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Abstract

Scope—This study investigates the mechanism of action and functional effects of coffee extracts 

in colonic cells, on intestinal stem cell growth and inhibition of DSS-induced intestinal barrier 

damage in mice.

Methods and Results—Aqueous coffee extracts induced Ah receptor (AhR) -responsive 

CYP1A1, CYP1B1 and UGT1A1 gene expression in colon-derived Caco2 and YAMC cells. 

Tissue-specific AhR knockout (AhRf/f x Lgr5-GFP-CreERT2 x Villin-Cre), wild-type (Lgr5­

CreERT2 x Villin-Cre) mice were sources of stem cell enriched organoids and both coffee 

extracts and norharman, an AhR-active component of these extracts inhibited stem cell growth. 

Coffee extracts also inhibited DSS-induced damage to intestinal barrier function and DSS-induced 

mucosal inflammatory genes such as IL-6 and TGF-β1 in wild-type (AhR+/+) but not AhR−/− 

mice. In contrast, coffee did not exhibit protective effects in intestinal-specific AhR knockout 

mice. Coffee extracts also enhanced overall formation of AhR-active microbial metabolites.

Conclusions—In colon-derived cells and in the mouse intestine, coffee induced several 

AhR-dependent responses including gene expression, inhibition of intestinal stem cell-enriched 

organoid growth and inhibition of DSS-induced intestinal barrier damage. We conclude that the 

anti-inflammatory effects of coffee in the intestine are due, in part, to activation of AhR signaling.
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Graphical Abstract

Summary diagram highlighting the AhR-dependent ability of coffee extract to suppress DSS­

induced damage, intestinal barrier function and DSS-induced mucosal inflammatory genes. Coffee 

extracts activated Ah receptor (AhR) responsive genes in colon-derived cell lines. These same 

extracts and norharman, an AhR-active compound in coffee also inhibited growth in stem cell 

enriched organoids and enhanced intestinal barrier function in DSS-induced mice. Moreover, the 

effects of coffee extracts on stem cells and barrier function were AhR-dependent.
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1. Introduction

Coffee is the most widely consumed beverage and worldwide consumption is over 

160,000,000 x 60 kg bags. It is estimated that in the United States per capita consumption of 
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coffee is 115.2 L annually (1,2). Several studies report an inverse association between coffee 

drinking and mortality and multiple adverse human health effects including Parkinson’s 

disease, metabolic diseases, and several cancers (3-11). For example a population-based 

study of 387,494 coffee drinkers in the United Kingdom showed that coffee drinking was 

inversely associated with mortality from all causes compared to non-coffee drinkers (3) and 

similar results were observed for individuals participating in the prospective Nurses’ Health 

Study and Health Professionals Follow-up Study (4). Coffee drinkers had a lower incidence 

of liver, ovarian, thyroid and endometrial cancers and melanoma (10) and meta-analysis 

of prospective cohort studies also showed a lower incidence of colon cancer (11). Coffee 

consumption has also been associated with protective effects against liver fibrosis and non­

alcoholic fatty liver disease in humans (12) and this has also been observed in laboratory 

animal studies (13,14). In addition to the lower risk of colon cancer observed in some 

studies (11-15), coffee consumption protects against inflammatory bowel disease (IBD) (16) 

and a recent study reported that coffee consumption enhanced gut recovery in gynecological 

patients after surgery (17). Many of the same associations were similar for caffeinated 

and decaffeinated coffee, suggesting that the effects are not due to caffeine (18). Overall, 

these data link coffee consumption to lower risk of various health outcomes. However, the 

biological/signaling pathways mediating these responses are unclear. Interestingly, Hang 

et al (19) recently investigated the associations of total, caffeinated, and decaffeinated 

coffee consumption with plasma biomarkers of metabolic and inflammatory pathways in 

two cohorts of 15,551 women (Nurses’ Health Study) and 7,397 men (Health Professionals 

Follow-Up Study). Their seminal findings demonstrate that coffee consumption is associated 

with a favorable profile of plasma biomarkers of metabolic and inflammatory pathways.

Roasted coffee extracts contain up to 1000 different compounds which include structurally 

diverse aromatic and aliphatic aldehydes, alcohols, ketones, acids, polyphenolics and 

heterocyclic compounds including caffeine, and the health effects of coffee are due to the 

activity of this complex mixture. Many of the health benefits observed for coffee are similar 

to those reported for the aryl hydrocarbon receptor (AhR) and its ligands which include 

structurally diverse phytochemicals (20,21). For example, the AhR plays an important role 

in maintaining gut health and protecting against intestinal cancers in animal models and 

AhR ligands ameliorate intestinal inflammation and tumor formation (22-25) Moreover, 

loss of the AhR in mice results in hepatic fibrosis (26,27) and this parallels the protective 

effects of coffee on hepatic damage (12-14). These similarities between coffee and the AhR 

and its ligands coupled with a previous study showing that several different coffee extracts 

induced AhR-responsive genes (28) prompted us to investigate coffee extracts as potential 

AhR ligands in colon derived cell lines, and also determine their effects on colon epithelial 

stem cells, induced gut inflammation and the microbiome and its metabolites.

2. Experimental Section

2.1 Cell lines and chemicals

Caco2 cells were obtained from the American Type Culture Collection (ATCC, Manassas 

VA) and YAMC cells were kindly donated by Dr. Robert Whitehead (Vanderbilt University). 

The corresponding knockout Caco2-AhRKO and YAMC-AhRKO cell lines were generated 
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by CRISPR/Cas9 as described (29,30). Caco2 cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 1 x MEM 

non-essential amino acid solution (Gibco), and 1 x antibiotic/antimycotic reagent (Sigma­

Aldrich, St. Louis, MO) at 37°C in the presence of 5% CO2. YAMC cells were cultured 

in RPMI1640 media supplemented with 5% FBS, 1% glutamine, 0.1% ITS (Corning) and 

10U IFNγ (Sigma-Aldrich) at 33°C in 5% CO2. The β-carboline alkaloids norharman, 

harmine hydrochloride, harmane, harmaline hydrochloride dehydrate, 1-methyl-2, 3, 4, 

9-tetrahydro-1H-β-carboline-1-carboxylic acid sodium butyrate, sodium propionate and 

sodium acetate were purchased from Sigma-Aldrich. TCDD (99%) was synthesized in the 

Safe laboratory and roasted coffee (Seattle’s Best #4) was purchased locally.

2.2 Coffee extracts

Commercially available ground roasted or unroasted coffee (60 g) was stirred with 150 

mL boiling water for 8-10 min and then filtered to give the aqueous coffee extract 

(22). An aliquot (20 mL) of the coffee extract was extracted with chloroform (2 x 20 

mL), the chloroform extract was dried, concentrated and an aliquot was dissolved in 

DMSO at a concentration equivalent to the water extract. In addition, an aliquot of the 

chloroform extract was separated by semi-quantitative thin layer chromatography (55/45 

hexane/acetone as solvent) into 3 fractions, top, middle (caffeine) and bottom. Gravimetric 

analysis indicated that % (by weight) distribution of the chloroform extract in the (top, 

middle (caffeine) and bottom bands was 25, 68 and 7%, respectively.

2.3 Quantitative real time PCR

After treatment of cells with coffee extracts (aqueous or chloroform) or individual 

compounds for 24 h, RNA was extracted and converted into cDNA using High Capacity 

RNA-cDNA kit (Applied Biosystem, Foster City, CA). PCR reactions were determined for 

three different experiments from each treatment group as previously described (29,30) and 

results are compared to control values. Sequences of the primers used for real time PCR 

are summarized in Supplemental Table S1. TBP was used to normalize TaqMan assays 

and GAPDH was the normalizer for SYBR green assays. The aqueous coffee extracts 

were added directly to the culture media. The chloroform extracts, the TLC fractions (Top, 

Bottom, Caffeine) other individual compounds and TCDD were dissolved in DMSO and 

added to the culture media (< 0.1% DMSO).

2.4 Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed using ChIP-IT Express Magnetic Chromatin 

Immunoprecipitation kit (Active Motif, Carlsbad, CA) according to the manufacturer’s 

protocol. Caco2 cells were treated with various compounds for 2 h and the cell workup 

and assay procedures for determining interactions of the AhR on the DRE region of the 

human CYP1A1 gene promoter were carried out as previously described (29,30). The 

human CYP1A1 primers were 5’-TCA ATC AAG AGG CGC GAA CCT C-3’ (sense), and 

5’-CTA CAG CCT ACC AGG ACT CG-3’ (anti-sense), and then amplified by targeting a 

203-bp region of human CYP1A1 promoter which contained the AhR binding sequences. 

PCR products were resolved on a 2% agarose gel in the presence of ethidium bromide.
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2.5 Mouse models

Animals were housed under conventional conditions, adhering to the guidelines approved by 

the Institutional Animal Care and Use Committee at Texas A&M University. Constitutive 

male and female intestine-specific AhR knockout mice (AhRf/f x Lgr5-GFP-CreERT2 x 

Villin-Cre) and littermate AhR wild-type controls (Lgr5-GFP-CreERT2 x Villin-Cre) 8-20 

wk of age (31) used for organoid growth experiments were maintained on an AIN-76A 

semi-purified diet (Research Diets, D12450B), fed ad libitum and housed on a 12 h light­

dark cycle. Villin-Cre mice expressed constitutively active Cre across the entire intestinal 

epithelium under control of the Villin promoter. AhRf/f mice contained loxP sites bordering 

exon 2 of the AhR gene, with recombination resulting in generation of a premature stop 

codon at codon 29. Stem cell targeted Lgr5-GFP-CreERT2 mice expressed GFP in crypt 

base columnar cells in the intestine under control of the Lgr5 promoter (32). Whole 

body AhR knockout (AhR−/−) and wild-type littermate mice were also utilized (originally 

described by Schmidt et al (33)). Intestine-specific AhR knockout mice (villin Cre targeted) 

used for DSS-induced inflammation experiments were 8-18 wk of age and maintained on 

Research Diets #D10001. All mouse tails were genotyped and liver and intestine samples 

phenotyped with respect to AhR mRNA and protein expression (see Supplemental Methods 

for details).

2.6 Single cell isolation and cell sorting

Colon crypts were isolated as previously described (34). Crypt suspensions were dissociated 

into individual cells with 0.25% trypsin-EDTA containing 200 U/mL DNase and filtered 

through a 40-μm mesh. GFP-expressing stem cells were collected using Bio-Rad S3e 

Cell Sorter, with dead cells excluded by propidium iodide staining. Sorted cells were 

seeded (500 cells) onto 30 μl Matrigel containing 1 μM Jagged-1 (AnaSpec) in a flat 

bottom 24-well plate. Following Matrigel polymerization, cells were overlaid with 400 μL 

crypt culture medium containing Advanced DMEM/F12 (Gibco) supplemented with 2 mM 

glutamax, penicillin/streptomycin, 10 mM HEPES, 50 ng ml−1 EGF (LifeTechnologies), 

100 ng mL−1 Noggin (Peprotech) or 0.2 μM LDN-193189 (Stemgent), 10% R-spondin 

conditioned medium, 1 μM N-acetyl-1-cysteine (Sigma), 1X N2 (LifeTechnologies), 1X 

B27 (Life Technologies) and 50% Wnt conditioned medium, supplemented with 10 μM 

Y-27632 (Sigma Y0503), 1 μM Jagged-1 and 2.5 μM CHIR99021 (Stemgent, 04-0004). 

Y-27632, Jagged-1 and CHIR99021 were withdrawn from crypt culture medium 2 d after 

plating. The treatments were included in the media starting at initial plating and replaced 

every 36 h. Treatments were DMSO as vehicle control, 5 or 10 μM norharman, and 1x, 

2.5x or 5x coffee extract which is equivalent to the aqueous extract from 3.4, 8.5 and 17 

μg of coffee beans, respectively. Organoid size was quantified on day 6 of culture using a 

Keyence BZ-X710 Microscope and software. Organoid forming efficiency was calculated as 

the percent of stem cells that formed organoids with diameter > 30 μm.

2.7 Fecal metabolite analysis

Mice were treated by oral gavage with 100 μL (volume 10% of body weight) coffee extract 

(equivalent to an extract of 34 mg of coffee beans) administered every 8 h for 4 d. Fecal 

samples were obtained after the 4 d treatment period. Samples were kept on ice during 
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extractions. Metabolites were extracted from fecal pellets with chloroform/methanol/water 

as previously described (35). Untargeted liquid chromatography high resolution accurate 

mass spectrometry (LC-HRAM) analysis was performed on a Q Exactive Plus orbitrap mass 

spectrometer (Thermo Scientific, Waltham, MA) coupled to a binary pump HPLC (UltiMate 

3000, Thermo Scientific). Full MS spectra were obtained in the positive mode at 70,000 

resolution (200 m/z) with a scan range of 50-750 m/z. Full MS followed by ddMS2 scans 

were obtained at 35,000 resolution (MS1) and 17,500 resolution (MS2) with a 1.5 m/z 

isolation window and a stepped NCE (20, 40, 60). Samples were maintained at 4 °C before 

injection. The injection volume was 10 μL. Chromatographic separation was achieved on a 

Synergi Fusion 4μm, 150 mm x 2 mm reverse phase column (Phenomenex, Torrance, CA) 

maintained at 30 °C using a solvent gradient method. Solvent A was water (0.1% formic 

acid). Solvent B was methanol (0.1% formic acid). The gradient method used was 0-5 min 

(10% B to 40% B), 5-7 min (40% B to 95% B), 7-9 min (95% B), 9-9.1 min (95% B 

to 10% B), 9.1-13 min (10% B). The flow rate was 0.4 mL min-1. Sample acquisition 

was performed Xcalibur (Thermo Scientific). Data analysis was performed with Compound 

Discoverer 3.1 (Thermo Scientific).

Deuterated indole-3-acetic acid was used as a labeled internal quality control standard and 

data were analyzed using the Progenesis QI software (Waters) and the Human Metabolome 

Database (HMDB) and the Kegg databases. Raw abundance data were normalized to fecal 

sample weights and statistical analysis was performed using Kaleida Graph (Synergy).

2.8 Effects of coffee extracts on DSS-induced inflammation

Whole body AhR knockout mice (AhR−/−) (4-6 mice) and wild-type controls (10-15 mice), 

intestine-specific (villin Cre) AhR knockout and wildtype mice (10-12 and 10-13 mice 

respectively), were acclimated on Research Diets #D10001 for 2 wk with 12 h light/dark 

cycle before receiving aqueous coffee extract (1% of body weight, equivalent to the extract 

of ~70 mg of coffee on average) by gavage 3 times per day (~7 am, 2 pm and 9 pm) for 

the remainder of each experiment. Distal colon sections were assessed for inflammation and 

injury by a board-certified pathologist (M.E.H.) and scored on a scale of 0-3 as previously 

described (36).

2.9 Statistics

The in vitro studies were repeated at least 3 times and results are expressed as means ± 

SD and organoid results are expressed as means ± SE. Statistical significance for both in 

vitro and organoid studies were analysis of variance (ANOVA) or by a two-tailed unpaired 

students t test. For LC-MS, raw abundance data were normalized to fecal weights and 

statistically analyzed using the Mann-Whitney test at a significance level of p<0.05. Barrier 

function, histology scores and mucosal mRNA data were analyzed by 1-way ANOVA and 

Fisher’s LSD test for comparison between groups.

3. Results

The AhR agonist activities of coffee extracts were determined in Caco2 colon cancer cells, 

YAMC mouse colonocytes and their corresponding AhR knockout cells (Caco2-AhRKO and 
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YAMC-AhRKO) previously generated by silencing of the AhR by CRISPR/Cas9 (29,30). 

The AhR agonist activities were determined using CYP1A1, CYP1B1 and UGT1A1 as 

Ah-responsive genes and 2,3,7,8-TCDD as an AhR ligand reference standard. Roasted 

coffee was extracted with boiling water as previously described (28) and an aliquot of the 

aqueous extract was extracted with chloroform and effects of equivalent amounts of water 

and chloroform extracts on AhR activity were investigated. The concentrations used (0.5 

and 1.0 %) refer to the % of the crude coffee extract in the culture media (e.g.: 10 μl of 

coffee extract/ml media = 1.0%). In wild-type Caco2 cells both aqueous and chloroform 

extracts induced CYP1A1 (Fig. 1A), CYP1B1 (Fig. 1B) and UGTA1 (Fig. 1C) whereas 

no significant induction of these genes was observed in Caco2-AhRKO cells. There was 

some variability in the magnitude of the response by the chloroform and water extracts 

for induction of CYP1B1 and the coffee extracts induced 40-60% (CYP1A1) to ≥ 100% 

(UGT1A1) of the responses observed for 10 nM TCDD. The chloroform extracts induced 

CYP1A1 (Fig. 2A) and CYP1B1 (Fig. 2B) but only minimally induced UGTA1 (Fig. 2C) 

in YAMC cells whereas the water extracts were inactive as inducers of these responses. 

In contrast, the effects of TCDD as an inducer of CYP1A1 and CYP1B1 were similar 

in YAMC and Caco2 cells, however, in the former cell line only minimal induction of 

UGT1A1 was observed for TCDD and no induction was observed in YAMC-AhRKO cells. 

Thus, YAMC cells were less responsive to induction of AhR-responsive genes following 

incubation with the coffee extracts. The data also suggests that some cell-type specific 

inhibitors of Ah-responsive gene expression in YAMCs are expressed in the aqueous but not 

chloroform extracts of roasted coffee.

The response- and cell type-dependent differences in the AhR activity of aqueous and 

chloroform coffee extracts and TCDD are consistent with their activity as selective AhR 

modulators (SAhRMs), which have previously been observed for other structurally diverse 

AhR microbial metabolites (29, 30). We subsequently used the more responsive Caco2 

cell line to compare the activity of roasted vs unroasted (green) coffee and the results 

(Supplemental Figure 1) show that unroasted coffee extracts did not induce AhR-responsive 

genes. In addition, we also separated the chloroform extracts by thin-layer chromatography 

to characterize and quantitate by weight the caffeine band (middle, 68%) less polar (top, 

25%) and more polar (bottom, 7%) bands. The AhR activities of caffeine and the more 

and less polar bands were also determined in Caco2 cells and induction of CYP1A1, 

CYP1B1 and UGT1A1 was observed for both bands but not caffeine (Supplemental Figure 

2) indicating the presence of multiple AhR-active compounds with different polarities.

Harman and norharman are β-carboline alkaloids previously detected in brewed coffee 

(2) and there are prior reports indicating that these compounds are AhR-active. Results 

illustrated in Figure 3A show that norharman, harman, harmaline and harmine hydrochloride 

(10-100 μM) induced CYP1A1 in Caco2 and YAMC cells and their induction activity was 

more potent in Caco2 than YAMC cells. Norharman, harmine and harmaline hydrochloride 

induced CYP1B1 in Caco2 cells (< 40% of TCDD), whereas all the β-carboline derivatives 

induced CYP1B1 in YAMC cells and their response was > 50 to 100% of that observed 

for TCDD (Fig. 3B). Similar results were observed for induction of UGT1A1 in YAMC 

cells (Fig. 3C). In Caco2 cells both harmine hydrochloride and norharman were more potent 

than TCDD as inducers of UGT1A1 (Fig. 3C). We also examined the effects of TCDD and 
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norharman treatment of Caco2 cells in a ChIP assay and both compounds enhanced AhR 

binding to the DRE region of the CYP1A1 promoter and increased RNA polymerase II (pol 

II) interactions with the promoter (Fig. 3D). The band intensities induced by norharman and 

TCDD were similar even though the former compound was a weaker inducer of CYP1A1. 

These results confirm the AhR activity of some β-carbolines present in coffee extracts 

and ongoing studies are using LC fractionation techniques to identify other AhR-active 

compounds in the aqueous coffee extracts.

Our previous studies show that short chain fatty acids (SCFAs) e.g., butyrate, propionate 

and acetate, enhance AhR ligand induced CYP1A1 and CYP1B1 expression in Caco2 and 

YAMC cells (30,37). This could be due, in part, to their activity as histone deacetylase 

inhibitors (29) and it has been reported that butyrate binds and activates the AhR (38). 

Results in Figure 4A show that all three SCFAs enhance coffee-induced CYP1A1 in Caco2 

but not in YAMC cells (Fig. 4A). SCFAs also enhanced coffee induced CYP1B1 in Caco2 

but not in YAMC cells (Fig. 2B). Butyrate and propionate also enhanced norharman-induced 

CYP1A1 (Fig. 4C) and acetate enhanced induction of CYP1B1 (Fig. 4D) in Caco2 cells 

whereas all three SCFAs increased induction of CYP1A1 and CYP1B1 by norharman 

in YAMC cells. Thus, the pattern of induction of CYP1A1 and CYP1B1 by norharman 

and coffee and enhancement by SCFAs differed and was dependent on the response, the 

individual SCFA and cell context, and future studies will examine these interactions using 

inflammation endpoints.

The AhR functions in multiple cell types in the intestine to protect against infection, 

inflammation and cancer (24,39,40) and intestinal stem cells significantly contribute to these 

responses (24, 31). Therefore, we investigated the effects of coffee extracts on organoids 

derived from pooled intestinal stem cells from wild-type mice and mice in which intestinal 

AhR was silenced (VillinCreAhRFl/Fl) and fluorescence-activated cell sorting (FACS) was 

used to sort stem cells (defined as GFPhigh) on GFP expression (31). The coffee extract 

and norharman significantly decreased growth of organoids derived from wild type (AhR+/+) 

mice but not in AhR knockout mice (Fig. 5A) and this is consistent with previous studies 

demonstrating a role for the AhR and its ligands as inhibitors of intestinal stem cell 

expansion (24, 31). Figures 5B and 5C illustrate the inhibition of organoid growth by coffee 

extracts (5X) and 10 μM norharman. Loss of the AhR increased organoid forming efficiency, 

however, neither coffee or norharman affected this response (Fig. 5D). Thus, coffee extracts 

and one of the AhR-active components of coffee (norharman) restrict intestinal stem cell 

proliferation and this response was AhR-dependent.

In vivo studies using a DSS-induced inflammation model in AhR wild type and AhR 

whole body knock out (AhR−/−) mice (Fig. 6A) showed that the coffee extract significantly 

reversed the effects of DSS-induced barrier permeability in AhR-WT but not AhR-KO as 

demonstrated by inhibition of serum levels of FITC-dextran (Fig. 6B). In addition, we 

also examined effects of coffee extract on inhibition of DSS-induced gene expression in 

intestinal mucosa and observed that coffee extracts inhibited DSS-induced IL-6, IL-1β, 

TGF-β1 and IL-10R1 mRNA levels in AhR-WT but not AhR-KO (Figs. 6C). DSS-induced 

effects on mucosal IFNγ, IL-10, IL-10R2 and Muc2 mRNA were not affected by coffee 

in wild-type or AhR-KO mice, nor were the AhR responsive genes Cyp1a1, Cyp1b1 or 
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Ugt1a1 (Supplemental Figs. 3A-3G). However, the beneficial effects of coffee on barrier 

integrity and gene expression were not correlated with clinical markers of inflammation, 

where DSS induced inflammation only in the AhR KO model (Supplemental Fig. 4A&B). 

Coffee did not affect DSS-induced body weight changes in wild-type and AhR-KO mice 

(Supplemental Fig. 4D). Effects of coffee and DSS on colon length and liver weight were 

similar in wild-type and AhR-KO mice (Supplemental Fig. 4E&F). Using a similar protocol, 

we also examined the effects of coffee extracts on control and Villin Cre intestinal AhR 

knockout mice and observed no AhR-dependent protective effects (Supplemental Table S2). 

A summary diagram highlighting the AhR-dependent ability of coffee extract to suppress 

DSS-induced damage to intestinal barrier function and DSS-induced mucosal inflammatory 

genes is shown in Figure 6D.

We also investigated the effects of coffee extracts on microbial-derived tryptophan 

metabolites and other indole derivatives. Coffee extracts and fecal pellets from control 

mice and mice receiving coffee extracts by oral gavage for 4 d were analyzed using 

LC-MS. Several hundred metabolites were detected in coffee extracts as previously 

reported (2). Supplemental Table S3 summarizes the microbial-derived tryptophan/indole­

derived metabolites that were present only in coffee extracts and those that are present 

fecal material from control mice but are not detected in coffee extracts. Figure 7A 

shows the various classes of organic compounds identified in coffee extracts by LC-MS 

analysis. Figure 7B shows the relative abundances of indole derivatives including indole, 3­

hydroxy-3-methyloxindole, indole-3-propionic acid, indole-3-butyric acid, indole-3-pyruvic 

acid, indole-3-lactic acid, indole-3-acetic acid, and 3-(hydroxyacetyl)indole.

There was a statistically significant increase in the abundance of several AhR-active 

indole-3-acids in feces from mice in the coffee group relative to control mice. Among these, 

previous studies reported the AhR activity of indole-3-acetic and pyruvic acids (41, 42) and 

the latter compound also induced CYP1A1 and CYP1B1 in both Caco2 and YAMC cells 

(Supplemental Figure 5) whereas indole-3-acetic acid was a weak inducer of only CYP1A1 

in Caco2 cells. We also observed that administration of coffee extracts decreased fecal 

abundance of indole and 3-hydroxy-3-methyloxy-indole. Microbial populations in this study 

were relatively unchanged by coffee administration indicating that coffee extracts primarily 

modulate the relative amounts of specific tryptophan metabolites and current studies are 

focused on the relative levels of these compounds and their AhR activity.

4. Discussion

The AhR was initially identified as the intracellular receptor that mediated the toxicities 

induced by TCDD and structurally related halogenated aromatics (41). However, subsequent 

and ongoing studies show that the AhR also binds structurally diverse compounds 

including pharmaceuticals, endogenous biologicals, and health-promoting phytochemicals 

and microbial metabolites including several tryptophan metabolites (29,30,37,42-46). Whole 

body and cell-type specific AhR knockout mouse models demonstrate multiple endogenous 

functions for the AhR including a role for the AhR in protecting against gut infection, 

barrier function, inflammation and tumorigenesis. These AhR-dependent responses involve 

multiple cell types including intestinal epithelial cells and stem cells, innate lymphoid cells, 
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Treg immune cells and intraepithelial lymphocytes (22,31,45-50). Moreover, AhR ligands 

including indole-3-carbinol, tryptophan metabolites and broccoli extracts protect against 

intestinal inflammation and cancer in mouse models (39-43). Since there are several reports 

that coffee consumption in humans is also associated with protective effects in terms of gut 

health (13-17), we investigated the Ah-responsiveness of coffee and some of its components 

in colon-derived human Caco2 and YAMC cells. In addition, we also investigated the AhR­

mediated impact of coffee extracts on intestinal stem cell mediated growth, DSS-induced 

intestinal inflammation and changes in the microbiome and microbial metabolites.

We show that the AhR activity of coffee was due to the roasting process. In human 

Caco2 cells, boiling water extracts of coffee and a chloroform extract of the aqueous 

extract induced the expression of Ah-responsive CYP1A1, CYP1B1 AND UGT1A1 genes 

in wild-type but not AhR-silenced Caco2 cells. UGT1A1 was only minimally induced 

in mouse YAMC cells and in this cell line we observed that the chloroform but not the 

aqueous extract induced CYP1A1 and CYP1B1. The Ah-responsiveness of coffee extracts 

was substantially higher in Caco2 than in YAMC cells, however, the enhanced loss of 

inducibility by the aqueous extract in YAMC cells was surprising and may be due to 

some cell (YAMC)-specific inhibitory factors in the aqueous extract that we are currently 

investigating.

Our initial LC-MS screening of individual compounds in coffee extracts focused on 

substituted aromatic and heteroaromatics and this included both harman and norharman 

which have previously been identified in water extracts of roasted coffee (1,2). A previous 

study on activation of an Ah-responsive reported gene assay (DRE-luc) in mouse hepatoma 

cells showed that among a series of structurally-related β-carbolines (including harman 

and norharman) only harman-1,2,3,4-tetrahydro-3-carboxylic acid induced activity (51). 

In contrast, our results show that norharman induced CYP1A1, CYP1B1 and UGT1A1 

in Caco2 and YAMC cells and other β-carbolines also exhibited some AhR activity, 

particularly for induction of CYP1B1 in YAMC cells. Previously, we have reported that 

SCFAs enhance Ah-responsiveness of AhR ligands and this includes induction of CYP1A1 

(30,37). These interactions are significant in terms of their potential to enhance AhR­

dependent gut health, particularly since intestinal CYP1A1 expression is important in the 

formation of AhR-active microbial metabolites (52,53). Butyrate, propionate and acetate 

significantly enhance induction of CYP1A1 (Caco2 and YAMC) and CYP1B1 (Caco2) 

by coffee extracts and this microbial metabolite-AhR interaction potentially impacts host 

metabolism (54). In contrast, the SCFAs potently enhanced induction of CYP1A1 and 

CYP1B1 in YAMC cells by 100 μM norharman whereas minimal and SCFA-selective 

effects were observed in Caco2 cells. These differences in gene specific Ah-responsiveness 

between coffee extracts and norharman suggest that norharman may not be a major 

contributor to the induction of drug-metabolizing enzymes by coffee extracts.

The AhR plays an important role in intestinal stem cells and their functions on the 

maintenance of intestinal epithelial homeostasis, protection from inflammation and tumor 

development. It was recently reported that intestinal AhR expression decreased intestinal 

stem cell proliferation thereby inhibiting cell transformation and development of colon 

cancer (24,25,31). Both coffee extracts and norharman also inhibited intestinal stem cell­
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derived organoid growth in AhR-expressing but not in AhR-silenced stem cells and this 

further demonstrates the AhR activity of coffee in an important mediator of intestinal 

function. We also observed that coffee inhibited DSS-induced damage to barrier function, as 

well as IL-6, IL-1β, TGF-β1 and IL10R1 mRNA levels, however, these responses were not 

observed in AhR-KO mice. Although these genes exhibit variable functions, the induction of 

the pro-inflammatory IL-6 gene by DSS and inhibition by coffee extracts is consistent with 

the effects of coffee on barrier function damage. In contrast, coffee extracts did not affect 

DSS-induced inflammation in intestine-specific AhR knock out mice (Supplemental Table 

S2) and this contrasts with their ex-vivo effects on intestinal stem cells. These data suggest 

that AhR-mediated responses in tissues other than the intestine contribute to the protection 

against DSS-induced intestinal inflammation. These results are consistent with previous 

studies in dysregulated CYP1A1 and CARD9 mice which exhibit altered metabolism of 

microbial metabolites into AhR active compounds and reduced effects on intestinal damage 

(53,55). This indicates that the whole-body loss of AhR and possibly the loss of this receptor 

in liver may compromise the metabolism and subsequent formation of coffee-induced 

AhR-active microbial metabolites which, in turn are required for protection from intestinal 

inflammation. This would be observed in whole body but not intestinal-specific AhR-KO 

mice.

There is evidence that coffee consumption can affect microbial metabolites and the 

microbiome and this included a human study which measured a total of 115 metabolites 

associated with coffee intake (14,56-58). Interestingly, these investigators did not distinguish 

between compounds present in the coffee and coffee-induced changes in microbial 

metabolite levels but observed a coffee-like signature. In our study, we have identified 

tryptophan/indole-derived compounds that are present in coffee and fecal extracts and 

also those that are elevated in fecal extracts relative to the coffee extract. Interestingly, 

coffee consumption differentially affected levels of tryptophan/indole-derived microbial 

metabolites and this includes enhanced levels of indole-3-pyruvic acid which is a highly 

active AhR agonist. This is noteworthy, because indole-3-pyruvic acid inhibits colitis in 

a mouse model (42) and this may contribute to the coffee-induced anti-inflammatory 

activities.

In summary, human studies on coffee consumption indicate that among botanical extracts, 

consumption of roasted coffee extracts is associated with a wide range of beneficial health 

effects including enhanced gut resilience. However, mechanisms that link consumption of 

coffee to positive health outcomes are lacking and have been addressed, in part, in this 

study. Our results demonstrate that roasted coffee extracts exhibit AhR activity and induce 

an AhR-dependent decrease in intestinal stem cells in an organoid cell culture model and 

protect against DSS-induced intestinal barrier damage (Fig. 6D). These results demonstrate 

a role for the AhR in mediating some coffee-induced protective responses in the gut but do 

not exclude a role for other AhR-independent pathways induced by coffee. Currently, we are 

investigating other AhR-dependent health benefits linked to coffee consumption and other 

classes of AhR-active compounds present in aqueous coffee extracts.
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Figure 1. 
Coffee induces AhR-responsive genes in Caco2 cells. Caco2 wild-type and AhR knockout 

(Caco2-AhRKO) cells were treated with DMSO, 10 nM TCDD, water or chloroform 

extracts of coffee for 24 h and changes in expression of (A) CYP1A1, CYP1B1, (B) 

UGT1A1, (C) mRNA were determined by real time PCR. Results are expressed as means 

± SE for at least 3 separate determinations per treatment group and significant (p<0.05) 

induction is indicated (*).
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Figure 2. 
Coffee induces AhR-responsiveness in YAMC cells. YAMC wild-type and YAMC-AhRKO 

cells were treated with DMSO, 10 nM TCDD, water or chloroform extracts of coffee for 

24 h and changes in expression of (A) CYP1A1 CYP1B1, (B) UGT1A1, (C) mRNA were 

determined by real time PCR. Results are expressed as means ± SE for at least 3 separate 

determinations per treatment group and significant (p<0.05) induction is indicated (*).
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Figure 3. 
β-Carboline analogs serve as AhR agonists. Caco2 and YAMC cells were treated with 

DMSO, 10 nM TCDD, water or chloroform extracts of coffee for 24 h and changes in 

expression of (A) CYP1A1, CYP1B1, (B) UGT1A1, (C) mRNA were determined by real 

time PCR. (D) Caco2 cells were treated with DMSO, 10 nM TCDD and 100 μM norharman 

alone or in combination. Interactions of the AhR and pol II with the CYP1A1 promoter 

were determined in a ChIP assay. Results (A-C) are expressed as means ± SE for at least 3 

separate determinations per treatment group and significant (p<0.05) induction is indicated 

(*).
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Figure 4. 
Interactions of coffee extracts and β-carboline analogs with SCFAs. Caco2 and YAMC cells 

were treated with DMSO, 10 nM TCDD, SCFAs alone and SCFAs in combination with 

(A, B) coffee extracts or (C, D) norharman and induction of (A, C) CYP1A1 and (B, D) 

CYP1B1 were determined by real time PCR. Results are expressed as means ± SE for at 

least 3 separate determinations per treatment group and significant (p<0.05) induction (*) 

and significantly enhanced induction after co-treatment with SCFAs is indicated (**).
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Figure 5. 
Effects of coffee extracts and norharman on colon stem cell derived organoid growth and 

organoid forming efficiency. (A) Effects of coffee and norharman on intestinal stem cell 

enriched organoid growth. Pooled stem cells from three mice were plated in Matrigel and 

treated with DMSO, coffee extracts or norharman every 36 h for 6 d and total organoids 

were quantified in the different treatment groups with the solvent control (DMSO) set at 

100%. Results are expressed as means ± SE for 3 separate experiments for each treatment 

group and significant (p < 0.05) inhibition by coffee extracts or norharman is indicated 

(*). AhR knockout and AhR+/+-derived organoids growing in Matrigel and treated with 

(B) 5x coffee extracts and (C) 10 μM norharman are illustrated. (D) Effects of coffee 

extracts and norharman on organoid forming efficiencies. The percentage of sorted stem 

cells that develop into organoids was determined using the same treatment groups and 

growth conditions as indicated in (A). Results are expressed as means ± SE for at least three 
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replicate determinations for each treatment group and significant differences were observed 

in solvent (DMSO) control organoids derived from wild-type and AhR-intestinal knockout 

mice.
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Figure 6. 
Coffee extracts inhibit DSS-induced intestinal responses in wild-type and AhR whole body 

knockout mice. (A) Overall treatment protocol for the experiment. (B) Barrier function was 

determined by accumulation of FITC-dextran into serum as outlined in the Materials and 

Methods. Effects of coffee on DSS-induced mucosal IL-6 and IL-1β, TGF-β and IL10R1. 

(C) mRNA levels were determined as outlined in the Methods. Results are expressed as 

means ± SD for at least five determinations per treatment group and significance as indicated 

in the figure. (D) Summary diagram highlighting the AhR-dependent ability of coffee extract 

to suppress DSS-induced damage, intestinal barrier function and DSS-induced mucosal 

inflammatory genes.
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Figure 7. 
Coffee-induced changes in microbial metabolites. (A) LC-MS analysis of aqueous coffee 

extracts and separation into chemical classes. B. Fecal levels of several tryptophan/indole – 

derived metabolites that were significantly (p<0.05) altered (#) in the coffee treated group 

compared to controls.
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