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Abstract 29 

Interactions between the gut microbiota and the host are important for health, where dysbiosis has 30 

emerged as a likely component of mucosal disease. The specific constituents of the microbiota that 31 

contribute to mucosal disease are not well defined. We sought to define microbial components that 32 

regulate homeostasis within the intestinal mucosa. Using an unbiased, metabolomic profiling approach, 33 

we identified a selective depletion of indole and indole-derived metabolites in murine and human colitis. 34 

We demonstrated that indole-3-propionic acid (IPA) was selectively diminished in circulating serum from 35 

human subjects with active colitis and that IPA served as a biomarker of disease remission. 36 

Administration of indole metabolites showed prominent induction of IL-10R1 on cultured intestinal 37 

epithelia that was explained by activation of the aryl hydrocarbon receptor (AHR). Colonization of germ-38 

free mice with wild-type E. coli, but not E. coli mutants unable to generate indole, induced colonic 39 

epithelial IL-10R1. Moreover, oral administration of IPA significantly ameliorated disease in a 40 

chemically-induced murine colitis model. This work defines a novel role of indole metabolites in anti-41 

inflammatory pathways mediated by epithelial IL-10 signaling and identifies possible avenues for 42 

utilizing indoles as novel therapeutics in mucosal disease. 43 

 44 
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Introduction 48 

The mammalian gastrointestinal (GI) tract plays host to trillions of microbes, collectively termed 49 

the microbiota, where a critical mutualism exists within the intestinal mucosa. The microbiota contributes 50 

significantly to gut homeostasis but can also contribute to establishing and maintaining mucosal disease 
1
. 51 

Intestinal mucosal surfaces act as primary barriers to microbial invasion, where commensal bacteria work 52 

in a dynamic and intimate interaction with the gut epithelium and influence host cellular and immune 53 

responses 
2
. Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the GI tract that is 54 

comprised of Crohn’s disease (CD) and ulcerative colitis (UC). It is known that IBD is caused by 55 

interactions between genetic and environmental factors, and results in perturbations of the microbiota, 56 

though precisely how microbial factors affect gut homeostasis and immune response have not been 57 

extensively explored 
3-5

.  58 

The significance of IL-10 signaling is well established in IBD. This anti-inflammatory cytokine, 59 

which signals through the IL-10 receptor ligand-binding subunit (IL-10R1), is induced during 60 

inflammation and attenuates excessive production of pro-inflammatory mediators in various cell types, 61 

including intestinal epithelial cells (IEC) 
6, 7

. Functional IL-10 signaling is associated with enhanced 62 

mucosal barrier function and results in maintenance and homeostasis of the epithelia 
7
. Previous work, 63 

including our own, has shown that the epithelial IL-10R1 contributes fundamentally to resistance to 64 

intestinal inflammation and represents a component of epithelial innate immunity originally described to 65 

be induced by cytokines such as IFN-γ
8
. For instance, mice deficient in IL-10 or IL-10 receptor develop 66 

spontaneous severe colitis and mice conditionally lacking intestinal epithelial IL-10R1 show increased 67 

susceptibility to colitis 
7, 9, 10

.  68 

Metabolomic analysis has revealed that gut bacteria impact host immunity through a variety of 69 

metabolites, including indole metabolites 
11

, which originate from the microbial metabolism of 70 

tryptophan. Indole-3-propionic acid (IPA) and indole-3-aldehyde (IAld), which are tryptophan 71 

metabolites produced by intestinal bacteria, are known for their intercellular signaling activity. Further, 72 
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IAld has recently been identified as an aryl hydrocarbon receptor (AHR) ligand 
12

. AHR is a ligand-73 

dependent transcription factor activated by a variety of synthetic and biological molecules that plays an 74 

important role in immunological response and inhibition of inflammation 
13

. AHR contributes to immune 75 

homeostasis through various methods, including T cell differentiation and Th17 development 
14, 15

, as well 76 

as the upregulation of IL-22 production 
16

. Recently, several studies have shown that the host microbiota 77 

provides a consistent source of endogenous AHR ligands with distinct effects on immune homeostasis 
16-78 

18
. However, the precise role of indole metabolites in the gastrointestinal tract remains elusive. Together, 79 

these data lead us to hypothesize that microbial-derived indole metabolites promote intestinal homeostasis 80 

through AHR-mediated regulation of the IEC IL-10R1. 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 
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Materials and Methods 97 

Animal Studies 98 

For metabolomics analysis, C57BL/6-129 mice were administered 3% (wt/vol) dextran sodium sulfate 99 

(DSS; molecular weight 36,000-50,000; MP Biochemicals, Burlingame, CA) in drinking water for 5 d, 100 

followed by a 2-d recovery period. Normal tap water was returned during these 2 d prior to tissue 101 

collection. Control mice were maintained on tap water for 7 d. In subsequent animal experiments, 8-12 102 

wk-old C57BL/6 mice were administered water or 2.5% DSS ad libitum for 9 d. This administration 103 

approach varied slightly to account for a change in death susceptibility to DSS. DSS was then removed 104 

and mice were allowed to recover for 2 d prior to euthanasia. For IPA treatment experiments, the addition 105 

of IPA at 0.1 mg/ml was administered to water- and DSS-treated animals. Mice were housed in 106 

accordance with guidelines from the American Association for Laboratory Animal Care and Research 107 

Protocols, and all animal work was approved by the Institutional Animal Care and Use Committee of the 108 

University of Colorado. 10mg in 103ml DI H2O 109 

 110 

Cell Lines and shRNA Knockdown 111 

Human T84 intestinal epithelial cells (IEC) were cultured in 1:1 DMEM-Ham’s F12 with 2.5 mM L-112 

glutamine and 10% FBS. Cells were maintained at 37°C with 5% CO2. Transepithelial electrical 113 

resistances (TEER) were monitored using an EVOM2 Voltohmmeter (World Precision Instruments, 114 

Sarasota, FL). Cytokines were purchased from R&D Systems (Minneapolis, MN). IAld, IPA, and AHR 115 

inhibitor, CH-223191, were obtained from Sigma Aldrich (St. Louis, MO). 6-formylindole[3,2-b] 116 

carbazole (FICZ) was obtained from Tocris Bioscience (Bristol, United Kingdom). All compounds were 117 

used at indicated concentrations. Human intestinal organoids (HIOs) were derived following previously 118 

described methods 
19

 and kindly provided by Dr. Jason Spence at the University of Michigan. HIOs were 119 

maintained by embedding in Matrigel (BD Biosciences) and applying Advanced DMEM-F12 medium 120 

(Invitrogen, Carlsbad, CA) containing 1X B27 supplement (Invitrogen), 1X GlutaMAX (Life 121 

Technologies, Carlsbad, CA), 10 µM Hepes, 10% pen/strep, 100 ng/mL rhNoggin (R&D Systems), 100 122 
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ng/mL epidermal growth factor (R&D Systems), and approximately 500 ng/mL R-Spondin1 (RSPO1). 123 

RSPO1 was obtained from conditioned media collected from a HEK293 cell line that was stably 124 

transfected and zeocin-selected for the RSPO1 expression vector. Media was changed every two to four 125 

days, and HIOs were transferred to fresh Matrigel once a week until they reached approximately 0.5 mm 126 

to 1 mm in size for experiments and RNA isolation. Lentiviral particles encoding shRNA directed against 127 

ARNT (MISSION TRC shRNA, University of Colorado Functional Genomics Facility) were used to 128 

transduce T84 cells using standard protocols. Stable integration was achieved by puromycin selection at 6 129 

µg/ml. Knockdown was confirmed by qPCR analysis, indicating 80-85% depletion of ARNT levels.  130 

 131 

RNA Isolation and Real-Time PCR 132 

Total RNA was extracted from cells using TRIzol (Invitrogen) and from tissue using RNeasy Mini Kit 133 

(Qiagen, Hilden Germany). cDNA was prepared using iScript cDNA synthesis kit (Bio-Rad, Hercules, 134 

CA). Real-time PCR to measure transcript was carried out in 1× Power SYBR Green master mix (Applied 135 

Biosystems, Foster City, CA) using an ABI 7300 thermocycler. Fold change in expression of target 136 

mRNA relative to β-actin mRNA was calculated as previously described 
20

. Total RNA from HIOs was 137 

isolated using Direct-zol RNA Miniprep Kit (Zymo Research Corp, Irvine, CA). Fold change in 138 

expression of mRNA transcript from HIO experiments was calculated relative to HSPCB (heat shock 139 

protein 90 alpha family class B member 1). Human and mouse primer sequences listed in Table 1.  140 

 141 

Western Blot 142 

Whole cell and tissue lysates was extracted in Tris-Lysis buffer on ice and disrupted by sonication. 143 

Protein content was quantified using BCA protein assay reagent (Thermo Scientific, Waltham, MA) and 144 

30 µg of whole cell or tissue extract was boiled in Laemmli buffer in reducing conditions subjected to 145 

SDS/PAGE. The SDS/PAGE was transferred onto a PVDF membrane and probed for IL-10R1 using a 146 

rabbit polyclonal IL-10RA antibody (1: 1000; Thermo Fisher, Waltham, MA) and β-actin (1: 10,000; 147 

Abcam, Cambridge, UK). 148 
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 149 

Metabolomic Analysis  150 

Distal colon tissue (1 cm) was collected from control and DSS-treated mice. Tissues were flash frozen 151 

and placed at -80˚C. Global metabolomics was performed by Metabolon, Inc. (Durham, NC). Briefly, 152 

tissue samples were thawed and weighed in tared cryovials and 80% ice-cold methanol was added at a 153 

ratio of 75µL solvent per mg of sample, then incubated overnight at 4˚C to extract biochemicals. Internal 154 

standards were included to control for extraction efficiency. Following methanol extraction, colon 155 

samples were processed and analyzed as previously described 
21

.  156 

 157 

HPLC Metabolite Analysis 158 

Indole derivatives were quantified in mouse and human samples using reversed-phase high-performance 159 

liquid chromatography with electrochemical coulometric array detection (EC-HPLC; CoulArray, Thermo 160 

Scientific, Waltham, MA). Archived human serum samples from patients diagnosed with IBD or from 161 

healthy individuals were obtained under research protocols approved by the Colorado Multi-Institutional 162 

Review Board. Study participant demographics are listed in Table 2. Tissue and serum samples were 163 

extracted in 80% methanol and protein precipitate was removed by centrifugation at 15,000 x g. 164 

Separation was achieved using an Acclaim Polar Advantage II C18 column (Thermo, Waltham, MA) at a 165 

flow rate of 1 ml/min on a gradient of 10% to 55% acetonitrile in 50 mM sodium phosphate buffer, pH 3, 166 

containing 0.42 mM octanesulphonic acid as an ion-pairing agent. Calibration curves were composed by 167 

performing linear regression analysis of the peak area versus the analyte concentration. The data were 168 

quantified using the peak area in comparison to standards.  169 

 170 

Bacterial Strains and Gnotobiotic Colonization Experiments  171 

Escherichia coli (E. coli) strains were obtained from GE Dharmacon (Lafayette, CO). An E. coli K12 172 

parent strain (E. coli BW25113; WT), along with strains containing a deletion of tnaA (E. coli JW3686; 173 

∆tnaA) and tnaB (E. coli JW5619; ∆tnaB) were used for experiments. All strains were grown in Lysogeny 174 
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broth (LB; 10g/L tryptone, 10g/L NaCl, 5 g/L yeast extract) or on LB-agar plates supplemented with 175 

appropriate antibiotics (kanamycin, 50 µg/ml), if needed. Cultures were grown overnight at 37˚C to 176 

stationary phase and tested for the presence of indole by the addition of 200 µL of Kovac’s reagent 177 

(Sigma Aldrich, St. Louis, MO) to 2 mL bacterial culture. For T84 cell experiments, cultures were grown 178 

overnight at 37˚C to stationary phase. Briefly, cultures were spun, supernatants collected, and afterward 179 

serially diluted and placed onto cells for 24 hr. Bacterial supernatants used for EC-HPLC analysis were 180 

placed through a 0.22 µm filter prior to run. For gnotobiotic colonization experiments, 5-8-week-old 181 

germ-free C57BL/6 mice were gavaged with a 100 µL bacterial suspension for mono-association (10
9 182 

CFU of each bacterial strain collected from a stationary-phase culture and re-suspended in PBS). Mice 183 

were colonized for 2 wk prior to euthanasia. Fresh fecal pellets were collected periodically, weighed, 184 

homogenized and serially diluted in PBS for plating to determine bacterial CFU per g of feces.  185 

 186 

Histology 187 

Colon samples were fixed in 10% neutral buffered formalin and paraffin embedded prior to staining with 188 

hematoxylin and eosin (H&E). All histological quantitation
 
was performed blinded by the same individual 189 

using a scoring system previously described 
22

. Briefly, the three independent parameters measured were 190 

severity
 
of inflammation (0–3: none, slight, moderate, severe),

 
extent of injury (0–3: none, mucosal, 191 

mucosal and submucosal,
 
transmural), and crypt damage (0–4: none, basal 1/3 damaged,

 
basal 2/3 192 

damaged, only surface epithelium intact, entire crypt
 
and epithelium lost). The score of each parameter 193 

was multiplied
 
by a factor reflecting the percentage of tissue involvement

 
(x1: 0–25%, x2: 26–50%, x3: 194 

51–75%, x4: 76–100%)
 
and all numbers were summed. Maximum possible score was 40. 195 

 196 

Quantification of Cytokines in Colon Tissue  197 

For cytokine analysis, colon tissue was extracted in Tris-Lysis buffer by sonication and protein 198 

homogenates were quantified using BCA protein assay reagent (Thermo Scientific, Waltham, MA). 199 

Tissue concentrations of cytokines were measured using a proinflammatory cytokine screen (Meso Scale 200 
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Discovery, Rockville, MD). Assays were performed according to manufacturer’s instructions. Cytokine 201 

concentrations were normalized to total protein concentration. 202 

 203 

Quantification and Statistical Analysis  204 

Data are expressed as mean ± S.E.M. Statistical analyses were performed in GraphPad Prism (La Jolla, 205 

CA, Version 7.0) using two-tailed unpaired Student’s t-test for direct comparisons and one-way or two-206 

way ANOVA with Tukey’s test for multiple comparisons. Statistical differences reported as significant 207 

when P < 0.05.  208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 
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Results 225 

Tryptophan-indole metabolism is altered in murine and human colitis 226 

To better understand microbe-derived factors that contribute to intestinal homeostasis, we 227 

performed a comprehensive, unbiased screen of serum and colonic tissue metabolites from healthy and 228 

DSS colitic mice. Mice were administered DSS via drinking water, and serum and colonic tissue were 229 

collected during peak disease (day 7). Of the microbe-derived metabolites, most notable were decreases in 230 

tryptophan-indole metabolites in both serum and colons of colitic mice compared to mice administered 231 

water alone (Figure 1A). Tryptophan is metabolized through various pathways, including the indole 232 

pathway, resulting in derivatives that are produced from metabolism by gut microbiota (Figure 1B). 233 

Colitis profoundly altered tryptophan metabolism, specifically revealing a selective decrease in indole 234 

metabolites. To validate this mass spectrometry-based metabolite screen, we developed an HPLC-based 235 

protocol using electrochemical (EC) detection methods (Figure 1C). Eight- to ten-week-old C57BL/6 236 

mice were administered water or 2.5% DSS ad libitum for 9 d. DSS was then removed and mice were 237 

allowed to recover for 2 d prior to euthanasia. Serum indole metabolites were profiled by EC-HPLC 238 

(Figure 1D). Serum indole and IPA levels were significantly decreased in actively colitic animals (P < 239 

0.05). A marked decrease in serum IAld was also observed (P = 0.09). It is notable that overall tryptophan 240 

levels in DSS colitis actually increase (Figure 1A), suggesting that our findings of indole depletion are not 241 

a result of diminished tryptophan absorption.  242 

Guided by results of indole depletion in active murine colitis, we attempted to translate our results 243 

to human patients. Here, we used our developed EC-HPLC method to quantify various indole metabolites 244 

in serum samples from patients with UC. For these purposes, serum samples from healthy controls (n = 245 

20), subjects with active UC (n = 15), and subjects with UC in remission (n = 20) were profiled (see 246 

Table 2 for demographics). This analysis revealed that serum IPA was deceased by nearly 60% in 247 

subjects with active UC compared to healthy controls (P < 0.05, Figure 1E). Notably, this IPA deficiency 248 

normalized in UC patients in remission, implicating IPA as both a biomarker for active UC as well as an 249 
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indicator of disease remission in human UC. Based on these findings, we further explored the role of 250 

indole and metabolites IPA and IAld on intestinal epithelial function. 251 

 252 

Indole metabolites induce IL-10R1 expression on intestinal epithelia and improve barrier formation  253 

We have previously shown that tryptophan metabolites are important regulators of IL-10R1 in 254 

IEC 
23

. Guided by our unbiased metabolomic profile of serum and colon tissue from healthy and DSS-255 

colitic mice and our recent work identifying the epithelial interleukin-10 receptor as the dominant 256 

signature for resolution of inflammation in DSS colitis
6, 7

, we hypothesized that indole-containing 257 

tryptophan metabolites regulate intestinal homeostasis via regulation of epithelial IL-10R1 expression. To 258 

examine the induction of IL-10R1 in response to indole metabolites, T84 IEC were exposed to IPA or 259 

IAld for 6 h. qPCR of IL-10R1 transcript levels showed a concentration-dependent induction of IL-10R1 260 

(Figure 2A). These findings were not limited to colonic cancer cell lines. Human intestinal organoids 261 

(HIOs) are complex three-dimensional spheroid tissues derived from human pluripotent stems cells 262 

(hPSCs) 
19

 and contain the majority of functional epithelial cell types (i.e. enterocytes, goblet, Paneth, 263 

enteroendocrine, intestinal stem cells) and structures (i.e. brush borders of microvilli, crypt-like 264 

structures, and a mesoderm layer) comprising the human small intestine 
24

. HIOs treated with IPA 265 

exhibited increasing levels of IL-10R1 transcript, with significant induction at 24 h (P < 0.001; Figure 266 

2B). Further analysis revealed a prominent induction of IL-10R1 protein expression in T84 IEC exposed 267 

to IPA and IAld (Figure 2C). 268 

We next examined the influence of the metabolite IAld on barrier formation in T84 cell 269 

monolayers, as our previous work has demonstrated that IL-10 signaling is important in IEC barrier 270 

development and maintenance 
7, 23

. Cells exposed to both IAld and IL-10 exhibited significantly increased 271 

barrier formation at 72 h compared with untreated cells as measured by TEER (P < 0.01; Figure 2D). 272 

Further, IAld in combination with IL-10 (10ng/ml) significantly induced Suppressor of Cytokine 273 

Signaling 3 (SOCS3), an IL-10-responsive gene that has been found to be protective in intestinal 274 

inflammation 
25

 (P < 0.05; Figure 2E). From this perspective, it is notable that SOCS3 was not induced by 275 
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IL-10 alone as a result of nearly undetectable levels of IL-10R1 at baseline 
6, 7

. Overall, these results 276 

identify indole metabolite-dependent induction of the epithelial IL-10R1 as a target pathway for mucosal 277 

homeostasis.  278 

 279 

Loss of indole-dependent IL-10R1 induction in cells lacking ARNT  280 

We next sought to define the mechanism of indole signaling in intestinal epithelia. Others have 281 

shown that tryptophan metabolites function as endogenous ligands for AHR 
26

. To determine the relative 282 

contribution of AHR to indole signaling, we utilized short hairpin RNA knockdown to deplete the AHR 283 

dimeric partner ARNT and examined IL-10R1 induction as an endpoint. Lentiviral shRNA-mediated 284 

knockdown of ARNT (shARNT) in T84 IEC resulted in significantly reduced ARNT mRNA expression 285 

(81 ± 5% decrease, P < 0.01) relative to cells containing a non-template control (shNTC) (Figure 3A). A 286 

broader examination of classical AHR-ARNT target genes 
26-28

 revealed that transcript levels of CYP1A1 287 

and CYP1B1 were significantly increased in shNTC cells treated with IAld compared to untreated shNTC 288 

cells. Both targets were also significantly increased in the IAld-treated shNTC compared to shARNT T84 289 

IEC following IAld treatment (P < 0.01, P < 0.05, respectively; Figure 3B). Analysis of these ARNT-290 

deficient cells revealed a prominent decrease in IAld-dependent induction of IL-10R1 transcript and 291 

protein (P < 0.05; Figures 3C-E). The AHR small-molecule inhibitor, CH-223191, serves as a specific 292 

AHR antagonist. shNTC and shARNT T84 IEC were exposed to IAld (1mM), CH-223191 (10µM), or in 293 

combination for 24 h. IAld treatment alone significantly increased IL-10R1 expression at 24 h. CH-294 

223191 significantly reduced IAld-mediated IL-10R1 induction, supporting our hypothesis that IAld 295 

modulates IL-10R1 expression via an AHR-mediated mechanism (P < 0.05, Figure 3F). These results 296 

suggest that the AHR pathway is involved in the indole metabolite-dependent expression of IL-10R1 in 297 

IEC. 298 

 299 

Bacterial indole production induces IL-10R1  300 
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We next sought to determine whether microbe-derived sources of indole could similarly regulate 301 

epithelial target genes. For these purposes, we targeted indole production in Escherichia coli (E. coli). 302 

Indole is synthesized from tryptophan by microbial tryptophanase 
29

. Using Kovac’s reagent to test for the 303 

presence of indole, we show that an E. coli K12 strain (E. coli BW25113; WT) clearly produced indole 304 

(Figure 4A), whereas deletion of the tryptophanase gene (∆tnaA) revealed a lack of detectable indole. 305 

Conversely, deletion of one of the tryptophan transporters (∆tnaB) does not compromise indole 306 

production (Figure 4A). To validate these observations, the presence of indole in cell-free supernatants of 307 

bacteria was examined by EC-HPLC. While E. coli WT bacteria exhibited readily detectable levels of 308 

indole, metabolism of tryptophan to indole was completely abolished in E. coli ∆tnaA (Figure 4B). To test 309 

the activity of this microbial-derived indole, cell-free supernatants from E. coli WT and ∆tnaA mutant 310 

were serially diluted and exposed to T84 IEC for 24 h. Supernatants from E. coli WT readily induced IL-311 

10R1 protein expression, while minimal IL-10R1 induction was observed in cells exposed to E. coli 312 

∆tnaA supernatant (Figure 4C).  313 

We extended these findings to an in vivo model. Herein, we examined the function of indole-314 

producing bacteria on epithelial IL-10R1 in germ-free mice. Germ-free mice were colonized with E. coli 315 

WT or E. coli ∆tnaA for 2 wk followed by euthanasia. Fresh fecal pellets were collected periodically for 316 

plating to ensure equal colonization, quantified as bacterial CFU per g of feces (data not shown). Indole 317 

concentrations in cecal contents were validated by HPLC in vehicle and colonized animals. Mice 318 

monocolonized with E. coli WT displayed significantly increased cecal indole, while negligible levels 319 

were measured in PBS- and E. coli ∆tnaA-gavaged animals (P < 0.01; Figure 4D). Further, colons were 320 

harvested and RNA extracted for qPCR analysis. This strategy revealed that mice monocolonized with E. 321 

coli WT displayed significantly increased colonic il10r1 expression, while no significant il10r1 induction 322 

was observed in colon tissue of mice colonized with E. coli ∆tnaA mutant (P < 0.05; Figure 4E). Taken 323 

together, these in vitro and in vivo results strongly support our hypothesis that microbe-derived indoles 324 

promote epithelial homeostasis. 325 

 326 
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IPA improves DSS colitis outcomes  327 

Given the observation that indole metabolites are significantly decreased in active colitis, we 328 

tested the therapeutic potential of IPA in murine colitis outcomes. For these purposes, mice were 329 

administered either normal drinking water, DSS (2.5% wt/vol) or a combination of DSS and IPA (0.1 330 

mg/ml) in drinking water for 9 d, followed by DSS removal and a 2-d recovery. To verify that oral 331 

administration normalized IPA levels, colonic IPA was quantified by EC-HPLC. This analysis revealed 332 

that while DSS colitic mice displayed significantly lower levels of IPA, oral administration of IPA 333 

normalized colonic levels of this metabolite (P < 0.01; Figure 5A). Under these treatment conditions, 334 

DSS/IPA-treated animals displayed significantly less reduction in colon length, a marker of intestinal 335 

inflammation, compared to DSS-treated animals (P < 0.05; Figure 5B). Histological analysis revealed that 336 

DSS/IPA-treated mice displayed attenuated inflammatory infiltration and decreased loss of architecture in 337 

comparison to mice treated with DSS alone, which displayed pronounced loss of epithelium and tissue 338 

architecture (Figure 5C). These differences resulted in greater histopathological severity scores (P < 339 

0.001; Figure 5D). We additionally examined tissue cytokine levels in these mice. Pro-inflammatory 340 

cytokine levels were dramatically increased in DSS-treated mice, specifically IFN-γ (P < 0.05; Figure 341 

5E), TNF-α (P < 0.01; Figure 5F), and IL-1β (P < 0.05; Figure 5G), while cytokine levels in DSS/IPA-342 

treated mice were similar to mice administered water alone. Similarly, IL-10 levels were significantly 343 

increased in DSS-treated mice, though IPA administration did not alter levels of this cytokine 344 

(Supplemental Figure S1). Further, IPA administration increased transcript and protein levels of AHR 345 

target genes (Supplemental Figure S2). Taken together, these results indicate that therapeutic 346 

normalization of IPA during active colitis attenuates disease and promotes intestinal homeostasis.  347 

 348 

 349 

 350 

 351 
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Discussion 352 

Recent efforts to define the complex nature of IBD have focused on the contribution of the host 353 

microbiota. It is now established that altered microbial composition, termed dysbiosis, is strongly 354 

associated with IBD 
30

 and other intestinal diseases 
31

. Such dysbiosis is thought to alter the immune 355 

response and influence epithelial function, resulting in increased intestinal permeability 
32

. The particular 356 

components of the microbiome that promote disease and distinguish phenotypes are not well understood. 357 

In the current work, we sought to identify and characterize microbial-derived metabolites that contribute 358 

to colonic disease and homeostasis.  359 

Immunometabolism is an area of significant interest in mucosal inflammation 
33

. Guided by an 360 

unbiased metabolomic profile of serum and colon tissue from healthy and DSS-colitic mice, we identified 361 

a significant shift in tissue-associated, microbiota-derived indole derivatives. We show that tryptophan 362 

does not decrease in murine colitis. In fact, tryptophan levels significantly increased in colons of colitic 363 

mice. Based on these findings, we believe the observed decrease of indole metabolites to be a result of a 364 

selective depletion of tryptophan-indole metabolites due to dysbiosis, rather than poor absorption of 365 

tryptophan. 366 

Indole is produced from the action of microbial tryptophanase on tryptophan to produce indole, 367 

pyruvate, and ammonia via a β-elimination reaction 
34

. Microbes that express tryptophanase have the 368 

capacity to utilize tryptophan as a source of nitrogen, carbon, and energy 
35

. The tnaA gene, encoding 369 

tryptophanase, is highly conserved among Gram-negative indole-producing species including 370 

Citrobacter, Morganella, Klebsiella, Providencia, and Haemophilus influenzae type b 
36

. The presence of 371 

tnaA is strongly associated with virulence of H. influenzae 
37

. At present, we do not know the nature of 372 

indole deficiencies associated with active inflammation, though our work is consistent with a study 373 

demonstrating that bacterial fermentation metabolites are less abundant in patients with IBD compared 374 

with healthy controls 
38

. Additionally, Wlodarska et al. have recently shown that microbes of IBD patients 375 

have a reduced ability to cleave intestinal mucins and metabolize tryptophan 
39

. Such a precedent exists 376 

for other microbiota-derived metabolites. For example, studies investigating dysbiosis in IBD have 377 
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identified lower concentrations of luminal short chain fatty acids (SCFA) and significant depletion of 378 

butyrate-producing organisms (e.g., specific Faecalibacterium and Roseburia genera) with active colonic 379 

disease 
40-42

. It is therefore likely that our observed decreases in indole metabolism reflect inflammation-380 

associated dysbiosis. 381 

Some evidence exists that microbial-derived indole and indole metabolites could be anti-382 

inflammatory. For instance, Shimada et. al. demonstrated that indole administration to germ-free mice 383 

increased the expression of some epithelial tight junction proteins and attenuated weight loss in a DSS 384 

colitis model 
43

. No mechanisms were evaluated to describe these changes elicited by indole. Moreover, 385 

Venkatesh et al. have shown that IPA is a ligand for the pregnane X receptor (PXR) and promotes 386 

intestinal barrier integrity through down-regulation of epithelial TNFα, induction of MDR1, and 387 

regulation of epithelial junctional complexes 
44

. It is interesting to note that PXR, a member of the 388 

superfamily of nuclear receptors, is under consideration as a novel drug target in IBD 
45

. Further, 389 

Wlodarska et al. have shown that the metabolite indoleacrylic acid promotes intestinal barrier function 390 

and mitigates inflammatory responses through downregulation of genes involved in inflammation and 391 

oxidative stress 
39

. Conversely, it is also notable that some indole derivatives have also been shown to be 392 

nephrotoxic. For example, Devlin et al. recently identified a widely distributed family of tryptophanases 393 

produced by commensal Bacteroides within in the gut microbiota 
46

. They demonstrate that microbe-394 

derived indoles are modified by the host to generate toxic renal levels of indoxyl sulfate and that 395 

colonization with tryptophanase-deficient Bacteroides decreases systemic levels of indoxyl sulfate that 396 

may be renal protective.    397 

We translated these findings of shifts in indole metabolism from murine colitis to human subjects. 398 

This analysis revealed, for the first time, that serum indole metabolites in human subjects with active UC 399 

revealed a remarkable similarity to mice with active colitis, with the exception that human subjects were 400 

selectively deficient in IPA and not indole or IAld. The reason for this selective loss of IPA in humans is 401 

not known. It should be noted that indole and indole metabolites are produced by different pathways and 402 

different bacteria. Since IPA is an indole derivative conjugated to propionate and propionate is among the 403 
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SCFAs that become depleted in active human IBD 
47

, it is possible that this selective depletion of IPA is 404 

explained by an IBD-associated dysbiosis that results from the combined depletion of both SCFA- and 405 

indole-producing microbiota. Further studies will be necessary to define the nature of this observation.      406 

Therapeutic administration of oral IPA was protective in a murine model of colitis. Animals that 407 

received IPA not only exhibited fewer physical signs of disease, but also had significantly less damage to 408 

crypt structure and restricted inflammatory infiltration. Indoles and other tryptophan metabolites have been 409 

demonstrated to function as AHR ligands 
26, 48, 49

. It is likely that as AHR ligands, these molecules directly 410 

influence the epithelial/immune cell axis. For example, Zelante et al. showed that IAld drives AHR-411 

dependent IL-22 production and mucosal protection. Others have shown that innate lymphoid cell AHR 412 

responses to be protective in inflammation through the production of IL-22 
16

. It is also noteworthy that 413 

intraepithelial lymphocytes localize in response to AHR stimulation by dietary ligands 
50

, including 414 

specific CD4
+
CD8αα

+
 subsets of intraepithelial T cells 

51
. The activity of AHR ligands on intestinal 415 

epithelia is less well understood. Similar to indole metabolites, we recently demonstrated that other 416 

tryptophan-derived metabolites, including kynurenine, regulate epithelial IL-10R1 activity in an AHR-417 

dependent manner 
23

. Such activity was associated with protection in colitis models and promoted 418 

epithelial wound healing. These varied ligands suggest a promiscuous ligand-binding pocket of AHR that 419 

is associated with agonistic activity 
52

. Moreover, these results suggest redundant mechanisms to maintain 420 

expression of functional epithelial IL-10 receptors, which have been shown to be essential for the 421 

development and maintenance of barrier function 
7
.  422 

Finally, it is known that colitis occurs as the result of immune cell responses to microbiota in 423 

susceptible hosts 
53

. These interactions are complex, involving multiple cell types and a spectrum of 424 

metabolites. In this regard, we cannot rule out the contribution of cell types beyond the epithelium (e.g. 425 

immune cells) in regulation by bacterial-derived metabolites in DSS. Rather, it is likely that these 426 

metabolites have a plethora of actions on various cell types in the mucosa. In our studies, we have limited 427 

this analysis to the epithelium to allow for a deeper and more mechanistic understanding of these 428 

signaling responses. These studies provide strong evidence for the role of microbiota-derived indole 429 
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metabolites in anti-inflammatory pathways mediated by IL-10 signaling in the intestinal epithelium. 430 

These findings present new insight to our understanding of host-microbial communication within the 431 

mucosa and identify possible avenues for utilizing indoles as novel therapeutics in mucosal disease. 432 
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Figures Legends 628 

Figure 1. Tryptophan metabolism is altered in murine and human colitis. (A) Relative levels of 629 

indole metabolites in serum and whole colon tissue of mice receiving either water or 3% DSS for 7 d. 630 

Metabolites were measured by LC/MS and GC/MS analysis, n = 5 mice per treatment group. (B) 631 

Condensed pathway of tryptophan metabolism to indole and indole derivatives. (C) EC-HPLC analysis of 632 

indole metabolites in serum of mice receiving either water or 2.5% DSS for 9 d. (D) Concentrations of 633 

indole metabolites in serum of mice receiving either water or 2.5% DSS for 9 d (H2O, n = 5; DSS, n = 10 634 

mice). (E) Indole-3-propionic acid (IPA) levels in serum samples from healthy controls (Con; n = 20), 635 

subjects with active ulcerative colitis (UC; n = 15) and subjects with UC in remission (Rem; n = 20) 636 

profiled by EC-HPLC. Data presented as mean ± S.E.M. *P < 0.05, **P < 0.01, Student’s t-test and one-637 

way ANOVA. 638 

 639 

Figure 2. Indole metabolites improve barrier formation and induce IL-10R1 on intestinal epithelia. 640 

(A) qPCR of IL-10R1 transcript levels in T84 cells treated with IPA or IAld at varying concentrations for 641 

6 h. (B) HIOs treated with 1mM IPA over 24 h. (C) Western blot analysis of IL-10R1 levels in T84 cells 642 

treated with IPA at varying concentrations for 6 h (+ ctrl: FICZ at 1 µM) or in response to 1 mM IAld 643 

over 24 h. (D) Transepithelial electrical resistance (TEER) of T84 cells treated with IAld (1 µM), IL-10 644 

(10 ng/ml), or a combination of both was measured over 72 h. Data shown are represented as the average 645 

TEER ± S.E.M. of triplicate samples. **P < 0.01, compared to untreated cells, two-way ANOVA. (E) 646 

qPCR of SOCS3 transcript in T84 cells treated with IAld for 12 h, followed by treatment with IL-10 for 6 647 

h. Data are presented as mean ± S.E.M. of at least three independent experiments. *P < 0.05, ***P < 648 

0.001, Student’s t-test. 649 

 650 

Figure 3. IL-10R1 expression is not induced by cells lacking AHR binding partner ARNT. 651 

(A) Lentiviral shRNA-mediated knockdown of ARNT (shARNT) in T84 intestinal epithelial cells relative 652 

to T84 cells containing a non-template control (shNTC). (B) Transcript levels of CYP1A1 and CYP1B1 653 
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by qPCR in shNTC and shARNT T84 cells following IAld treatment for 12 h. (C) qPCR analysis of IL-654 

10R1 expression in shNTC and shARNT T84 cells treated with 1 mM IAld for 24 h. (D) Western blot 655 

analysis of IL-10R1 levels in ARNT knockdown T84 cells. Confluent monolayers of T84 cells were 656 

treated with IAld for 24 h. Protein expression was quantified by densitometry (E) and normalized to β-657 

actin. (F) qPCR of IL-10R1 transcript levels in shNTC and shARNT T84 cells treated with AHR inhibitor 658 

(AHRi, 10 µM), IAld (1 mM), or both for 24 h. Data is presented as mean ± S.E.M. of three independent 659 

experiments. *P < 0.05, **P < 0.01, compared to untreated shNTC, Student’s t-test. 660 

 661 

Figure 4. Bacterial indole production induces IL-10R1. (A) Indole production test of cultures from E. 662 

coli K12 wild-type (WT), tnaA and tnaB mutants; “+” indicates presence of indole. (B) EC-HPLC 663 

chromatogram of supernatants collected from E. coli K12 WT and E. coli ∆tnaA. (C) T84 cells were 664 

treated for 24 h with serially diluted supernatants from E. coli WT or E. coli ∆tnaA cultures grown to 665 

stationary phase, followed by media replenishment (M: molecular marker; + ctrl: IFN-γ at 10 ng/ml). 666 

Germ free mice were colonized with E. coli WT or E. coli ∆tnaA for 2 wk followed by euthanasia. (D) 667 

Indole concentrations in cecal contents were validated by HPLC in vehicle and colonized mice, and (E) 668 

RNA was extracted from colons for qPCR analysis of Il10r1 expression (PBS, n = 5; E. coli WT, n = 4; E. 669 

coli ∆tnaA, n = 5). Data are presented as mean ± S.E.M. *P < 0.05, **P < 0.01, Student’s t-test. 670 

 671 

Figure 5. IPA improves DSS colitis outcomes. Eight- to ten-wk-old C57BL/6 mice were administered 672 

water or 2.5% DSS ± IPA ad libitum for 9 d. DSS was then removed and mice were allowed to recover 673 

for 2 d as predetermined prior to euthanasia. (A) Concentration of IPA in colons of mice receiving DSS ± 674 

IPA for up to 9 d. (B) Colon length measured at time of euthanasia. (C) Representative H&E-stained 675 

colonic sections isolated from H2O-treated, H2O/IPA-treated, DSS-treated, and DSS/IPA-treated mice at 676 

20X magnification. (D) Histologic score of H&E-colonic sections. Colon tissue was homogenized and 677 

cytokines were measured in protein lysates by Mesoscale analysis [(E) IFN-γ; (F) TNF-α; and (G) IL-678 
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1β]. Data are presented as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA and 679 

Student’s t-test. 680 

 681 

Supplemental Figure S1. IPA upregulates IL-10R1 in DSS colitis. Eight- to ten-wk-old C57BL/6 mice 682 

were administered water or 2.5% DSS ± IPA ad libitum for 9 d. DSS was then removed and mice were 683 

allowed to recover for 2 d as predetermined prior to euthanasia. (A) qPCR of Il10r1 transcript levels in 684 

colon tissue. (B) IL-10 levels in colon tissue protein lysates were measured by Mesoscale analysis. n = 5-685 

10 mice/group. Data are presented as mean ± S.E.M. *P < 0.05 686 

 687 

Supplemental Figure S2. IPA induces AHR target genes in vivo. Transcript levels of (A) Cyp1a1 and 688 

(B) Cyp1b1 were measured in colon tissue of eight- to ten-wk-old C57BL/6 mice administered water or 689 

2.5% DSS ± IPA ad libitum for 9 d. (C) Further, colon tissue levels of IL-6 were measured in protein 690 

lysates by Mesoscale analysis. n = 5-10 mice/group. Data are presented as mean ± S.E.M. *P < 0.05 691 
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Tables 704 

Table 1. Primer sequences for qPCR.  705 

Gene Forward Primer Reverse Primer 

hACTB 5’-CCTGGCACCCAGCACAAT-3’ 5’-GCCGATCCACACGGAGTACT-3’ 

hHSPCB 5’-TCTGGGTATCGGAAAGCAAGCC-3’ 5’-GTGCACTTCCTCAGGCATCTTG-3’ 

hIL10R1 5’-CACATCCTCCACTGGACACC-3’ 5’-CAAGGTCACTGCGGTAAGGT-3’ 

hSOCS3 5’-GGCCACTCTTCAGCATCTC-3’ 5’-ATCGTACTGGTCCAGGAACTC-3’ 

hCYP1A1 5’-ACCCGCCACCCTTCGACAGTTC-3’ 5’-TGCCCAGGCGTTGCGTGAGAAG-3’ 

hCYP1B1 5’-CTGGCACTGACGACGCCAAGA-3’ 5’-TGGTCTGCTGGATGGACAGC-3’ 

hMDR1 5’-AACGGAAGCCAGAACATTCC-3’ 5’-AGGCTTCCTGTGGCAAAGAG-3’ 

mActb 5’-TACGGATGTCAACGTCACAC-3’ 5’-AAGAGCTATGAGCTGCCTGA-3’ 

mIl10r1 5’-CCCATTCCTCGTCACGATCTC-3’ 5’-TCAGACTGGTTTGGGATAGGTTT-3’ 
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Table 2. Study participant demographics.  719 

Characteristic Control UC Remission Ulcerative Colitis 

Number 20 20 15 

Sex    

          Male 11 12 13 

          Female      9 8 2 

Age 58.6 ± 10.9 46.5 ± 18.6 40.4 ± 13.4 

Disease Location    

          Left-sided n/a 6 1 

          Extensive n/a 14 12 

          Proctitis  n/a 0 2 
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