of

pathogenic bacteria associated with administration of α-MG, coupled with the DSS-induced

injury in the gut epithelial barrier, may contribute to the exacerbating effects of the xanthone

merits investigation. However, because host-mediated inflammation is known to alter

colonic microbial populations [49], secondary changes in the gut microbiota resulting from

the host’s immune response to the dietary xanthone also need to be considered.

Despite similarities at the phylum level in the gut microbiota of mice and humans, it is

known that there are differences at other taxonomic levels. Nevertheless, our finding that

dietary α-MG induced changes in the microbiota at the phylum level is provocative.

Because host genetics and environmental factors are known to affect the composition of the

gut microbiota [57] and susceptibility to DSS-induced inflammation [58], we have examined

the effect of dietary α-MG on the gut microbiome of healthy Balb/c, C3H, and athymic

FoxN1nu mice. Interestingly, we have found that induction of dysbiosis by dietary α-MG is

not strain specific, but rather a more generalized effect in mice (manuscript in preparation).

Because we only evaluated colonic pathology at two times after DSS administration, and the

cecal and colonic microbiota after feeding diet with α-MG to healthy mice for 4 weeks, the

effect of α-MG on earlier changes in the colonic epithelium and gut microbiota, as well as

its mechanisms of action, will be a focus of future investigation. Whether a similar shift in

the gut microbiota in response to dietary α-MG also occurs when DSS is administered to

mice remains elusive, as does the effect of the host inflammatory response to the xanthone

on the gut microbiota. Similar to the previously described hormetic response induced by

flavonoids [59], dietary xanthones may act as hormetic agents by exerting beneficial effects

at low concentrations, but having detrimental activities at higher levels. The effect of lower

doses of α-MG and feeding of ground pericarp rather than the purified compound on

experimental colitis also merit consideration.

In summary, our results show that dietary α-MG exacerbates DSS-induced colitis and

modifies the gut microbiota in non-DSS-treated mice by shifting it to a profile resembling

that found in UC. We suggest that chronic consumption of mangosteen supplements rich in

pericarp, and therefore xanthones, should be considered with caution by those with

inflammatory bowel disorders and perhaps even by healthy individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structure of α-mangostin.
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Figure 2.
Experimental design. Clinical assessment and body weight were taken throughout the study.

Dextran sulfate sodium (DSS) was provided in the drinking water for 4 days and mice were

allowed to recover for 1 or 2 weeks. Ten mice per group were used at each time point.
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Figure 3.
(A) Hematoxylin and eosin staining in distal colon from mice following 1-week recovery

after administering dextran sulfate sodium (DSS). Magnification: 20×. (B) Dietary α-

mangostin (α-MG) exacerbates disease activity index (*p < 0.05). (C) Increased fluid

content in colonic lumen of mice fed AIN93G diet with α-MG; experimental groups: a,

control; b, α-MG; c, DSS; d, DSS + α-MG. The green pigmentation in the colonic lumen of

mice fed diet with α-MG is the dye added to the diet (see Methods). (D) Inflammation and

(E) crypt injury scores in the mid and distal colon are greater in the DSS + α-MG group

compared to DSS group after 1 and 2 weeks of recovery (*p < 0.05 against control; #p <

0.05 against DSS group). The data points represent the mean (±SD) of values from nine to

ten mice per group.
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Figure 4.
Representative images of (A) Ki67, (B) CD3, and (C) F4/80 immunostaining in distal colon

of mice 1 week after cessation of dextran sulfate sodium (DSS) treatment. Magnification:

20×. (D) Ki67+ immunostaining of colonic epithelial cells was increased in animals fed diet

with α-mangostin (α-MG). (E) CD3+-stained tissue for T cells in the colonic lamina propria

of mice fed diet with α-MG was greater than in the control group. (F) Significant

macrophage infiltration, as determined by immunostaining for F4/80, in the DSS + α-MG 2

weeks after recovery. *p < 0.05 against control group; #p < 0.05 against DSS group). The

data points represent the mean (±SD) of values from three mice per group.
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Figure 5.
Dietary α-mangostin (α-MG) changes the relative abundance of colonic and cecal bacterial

communities at the (A) phylum and (B) order levels. Shannon index (α-diversity) in (C)

colon and (D) cecum. Principal coordinate analysis (PCoA) in (E) colon and (F) cecum.

Samples in the α-MG group (red) cluster together and away from those in control group

(blue). Data are from five mice per group.
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Table 1

Effect of dietary α-mangostin (α-MG) on colonic ulceration and epithelial hyperplasia

1-week recovery 2-week recovery

Mid Distal Mid Distal

Ulceration score

DSS 0 ± 0 0 ± 0 0 ± 0 0 ± 0

DSS + α-MG 1.4 ± 1.0 (100%)a)b) 1.4 ± 1.0 (90%)b) 0.1 ± 0.3 (10%) 0.5 ± 0.7 (40%)

Hyperplasia score

DSS 0.1 ± 0.3 (10%) 0.1 ± 0.3 (10%) 0 ± 0 0 ± 0

DSS + α-MG 2.3 ± 0.9 (100%)b) 1.4 ± 1.1 (90%)b) 0.9 ± 0.7 (70%)b) 0.8 ± 0.6 (70%)b)

a)
 Number in parenthesis indicates percentage of mice displaying ulceration or hyperplasia.

b)
 p < 0.05 against same colon section and recovery time in DSS group.

The data points represent the mean (± SD) of values from nine to ten mice per group.
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