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Abstract

The aryl hydrocarbon receptor (AHR) is an important component of the host-microbiota 

communication network. Comparisons of wild-type and Ahr-null mice as well as from exposure 

studies with potent AHR ligands (e.g., 2,3,7,8-tetrachlorodibenzo-p-dioxin) have provided 

compelling evidence that the AHR may be a master regulator of the host-microbiota interaction 

thus helping to shape the immune system and impact host metabolism. Metabolomics and 

sequenced-based microbial community profiling, two recent technological advances, have helped 

to solidify this host-microbiota signaling concept and identified not only how specific ligands 

generated by the host and by the microbiota can activate the AHR, but also how activation/

disruption of the AHR can influence and shape the microbiota. We are just beginning to 

understand how the temporal nature and tissue- and microbiota-specific generation of AHR 

ligands contribute to many AHR-dependent processes. In this review, we focus on several recent 

advances where metabolomics and characterization of the microbiota structure and function have 

generated new perspectives by which to evaluate AHR activity.
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INTRODUCTION

The aryl hydrocarbon receptor (AHR) is a key regulator of the response to drugs and 

toxicants, is important in immune system development and homeostasis (reviewed in [1]), 

and, more recently, AHR activity has been reported to modulate the microbiota residing on 
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the skin [2] and in the gut [3–5]. The diverse roles of the AHR are driven in large part by a 

similarly diverse set of ligands (reviewed in [6]) including xenobiotics (e.g., environmental 

contaminants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin [TCDD], benzo[a]pyrene), diet-

derived chemicals (e.g., flavonoids and indoles), endogenous (e.g., 6-formylindolo[3,2-

b]carbazole [FICZ]), and bacterial-associated or -produced metabolites (e.g., phenazines, 

tryptophan catabolites). Within the last ten years we have witnessed a renewed interest in the 

AHR moving beyond its well-studied role as a xenobiotic sensor to new roles that have 

implications in host metabolism, barrier organ function (reviewed in [7]), and, importantly, 

to roles that may represent new therapeutic targets for several human diseases including 

cancer and obesity [8].

Understanding the AHR has been advanced through the development of tools including 

mouse models, highly sensitive reporter cell lines, and through the generation and 

characterization of diverse AHR ligands with differential affinity. In particular, the strategic 

use of tissue-specific knockout mice [9] (generated in the low affinity Ahrd background) has 

clarified the role of AHR in different tissue compartments including immune cell 

populations, hepatocytes, keratinocytes, and the intestinal epithelium. However, differences 

in ligand binding affinity between the various Ahr alleles in mice (Ahrd vs Ahrb) and 

important species differences between human, mouse, and other model organisms have yet 

to be fully reconciled in the literature [10] and (reviewed in [11]). Sensitive reporter lines 

have helped not only to identify new AHR ligands but have also been instrumental for 

monitoring low-level exposure to toxic environmental AHR ligands [12]. Despite these 

incredibly valuable tools, our knowledge of the quantity, identity, and ultimate distribution 

of AHR endogenous as well as exogenous ligands throughout the body remains limited.

With cutting-edge tools including metabolomics (i.e., chemical fingerprinting) and 

sequenced-based microbial community profiling, new and exciting roles for the AHR are 

beginning to unfold. In this review we highlight and discuss how metabolomics and 

characterization of the microbiota has helped to advance understanding of AHR activity and 

function, and provide our vision for ways to clarify the role of AHR in modulating the host-

microbiota relationship.

AHR and METABOLOMICS

Metabolomics has accelerated numerous discoveries in the fields of toxicology, drug 

metabolism, and receptor biology [13–15]. For example, metabolomics has been 

instrumental in uncovering the important contribution of the gut microbiota to host 

metabolism [16] and has provided detailed metabolic maps of AHR ligands [17]. 

Metabolomics is typically conducted by hyphenated techniques such as liquid or gas 

chromatography coupled with mass spectrometry and by nuclear magnetic resonance 

spectroscopy (NMR). It is important to emphasize that given the varied physicochemical 

properties of chemicals making up the metabolome numerous platforms are required, which 

is especially true when considering the diverse array of known AHR ligands (reviewed in 

[18]). Below we critically evaluate the contributions that metabolomics has made to the 

AHR field by examining reports from mouse models and human studies.

Zhang et al. Page 2

Curr Opin Toxicol. Author manuscript; available in PMC 2018 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mouse Models

Metabolomic studies are profoundly impacted by age, sex, diet, lifestyle, and environmental 

exposures (reviewed in [13]). Therefore, mouse models are essential to study the metabolic 

impact of AHR activation without the influence of confounding factors. Many of the early 

metabolomic studies with AHR surround the prototypical AHR ligand TCDD at generally 

high doses. For example, Matsubara and colleagues [19] examined the dose- and time-

dependent impact of TCDD on the mouse serum metabolome. The authors gave TCDD to 

C57Bl/6N mice via intraperitoneal injection (10 μg/kg and 200 μg/kg) and using ultra-high 

pressure liquid chromatography coupled with quadrupole time-of-flight mass spectrometry 

(UHPLC-QTOFMS) were able to identify specific upregulation of azaleic acid mono-esters, 

which was attributed to downregulation of hepatic carboxylesterase 3 (CES3) activity. It was 

concluded that downregulation of CES3 was associated with steatohepatitis which is 

commonly observed with high doses of TCDD and related environmental contaminants. 

Other examples using high dose TCDD include comparison of C57Bl/6 and DBA/2 mice 

(representing the high affinity and low affinity alleles, respectively) exposed to TCDD (20 

μg/kg p.o. daily for 7 days) [20]. The authors identified using QTOFMS-based 

metabolomics significant accumulation of liver fatty acids and lysophosphocholines in the 

high affinity C57Bl/6 mice. The DBA/2 mice exhibited a significant, but blunted response to 

TCDD exposure. Similarly, a series of studies elegantly examined the longitudinal metabolic 

perturbations associated with TCDD-associated fibrosis in female C57Bl/6 mice using a 

variety of high throughput techniques including microarray, RNA-seq, and metabolomics 

[21–23]. Mice were given TCDD via gavage at doses ranging from 0.01 μg/kg to 30 μg/kg 

every four days over a period of 28 or 92 days. Using a targeted metabolite profiling 

approach, the authors report that TCDD exposure significantly perturbed many metabolic 

pathways including glycogen, amino acid, TCA, and lipid metabolism; however, significant 

changes were only observed at doses >1 μg/kg. In addition, 1H NMR-based metabolomic 

studies of male wild-type and Ahr−/− C57Bl/6J mice treated with 24 μg/kg 2,3,7,8-

tetrachlorodibenzofuran (TCDF), another typical environmental AHR ligand, demonstrated 

that TCDF exposure profoundly affects host metabolic pathways such as hepatic lipogenesis, 

glucose and energy metabolism, and de novo fatty acid biosynthesis [3, 24].

Collectively, these as well as other investigations of AHR activation point to a central role 

for AHR in hepatic lipid metabolism [25, 26]. However, interpreting these data in contexts 

outside of industrial accidents or intentional poisonings remains challenging given that 

TCDD burden can be orders of magnitude greater than what might be found in the general 

population. Therefore, studies with TCDD as well as other relevant environmental AHR 

ligands including polychlorinated biphenyls and polycyclic aromatic hydrocarbons should 

be investigated as doses resembling those found in the general population to best appreciate 

their metabolic impact. Longitudinal dose-response studies comparing the most toxic AHR 

ligands (e.g., TCDD) with those generally considered potentially important for health (e.g., 

indole-3-carbinol, a breakdown product of the glucosinolate glucobrassicin found in 

cruciferous vegetables) would be invaluable to differentiate the metabolic effects of AHR-

mediated toxicity from AHR health promoting effects (Figure 1).
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Human Studies

To date, there have been only a few studies that have attempted to identify how exposure to 

environmental AHR ligands influences the metabolome. For example, the serum 

metabolome from 81 Dutch chlorophenoxy herbicide factory workers and 63 non-exposed 

workers was measured via UHPLC-QTOFMS [27]. While significant differences in blood 

TCDD concentrations were observed (2.09 parts per trillion [ppt] compared with 0.44 ppt), 

the authors reported that no metabolic features (here a metabolic feature is defined as a mass 

and retention pair that has not been structurally elucidated) survived false discovery rate 

correction. Limitations of the study included its retrospective nature (workers were exposed 

from 1953–1969 but blood was sampled in 2007–2008), differences in age between the 

exposed and non-exposed cohorts, and the rather limited metabolomic analysis (the samples 

were only analyzed by one platform in a single ionization mode). A retrospective urinary 

metabolomic investigation was conducted in Czech factory workers producing the herbicide 

trichlorophenol acetic acid [28]. Using UHPLC-QTOFMS-based metabolomics, the authors 

report significant alterations in steroid and bile acid metabolism and interestingly were able 

to find a subset of these metabolites were enriched in urine samples obtained from Victor 

Yushchenko who was poisoned with TCDD. However, it is important to note several 

limitations associated with this study including its rather small sample size (only 11 workers 

were studied nearly 40 years after the exposure) but recent examination in an independent 

cohort from workers exposed via municipal waste incineration suggest that these metabolic 

perturbations are related to TCDD exposure [29]. Based on these studies it is tempting to 

speculate that TCDD and other potent environmental AHR ligands may impart a metabolic 

fingerprint that could be important for elucidating the mechanisms behind many of the 

metabolic diseases thought to be associated with environmental pollutants. Whether or not 

certain AHR ligands are causal agents in metabolic disease, especially as it relates to 

perturbation of the microbiome, remains an underexplored area of investigation. However, as 

is discussed below, emerging evidence from animal models is beginning to support the 

concept that the microbiome and the AHR may work in concert to promote human 

metabolic disease.

AHR and the MICROBIOME

In 1991, Perdew and Babbs reported that rat fecal suspensions incubated with tryptophan or 

indole-3-carbinol could generate AHR ligands thus providing some of the first evidence that 

AHR activity in the gastrointestinal tract could be modulated by bacterial metabolism [30]. 

Interestingly, several metabolomics investigations hinted at a potential connection between 

AHR and the gut microbiota. Tryptophan catabolites such as indole-3-aldehyde, an AHR 

ligand, were found to be produced by Lactobacillus reuteri and, importantly, modulated the 

AHR-Il-22 signaling axis [5]. Others have similarly reported that tryptophan catabolites 

(reviewed in [31]) have important antimicrobial, immunoregulatory, and disease-resistance 

effects that all appear to be mediated, at least in part, by the AHR.

16S rRNA gene sequencing has afforded the opportunity to perform census taking on the 

bacteria population residing in or on the organism. With respect to the AHR, several recent 

studies have identified that not only does AHR activation with potent agonists like TCDF 
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[3], TCDD [4], or tryptophan catabolites [32] promote changes in the gut microbiota 

population, but also the AHR genotype can influence the bacterial population residing in the 

gut [3, 11, 33] and also on the skin [2]. Studies with environmental contaminants like TCDD 

or TCDF suggest that these compounds can influence the gut microbiota population in an 

Ahr-dependent manner. However, like the metabolomic studies described above, the changes 

in the gut microbiota structure and function have been reported after mice received relatively 

high doses via the diet. Combining 16S rRNA gene sequencing analysis with metabolomics 

has been critically important to understand the functional implications of changing the gut 

microbiota population. For example, mice receiving TCDF (24 μg/kg p.o. daily for 5 days) 

demonstrated a pronounced shift in the cecal gut microbiota community structure as well as 

having decreased levels of ileum segmented filamentous bacteria. Metabolomics analysis of 

cecal extracts identified increased production of short chain fatty acids that are known to be 

important for activation of hepatic de novo lipogenesis [3]. Taken together with other 

metabolomic investigations, it appears that at least part of the AHR-associated increases in 

hepatic lipogenesis can be attributed to the gut microbiota. Clearly, additional investigation 

into the timing, dose, route of exposure, and nature of the AHR ligand (health promoting or 

toxicant) must be conducted in order to better understand how the AHR and the microbiota 

may contribute to health and disease.

Importantly, development of assays that specifically address microbiome toxicity will be an 

important component to understand how AHR ligands (and other drugs or toxicants) directly 

affect the microbiome. For example, sophisticated studies [34, 35] using flow cytometry-

based assays were developed to quantify the metabolic activity and cell damage of gut 

microbes after exposure to known microbial poisons like antibiotics but also to host target 

drugs (e.g., digoxin). Further refinement of assays to assess microbiome toxicity will be key 

to advancing our understanding for how AHR ligands might directly influence the 

microbiota.

FUTURE STUDIES TO ADVANCE OUR UNDERSTANDING OF AHR ACTIVITY 

AND FUNCTION

While there are extensive datasets generated from gene expression studies (e.g., microarray 

and RNA-seq), no studies to date have attempted to compare the metabolic signatures 

associated with AHR activation by diverse agonists (Figure 2). Moreover, many of these 

studies have focused solely on high, sometimes physiologically improbable, doses. While 

there are examples comparing potent agonists like FICZ and TCDD in systems like the 

chicken embryo [36] or under conditions associated with influenza infection [37], carefully 

controlled studies that incorporate metabolomics and 16S rRNA gene sequencing have yet to 

be accomplished. Why is this important? For example, might we expect potent agonists like 

TCDD or FICZ to exhibit the same metabolomic profile or can distinct metabolic profiles be 

obtained that differentiate toxicity from health promoting benefits? Suggestions from studies 

in Hepa1c1c7 and C57Bl/6 mice exposed to TCDD, 3,3′,4,4′,5-pentachlorobiphenyl 

(PCB-126), β-naphthoflavone, and indolo[3,2-b]carbazole suggest that indeed selective 

AHR modulation might exert different metabolic effects [38]. These studies of course are 

not without their complications given that dose considerations must take into account factors 
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like differential binding affinity as well as half-life. Further while tryptophan catabolites are 

not only generated by the gut microbiota they also appear to influence the gut microbiota 

population. Therefore, how might other diet-derived chemicals like indole-3-carbinol 

influence the gut microbiota structure and function? While it is clear that acute doses of 

AHR agonists can profoundly influence host and gut microbiota metabolism, it remains to 

be determined how chronic, low dose exposure influences these organ systems [39]. 

Importantly, we do not fully appreciate how timing of these exposures (both from 

environmental as well as from the diet) may influence the gut microbiota. Given what we 

know regarding early life antibiotic exposure [40], might the timing of AHR activation in the 

gut or the skin or lung influence the microbiota as it establishes itself early in the life of the 

host? Interestingly, Lithobates pipiens larval exposure to PCB-126 resulted in significant and 

permanent changes in the gut microbiota of adult frogs [41]. However, it is not clear if these 

effects were mediated by direct impact on the microbiota or driven by host physiology. 

These observations not only underscore the potential for these compounds to disrupt early 

life colonization but also suggest that in addition to human exposure, the impact of these 

environmental chemicals on the microbiome of diverse species should also be investigated.

In summary, it is clear that technology has driven many discoveries in the AHR field. The 

combined application of multiple ‘omics’ approaches including genomics, transcriptomics, 

proteomics, metabolomics, and using approaches to catalog the microbiota will be important 

to further elucidate AHR-dependent mechanisms as well as to provide new perspectives by 

which to understand toxicity. It will only be through careful study design and the strategic 

use of both genetic and pharmacologic (e.g., agonists, antagonists, or selective AHR 

modulators) manipulation of AHR activity will we gain a deeper understanding for how the 

AHR and the microbiota interact to promote health and disease.
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Highlights

• Metabolomic approaches have clarified the metabolic consequences of AHR 

activation.

• AHR genotype and activation by diverse ligands impacts the microbiota.

• Timing, dose, exposure route, and type of AHR ligand are areas to further 

explore.
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Figure 1. 
Studies have demonstrated that both genotype and potent activation of the AHR can lead to 

pronounced changes in the microbiota community structure and function. Evidence from 

metabolomics suggests that outside the region of AHR activation homeostasis, metabolic 

abnormalities are likely to be observed. For example, activation of AHR with the potent 

agonists TCDD or TCDF promote increases in hepatic lipogenesis, alterations in bile acid 

pools, and increased production of short chain fatty acids by the gut microbiota. The 

challenge presented to the field is defining what level of AHR activation and by which 

ligands are important for promoting health.
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Figure 2. 
AHR ligands include those produced by microbiota metabolism of tryptophan (TRP, 

tryptophan; I3AD, indole-3-aldehyde; I3AA, indole-3-acetic acid), those obtained through 

the diet (I3C, indole-3-carbinol; Q, quercetin; G, galangin), or those from environmental 

exposure (TCDD, TCDF). With respect to the gastrointestinal tract, challenges are proposed 

to further clarify how the location and concentration of endogenous and xenobiotic AHR 

ligands influence gut metabolism including that of the gut microbiota.
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