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Abstract

Inflammatory bowel diseases (IBD) are caused by the convergence of microbial, environmental, 

and genetic factors. Diet significantly alters these interactions by affecting both the host and 

microbiome. Using a mucosal inflammatory model that resembles the human condition of ileal 

pouchitis, we investigated the effects of Control (CONT) or Antioxidant (AOX) diet, containing 

pharmacologically relevant levels of 4 micronutrients, on disease risk in wild-type and IL-10−/− 

animals following surgical self-filling (SF) ileal blind loop placement. Although no differences 

were found in body weight change or survival, IL-10−/− CONT animals had significantly larger 

lymphoid organs compared with IL-10−/− AOX or with WT. SF loops from IL-10−/− CONT loop 

mucosa demonstrated histological inflammation, characterized by goblet cell depletion, increased 

mucosal myeloperoxidase (MPO), and elevated IFNγ, TNFα, and IL-17α gene expression, which 

AOX attenuated. AOX elevated luminal IgA in IL-10−/− animals, but not significantly in WT. In 

IL-10−/− animals, AOX significantly decreased the percentage of CD4+T-bet and CD4+RORγ T-

cells compared with CONT, with no changes in CD4+Foxp3+ Treg cells. 16S rRNA gene 

sequencing demonstrated AOX increased microbial alpha diversity compared with CONT in both 

genotypes. Notably, colonizing germ-free IL-10−/− hosts with CONT bacterial communities, but 

not AOX, recapitulated the inflammatory phenotype. Collectively, these findings highlight that 

common dietary antioxidant micronutrients reshape the gut microbial community to mitigate 

intestinal inflammatory profiles in genetically susceptible hosts. Insights into the dietary-immune-

microbial nexus may improve understanding for recurrent inflammatory episodes in susceptible 

patient populations and opportunities for practical therapeutics to restore immune and microbial 

homeostasis.
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Introduction

The incidence of inflammatory bowel diseases (IBD) has increased in recent decades. [1] 

While over 200 genetic variants are now associated with increased disease risk, genetic drift 

alone cannot account for these emerging trends. [2] Other factors associated with the 

‘western’ lifestyle, such as diet, environment, and lifestyle (improved sanitation and 

antibiotics), which are often associated with microbial disturbances, are more plausible 

triggers for disease. [3–5] Ulcerative colitis is one clinical subset of IBD that occurs 

exclusively in the colon and never involves the small intestine. Ultimately, the final 

treatment in medically refractory UC is removal of the colon followed by the surgical 

creation of an ileal pouch with anal anastomosis (IPAA). Unfortunately, about half of IBD 

patients who receive IPAA develop pouch inflammation, termed ‘pouchitis’, which is in 

contrast to patients with colon cancer (familial adenomatous polyposis) who are treated with 

IPAA and exhibit much lower risk. [6]

We recently reported a surgical model of ileal self-filling loops (SFLs), which exhibits 

immune, microbiome, and histologic features similar to human pouchitis. [7] Specifically, 

our work found stasis in the SFL, but not self-emptying loops (SELs), promote changes in 

mucosal morphology, transcriptome profiles, and microbial communities that subsequently 

resemble the colon. These changes were driven in part by innate toll-like receptor (TLR) 

signaling, as adaptations were dramatically attenuated in TLR4-deficient animals. In wild 

type animals, SFL results in adaptations that mimic colonic morphology, but are otherwise 

devoid of inflammatory disease. However, in mice susceptible to colonic inflammation – 

IL-10 deficient animals – we observe the SFL displays severe inflammation, resembling 

pouchitis. SELs in IL-10 animals remain similar to native ileum in those animals. 

Furthermore, it was demonstrated the microbial community in SFLs, but not SELs, induce 

colonic disease when transferred to germ-free recipient IL-10 deficient mice, highlighting a 

causal role for gut dysbiosis in triggering mucosal inflammation in susceptible hosts. [7]

Building upon that work, we investigated whether dietary factors influence disease 

pathogenesis in this model. David et al previously showed dietary alterations rapidly and 

predictably changes (within 24 hours) gut microbial communities. [8] Persson et al reported 

dietary sugars may be a risk factor for IBD while Chassaing et al reported food additives, 

such as emulsifiers, induced dysbiosis and promoted intestinal inflammation. [9,10] 

However, in the setting of the IBD, particularly in UC IPAA where disease risk is high, few 

clinical studies and no experimental data are available for the impact of diet and/or dietary 

supplements. In the context of micronutrients, Lanco et al reported a prospective food 

frequency survey in human patients with endoscopic and histological pouch examination in 

160 patients, identifying increased pouchitis incidence in patients with decreased intake of 

several micronutrients (including vitamin A, vitamin C, cryptoxanthin, and lycopene). Since 

little research has been performed on the role of micronutrients in the context of IBD, we 

focused on potential protective vitamins or minerals in the context of ulcerative colitis and 

pouchitis. From an immunological standpoint, retinoic acid (vitamin A) suppresses T cell 

differentiation (Th1 and Th17) responses, mediated in part through CD103+ tolerizing 

dendritic cells (DCs) [11,12], and modulates plasma cell immunoglobulin-A class switch 

and production. [13] CD103+ DCs induce expression of the CC-chemokine receptor 9, 
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which serves as an immune cell ligand to traffic lymphocytes to the lamina propria. Since 

the Th1 and Th17 T cell populations are hallmarks of ulcerative colitis response, this 

evidence provided a cogent mechanism of possible protection in pouchitis. In addition, 

ascorbic acid and Vitamin E were studied empirically in models of chemical injury to the 

mucosa, specifically in DSS and acetic acid induced colitis, respectively [14,15]. These 

micronutrients appeared to provide antioxidant functions to the mucosa and attenuated tissue 

damage. Finally, low selenium levels have been found in patients with Ulcerative Colitis and 

Crohn’s disease [16]. Collectively, these observations suggested that certain dietary 

micronutrients may interact with disease disk in the setting of IBD, although it remained 

unclear to what extent under pouchitis genetic susceptibility.

Therefore, while focus has been placed on macronutrient intake in other chronic disease 

settings, such as fiber and dietary lipids, greater understanding of micronutrients role in 

recurrent IBDs is largely unexplored. Finally, since UC related pouchitis also responds to 

antibiotics evidence clearly suggests strong etiological roles for the microbiota in pouchitis. 

Here, we employed our established pouchitis model of SFL disease in genetically 

susceptible hosts to address the hypothesis that the addition of specific micronutrients 

(retinoic acid, Vitamin C, Vitamin E, and selenium) at pharmacologically relevant levels 

would alter the inflammatory profiles and associated microbial structure and function in 

genetically susceptible hosts.

Materials and Methods

Animals

All animal protocols were approved by IACUC at the University of Chicago. Animals were 

either wild-type (WT) or IL-10−/− gene-deficient mice on the C57Bl/6 background bred and 

housed under standard 12:12 light/dark conditions at the University of Chicago. Female 

mice, 6–8 weeks old, were fed ad libitum gel diet 76A (Cat# 72-07-5022, Clear H20, 

Portland, ME) for 5-days prior to surgery to avoid obstruction at the surgical anastomotic 

sight. Females were used because of their better survival rate post-operatively. Animals were 

anesthetized with ketamine/xylazine. Aseptic surgery was performed to resect 2.5 cm of 

ileum 3 cm proximal to the ileal-cecal value with anastomosis to the ileum using 8-0 suture 

(Figure 1). In contrast to human surgery, colons are not removed in our mouse model, since 

this procedure dramatically complicates the surgical procedure, prolongs surgical recovery, 

and decreases animal survival. The abdominal wall was closed with interrupted 4-0 silk 

sutures and skin with staples. Analgesics (buprenorphine 20 mg/kg BW) were provided 

post-operatively. Animals remained on gel diet 76A for 12 days during surgical recovery and 

then were fed a purified Control diet (CONT) or Antioxidant diet (AOX) (Table 1) for 16 

days. The antioxidant diet was identical to CONT but with pharmacologically relevant doses 

of 4 micronutrients: retinoic acid, vitamin C, vitamin E, and selenium. Animals were 

weighed daily. Mice were humanely euthanized and intestinal loop mucosal scrapings were 

collected. Mesenteric lymph nodes were weighed and normalized to body weight. Loop 

contents were collected and snap frozen at −80°C for microbiota analysis, Biolog assay, and 

IgA/IgG measurements.
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RNA extraction, cDNA synthesis, and quantitative real-time PCR

Total RNA isolation was performed on mucosal scrapings with the Trizol (Ambion) and 

chloroform method. RNA concentration and quality was determined by UV 

spectrophotometry. RNA was reverse transcribed using anchored-oligo (dT) and random 

hexamer primers. Following RT (Transcriptor Reverse Transcriptase Reaction buffer 5X; 

Protector RNase Inhibitor 40U/μl; Deoxynucleotide Mix, 10mM; Transcriptor Reverse 

Transcriptase 20U/μl), RT-PCR was performed on resulting cDNA in triplicate, using the 

manufacturer’s protocol (Roche Applied Science), in LightCycler® capillary. Gene-specific 

primers from murine GAPDH, TNFα, IFNγ, IL-17α, IL-10, CD103, and CCR9 are shown 

in reference [17] Table 1. The optimal concentration of cDNA and primers, as well as the 

maximum efficiency of amplification, were obtained through five-point, two-fold dilution 

curve analysis for each gene. RT-PCR amplification consisted of an initial denaturation step 

(95°C for 10 min), 45 cycles of denaturation (95°C for 10s), annealing (55°C for 20s) and 

extension (60°C for 30s), followed by a final incubation at 55°C for 30s and cooling at 40°C 

for 30s. All measurements were normalized by the expression of GAPDH gene, considered 

as a stable housekeeping gene. Gene expression was determined using the delta-delta Ct 

method: 2−▲▲CT(▲▲CT=[Ct(target gene) – Ct(GAPDH)]patient – [Ct(target gene) – 

Ct(GAPDH)]control). Real-time data were analyzed using the Roche LightCycle® (Roche 

Applied Science).

Immunofluorescence (IF), & Histopathological Scoring

Mucosal tissues were fixed in 4% formalin/PBS overnight. Five-micron sections were cut, 

deparaffinized, and processed for H&E, periodic acid Schiff-base (PAS), alcian-blue 

staining, or immunofluorescence (IF) with Anti-MPO and Anti-Syndecan. For IF, antigen 

retrieval was performed in sodium citrate (pH 6.0), blocked in 10% BSA, and primary 

antibody (1:200 rabbit anti-MPO; 1:1000 rabbit anti-syndecan) overnight at 4°C. Samples 

were washed and Alexa Fluor conjugated secondary antibody (555 goat anti-rabbit, 

Invitrogen life science) was applied. Slides were counterstained with DAPI and visualized 

with a Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany) through a 20X 

lens objective using Image Pro-Plus software (Media Cybernetics, Silver Springs, MD, 

USA) for image capture. Goblet cell depletion scoring was blindly assessed by two 

investigators with the following system (0 = 0% loss, 1 = 15%, 2 = 35%, 3 = 50%, 4 = 65%, 

5 = 85%, 6 = 100%) and displayed as GC depletion score.

Loop Content IgA and IgG Enzyme-Linked Immunosorbent Assay

Loop contents were weighed and placed in PBS + protease inhibitor, vortexed for 20 

minutes, and spun down for 2 minutes at 1000 x g. Samples were diluted 1:100 and the IgA 

and IgG ELISAs were performed per manufacturer instructions (Cat# 88-50450, Cat# 

88-50400; eBiosciences, San Diego, CA) and normalized to content wet weight.

16S DNA isolation

Intestinal contents were homogenized in 1 mL extraction buffer [50mM Tris (pH 7.4), 

100mM EDTA (pH 8.0), 400mM NaCl, 0.5% SDS] containing 20uL proteinase K (20mg/

ml). 0.1-mm-diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA) were 
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added to the extraction tubes and a Mini-Beadbeater-8 cell disrupter (BioSpec Products) for 

2 × 1 min to lyse cells. After overnight incubation at 55°C with agitation, extraction with 

phenol:chloroform:isoamyl alcohol, and precipitation with ethanol were performed. Isolated 

DNA was dissolved in nuclease-free water and stored at −80°C.

16S rRNA-based Polymerase Chain Reaction, llumina Library Preparation, and Data 
Analysis

Polymerase chain reaction was performed as follows: 5μL of 10x Ex Taq buffer containing 

20mM MgCl2 (Takara, Tokyo, Japan), 4μL of 2.5mM dNTP Mixture (Takara), 1μL each of 

forward (27F, 5′-AGA GTT TGA TCC TGG CTC AG-3′) and reverse (1492R, GGT TAC 

CTT GTT ACG ACT-3′) primer (10mM each), 0.25μL of Taq polymerase (Takara), 36.75μL 

nuclease-free water, and 2μL of DNA template. The PCR conditions were: 94°C for 5 min 

followed by 30 cycles of amplification consisting of denaturation at 94°C for 30 sec, 

annealing at 58°C for 1 min, and extension at 72°C for 1.5 min.

PCR primers used were specific for the 338–806 bp region of the 16S rRNA encoding gene 

and contained Illumina 3′ adapter sequences as well as a 12-bp barcode as previously 

described. [18] This barcode-based primer approach allowed sequencing of multiple samples 

in a single sequencing run without the need for physical partitioning. Sequencing was 

performed using an Illumina MiSeq DNA sequencer at Argonne National Laboratory’s Next 

Generation Sequencing Core. Forward sequences were then trimmed and classified with the 

QIIME toolkit (version 1.8.0). Using the QIIME wrappers, OTUs were picked at 97% 

sequence identity using uclust and a representative sequence (centroid) was then chosen for 

each OTU by selecting the most abundant sequence in that OTU. These representative 

sequences were aligned using PyNAST and taxonomy was assigned to them using the uclust 

consensus taxonomy assigner. The PyNAST-aligned sequences were also used to build a 

phylogenetic tree with FastTree and weighted UniFrac distances then computed between all 

samples for additional ecological analyses, including principal coordinates analysis (PCoA).

Biolog assay

To examine the substrate utilization of loop microbial communities, biolog assays were 

performed. Under anaerobic conditions, equal amounts of loop contents (~10 mg) were 

resuspended in 1 mL Biolog Inoculum Fluid-A (IF-A; Cat #72401, Biolog, Heyward, CA) 

containing tetrazolium indicator dye to measure metabolic redox. After thorough vortex 

homogenization, particulate was pelleted at low speed for 10s on a bench top mini-

centrifuge and 10 μL supernatant were transferred and thoroughly mixed in a new tube of 

IF-A (~12 mL). Then, microbial samples were transferred using a multi-channel pipette 

reservoir at 100 μL per well to a GenIII plate (Cat #2030, Biolog). After inoculation in the 

anaerobic chamber, plates were incubated overnight at 37°C. The following day, optical 

densities at 590 nm were recorded for each plate-well and Bray-Curtis dissimilarity was 

used to compare experimental groups Two-way cluster dendrograms and Indicator analysis. 

[19]
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Flow Cytometry

To examine cellular immune changes in response to dietary treatments, an additional 

experiment in IL-10−/− animals was included for flow cytometry analysis. The following 

conjugated antibodies were purchased from eBioscience: T-bet (4B10), Foxp3 (FJK-16s), 

Rorgt (AFKJS-9), Mouse IgG1, Rat IgG2a. The following antibodies were purchased from 

BD Biosciences: CD45 (30-F11), Fc Block™ (2.4G2). The following antibodies were 

purchased from Biolegend: CD4 (GK1.5), TCRb (H57-597). Aqua LIVE/DEAD® Fixable 

Aqua Dead Cell Stain Kit was purchased from Life Technologies. Cells were isolated from 

lamina propria as previously described [20] to assess intra-nuclear levels of Foxp3, T-bet, 

and RORγt in live CD45+ TCRb+ CD4+ T cells. Cells were incubated in Fc Block™ for 5 

min following 10 min of Aqua LIVE/DEAD® and 20 min surface antibody incubation. 

Subsequently, cells were permeabilized with the Foxp3 fixation/permeabilization kit 

(eBioscience) for 45 minutes at 4°C following transcription factor staining for 30 minutes at 

4 °C. Flow cytometry analysis was performed with a 9-color BD FACSCanto (BD 

Biosciences) using FlowJo software (FlowJo, LLC).

Conventionalization of germ-free IL-10 mice

Germ-free animals were individually housed and maintained in plastic isolators. Gnotobiotic 

diets were sterilized by autoclave and sterility was screened weekly. To conventionalize 

germ-free IL-10 animals, 1 g of luminal contents was collected from wild-type CONT and 

AOX loops, placed in 5 mL sterile PBS, and vigorously resuspended. Particulate matter was 

gently centrifuged in a bench-top centrifuge briefly (1000 x g for 10 seconds) and 200 μL of 

microbial supernatant was administered in each mouse via oral gavage. This process was 

repeated 7 days later to reinforce conventionalization. Donor contents and the resulting 

colonic communities in conventionalized animals were collected for 16S rRNA gene 

sequencing 3 weeks later. Colonic tissue was collected for histology and mucosal gene 

expression as described above.

Statistics

Data from the in vivo studies are presented as mean ± SEM; statistical significance was 

analyzed by the Analysis of Variance test (ANOVA) for multiple groups followed by 

analysis between two groups (Tukey-Frame’s multiple comparisons test) or T-test. P<0.05 

was considered statistically significant, unless otherwise stated.

Results

Mucosal Cytokines

The gene expression of the mucosal cytokines, TNFα, IFNγ, IL-17α, and IL-10, were 

measured in mucosal samples (Figure 2A). There were no significant changes in the relative 

expression of mucosal cytokines in WT mice between diets, however, compared with WT 

CONT, TNFα, IFNγ, and IL-17α were significantly elevated in IL-10−/− CONT samples (P 

< 0.01 each). Compared with IL-10−/− CONT, the expression of TNFα, IFNγ, IL-17α was 

significantly decreased in IL-10−/− AOX (P < 0.05; P< 0.01; P< 0.05, respectively). Despite 
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lower cytokine levels found in IL-10−/− AOX compared with IL-10−/− CONT, cytokines 

levels did not reach levels observed in WT suggesting an underlying inflammatory state.

Loop Mucosal Histology and Immunofluorescence (IF)

Consistent with our previous report [7], the SFL mucosa were characterized by short villi 

lengths and an elongated crypt compartment upon H&E assessment (Figure 2B), while 

IL-10−/− loops were characterized by epithelial erosion, cellular infiltrates, and loss of goblet 

cells (PAS stain; Figure 2C). Compared with WT CONT, the AOX diet enlarged goblet cells, 

but did not alter total goblet cell numbers or gene expression of the mucin glycoprotein, 

MUC2 (data not shown). In contrast to the marked histological inflammation visible in 

IL-10−/− CONT, IL-10−/− AOX prevented goblet cell depletion and epithelial erosion.

To investigate inflammatory contribution from lamina propria neutrophils, IF was performed 

for myeloperoxidase staining (see reference [17], Fig 2), which was found to be significantly 

elevated in IL-10−/− CONT compared with WT CONT (P <0.05) and WT AOX (P < 0.01), 

but mitigated in IL-10−/− AOX samples (P < 0.05) compared with IL-10−/− CONT. There 

was no difference between WT AOX and WT CONT.

Body and Immune Organ Weight

There were no differences in weight loss between genotypes during surgical recovery (−7±1 

vs −8±1 %, p=0.45) (see reference [17], Fig 1). Following introduction of experimental 

diets, no differences in body weight were observed between diets in either genotype (WT: 

0.2±3 vs. 0.2±3 %, p=0.99; IL-10−/−: −3.5±3 vs. 0.5±2, p=0.27). Mesenteric lymph nodes 

(MLNs) were collected and weighed from all animals. There were no MLN weight (mg/

gram body weight) differences in WT animals (Figure 2E). However, the MLN weights in 

IL-10−/− CONT were significantly greater than WT CONT (P < 0.01) and IL-10−/− AOX 

MLN weight were significantly decreased compared with IL-10−/− CONT (P < 0.05). At 

baseline, IL-10−/− CONT animals had larger spleen weight (Figure 2F) compared with WT 

CONT (P<0.01), and AOX mitigated this in IL-10−/− animals (P<0.05).

Mucosal T Lymphocyte Populations

To characterize changes in cytokines at the cellular level, additional experiments were 

performed for flow cytometry analysis of lamina propria T lymphocytes in IL-10−/− animals 

(Figure 3A). Compared with IL-10−/− CONT animals, IL-10−/− AOX displayed fewer 

relative percentages of Th17 (CD45+CD4+RORgT+) and Th1 (CD45+CD4+T-bet+) cells, 

but unchanged levels of Treg (CD45+CD4+Foxp3+) (Figure 3B). Because T lymphocyte 

trafficking to the lamina propria is influenced by the lymphocyte integrin CCR9 under the 

regulation of CD103+ dendritic cells, we further measured gene expression of these markers 

in the loop mucosa. Compared with WT CONT animals, IL-10−/− CONT animals expressed 

greater levels of CD103 expression (P < 0.05) at baseline, while CCR9 did not reach 

significance. Increased CD103 expression in IL-10−/− animals is potentially a compensatory 

response to the underlying inflammation in this model (Figure 3C). Following AOX, the 

level of CD103 and CCR9 gene expression was increased in both genotypes and reached 

significance in IL-10−/− animals (P <0.05), suggesting the diet potentially stimulated 

tolerizing dendritic cell expansion and altered immune cell trafficking.
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Loop Luminal Immunoglobulin Levels

To investigate loop immunoglobulins following dietary intake, luminal IgA and IgG were 

quantified in loop contents. Mucosal plasma cells were also imaged with histology. No 

trends were observed in lamina propria plasma cell numbers (see reference [17], Fig 3A); 

however, the luminal level of IgA was significantly altered (see reference [17], Fig 3B). 

Compared with WT CONT, IgA levels were higher but not significant in IL-10−/− CONT at 

baseline. Following AOX diet, the level of IgA increased in both diets, but this reached 

significance only in IL-10 animals (P < 0.01). The luminal level of IgG decreased in both 

genotypes following AOX, but did not reach significance (see reference [17], Fig 3C). Since 

IgA has been shown to specifically target species belonging to Bacteriodietes, we next 

focused on the microbial taxonomy in the SFL.

Loop Microbial Taxonomy and Function

At the phylum level, similar patterns were observed in community composition between 

diets in both genotypes (Figure 4A). Following AOX, the relative percent of Bacteroidetes 
increased while Firmicutes decreased in both genotypes. Proteobacteria levels were largely 

unchanged, while the level of Verrucomicrobia decreased after AOX in both genotypes. 

Genera levels are displayed in reference [17] Table 2. Interestingly, the alpha diversity 

(Shannon diversity index) was increased after AOX diet in both genotypes (Figure 4B), 

indicating the AOX diet cultivated greater community membership, either directly or 

through changes in host immune function, compared with the CONT diet.

To explore functional characteristics of these microbial communities, the substrate 

utilization assay – Biolog - was performed (see reference [17] Fig 4). In this experiment, 

loop microbiota are diluted and grown anaerobically in the presence of 72 carbon substrates 

(i.e., sugars, carboxylic acids, amino acids) and 24 environmental sensitivities (i.e., low pH, 

salt concentrations, antibiotics), providing a signature of substrate utilization. This assay 

demonstrates that the dietary intake, but not host genotype, drives microbiota function, 

where WT or IL-10−/− animals on AOX diet cluster together and WT and IL-10−/− on 

CONT diet cluster more similarly. This finding is consistent with the taxonomic 

characterization where diet drives similar changes in either genotype.

Conventionalization of Germ-Free IL-10−/− mice with Loop Microbiota

Finally, to test the role of the microbiome in driving mucosal inflammation, the loop 

microbiota from WT animals fed CONT or AOX were used to colonize germ-free IL-10−/− 

animals (Figure 5). There were no differences in body weight between groups after 3 weeks, 

however, all animals lost weight consistent with the response to microbial colonization 

(Figure 5A). The spleen and MLN weights (normalized to body weight) were greater in 

CONT compared with AOX conventionalized animals. Similarly, colon weight/length ratio, 

and mucosal cytokines were elevated in CONT compared with AOX (Figure 5D, E). 

Consistent with the donor microbiota, GF animals colonized with AOX had greater relative 

levels of the phylum Bacteriodetes and less Verrucomicrobia than CONT animals (Figure 

5F). Principal component analysis demonstrates the composition of CONT and AOX 

colonized animals clustered differentially (Figure 5F). Taxonomic changes at the genera 

level are displayed in reference [17] Table 3.

Pierre et al. Page 8

J Nutr Biochem. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Inflammatory bowel diseases (IBD) are believed to result from host genetic susceptibility in 

response to dietary, environmental, and microbial triggers that lead to chronic inflammatory 

responses. Ulcerative colitis is one form of IBD that involves only the colon, and in 

medically refractory disease, many patients require total removal of the colon. In these 

patients, the terminal small bowel is often used to surgically create a reservoir - termed an 

ileal pouch - that allows continence. Unfortunately, up to 50% of IBD patients who receive a 

pouch subsequently develop an inflammatory condition called pouchitis [21,22] In contrast, 

patients with familial adenomatous polyposis who undergo IPAA develop this condition far 

less frequency. Our previous experimental work demonstrated the inflammation in 

genetically susceptible animals is related to the microbial stasis, which mimics colonic 

microbiota, and drive toll-like receptor (TLR) mediated mucosal adaptations that 

histologically and transcriptionally resemble colon. [7] Elevated TLR signaling is observed 

in human pouches, [23] but the presence of endoscopic and histological mucosal metaplasia 

is variable in humans, likely reflecting a degree of heterogeneity of patient populations and 

surgical techniques in pouch size and style between surgeons. Stasis itself is also a trigger 

for enterocolitis symptoms. [7,24] While treatments for pouchitis include antibiotics, 

steroids, and immunologics, suggesting a critical role for microbiota-immune cross talk, 

little attention has been placed on potential dietary triggers or risk factors that lead to 

disease. It is increasingly recognized that diet can rapidly and dramatically alter microbial 

community structure and function, and therefore dietary factors likely provide 

underappreciated etiologies in pouchitis. Limited numbers of studies have focused on fiber 

and probiotics (e.g. VSL#3) in pouch patients, [25–27] with the aim of directly altering the 

microbial communities, but little focus has been placed on other dietary factors that 

influence the microbial compartment or host immune compartment directly.

Here we employed our established self-filling loop model, mimicking pouchitis, to explore 

the role of dietary intervention in genetically susceptible hosts. We specially focused on the 

dietary micronutrients, retinoic acid, ascorbic acid, vitamin E, and selenium (AOX diet) as a 

cocktail to screen for differential responses to diet in the IL-10−/− host. We selected retinoic 

acid because of the described influence of this micronutrient on T cell differentiation, 

including Th1 and Th17 subsets, through interactions with CD103+ Dendritic cells, as well 

as plasma cell differentaiton and function. [28–31] Furthermore, recent experimental 

modeling with chemically induced colitis demonstrated the potential protective effects of 

ascorbic acid and Vitamin E upon mucosal tissue damage. [14,15] However, since our model 

results from genetic susceptibility to inflammation induced by bacterial triggers, it remained 

unclear in molecules protective under chemical injury would be protective. Finally, we 

selected selenium since recent reports suggest human IBD patients with Ulcerative colitis 

and Crohn’s disease have reduced levels. The absence of IL-10−/− provides a background of 

inflammatory responsiveness, and decreased immune tolerance, to screen for environmental 

and dietary effects on disease processes. Therefore, our rational was to determine of 

elevating the dietary concentration of these micronutrients had any influence on the genetic 

susceptibility to pouchitis-like inflammation observed in our established model. The current 

study was also influenced in part by human clinical study observations that identified an 
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association between lower intake of certain dietary micronutrients and elevated pouchitis 

incidence. [32] Because active disease or symptoms might alter dietary preferences in 

humans, providing alternative explanations for this reported association, our expectations 

were conservative. Accordingly, our initial hypothesis was that these specific micronutrients, 

widely considered antioxidants, would alter circulating reactive oxygen species or levels of 

antioxidant enzymes, such as superoxide dismutase (SOD), and may have a protective role 

in preventing free radical formation. Altered SOD expression has been reported in IBD. [33] 

Indeed, reduced oxidative stress has even been reported in the chemically induced models of 

colitis following Vitamin E supplementation. [15] However, our initial investigations failed 

to identify differences in serum free radicals or mucosal expression of SOD1/2 following 

AOX (data not shown), despite marked improvements found in histology assessment (Figure 

2B). We therefore next focused on the immune compartment and microbiota structure to 

explore the mechanism behind improved mucosal injury.

In addition to improved histology with AOX in IL-10−/− animals, we observed altered 

mucosal cytokines compared with CONT diet. Specifically, TNFα, IFNγ, IL-17α are 

associated with pouchitis in humans and drive the pathophysiology of disease. 

Histologically, the mucosa displayed less goblet cell depletion following AOX, possibly due 

to decreased TNFα levels, a known stimulator of mucus release. [34] Despite these visual 

changes, there were no differences in mucosal MUC2 gene expression, the most abundantly 

produced mucin in the small intestine (data not shown), supporting the notion that goblet 

cell differences were due to decreased mucin secretion instead of increased mucin 

production. We then performed flow cytometry analyses of the loop to quantify immune 

cells, which indicated AOX leads to decreased levels of Th17 and Th1 lymphocytes in 

IL-10−/− animals, without altering Treg subsets, consistent with the observed cytokine 

expression data. These results were also consistent with the known influence of retinoic acid 

upon these cell subsets. [35,28] T lymphocyte trafficking is in part regulated by lymphocyte 

intergrins, including CC-chemokine receptor 9 (CCR9), which is influenced by CD103+ 

dendritic cells. [30] Interestingly, in both genotypes AOX elevated the gene expression of 

CCR9 and CD103, compared with CONT diet. The role of CCR9 could be seen as beneficial 

or detrimental, depending upon cellular population recruitment to the intestinal effector 

sites. Globally, however, animals lacking CCR9 display exacerbated IBD in response to 

chemical challenge, [36] suggesting a role in mediating protective mechanisms.

To complement lymphocyte analysis, we next investigated immunoglobulins in the loop 

lumen and found IgA was elevated following AOX diet in IL-10−/− animals, indicating either 

enhanced plasma cell IgA class switching, elevated plasma cell IgA production, or increased 

epithelial IgA transport and release. IgA is thought to be protective in the lumen, where IgA-

transport protein, pIgR, deficient animals or IgA deficient human populations are at 

increased risk of colitis or IBD, respectively. [37,38] Elevated IgA is consistent with the 

known effects of retinoic acid upon IgA production. [13] Interestingly, it has been recently 

reported that while IgA is constitutively expressed in the intestine, substantial amounts of 

IgA are released that are specific to species of the phylum Bacteriodetes. [39] In addition to 

histological and immunological changes, AOX led to an altered microbial community 

structure via 16S sequencing that included increased microbial diversity – in both genotypes 

- and altered microbial function assessed through an in vitro assay of substrate utilization. It 
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should be noted that phylum level analysis provides limited insight, but we noted increased 

Bacteriodetes and decreased Firmicutes. The level of the phylum Verrucomicrobia was 

decreased in both genotypes following AOX diet, which was interesting because this phylum 

is sometimes associated with protective effects. However, since Verrucomicrobiota is 

comprised of a single species, Akkermansia Muciniphila, which feeds on mucus release by 

the host, it may have decreased in relative abundance as a result of lower goblet cell mucus 

release as indicated by histology and gene expression analysis.

The changes observed following AOX in IL-10−/− animals lead to multiple interesting 

questions that are fundamental to the nature of diet, microbe, and host interactions. Does 

AOX directly or indirectly impact the loop microbiome and the mucosal immune 

compartments? How do these compartments influence one another? While the former 

question remains difficult to tease apart, we addressed the later question by performing 

microbial conventionalization studies. Conventionalization of germ-free animals remains the 

best technique to study the direct effect of defined microbial communities upon host 

parameters without confounding variables, including antibiotics or reemergence of microbial 

species present before introduction of test communities. To test this, ileal loop microbiota 

were collected from WT animals fed CONT or AOX diet and subsequently administered to 

germ-free IL-10−/− animals. This experiment demonstrated that CONT microbiota led to 

more pronounced inflammatory responses, including morphometric analysis of the MLN 

and colon and elevated mucosal cytokines, in the IL-10−/− hosts compared with AOX 

microbiota, supporting the notion that following AOX diet the microbiota directly alters the 

host immune response. To address the role of the immune compartment upon the microbiota 

following AOX diet, cell transfer studies would be needed from the loop mucosa into 

lymphocyte deficient animals. Furthermore, feeding sterile AOX diet to germ-free animals 

may allow investigation of the dietary micronutrients upon the immune system alone; 

however, these animals have fewer gut immune cells at baseline. The primary limitation of 

the current study is the inability to elucidate the contribution of each dietary component - 

retinoic acid, ascorbic acid, vitamin E, and selenium - since they were provided as a cocktail 

in AOX diet. Further studies with individual compounds are needed, such as a focused 

examination of retinoic acid, although it is possible the results observed in this study 

resulted from the synergistic contribution of each compound. Additionally, when 

considering the potential benefit of supplementing with individual micronutrients, one must 

be acutely aware of the risk of toxicity, especially in regards to retinoic acid and hepatic 

dysfunction. Well the dietary doses used here remain the only 2 to 4 times higher than 

concentrations found in maintenance diets, future work is needed to determine safe levels of 

intake in both mice and humans.

In conclusion, pouchitis remains a chronic problem for many IBD patients who have an ileal 

pouch reservoir. The current treatments target the microbial communities (through non-

specific antibiotics) and inhibit immune responses (through the use of steroids and 

immunologics). Recent advancements in studying the microbiome demonstrate microbial 

communities are highly responsive to diet, both in their composition and function. Likewise, 

much attention is currently placed on the use of probiotics to directly manipulate the 

microbiota community in pouch patients and other forms of IBD. However, given the 

importance of diet in shaping the community, we empirically modeled this disease to 
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examine if dietary micronutrients influenced disease in genetically susceptible animals. Our 

results demonstrate that dietary micronutirents, in addition to macronutrients, can influence 

mucosal immune responses and mucosal pathophysiology. These outcomes are related to 

shifts in the microbiome, which has a causal role, since the transfer of microbial 

communities to naïve germ-free hosts can differentially drive disease pathogenesis. Globally 

the observed protective effect of our dietary treatment were consistent with the influence of 

retinoic acid upon mucosal and immune compartment function. Deeper understanding of the 

immune-microbiome cross talk under different dietary settings may enable us to predict and 

prevent key risk factors for inflammatory disease in pouch patient populations.
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Figure 1. 
Gross Anatomy of the Self-Filling Loop (SFL) in relation to other regions of the small and 

large intestine. Ruler in centimeters.
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Figure 2. 
Evidence of inflammation in the Self-Filling Loop (SFL) mucosa and immune organs. (A) 

Cytokine expression for TNFα, IFNγ, IL-17α, and IL-10 in mucosal scrapings of WT and 

IL-10−/− animals on Control and AOX diet. (B) Histology of the SFL mucosa stained by 

H&E in (a) WT Control, (b) WT AOX, (c) IL-10−/− Control, and (d) IL-10−/− AOX: 

IL-10−/− Controls demonstrate evidence of epithelial erosion. (C) Periodic Acid-Schiff 

(PAS) staining of goblet cells in the SFL mucosa of (a) WT Control, (b) WT AOX, (c) 

IL-10−/− Control, and (d) IL-10−/− AOX demonstrates goblet cell loss in IL-10−/− Control 

and goblet cell hyperplasia in AOX fed animals. (D) Goblet cell depletion as PAS stained 

sections. (E) Normalized mesenteric lymph node organ (MLN) weight. (F) Normalized 

spleen weight. * P < 0.05, ** P < 0.01, *** P < 0.005. Scale bars indicate 100um. Results 

are n = 7–10/group for all measurements, except goblet cell depletion, n = 5–6/group.
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Figure 3. 
Flow Cytometry Analysis of Self-Filling Loop (SFL) lamina propria T cells in IL-10−/− 

animals fed Control or AOX diet. (A) Representative gating for Live, CD45+ CD4+ 

lymphocytes stained with T-bet+, RORgt+, and FOXp3+. (B) Percentage change in T 

lymphocytes between IL-10−/− Control and AOX, where AOX decreased relative proportions 

of T-Bet+ (Th1) and RORgT+ (Th17), but did not significantly affect FOXp3+ (Treg) cell 

percentages. (C) Quantitative gene expression for CCR9 and CD103 in WT and IL-10−/− 

animals on Control and AOX diet. * P < 0.05, ** P < 0.01, *** P < 0.005. Flow cytometry 

data are representative of 3 independent experiments, each containing n=4–6/group.
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Figure 4. 
Bacterial Taxonomy assessed by 16S sequencing. (A) Relative abundance of phylum in WT 

and IL-10−/− animals fed Control and AOX, where diet led to similar compositions 

regardless of genotype. (B) Shannon Diversity index between WT and IL-10−/− animals fed 

Control and AOX, where AOX led to similar increases in alpha diversity compared to 

Control diet in both Phenotypes. Taxonomy of Genera level changes are displayed in 

reference [17] Table 2. Results are n=7–9/group.
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Figure 5. 
Conventionalization of germ-free IL-10−/− mice with the microbiota of Control and AOX 

loops. (A) Conventionalization of both microbiota communities led to similar changes in 

body weight over 21 days. (B) Normalized Spleen and (C) Mesenteric Lymph Node weight. 

(D) Ratio of colon weight per length. (E) Colonic mucosal cytokines, TNFα, IFNγ, and 

IL-17α. (F) Bacterial community taxonomy at the phylum level and beta diversity in mice 

conventionalized with Control and AOX derived microbiota. Resulting community structure 

resembled the donor groups in composition following 21 days of conventionalization and 

remained distinct in beta diversity between groups. Principal component analysis (PCoA) of 

conventionalized microbiota beta diversity demonstrate clear separation between Control 
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and AOX communities. Taxonomy of Genera level changes are displayed in reference [17] 

Table 3. P values displayed in figures. Results are n = 4–5/group.
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Table 1

Experimental diets.

Ingredient, g/kg Control Diet AOX Diet

Casein 180 180

L-Methionine 2.5 2.5

Sucrose 100 100

Corn Starch 240 240

Maltodextrin 120 120

Cellulose 220.18 202.143

Soybean Oil 80 80

Choline Bitartrate 2.5 2.5

Mineral Mix, AIN-93G-MX (94046) 38.5 38.5

Calcium Phosphate, monobasic, monohydrate 3.4 3.4

Calcium Carbonate 1 1

Ferric Citrate 0.4 0.4

TBHQ, antioxidant 0.02 0.02

Vitamin Mix, AIN-93-VX w/A, D, E (94047) 11.5 11.5

Vitamin Mix, AIN-93 w/o A, D, E (120379) 0 0

Vitamin A Palmitate (500,000 IU/g) 0 0.037

Vitamin C, L-ascorbyl-2-polyphosphate (35%) 0 16

Vitamin E, DL-alpha tocopheryl acetate (500 IU/g) 0 0.35

Vitamin D3, cholecalciferol (500,000 IU/g) 0 0

Sodium Selenite (0.0445% in sucrose) 0 1.65

Calculated Nutrient Profile

Kcal/g 3.2 3.2

Macronutrient, % by weight

Protein 16 16

Carbohydrate 45 45

Fat 8 8

Vitamin A, IU/kg 4600 23100

Vitamin E, IU/kg 86 261

Vitamin C, g/kg 0 5.6

Se, mg/kg 0.16 0.5
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