
Indole-3-Carbinol-Dependent Aryl Hydrocarbon Receptor 
Signaling Attenuates the Inflammatory Response in 
Experimental Necrotizing Enterocolitis

Lila S. Nolan*, Belgacem Mihi*, Pranjal Agrawal†, Qingqing Gong*, Jamie M. Rimer*, Shay S. 
Bidani*, Sarah E. Gale*, Martin Goree*, Elise Hu*, Wyatt E. Lanik*, Elizabeth Huang*, 
Jennifer K. Bando‡, Victoria Liu†, Angela N. Lewis*, Aiza Bustos†, Zerina Hodzic§, Marie L. 
Laury¶, Misty Good*

*Division of Newborn Medicine, Washington University School of Medicine, St. Louis, MO;

†Washington University in St. Louis, St. Louis, MO;

‡Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, 
MO;

§Department of Medicine, University of Pittsburgh Medical Center, Pittsburgh, PA;

¶Genome Technology Access Center, McDonnell Genome Institute, Washington University School 
of Medicine, St. Louis, MO

Abstract

Necrotizing enterocolitis (NEC) causes significant morbidity and mortality in premature infants; 

therefore, the identification of therapeutic and preventative strategies against NEC remains a high 

priority. The ligand-dependent transcription factor aryl hydrocarbon receptor (AhR) is well known 

to contribute to the regulation of intestinal microbial communities and amelioration of intestinal 

inflammation. However, the role of AhR signaling in NEC is unclear. Experimental NEC was 

induced in 4-d-old wild-type mice or mice lacking AhR expression in the intestinal epithelial cells 

or AhR expression in CD11c+ cells (AhRΔCD11c) by subjecting animals to twice daily hypoxic 

stress and gavage feeding with formula supplemented with LPS and enteric bacteria. During NEC, 

compared with wild-type mice treated with vehicle, littermates treated with an AhR proligand, 

indole-3-carbinol, had reduced expression of Il1b and Marco, a scavenger receptor that mediates 

dendritic cell activation and the recognition and clearance of bacterial pathogens by macrophages. 

Furthermore, indole-3-carbinol treatment led to the downregulation of genes involved in cytokine 

and chemokine, as revealed by pathway enrichment analysis. AhR expression in the intestinal 

epithelial cells and their cre-negative mouse littermates were similarly susceptible to experimental 

NEC, whereas AhRΔCD11c mice with NEC exhibited heightened inflammatory responses 
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compared with their cre-negative mouse littermates. In seeking to determine the mechanisms 

involved in this increased inflammatory response, we identified the Tim-4− monocyte-dependent 

subset of macrophages as increased in AhRΔCD11c mice compared with their cre-negative 

littermates. Taken together, these findings demonstrate the potential for AhR ligands as a novel 

immunotherapeutic approach to the management of this devastating disease.

INTRODUCTION

Intricate factors regulate the balance between immunity and tolerance of commensal 

microbes involved in intestinal homeostasis. The neonatal intestine relies on epithelial 

barrier integrity and function to provide host defense against harmful stimuli (1). An 

insufficient intestinal barrier, immature immune system, and dysbiotic microbiome during 

the neonatal period predispose premature infants to necrotizing enterocolitis (NEC), a 

devastating disease (1–3). Widespread intestinal inflammation, leading to necrosis, 

perforation, and death, is commonly seen in NEC (2, 4). However, the mechanistic pathways 

or cell types involved in the exaggerated intestinal inflammation during NEC are not entirely 

understood.

Although the activation of aryl hydrocarbon receptor (AhR) signaling has a prominent role 

in intestinal homeostasis, its role during NEC is not well understood (5–7). Upon binding 

AhR ligands, AhR translocates from the cytoplasm to the nucleus, where it activates gene 

transcription and impacts a broad range of processes including cell growth and 

differentiation and oncogenesis (8). Agonistic AhR ligands have important functional roles 

in various tissue systems and organs and can regulate the inflammatory response (7, 9–11). 

Prior studies have implicated AhR ligands in promoting epithelial barrier integrity and 

modulating the inflammatory response in adult mouse models of colitis (10, 12–14). Despite 

extensive studies in adult mouse models, the role of AhR ligands during NEC-induced 

inflammation remains unknown.

Natural AhR ligands are derived from exogenous dietary in-take or endogenous tryptophan 

catabolism by the gut microbiota (15, 16). Dietary AhR proligands such as indole-3-carbinol 

(I3C) are derived from cruciferous vegetables, such as cabbage, cauliflower, and broccoli (5, 

17, 18). I3C undergoes gastric conversion by acid hydrolysis to high-affinity ligands and, 

thereby, constitutes an important source of exogenous dietary AhR proligands absorbed by 

the gastrointestinal tract (19). Dietary supplementation with I3C protects against murine 

intestinal inflammation and colorectal cancer in models of tumorigenesis (20). Although 

several protective strategies against NEC have been identified, including an exclusive human 

breast milk diet, a definitive therapeutic target that can reverse the aggressive disease process 

has not been discovered (21–23). Therefore, we aimed to investigate the role of a dietary 

AhR proligand on intestinal immunity and the inflammatory response during neonatal 

experimental NEC and determine the cellular mechanisms that mediate this response.
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MATERIALS AND METHODS

Study approvals

Human.—Human fetal small intestines were obtained from elective or spontaneous 

terminations at fewer than 24 wk of gestation from the University of Pittsburgh Health 

Sciences Tissue Bank at Magee-Womens Hospital. All discarded tissue was obtained and 

processed in accordance with anatomical tissue procurement guidelines with a waiver of 

consent after approval from the University of Pittsburgh Institutional Review Board.

Mice.—All animal experiments were performed in an American Association for the 

Accreditation of Laboratory Animal Care-accredited and specific pathogen–free animal 

facility at the Washington University School of Medicine in St. Louis. All mice were bred, 

maintained, and housed in accordance with the procedures outlined in the Guide for the Care 

and Use of Laboratory Animals under a study proposal approved by the Institutional Animal 

Care and Use Committee (protocol no. 20190190) of the Washington University School of 

Medicine in St. Louis.

C57BL/6 mice were obtained from The Jackson Laboratory (stock no. 000664). To generate 

mice lacking AhR expression in intestinal epithelial cells (AhRΔIEC), AhR flox/flox mice 

(stock no. 006203; The Jackson Laboratory) were crossed with villin-cre mice (stock no. 

021504; The Jackson Laboratory). To generate mice lacking AhR in dendritic cells 

(AhRΔCD11c), AhR flox/flox mice were crossed with CD11c-cre mice (stock no. 008068; 

The Jackson Laboratory). Both mouse lines bred normally, and cre-positive offspring 

showed no distinction in viability or baseline health in comparison with cre-negative 

littermates.

Induction of experimental NEC in mouse pups

NEC was induced in neonatal mice using a model of hypoxic stress and infant formula 

supplemented with LPS and enteric bacteria (Supplemental Fig. 1). Four-day-old mice were 

randomly assigned to experimental groups, and pups either remained with the mother or 

were separated from the dams and placed in a new cage maintained at 37°C in an infant 

incubator. Experimental NEC was induced in pups by gavage feeding a formula mixture 

containing Similac Advance Optigro with Iron infant formula (Abbott Nutrition) and Esbilac 

canine milk replacer (ratio 2:1). The formula was prepared daily and inoculated with enteric 

bacteria cultured from a human infant with NEC totalis, the most severe form of NEC (24). 

The aliquot of enteric bacteria was obtained from a frozen bacterial glycerol stock and 

prepared daily in an overnight culture with auto-claved Luria–Bertani broth culture medium 

(Λ Biotech). LPS (Sigma-Aldrich) at a concentration of 2.5 μg/g average body weight was 

added to the formula.

A 1.9 French Single-Lumen Silicon Peripherally Inserted Central Catheter was used for oral 

gavage of the pups with slow infusion of 80 μl of formula. Feedings were provided six times 

daily, and following two feeds per day, the pups were subjected to 10 min of hypoxic stress 

in a hypoxia chamber (Billups-Rothenberg) containing 95% nitrogen and 5% oxygen. After 
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72 h of the model, pups were euthanized in accordance with Institutional Animal Care and 

Use Committee policy. The terminal segment of the ileum was resected for further analysis.

I3C supplementation

Where indicated, a subset of pups from the breastfed and formula-fed groups were 

designated to receive AhR proligand I3C (Sigma Life Sciences) supplementation daily, 

starting at the on-set of the NEC model (Supplemental Fig. 1A). I3C dosing was established 

based on prior investigations of dose efficacy and toxicity in rodents (25, 26). The I3C 

formulation was prepared each morning at a concentration of 50 μg/g body weight using the 

daily average weight of the pups. The I3C was then homogenized in corn oil (Sigma Life 

Sciences) using a sonicator (Thermo Fisher Scientific), and 30 μl of the I3C solution was 

administered to pups twice daily by oral gavage. Breastfed and formula-fed pups that did not 

receive I3C instead received the vehicle corn oil (30 μl) twice daily via oral gavage.

Histological assessment

Segments of resected terminal ilea were processed by the Digestive Disease Research Core 

Center at the Washington University School of Medicine in St. Louis. Formalin-fixed, 

paraffin-embedded ileal sections were stained with H&E. Images of stained tissue sections 

were taken with a Zeiss AxioScan .Z1 with a 20× objective (ZEISS). Using ImageJ software, 

the disease severity was assessed in a blinded fashion based on the extent of histological 

lesions. Normal tissue sections were characterized by intact villi. Mild lesions were 

characterized by areas with villi blunting, as reflected by a substantial reduction of the villi 

length. Severe lesions were defined as areas with a complete lack of villi structure. The data 

were reported as the percentage of lesion extent from the total length of the histological 

specimen.

Quantitative real-time PCR

RNA extraction from resected intestinal tissue stored in RNA Later (Invitrogen) was carried 

out with TRIzol (Thermo Fisher Scientific) per the manufacturer’s instructions. Chloroform 

was added to the samples prior to centrifugation. The top aqueous layer was isolated, to 

which isopropanol and glycogen were added. The samples were permitted an incubation 

period and additional centrifugation for RNA precipitation. The supernatant was discarded, 

and the remaining RNA pellet was washed with 70% ethanol. Samples underwent additional 

centrifugation and supernatant removal to permit drying of the RNA pellet prior to adding 50 

μl RNase-free water. RNA purity was confirmed with a NanoDrop Spectrophotometer. RNA 

was retro-transcribed using the QuantiTech Reverse Transcription Kit (QIAGEN) according 

to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed 

using IQ SYBR Green Supermix and the CFX Connect Real-Time PCR Detection System 

(Bio-Rad Laboratories). The primers are listed in Table I, and a melting curve was added to 

the amplification protocol to ensure the absence of primer dimer formation or multiple 

amplicons. The expression of genes assessed by qRT-PCR was quantified relative to the 

housekeeping gene RPLO. A V-plex immunoassay (Meso Scale Diagnostics) was performed 

by the Immunomonitoring Laboratory at Washington University for IL-1β protein 

quantification.
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RNA sequencing and analysis

Bulk RNA sequencing (RNA-seq) was performed on terminal ilea by the Genome 

Technology Access Center at the Washington University School of Medicine in St. Louis. 

Total RNA was isolated using TRIzol. RNA samples with an RNA integrity number of at 

least 7 were used to generate libraries by Genome Technology Access Center using the RNA 

zero kit (Roche Diagnostics). Samples were prepared according to the library kit 

manufacturer’s protocol and were indexed, pooled, and sequenced on an Illumina HiSeq. 

Base calls and demultiplexing were performed with Illumina’s bcl2fastq software and a 

custom python demultiplexing program with a maximum of one mismatch in the indexing 

read. To generate heat maps, mRNA expression was analyzed using Partek Flow software. 

Adapters were removed, and reads were aligned to the MM10 assembly with Bowtie 2 and 

quantified to Ensembl transcript release 99 with an average coverage of 10×. Reads were 

normalized to total counts per million. Features containing fewer than 10 reads were not 

included in the analysis.

For pathway analysis, RNA-seq reads were aligned to the Ensembl release 76 primary 

assembly with STAR version 2.5.1a (27). Gene counts were derived from the number of 

uniquely aligned unambiguous reads by Subread:featureCount version 1.4.6-p5 (28). 

Isoform expression of known Ensembl transcripts was estimated with Salmon version 0.8.2 

(29). Sequencing performance was assessed for the total number of aligned reads, the total 

number of uniquely aligned reads, and features detected. The ribosomal fraction, known 

junction saturation, and read distribution over known gene models were quantified with 

RSeQC version 2.6.2 (30).

All gene counts were then imported into the R/Bioconductor package EdgeR (31), and 

trimmed mean of M values normalization size factors were calculated to adjust for sample 

differences in library size. Ribosomal genes and genes not expressed in the smallest group 

size minus one sample greater than one count-per-million were excluded from further 

analysis. The trimmed mean of M values size factors and the matrix of counts were then 

imported into the R/Bioconductor package Limma (32). Weighted likelihoods based on the 

observed mean-variance relationship of every gene and sample were then calculated for all 

samples with the voomWithQualityWeights (33). The performance of all genes was assessed 

with plots of the residual SD of every gene to their average log count with a robustly fitted 

trend line of the residuals. Differential expression analysis was then performed to analyze 

for differences between groups, and the results were filtered for only those genes with 

Benjamini–Hochberg false discovery rate–adjusted p values ≤0.05.

For each contrast extracted with Limma, global perturbations in known Gene Ontology 

terms, Molecular Signatures Database, and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways were detected using the R/Bioconductor package Generally Applicable 

Gene-set Enrichment for Pathway Analysis (34) to test for changes in expression of the 

reported log 2-fold changes reported by Limma in each term versus the background log 2-

fold changes of all genes found outside the respective term. Perturbed KEGG pathways in 

which the observed log 2-fold changes of genes within the term were significantly perturbed 

in a single-direction versus background or in any direction compared with other genes 
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within a given term with p values ≤0.05 were rendered as annotated KEGG graphs with the 

R/Bioconductor package Pathview (35).

Lamina propria cell isolation and flow cytometry

Lamina propria cells were isolated from the last 5 cm of the distal small intestine. Briefly, 

intestinal specimens were opened longitudinally, washed in ice-cold PBS, and incubated in 2 

mM EDTA (Corning)/PBS for 30 min at 4°C in an MACSmix tube rotator (Miltenyi Biotec). 

After transferring the tissue samples to ice-cold PBS, the epithelial cells were removed by 

pipetting three times up and down. The remaining intestinal tissues were digested in RPMI 

1640 (Sigma-Aldrich) supplemented with 2.5% FBS, 1 mg/ml collagenase type 4 

(Worthington-Biochem), and 0.05 mg/ml DNase (Sigma-Aldrich) at 4°C for 40 min in an 

orbital shaker. The digestion was quenched with RPMI 1640 supplemented with 10% FBS 

and passed successively through 70- and 40-μm strainers to obtain a single-cell suspension. 

After washing the cells in RPMI 1640 supplemented with 10% FBS, they were resuspended 

in PBS and stained with Zombie NIR Fixable Viability dye (BioLegend) following the 

manufacturer’s instructions. After a washing step in FACS buffer (PBS supplemented with 

3% FBS), the cells were sequentially stained on ice with CD16/CD32 Abs (Miltenyi Biotec) 

for 10 min and stained with the manufacturer’s suggested concentration for anti-mouse PE-

conjugated CD4 (BD Pharmingen), FITC-conjugated CD8 (eBioscience), PE-conjugated 

(BioLegend), or biotin-conjugated CD11b (eBioscience), BV421-conjugated (BD Horizon) 

or APC-conjugated CD11c (eBioscience), PerCP-Cy5.5–conjugated CD45 (eBioscience), 

BV421-conjugated CD64 (BioLegend), PE/Cy7-conjugated CD103 (BioLegend), FITC-

conjugated MHC class II (BioLegend), and PE-conjugated Tim-4 (BioLegend) for 20 min. 

Intracellular staining for BV421-conjugated Foxp3 (BioLegend), BV421-conjugated IFN-γ 
(BD Horizon), FITC-conjugated IL-1β (eBioscience), and APC-conjugated IL-17A 

(eBioscience) was performed according to the eBioscience protocol. For experiments 

requiring CD11c+ enrichment, isolated lamina propria cells were enriched using CD11c 

MicroBeads Ultrapure (Miltenyi Biotec) and MS Columns (Miltenyi Biotec) according to 

the manufacturer’s instructions prior to Ab staining.

Small intestine epithelial isolation was accomplished using an established method (36). 

Briefly, small intestinal sections were transected longitudinally, washed in cold PBS, and 

incubated in PBS with 30 mM EDTA, 1.5 mM 1,4-DTT, and 10 μM Y27632 for 20 min at 

4°C. The tissue was then transferred to a solution containing PBS with 30 mM EDTA and 10 

μM Y27632 for 10 min at 37°C. The conical tube containing the tissue was forcefully 

shaken for 30 s for removal of the epithelium from the remnant intestinal tissue. The cells 

were washed in PBS with 10% FBS and resuspended in HBSS (Life Technologies) with 8 

mg dispase (Corning) for 10 min at 37°C. The conical tube containing the sample was 

forcefully shaken intermittently during the incubation for cellular dissociation. Following the 

incubation, 10% FBS and 10 mg/ml DNase were added to the digestion, which was passed 

sequentially through 70- and 40-μm strainers to obtain a single-cell suspension. The cells 

were rinsed in HBSS with 10% FBS and resuspended in intestinal epithelial stem cell 

staining media containing DMEM: Nutrient Mixture F-12 (Sigma-Aldrich) with 15 mM 

HEPES (Life Technologies), 2 mM glutamine (Sigma-Aldrich), and 100 μg/ml penicillin/

streptomycin (Life Technologies). Cells were stained with the manufacturer’s recommended 
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concentration for anti-mouse FITC-conjugated CD45 (BioLegend), BV421-conjugated 

EpCAM (CD326) (BioLegend) and eFluor660-conjugated AhR (eBioscience).

Cell acquisition was carried out using MACSQuant Analyzer 10 (Miltenyi Biotec), and the 

data were analyzed with FlowJo software (Tree Star).

Statistical analysis

Statistical analyses with Mann–Whitney U tests, ANOVA, and two-tailed Student t tests 

were performed, where indicated using GraphPad Prism software version 8.0. Statistical 

significance was set at p < 0.05. All experiments were performed at least in triplicate.

RESULTS

AhR activation by I3C attenuates the inflammatory response during NEC

Previous studies have shown that in immature human cell lines and human-derived 

enteroids, the AhR ligand indole-3-lactic acid inhibits IL-8 secretion elicited by the 

proinflammatory cytokine IL-1β, supporting the hypothesis that AhR activation may 

ameliorate inflammation during NEC (37). Because NEC occurs most commonly in 

premature infants, we first analyzed AhR expression in premature intestine. AhR expression 

was seen as early as 17 wk of gestation in human fetal small intestine (Fig. 1A). We then 

analyzed Ahr expression in the small intestine of newborn mouse pups during development 

from birth to adulthood as defined by postnatal day-of-life (P)1–49. There was no significant 

difference in Ahr expression observed between P1–14 pups, the period in which our NEC 

model is conducted. There was a slight, but statistically significant, decrease in Ahr 
expression between P1 and P21, P28, and P49 pups (Fig. 1B). To assess the implication of 

these differences on AhR signaling, we analyzed the expression of Cyp1a1, a known direct 

target of AhR. In healthy wild-type mice, Cyp1a1 expression in the terminal ileum is 

expressed during development (Fig. 1B), suggesting that other factors may be compensating 

for the decrease in AhR expression in later time points.

Having established Ahr and Cyp1a1 expression during wild-type mouse development, we 

next evaluated the effect of I3C treatment on AhR activation in neonatal mice by evaluating 

small intestine mRNA expression of Cyp1a1 as the downstream target of AhR signaling. As 

anticipated, I3C induced an AhR-dependent gene response in both healthy controls and 

wild-type mice subjected to NEC by producing a significant increase in Cyp1a1 expression 

(p < 0.0001), indicating the activation of AhR signaling by enteral I3C (Fig. 1C). We then 

characterized the effect of AhR signaling in NEC through the assessment of enteral I3C 

supplementation on intestinal architecture. Induction of NEC resulted in marked destruction 

of the intestinal epithelium and loss and fragmentation of the villi (Fig. 1D). Histology 

scoring of stained tissue samples revealed that I3C supplementation improved the proportion 

of small intestine affected by mild NEC lesions (p = 0.0017) and increased the proportion of 

small intestine with no lesion (p = 0.0004) compared with animals treated with the vehicle 

corn oil (Fig. 1E). Taken together, these findings demonstrate that I3C-mediated AhR 

signaling supplementation protects the structural architecture of the intestinal epithelium 

during NEC.
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Given the established role of AhR signaling in immune modulation and the protective effect 

of AhR activation on NEC pathology, we next analyzed the impact of I3C treatment on the 

proinflammatory cytokine response during NEC. The small intestine mRNA expression of 

Il1b, a known cytokine involved in intestinal inflammation during NEC, was significantly 

decreased in the small intestine of pups with NEC that received enteral I3C supplementation 

compared with their littermates treated with vehicle (p = 0.0015) further demonstrated by 

protein quantitation of IL-1β (Fig. 1F). No significant difference in the expression of the 

chemokine Cxcl2 in the small intestine was observed in pups with NEC treated with I3C 

treatment compared with littermates treated with vehicle alone (Fig. 1G). Prior studies of 

AhR-deficient mice subjected to dextran sodium sulfate (DSS)–induced colitis found 

increased lipocalin-2 (Lcn2) expression in the colon compared with wild-type mice (5). In 

our model, we observed significantly decreased expression of Lcn2 in pups with NEC 

treated with I3C compared with littermates treated with vehicle (p = 0.0098) (Fig. 1G). 

Consistent with these observations of decreased proinflammatory responses in pups 

supplemented with I3C during NEC, there was a significant reduction in the expression of 

the macrophage scavenger receptor Marco compared with those that received vehicle (p = 

0.0197) (Fig. 1G). These data suggest that I3C-mediated AhR signaling reduces the 

expression of proinflammatory markers during NEC and implicates ligand-mediated AhR 
function as a mechanism of protection against the proinflammatory response during NEC.

RNA-seq analysis reveals a distinct gene expression profile during NEC after I3C treatment

To gain a broader understanding of the effects of I3C administration during NEC, we 

performed small intestinal RNA-seq analysis. We identified 126 significantly upregulated 

and 324 significantly downregulated genes during NEC after I3C supplementation. The 

comprehensive heat map and volcano plot show increased expression of Cyp1a1 and 

decreased expression of Cxcl1, Cxcl2, and Marco (Fig. 2A, 2B). Fig. 2C identifies the most 

significant pathways modulated with I3C supplementation during NEC. Following our 

observations of improved pathology and decreased expression of Il1b and Marco, genes 

associated with chemokine signaling and cytokine receptor interaction pathways were also 

significantly downregulated with AhR ligand supplementation (Fig. 2C). We did not observe 

differentially expressed genes in I3C- and vehicle-treated control mice, suggesting that the 

effects of I3C treatment are enhanced by the NEC-mediated inflammatory setting.

Prior studies have implicated AhR activation in the production of IL-22, which has 

protective functions in the intestine, either by direct regulation of Il22 gene expression or 

through the development of CD4+ T cells and group 3 innate lymphoid cells (ILC3s) (38, 

39). Further, recent work by Cho et al. (40) has shown a decrease in RORgt+NKp46+ ILC3s, 

which are prominent producers of IL-22, during murine NEC. Therefore, we next 

determined whether the protective effect of AhR activation with I3C treatment during NEC 

was IL-22 dependent. We observed a significant increase in the small intestine Il22 gene 

expression in pups within the experimental group receiving I3C compared with vehicle 

control (Supplemental Fig. 2A). However, there was no significant increase in the small 

intestine expression of the IL-22–dependent genes Fut2 or Reg3g in the NEC group treated 

with I3C compared with corn oil, suggesting that the protective effect of I3C treatment was 

independent of these genes (Supplemental Fig. 2A). Expression of Il1b positively correlated 
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with the expression of Il22 in the small intestine during NEC (R2 = 0.1925; p = 0.0173) 

(Supplemental Fig. 2B). These findings imply that these IL-22 signaling targets do not play 

a significant role in AhR-mediated protection observed during NEC.

With the observed increase in small intestine Il22 in pups with NEC treated with I3C, we 

investigated whether I3C treatment during NEC in wild-type mice attenuates inflammation 

through regulatory T cell induction. A recent study by Abron et al. (41) reported that the 

attenuation of DSS-induced adult murine colitis by treatment with the AhR ligand ITE 

occurred through the induction of regulatory T cells and a reduction in CD4+ T cells and 

inflammatory cytokines. We sought to evaluate whether treatment with I3C during 

experimental murine NEC could induce a similar effect. We observed no significant 

difference in small intestine mRNA expression of cytokines Tnf, Il6, or Il10 during NEC in 

pups receiving I3C compared with vehicle treatment (Supplemental Fig. 3A). Flow 

cytometric analysis of isolated small intestine lamina propria cells revealed no significant 

induction of IL-17A, IFN-γ, or Foxp3-expressing CD4+ T cells or the induction of CD8+ T 

cells in wild-type mice with NEC or healthy controls receiving I3C treatment or the vehicle 

control (Supplemental Fig. 3B–E). These results suggest that treatment with AhR ligands 

during experimental NEC does not influence the regulatory T cell response.

Ligand-mediated AhR signaling during NEC does not influence the gut microbiota

Microbial dysbiosis, specifically an increase in Proteobacteria, has been observed in the 

stool of infants preceding NEC (42, 43). Therefore, changes in microbial composition can 

provide clues to the pathogenesis of NEC. We aimed to determine whether the 

administration of I3C impacted the diversity of the microbiome during experimental NEC 

using 16S rRNA sequencing. There was no significant difference in the overall bacterial 

diversity of fecal samples between the two experimental groups using the Chao1 metric for 

estimation of species richness or the Shannon and Simpson diversity indices (Fig. 3A, 3B). 

Wild-type pups subjected to NEC and treated with I3C demonstrated no statistical difference 

in the abundance of enteric bacterial organisms at the genus level when compared with wild-

type littermates receiving the vehicle corn oil alone. (Fig. 3C). These results suggest that 

treatment with I3C during our short-term NEC model does not likely alter the abundance of 

specific microbes.

AhR signaling in intestinal epithelial cells is dispensable in experimental NEC

AhR signaling in intestinal stem cells has been shown to play a key role in regulating gut 

barrier homeostasis by preventing unfettered proliferation and guiding proper differentiation 

(44). To determine whether the observed protective effect of I3C is mediated by AhR 

signaling in intestinal epithelial cells (IECs), mice lacking AhRΔIEC were subjected to 

experimental NEC. Histology scoring of H&E-stained tissue samples from AhRΔIEC mice 

with NEC revealed no significant difference in the proportion of small intestine tissue 

sections that contained mild or severe NEC lesions when compared with cre-negative 

littermates (Fig. 4A, 4B). To confirm that Ahr was deleted in epithelial cells, the small 

intestine of healthy dam-fed AhRΔIEC and cre-negative mice were harvested for the isolation 

of the small intestine epithelial cells. Positive staining with anti-EpCAM (anti-CD326) and 

an absence of anti-CD45 staining confirmed positive isolation of epithelial cells and 
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exclusion of leukocytes, respectively (Fig. 4C). Flow cytometric analysis demonstrated 

significantly reduced AhR expression in CD326+CD45− epithelial cells isolated from 

AhRΔIEC pups compared with cre-negative littermates (Fig. 4D). Quantitative PCR revealed 

a significantly reduced Ahr mRNA expression in isolated epithelial cells, further 

demonstrating Ahr deletion in IECs (Fig. 4E).

AhRΔIEC pups exhibited a similar inflammatory response during experimental NEC 

compared with their wild-type littermates, as assessed by mRNA expression of 

proinflammatory Il1b and Cxcl2 between the two experimental NEC groups (Fig. 4F). These 

data suggest that AhRΔIEC mice and cre-negative littermates have a similar susceptibility to 

NEC and that AhR signaling in the IECs may not be significantly involved in the 

inflammatory response during experimental NEC.

CD11c+ cell–specific AhR signaling is not induced during homeostasis

AhR expression in dendritic cells (DCs) is an important component in the regulation of the 

balance between tolerance and immunity (5, 45). AhR signaling promotes monocyte 

differentiation into DCs and induces tolerogenic immune responses (5, 45). The absence of 

AhR in CD11c+ cells leads to exaggerated responses to LPS (46) and is associated with a 

dysfunctional intestinal epithelial barrier and a more severe DSS-induced colitis (5). To 

determine whether the protection of AhR activation during NEC is mediated by CD11c+ 

cells, we evaluated AhR signaling in CD11c+ immune cells during homeostasis. Histologic 

analysis revealed no significant difference in small intestine epithelial architecture under 

steady-state conditions in dam-fed AhRΔCD11c pups compared with their cre-negative 

littermates (Fig. 5A). To confirm deletion of Ahr in CD11c+ cells, small intestine lamina 

propria cells were isolated from dam-fed AhRΔCD11c mice and cre-negative littermates. 

Quantitative PCR analysis revealed negligible Ahr mRNA expression in the enriched CD11c
+ cells from the lamina propria of AhRΔCD11c mice compared with cre-negative littermates, 

demonstrating Ahr deficiency of CD11c+ cells (Fig. 5B). Quantitative PCR was used to 

evaluate the mRNA levels of IEC markers in the small intestine terminal ileum, including 

olfactomedin 4 (Olfm4) for intestinal stem cells, Mucin 2 (Muc2) for goblet cells, or 

lysozyme for Paneth cells, with no differences found between the AhRΔCD11c mice and their 

cre-negative littermates (Fig. 5C). As AhR signaling has been implicated in the 

differentiation of monocytes into DCs, we examined these cell populations by flow 

cytometry. There was no significant change in the percentage of CD103+CD11b+ and 

CD103+CD11b− cells between AhRΔCD11c pups and cre-negative littermates at homeostasis 

(Fig. 5D, 5E). We then analyzed the expression of monocyte-derived intestinal tissue-

resident Tim-4− macrophage subsets by flow cytometry. Although we observed no 

difference in CD11b+CD64+ macrophages in dam-fed AhRΔCD11c and cre-negative pups at 

steady state, we found an increase in the Tim-4− monocyte–dependent subset of 

macrophages in the small intestine lamina propria in AhRΔCD11c mice (Fig. 5F, 5H).

AhR activity in CD11c+ cells mediates the severity of the inflammatory response during 
NEC

We next evaluated the impact of cell-intrinsic AhR signaling in CD11c+ cells during NEC. 

AhRΔCD11c mice were susceptible to intestinal injury during experimental NEC, as 
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demonstrated by a loss of structural architecture of the intestinal villi, with significant 

differences in the presence of severe lesions compared with their cre-negative littermates 

(Fig. 6A, 6B). Although there was also no significant difference in Cxcl2 expression 

between the two experimental groups, we observed that AhRΔCD11c pups with NEC 

experienced significantly higher small intestine mRNA expression of proinflammatory Il1b 
(p = 0.0006), which was confirmed by IL-1β protein quantification, suggesting increased 

intestinal inflammation in the AhRΔCD11c pups compared with their cre-negative littermates 

subjected to NEC (Fig. 6C). Flow cytometric analysis of the lamina propria DCs 

demonstrated no significant difference in the abundance of CD103+ CD11b− or 

CD103+CD11b+ DC populations in cre-negative or AhRΔCD11c pups during NEC (Fig. 6D).

To further investigate the impact of AhR proligand I3C during NEC, we next evaluated the 

inflammatory response in AhRΔCD11c pups and cre-negative littermates treated with I3C or 

vehicle control during homeostasis and experimental NEC. AhRΔCD11c pups and cre-

negative littermates exhibited increased proinflammatory expression of Il1b during NEC 

when compared with dam-fed controls (Supplemental Fig. 4A). Although I3C treatment 

during NEC in cre-negative pups attenuated inflammation when compared with those treated 

with the vehicle alone, this same protection was not observed in AhRΔCD11c pups. 

Additionally, treatment with I3C in both dam-fed mice and those subjected to NEC resulted 

in a significant increase in mRNA expression of Cyp1a1 in the small intestine, although this 

response appeared to be dampened in AhRΔCD11c pups (Supplemental Fig. 4B). To 

investigate the role of the intestinal DC population in the production of proinflammatory 

Il1b in this model, the small intestine of dam-fed and experimental NEC AhRΔCD11c pups 

and cre-negative littermates were harvested for isolation of the lamina propria cells at the 

conclusion of the NEC model. Although we observed reduced survival of myeloid cells after 

isolation, flow cytometric analysis of the enriched CD11c+ cells from the lamina propria 

suggested no significant difference in IL-1β in CD11c+CD11b+ or CD11c+CD11b− DC 

populations in AhRΔCD11c or cre-negative controls during homeostasis or during 

experimental NEC (Supplemental Fig. 4C–E).

Therefore, to determine the specific immune cell type implicated in the increased relative 

expression of IL-1β during NEC in AhRΔCD11c pups, we then evaluated the abundance of 

monocyte-derived intestinal tissue-resident Tim-4− macrophages by flow cytometry from 

AhRΔCD11c and cre-negative pups. Importantly, we observed an increase in the Tim-4− 

monocyte–dependent subset of macrophages in the small intestine lamina propria in 

AhRΔCD11c pups during NEC compared with their cre-negative littermates (Fig. 6E, 6F). 

These data suggest that small intestine IL-1β production during NEC in AhR CD11c+-

immune cell knockouts may be mediated by the Tim-4− intestinal macrophage subset.

DISCUSSION

The identification of the intestinal inflammatory and immune cell signaling pathways 

involved in NEC pathogenesis is critical to the development of new therapeutics. In this 

study, we demonstrate that ligand-mediated AhR signaling attenuates inflammation and 

reduces disruption of the intestinal epithelial architecture during NEC. We also identify that 

AhR signaling in CD11c+ immune cells may modify the inflammatory response during NEC 
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and now provide evidence that AhR dysregulation in IECs does not likely have a significant 

physiological role during NEC. We observe that AhR agonistic activity in CD11c+ immune 

cells reduces the severity of NEC-induced inflammation, which has implications for a novel 

therapy targeting this specific cell type to attenuate the inflammatory response during NEC.

The roles of endogenous and exogenous AhR ligands in intestinal homeostasis and the 

inflammatory response have been previously described. Disruption in AhR signaling is 

implicated in animal models of gastrointestinal diseases, such as intestinal malignancies and 

adult colitis (5, 47). AhR activation by dietary ligands in a model of azoxymethane/DSS-

induced tumorigenesis resulted in a reduction of tumor burden and impaired epithelial repair 

through regulation of differentiation and protection from inflammation-induced 

tumorigenesis (10). Tryptophan metabolites derived from the gut microbiome may also 

function as AhR ligands (15, 48, 49). Bacteria-derived indole metabolites as AhR agonists 

have been implicated in the maintenance of the integrity of the mucosal and epithelial barrier 

(7, 49). In addition, exogenous AhR agonists can affect intestinal homeostasis and impact 

gastrointestinal diseases. Mokshagundam et al. (50) demonstrated that in utero exposure to 

the environmental toxin 2,3,7,8-tetrachlorodibenzo-p-dioxin, a potent AhR agonist, 

promoted the development of NEC. In contrast, exogenous dietary AhR proligands, such as 

I3C, influence the postnatal expansion of intestinal innate lymphoid cells to protect against 

intestinal infections (11, 39, 51). Recent findings have shown that loss of AhR induces 

carcinogenesis and cecal tumor incidence, whereas dietary administration of agonistic AhR 

proligands such as I3C or diindolylmethane can serve as critical regulators of intestinal 

mucosal homeostasis (47, 52). Other signaling pathways involved in maintaining intestinal 

homeostasis include the IL-22 signaling pathway. AhR activity is known to be essential for 

IL-22 production in the intestinal lamina propria and protection against intestinal bacterial 

infection (39, 53). However, in our study, with no significant difference in Fut2 or Reg3g 
expression in the experimental groups, we observed that AhR proligand supplementation 

during NEC occurs independently of IL-22.

As an increase in Il22 mRNA expression in the small intestine was seen in pups with NEC 

treated with I3C, we aimed to investigate if treatment with I3C during NEC attenuates 

inflammation via the regulatory T cell response. In a model of adult murine DSS-colitis by 

Abron et al. (41) treatment with AhR ligand ITE induced regulatory T cells and reduced 

CD4+ T cells and inflammatory cytokines. Further, prior research by Egan et al. (54) has 

suggested a predominance of CD4+ T lymphocytes in experimental NEC and, in particular, 

CD4+ TH17 cells. However, in our studies with younger mice, treatment with the AhR 

proligand I3C during NEC did not result in a significant increase in small intestine mRNA 

expression of cytokines Tnf, Il6, or Il10 during NEC or the significant induction of IL-17A, 

IFN-γ, or Foxp3-expressing CD4+ T cells or the induction of CD8+ T cells compared with 

wild-type pups with NEC treated with I3C or the vehicle control. This observed limited T 

cell response may be attributed to the limited expansion and differentiation of T cells, 

including regulatory T cells, in neonatal mice (55, 56). Notably, immaturity of the T cell 

compartment is also observed in extremely preterm human infants, increasing their 

susceptibility to infection and impairing their immune functions, which may predispose 

them to NEC development (57).
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The current study describes the role of the enteral AhR proligand I3C in attenuating the 

inflammatory response during NEC. Specifically, we demonstrate that I3C supplementation 

reduces NEC severity and downregulates the expression of proinflammatory Il1b and Lcn2 
during NEC. Recent findings have shown the anti-inflammatory role of AhR in the 

inhibition of NLRP3 inflammasome formation and caspase-1 activity and, therefore, 

subsequent IL-1β production, as the derivation of IL-1β from its precursor is mediated by 

caspase-1 (58, 59). To further investigate the transcriptional profile after I3C treatment on 

the gut inflammatory response during NEC, we performed RNA-seq. Transcriptional 

analysis revealed a distinct gene expression profile in the small intestine (≥2-fold, p < 0.05) 

following I3C treatment when compared with vehicle control during experimental NEC. The 

expression of genes involved in cytokine–cytokine receptor interaction and chemokine 

signaling; specifically, Ccl9, Gng4, Osmr, Inhba, Tnfrsf25, Tnfrsf13b, Rasgrp2, Xcr1, and 

Csf3r were decreased in pups with NEC treated with I3C.

We also show that the effect of exogenous I3C administration was not associated with 

changes in fecal microbial diversity. Prior investigations have provided evidence for the 

ability of the dietary metabolites to activate the AhR signaling pathway and influence the 

composition of the microbiome in the small intestine (60). In our model, the microbiota did 

not play a significant role during AhR-mediated attenuation of NEC-induced inflammation. 

This may be attributed to the enteric delivery of a human microbiome in the animals’ 

formula to induce NEC in neonatal mice.

Prior studies have shown impairment of colonic crypt stem cells in IEC-specific AhR 

knockouts in mouse models. Specifically, adult AhRΔIEC mice are more sensitive to DSS-

induced colitis and intestinal inflammation when compared with controls, suggesting a role 

of AhR in IEC integrity (10, 61). Additionally, the deletion of AhR in IECs is known to 

disrupt the integrity of the intestinal barrier and impairs epithelial cell differentiation from 

intestinal crypt stem cells (10, 62). In particular, Metidji et al. (10) have demonstrated that 

IEC-specific deletion of AhR during Citrobacter rodentium infection resulted in lower 

expression of Muc2 and higher expression of proinflammatory Il6 and that AhR activation 

by the dietary AhR proligand I3C restored the negative feedback control of Wnt/β-catenin 

signaling, a pathway that has been previously implicated in NEC intestinal injury (63). 

Findings from Alvarado et al. (14) revealed that upregulation of IDO1, an enzyme in 

tryptophan metabolism for endogenous AhR ligand derivation, resulted in increased 

secretory cell differentiation, increased mucous production in the epithelium, and reduced 

epithelial damage. Recent findings from Lu et al. (64) demonstrated increased NEC severity 

in AhR IEC–specific knockout mice as described by a higher expression of proinflammatory 

Il6 and Tnf-α and more severe histology scores. However, in our studies using younger 

neonatal mice, we observe AhRΔIEC pups to display a similar susceptibility to NEC 

compared with cre-negative littermates with no significant difference in expression of 

proinflammatory cytokines or chemokines and no significant difference in intestinal 

morphology of the terminal ileum. Therefore, we conclude that in our mouse model of NEC, 

AhR signaling in IECs is unlikely to be responsible for the exaggerated inflammatory 

response seen.
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AhR activation has a role in the differentiation of monocytes to macrophages or DCs, a 

necessary action during an inflammatory response (45). These cells within the lamina 

propria have a necessary role in sampling Ags within the intestinal luminal space through 

interepithelial dendritic extension (5). A prior investigation has demonstrated that the 

interaction of LPS with AhR-deficient peritoneal macrophages induces proinflammatory 

cytokine production, including IL-6 and TNF-α (65). Additionally, similar to AhR 

deficiency, signal transducer and activator of transcription 1 (Stat1) deficiency resulted in an 

LPS-induced IL-4 production, indicating an essential role of AhR in the negative regulation 

of the LPS signaling pathway through interaction with Stat1 (65).

Similarly, our current findings demonstrate increased small intestine proinflammatory Il1b 
expression in AhRΔCD11c pups with NEC. In this model, we did not observe a significant 

difference in the Cxcl2 chemokine response during the NEC-induced inflammatory response 

between the two experimental groups. As it is unlikely that increased small intestine 

proinflammatory Il1b during NEC in AhRΔCD11c pups is attributed to AhR activity in 

intestinal DCs, we now provide evidence that activation of AhR in CD11c+ immune cells 

may be specific to Tim-4 resident intestinal macrophages of the lamina propria. Resident 

intestinal macrophages are a monocyte-derived population with distinct subsets. In 

particular, the Tim-4− macrophage subset has a high turnover from monocytes and is 

dependent on CCR2-mediated monocyte recruitment (66, 67). In contrast, Tim4+ 

macrophages are highly represented perinatally and in the neonatal small intestine (66). 

These data suggest that the inflammatory response during NEC in CD11c+ immune cell 

knockouts may be driven by the Tim-4− intestinal macrophage subset.

We conclude that AhR agonistic activity mediated by the exogenous dietary AhR proligand 

I3C mitigates the proinflammatory response during NEC. Further, we suggest that the 

mechanism mediating this protective effect of I3C occurs in an immune cell–specific manner 

and, more specifically, may be mediated by resident intestinal macrophages. Additional 

investigation is required to investigate the role of resident intestinal macrophages in NEC 

pathophysiology. Taken together, we have now identified an additional signaling pathway 

involved in the pathogenesis of NEC and provide the possibility for a new therapeutic 

approach for this fatal disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. I3C-mediated AhR signaling attenuates inflammation during experimental NEC.
AhR and CYP1A1 ontogeny are shown in (A) human fetal intestine for comparison with 

Ahr and Cyp1a1 ontogeny in (B) P1–49 mouse pups. (C) Treatment with AhR proligand I3C 

in control and experimental NEC pups produces a significant increase in Cyp1a1 expression, 

indicating activation of AhR signaling. (D) Representative images of formalin-fixed, 

paraffin-embedded murine terminal ileum tissue sections stained with H&E were used to 

quantify villi metrics and demonstrate I3C-mediated protection against intestinal barrier 

damage during NEC. (E) Blinded histology scoring quantitates the severity of intestinal 

lesions in the control and experimental groups with and without I3C treatment. (F) Terminal 

ileum expression of Il1b qRT-PCR (left) and protein concentration (right) is attenuated 

during NEC with I3C treatment. (G) Cxcl2, Lcn2, and Marco terminal ileal expression in 

wild-type control and I3C-fed pups with and without NEC. Data represent mean ± SEM 

from at least three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.0001 by 

Mann–Whitney U test [(A)–(G) except (F), right, by unpaired t test]. CO, corn oil.
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FIGURE 2. AhR activity during NEC induces a distinct profile of expressed proinflammatory 
response genes.
(A) Heat map representation of targeted genes in the experimental NEC groups with and 

without I3C exposure (fold change of at least 2-fold; p ≤ 0.05). (B) Volcano plot provides a 

comparison of gene expression in experimental NEC pups with I3C supplementation and 

demonstrates a profile of differentially expressed genes that are upregulated and 

downregulated during NEC. (C) Functionally enriched pathways provide a comparative 

analysis between the experimental NEC groups. Downregulation of chemokine signaling 

pathways and cytokine receptor interaction pathways occurred with AhR proligand 

supplementation during experimental NEC. CO, corn oil.

Nolan et al. Page 21

Immunohorizons. Author manuscript; available in PMC 2021 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. Enteral supplementation with I3C during NEC does not influence the gut 
microbiota.
The microbiota of fecal samples from murine NEC was evaluated using 16S ribosomal 

RNA-seq methods. (A and B) No significant difference in overall bacterial diversity was 

observed in the wild-type experimental NEC groups treated with I3C or the vehicle control, 

as shown by the Chao1, Shannon, and Simpson indices. (C) The relative abundance of 

selected bacteria in the experimental NEC groups is shown with no significant difference 

among the groups. CO, corn oil.
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FIGURE 4. AhR signaling in IECs is dispensable in experimental NEC.
(A) Representative images of formalin-fixed, paraffin-embedded terminal ileum tissue 

sections from control and experimental pups were stained with H&E. (B) Tissue sections 

were used to quantify differences in histology scores in experimental pups with and without 

IEC-specific knockout without a significant difference in the proportion of lesions on NEC 

tissue sections. (C and D) Small intestine epithelial cells were isolated from AhRΔIEC pups 

(n = 2) and cre-negative littermates (n = 2) and stained with anti-EpCAM (anti-CD326) and 

anti-CD45, confirming positive isolation of epithelial cells and exclusion of lymphocytes. 

Flow cytometric analysis of isolated small IECs from cre-negative mice demonstrated a 

significantly increased percentage of AhR from EpCAM+CD45− cells when compared with 

AhRΔIEC mice, confirming epithelial cell-specific knockout of AhR. (E) qRT-PCR reveals 

significantly reduced mRNA expression of Ahr (Exon 2) in the isolated epithelial cells from 

AhRΔIEC pups, confirming AhR-specific deletion in the IECs. (F) AhRΔIEC pups exhibited a 

similar susceptibility to experimental NEC compared with their cre-negative littermates, 
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without a significant difference in proinflammatory cytokine expression between the 

experimental NEC groups. *p < 0.05, ***p < 0.0001 by Mann-Whitney U test.
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FIGURE 5. AhR signaling in CD11c+ immune cells is not induced during homeostasis.
(A) Representative images of formalin-fixed, paraffin-embedded terminal ileum tissue 

sections from mice with CD11c+ immune cell-specific knockout and cre-negative littermates 

during homeostasis were stained with H&E. (B) qRT-PCR analysis of enriched CD11c+ 

cells (continued) from the small intestine lamina propria from AhRΔCD11c pups (n = 2) and 

wild-type littermates (n = 2) reveals significantly reduced mRNA expression of Ahr (Exon 

2) in AhRΔCD11c pups, confirming AhR-specific deletion in the CD11c+ immune cells. (C) 

Small intestine gene expression of IEC markers Olfm4, Lysozyme, and Muc2 were analyzed 

by qRT-PCR and demonstrated no change in the expression in the AhRΔCD11c pups or their 

cre-negative littermates. (D and E) Flow cytometric analysis demonstrated no significant 

change in the abundance of CD103+CD11b− and CD103+CD11b+ DCs in cre-negative and 
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AhRΔCD11c mice during steady state. (F and G) The Tim-4− monocyte–dependent subset of 

macrophages in the small intestine lamina propria were increased in AhRΔCD11c pups 

compared with cre-negative pups, whereas (H) there was no difference in CD11b+CD64+ 

macrophages in cre-negative mice and AhRΔCD11c mice during the homeostatic state. Data 

represent mean ± SEM from three independent experiments. *p < 0.05, by Mann-Whitney U 
test.
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FIGURE 6. AhR signaling in CD11c+ immune cells impacts the severity of inflammation during 
NEC.
(A) Representative images of formalin-fixed, paraffin-embedded terminal ileum tissue 

sections stained with H&E are shown. (B) Tissue sections were used to quantify differences 

in histology scores in experimental pups with and without CD11c+ immune cell–specific 

knockout with no significant difference in the proportion of lesions on NEC tissue sections. 

(C) Relative expression of proinflammatory markers Il1b (left), quantitated by IL-1β protein 

concentration (middle), and Cxcl2 (right) in the small intestine were determined by qRT-

PCR. (D) Flow cytometric analysis revealed no significant change in the abundance of 

CD103+CD11b− or CD103+CD11b+ DCs in cre-negative and AhRΔCD11c mice during NEC. 

(E and F) Increased Tim-4− monocyte-dependent subset of macrophages in the small 

intestine lamina propria in AhRΔCD11c pups was observed during NEC. Data represent mean 
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± SEM from three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.0001 by 

Mann-Whitney U test.
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