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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, dioxin) and structurally related halogenated
aromatics modulate gene expression and induce biochemical and toxic responses that are mediated
by initial binding to the aryl hydrocarbon receptor (AhR). The AhR also binds structurally diverse
compound including pharmaceuticals, endogenous biochemicals, health promoting
phytochemicals and microbial metabolites. Many of these AhR ligands do not induce TCDD-like
toxic responses and some AhR ligands such as microbial metabolites of tryptophan play a role in
maintaining gut health and protecting against intestinal inflammation and cancer. Many AhR
ligands exhibit tissue- and response- specific AhR agonist or antagonist activities, and act as
selective AhR modulators (SAhRMs) and this SAhRM-like activity has also been observed in
AhR-ligand mediated effects in the intestine. This review summarizes studies showing that several
AhR ligands including phytochemicals and TCDD protect against dextran sodium sulphate-
induced intestinal inflammation. In contrast, AhR ligands such as oxazole compounds enhance
intestinal inflammation suggesting that AhR-mediated gut health can be enhanced or decreased by
selective AhR modulators and this needs to be considered in development of AhR ligands for
therapeutic applications in treating intestinal inflammation.
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Introduction

The aryl hydrocarbon receptor (AhR) was first identified by Poland and coworkers as the
intracellular protein that bind 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a toxic
industrial by-product identified as a contaminant in the herbicide 2,4,5-
trichlorophenoxyacetic acid ( 2,4,5 — T) and Agent Orange (Poland et al. 1976; Poland and
Knutson 1982). TCDD and related halogenated compounds are also formed as products of
combustion of organic materials (e.g.: wastes) and this also includes their formation during
forest fires (Hites 2011). The AhR binds to TCDD with Kp values in the 10712 M range
(Bradfield and Poland 1988) and the AhR also binds structurally related halogenated
aromatics including other polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans
(PCDFs), biphenyls (PCBs) and selected polynuclear aromatic hydrocarbons (PAHSs) such as
benzo[a]pyrene (Piskorska-Pliszczynska et al. 1986; Safe 1990). Mechanistic studies using
induction of CYP1AL1 gene expression as a model showed that TCDD bound the cytosolic
AhR which subsequently formed a complex with the AhR nuclear translocator (Arnt)
protein. Interaction of the ligand-bound nuclear AhR-Arnt heterodimer with cognate cis-
promoter elements results in induction of gene expression. It was observed that for a specific
toxic or biochemical response within a species there was a correlation between the rank
order binding affinities of TCDD and related halogenated aromatics with their relative toxic
and biochemical potencies including the induction of CYP1A1 gene expression (Poland et
al. 1976; Poland and Knutson 1982; Safe 1990). This observation lead to the development
and application of toxic equivalency factors (TEFs) for several “dioxin-like” PCDDs,
PCDFs, PCBs and polybrominated aromatics and this value defines the potency of a specific
compound relative to TCDD which has been assigned a TEF or 1.0 (Van den Berg et al.
1998; Van den Berg et al. 2006; van den Berg et al. 2013). Thus, TEFs can be used to
estimate the toxic or dioxin equivalence of a mixture of these compounds and despite pit
falls in the TEF approach (Safe 1998), it had provided useful guidance on determining
permissible levels of exposure to dioxin-like compounds and has led to regulations that
resulted in decreased emissions and decreased environmental levels of these compounds.
Initial studies with TCDD as a model compound showed that there was a wide range of
species-specific differences in lethality which range from the sensitive guinea pig (LDgg =
0.6-2.1 pg/kg) to the less sensitive hamster (LDgq = 1157-5000 pg/kg) (Pohjanvirta and
Tuomisto 1994). The rank order sensitivity of different species to the lethality of TCDD is
not observed for other toxic and biochemical response induced by this compound. Thus, the
TEF approach for risk assessment does not predict interspecies sensitivities to dioxin-like
compounds.

It was hypothesized and subsequently confirmed in AhR knockout mice (AhR™) that the
AhR mediated the diverse age/species/sex-specific toxicities induced by TCDD and related
compounds thus linking the AhR and its functions with toxic endpoints (Fernandez-Salguero
et al. 1996; Schmidt and Bradfield 1996; Mimura et al. 1997; Lund et al. 2003; Lahvis et al.
2005). The linkage of the AhR with the toxicity of dioxin-like compounds was accompanied
by observations that the AhR also plays an important role in maintaining homeostasis in
mice. Firstly, close examination of AhR knockout mice showed that they exhibit decreased
fertility, reproductive tract problems, altered portal duct fibrosis, problems in liver and stem
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cell development, uric stone formation in the bladder and ocular and immune functional
deficits (Fernandez-Salguero et al. 1995; Fernandez-Salguero et al. 1997; Benedict et al.
2000; Benedict et al. 2003; Lund et al. 2003; Baba et al. 2005; Lahvis et al. 2005; Quintana
et al. 2008; Veldhoen et al. 2008; Wang et al. 2010; Sauzeau et al. 2011; Singh KP et al.
2011; Butler et al. 2012; Chevallier et al. 2013; Stockinger et al. 2014; Esser and Rannug
2015). It was also reported that the AhR not only interacted with TCDD and related
compounds but also bound structurally diverse phytochemicals (polyphenolics and
heterocyclic compounds), pharmaceuticals, of tryptophan and other microbial metabolites,
and endogenous biochemicals including leukotrienes, bilirubin and 7-ketocholesterol
(Rannug et al. 1987; Denison et al. 1998; Denison and Nagy 2003; Denison and Faber
2017). Figure 1 illustrates the diverse structures of some AhR ligands that have been used to
investigate their effects in mouse models of intestinal inflammation and these include the
phytochemical indole-3-carbinol, a weak AhR ligand that forms more potent AhR-active
compounds in the gut, indigo, two microbial metabolites 1,4-dihydroxy-2-naphthoic acid
(DHNA) and indole-3-aldehyde, and two endogenous ligands 6-formylindolo [3,2-4]
carbazole (FICZ) and 2-(1"-H-indole-3"-carbonyl)thiazole-4-carboxylic acid methyl ester
(ITE) and two synthetic compounds, p-naphthoflavone (BNF) and TCDD. With the
exception of TCDD these compounds do not induce the pattern of toxicities observed for
dioxin-like compounds. There is also evidence that AhR ligands, like ligands for the
estrogen receptor (ER) and other nuclear receptors (Katzenellenbogen et al. 1996; Jordan
and O’Malley 2007) are selective AhR modulators (SAhRMs) that exhibit tissue —specific
AhR agonist or antagonist activities (Lu et al. 1996; McDougal et al. 2001; Flaveny et al.
2009; Murray et al. 2010; Zhao et al. 2010; Smith et al. 2011; Soshilov and Denison 2014;
Ehrlich et al. 2018; Jin et al. 2018; Safe 2018) and this will be discussed in more detail in
section 3.

2. Role of the AhR in gut homeostasis and disease

Colitis.

AhR knockout mouse models have been extensively used to identify and characterize the
functions of the AhR in maintaining gut homeostasis and the potential for using the AhR as
a drug target for treating diseases. Several studies show that the AhR plays an important role
in inflammation-induced gastrointestinal (GI) diseases such as colitis, colon cancer and
effects of AhR ligands in ameliorating these effects have also been investigated (Arsenescu
et al. 2011; Benson and Shepherd 2011; Furumatsu et al. 2011; Li et al. 2011; Singh NP et
al. 2011; Zelante et al. 2013; Fukumoto et al. 2014; Lv et al. 2015; Diaz-Diaz et al. 2016;
Goettel et al. 2016; Monteleone et al. 2016; Hubbard et al. 2017; Islam et al. 2017; Kawai et
al. 2017; Ye et al. 2017; lyer et al. 2018; Lv et al. 2018). Figure 2 illustrates the diverse roles
of the AhR in maintaining gut health and this includes enhancing barrier function, protecting
against microbial infection, inhibition of inflammation through induction of multiple genes
including interleukin-22 (IL-22), and protecting against development of metabolic syndrome
and colon cancer. Structurally diverse AhR ligands enhance AhR-mediated responses and
the potential for AhR ligand-dependent enhancement and inhibition of these pathways will
be discussed in section 3. In one study it was shown that administration of 1, 2 and 3%
dextran sodium sulfate (DSS) over a period of 5 days had minimal effects on body weights
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in wild-type mice but there was a dose-dependent increase in colon damage in AhR”" mice
based on histological scores (Furumatsu et al. 2011). In AhR™" mice body weight loss was
decreased in the 2 and 3% DSS treated group (not in the 1% DSS group) and histological
damage was higher in AhR"" mice compared to wild-type mice. These results demonstrated
that loss of the AhR enhanced DSS-induced damage which increased with increasing levels
of DSS. A second study (Arsenescu et al. 2011) used 3.5% DSS (7 days) and compared
responses in wild-type, AhR”* and AhR”- mice. All of the AhR”~ mice died within the 7
days during the DSS treatment period but > 80% of wild-type and AhR”* mice survived.
Surprisingly, most of the measures of inflammation and colonic damage were lower in
AhR7* compared to wild-type mice (Arsenescu et al. 2011). This observation using AhR"*
mice was unique compared to studies in AhR”- mice and needs to be re-examined. The
reasons for the latter response are unclear but suggest that an AhR and DSS dosages may
also be important in mediating induced inflammatory responses in the gut. There was a
decrease in expression of this receptor in intestinal tissues of patients with inflammatory
bowel disease (Monteleone et al. 2016) suggesting that the AhR is protective in humans as
observed in animal models, however, this needs to be further investigated and verified.

The AhR is expressed in multiple tumor types and exhibits tumor specific anti-cancer and
tumor promoter-like activities (Safe et al. 2013). Expression of the AhR plays an important
role in development of colon cancer in various mouse models. Kawajiri and co-workers
(2009) initially reported that AhR”- mice spontaneously developed colon tumors near the
cecum whereas these tumors were not observed in heterozygous AhR”* or wild-type AhR*/*
mice. A similar pattern of tumor development was observed in mice with APC mutations
(APC™MIN*+) that results in spontaneous development of colon tumors. The loss of the AhR in
the compound APC™IV*eAhR mice resulted in earlier tumor development compared to mice
with only one genetic defect (Kawajiri et al. 2009). Interestingly, the deletion of the
apoptosis-associated speck-like protein containing a caspase recruitment gene (ASC)
protected AhR”~ and APC™M"* mice from cecal tumor development and tumor development
in germ free AhR”- mice was also decreased (Ikuta et al. 2013). It was assumed that germ
free conditions would decrease expression of inflammatory microbial metabolites (Ikuta et
al. 2013) however, this needs to be further examined since levels of “protective” AhR active
microbial metabolites may also be decreased. Loss of the AhR also significantly enhanced
tumorigenesis in an inflammation-induced mouse model in which animals are treated with
DSS and the carcinogen azoxymethane (Diaz-Diaz et al. 2016). Using a similar approach in
which the AhR was deleted only in the intestinal epithelium, there was also an increased
tumor burden in these mice compared to wild-type mice demonstrating the critical role of
intestinal epithelial AhR as an inhibitor of intestinal tumor formation (Metidji et al. 2018).
Thus, the AhR is protective with respect to development of colon cancer and colitis, and this
is consistent with the role of colitis as a risk factor for colon cancer.

Inflammation, immune responses and infection.

Loss of the AhR has profound effects on gut inflammation and resistance to infection and
this is due, in part, to a compromised immune system (Gutierrez-Vazquez and Quintana
2018) (Fig. 2). The lamina propria is a layer of loose connective tissue that contains multiple
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cell types including fibroblasts and diverse immune cells. This thin multicomponent layer
along with intestinal epithelial and basement membrane cells form the intestinal mucosa and
play an important role in modulating inflammation and serving as a barrier to microbial
infection. Innate lymphoid cells (ILCs) are also present in the lamina propria and are
important for maintaining barrier function and gut health (Kawajiri et al. 2009; Ikuta et al.
2013; Zelante et al. 2013; Diaz-Diaz et al. 2016; Monteleone et al. 2016). ILCs expressing
RORvyt* induce formation of intestinal lymphoid follicles postnatally and the AhR is
required for this response and for expression of 1L-22 and Kit genes which are required for
ILC homeostasis (Kiss et al. 2011). Loss of the AhR resulted in aberrant lymphoid follicles
and increased susceptibility to infection by C. rodentium (Kiss et al. 2011). ILC3s are
primarily produced in the gastrointestinal tract and loss of the AhR results in decreased
IL-22 secretion and increased intestinal Th17 cells. There is also evidence that the AhR
cooperatively regulates IL-22 gene expression in association with RORyt in ILC3 cells, and
this contributes to the 1L-22 dependent anti-inflammatory responses in the gut and protection
from C. rodentium infection (Qiu et al. 2012; Qiu et al. 2013; Li et al. 2017). In contrast, the
AhR suppresses ILC2 function and expression of ILC2-regulated expression of IL-5 and
IL-13 genes and this also results in enhanced anti-helminth immunity (Li et al. 2018). Thus,
the AhR plays an important role in regulating transcriptional programs in ILC-2 and ILC3
cells and this in turn contributes to resistance from intestinal infections.

Metidji and coworkers (2018) utilized mouse-derived organoid cell culture models with AhR
deficiency only in intestinal epithelial cells (IECs) and showed that the AhR played multiple
roles in the gut. For example, loss of the AhR decreased resistance to the intestinal pathogen
C. rodentium and decreased expression of IL-22. /n vivo studies showed that expression of
the AhR in IECs is critical for many of the AhR-mediated protective effects in the colon. For
example, in mice with AhR-deficient IECs there was impaired barrier function and
resistance to C. rodentium, enhanced stem cell proliferation (in vivo and in vitro) and
enhanced azoxymethane (£ inflammation) -induced colon tumorigenesis compared to wild-
type (AhR*"*) mice. This study (Metidji et al. 2018) also reported many other roles for IECs
that are AhR-dependent and these include; regulation of Wnt-p-catenin signaling, decreased
inflammation-induced colon carcinogenesis and decreased intestinal stem cell proliferation.

One of the early hallmarks of research on the endogenous functions of the AhR was the
discovery that this receptor played an important role in the induction of T-regulatory (Treg)
cells, particularly FoxP3-expressing Treg cells and this is accompanied by AhR—dependent
modulation of TH17 cell differentiation (Quintana et al. 2008; Veldhoen et al. 2008). The
AhR and its ligands and their regulation of Tregs in the intestine contribute to the Tregs —
mediated anti-inflammatory pathways (Fig. 2) including inhibition of induced colitis. The
role of the AhR in regulating Tregs in various tissues was also investigated using a knocked-
in constitutively active AhR (CA-AhR) mouse model which expresses FoxP3. Both genes
expressed different fluorescent tags and it was shown that AhR in Tregs was detected in
multiple tissues but the highest levels of AhR expression was observed in gut peripheral
Tregs (Ye et al. 2017). Deletion of the AhR in Tregs significantly affected peripheral Tregs.
Results of studies in AhR**, AhR”* and AhR"" mice show that the AhR promoted the gut
homing of Tregs, suppressed pro-inflammatory cytokine production and protected against
gut histopathological changes as well as inflammation. In summary, expression of the AhR
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in multiple sub-types of colonic immune and epithelial cells are critical for maintaining gut
health by inhibiting inflammatory pathways, strengthening barrier function and modulating
intestinal stem cell expansion resulting in decreased inflammation and infection and
decreased colon tumor development as illustrated in Figure 2.

3. Effects of AhR ligands on gut resilience

AhR ligands as selective receptor modulators (SAhRMS).

Many studies on the role of the AhR in maintaining gut health also report the effects of
various AhR ligands (Fig. 1) which protect against intestinal infection, inflammation and
tumorigenesis. Figure 2 illustrates the effects of both endogenous (microbial-derived) and
dietary-derived AhR ligands, their various cellular targets in the gut and the resulting
responses which include their inhibition of gut inflammation and cancer. However, the
potential future development of AhR-active drugs for treating intestinal diseases will have to
take into account that AhR ligands are selective AhR modulators (SAhRMs) (Flaveny et al.
2009; Boitano et al. 2010; Murray et al. 2010). The term selective receptor modulators
(SRMs) has been extensively used for steroid hormone receptor ligands and particularly
those that bind estrogen receptor a (ERa) (Jordan et al. 2007; Katzenellenbogen et al.
1996). 17p-Estradiol (E2) and tamoxifen both bind ERa but in humans tamoxifen acts as an
antagonist in breast cancer and as an agonist in the uterus. The selectivity of receptor ligands
in terms of their agonist or antagonist activities is due to multiple factors including; ligand
structure-dependent conformational changes in the bound receptor which affect interactions
with nuclear co-activators/co-factors and with cis-elements (Katzenellenbogen et al. 1996).
Since chromatin structure (e.g.: promoter DNA) and nuclear co-factor expression are highly
variable in different tissues/organs and species, the antagonist or agonist activities of
receptor ligands are difficult to predict and need to be determined directly in an appropriate
diagnostic assay.

The concept of selective receptor modulators and the differences in their ligand-dependent
functional activity is due, in part, to the assumption that ligands induce different
conformations of their cognate receptors and this has been verified for ERa binding to
selective ER modulators (SERMs). The crystal structure of the AhR ligand binding domain
in the absence or presence of ligands has not been determined, however, the crystal structure
of the AhR-Arnt heterodimer bound to the cis-dioxin responsive element (DRE) has been
reported (Seok et al. 2017). Their results suggest a dynamic structural hierarchy and this
could be related to the ability of structurally diverse ligands to bind and activate the receptor.
Modeling approaches coupled with site-directed mutagenesis have also been used to
investigate ligand structure-dependent binding to the AhR (Flaveny et al. 2009; Xing et al.
2012; Perkins et al. 2014; Shiizaki et al. 2014; Soshilov and Denison 2014; Jin et al. 2018;
Giani Tagliabue et al. 2019). One study using mouse AhR showed the importance of Q377
and G298 for the binding and activity of TCDD and benzo[a]pyrene respectively (Xing et al.
2012). Another approach used both modeling and site directed mutagenesis to characterize
AR ligands into three distinct classes, namely, dioxin-like halogenated aromatics,
polynuclear aromatic hydrocarbons and benzoflavones/heteroaromatics. Ligands in the three
classes bound to distinct regions of the mouse AhR ligand binding pocket (Soshilov and
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Denison 2014; Giani Tagliabue et al. 2019). For example, FICZ, but not other ligands
activated mAhR containing the I1319K mutation (Soshilov and Denison 2014) and a recent
modeling study showed that even among structurally related flavonoids (quercetin and
apigenin) there were differences in their interactions with amino acids in the human AhR
binding pocket (Jin et al. 2018).

There is increasing evidence that AhR ligands are selective receptors modulators or
SAhRMs (Murray, Krishnegowda, et al. 2010; Murray, Morales, et al. 2010; Zhao et al.
2010; Li et al. 2018; Safe et al. 2018). TCDD and structurally related halogenated aromatic
compounds induce comparable toxic responses, however even among dioxin-like
compounds genomic studies indicate that these compounds are SAhRMs (Safe et al. 2018).
For example, TCDD and 2,3,7,8-tetrachlorodibenzofuran (TCDF) induced dose-response
curves for 1027 and 837 genes respectively in mouse liver; however, only 373 of these genes
were enhanced by both compounds indicating AhR ligand-dependent selective activation of
genes (Burgoon et al. 2009). Species-dependent differences in the effects of TCDD were
examined in mouse hepatocytes expressing mouse (mAhR) and human (hAhR) receptor.
TCDD induced/repressed 1752/1100 genes in mAhR hepatocytes and 1186/779 genes in
hAhR hepatocytes and the number of common genes induced and repressed by TCDD in the
two cell types was 265 (18%) and 462 (49%) respectively (Flaveny et al. 2010). In addition,
several reports on structurally diverse AhR ligands including 6-methyl-1,3,8-
trichlorodibenzofuran, 3’-methoxy-4’-nitro-flavone, a-naphthoflavone and several other
flavonoids and tryptophan metabolites and 3,3’-diindolylmethane (DIM) show that these
compounds exhibit tissue and responsive-specific AhR agonist or antagonist activities
(Santostefano et al. 1993; Chen et al. 1996; Lu et al. 1996; McDougal et al. 2001; Denison
and Nagy 2003; Zatloukalova et al. 2007; Burgoon et al. 2009; Flaveny et al. 2009; Boitano
et al. 2010; Flaveny et al. 2010; Murray, Krishnegowda, et al. 2010; Murray, Morales, et al.
2010; Zhao et al. 2010; Murray et al. 2011; Smith et al. 2011; Soshilov and Denison 2014;
Cheng et al. 2015; Denison and Faber 2017; Jin et al. 2017; Ehrlich et al. 2018; Jin et al.
2018; Muku et al. 2018; Safe et al. 2018; Singh et al. 2019). Recent studies reported that
urothilin A, a microbial metabolite of ellagic acid exhibited AhR antagonist activity in
human HepG2 but not mouse Hepal.l hepatoma cell using a DRE-luc reporter gene assay
(Muku et al. 2018). In contrast, urothilin A induced CYP1A1 in HT-29 colon cancer cells
(mRNA and protein) and induced CYP1ALl in the colon and liver of C57BL/6 mice and
exhibited AhR agonist activity (Muku et al. 2018). Studies with flavonoids show that in
Caco2 colon cancer cells that some tetrahydroxy flavones such as luteolin (5,7,3",4"-
tetrahydroxyflavone) are AhR antagonists for induction of CYP1A1 mRNA and AhR
agonists for induction of UGT1AL1 mRNA (Jin et al. 2018).

The concept of SAhRMs includes all structural classes of AhR ligands, however,
development of potentially therapeutic AhR ligands would require compounds that have
recently been designated rapidly metabolized AhR ligands (RMAhRLS) (Ehrlich and
Kerkvliet 2017; Dolciami et al. 2020). These compounds would include most structural
classes of AhR ligands but not dioxin-like compounds which are poorly metabolized and
bioaccumlate and this persistence coupled with their high receptor binding affinity
contributes to their toxicity. However, although RMAhRLs generally do not induce the toxic
responses observed for TCDD and related halogenated aromatics it cannot be assumed that
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RMAhRLSs will not induce some AhR-dependent toxic responses. For example, AhR active
oxazoles (RMAhRLSs) enhance intestinal inflammation (lyer et al. 2018) whereas TCDD
inhibited induced intestinal inflammation (Benson and Shepherd 2011). Thus, RMAhRLs
are also SAhRMs and exhibit tissue- and response- specific effects which in some cases may
be an adverse response.

Short chain fatty acids (SCFASs) and their interactions with AhR ligands.

Fibre-derived short chain fatty acids (SCFASs) including acetate, propionate and butyrate also
play a role in gut resiliency and there is evidence that SCFAs exhibit anti-inflammatory
activity, enhance intestinal barrier function and protect against infection and development of
colon cancer (Pool-Zobel et al. 2005; Russo et al. 2012; Singh et al. 2014; Kaiko et al. 2016;
van der Beek et al. 2017). Moreover, butyrate suppresses stem cell expansion in the crypt
during mucosal injury (van der Beek et al. 2017) and many of the functional effects of
butyrate resemble those reported for the AhR and its ligands. There are reports that SCFAs
enhance AhR and AhR ligand-induced responses and possible mechanisms include SCFA-
induced histone deacetylase (HDAC) activity (Jin et al. 2017) and direct binding (of
butyrate) to the AhR (Marinelli et al. 2019). SCFA-AhR ligand interactions are response-
specific and their combined effects on various parameters of gut resiliency remains to be
determined. Thus, phytochemicals, microbial-derived SCFAs and tryptophan-derived
microbial metabolites exhibit gene-specific AhR agonist or antagonist activities and this is
consistent with the designation of these compounds as SAhRMs. All of these AhR ligands
individually and in combination with SCFAs have the potential to impact AhR-dependent
gut resilience. However, it is unlikely that the commonly used assays for induction of drug
metabolizing enzymes will predict their agonist/antagonist activities and their enhancement
or inhibition of AhR-dependent gut resiliency. The following section examines AhR-ligand-
dependent effects on gut inflammation, infection and tumorigenesis with a focus on their
possible SAhRM-like effects. Modulation of these responses by SCFASs is a possibility that
should be investigated in the future.

AhR ligands and gut resiliency — are there SAhRM-like effects?

Most studies characterizing AhR ligands as SAhRMSs have used induction or inhibition of
drug-metabolizing enzymes as end points. However, initial studies on AhR ligand-dependent
protection from autoimmune disease in mouse models reported that TCDD but not FICZ
induced Treg cells which inhibit T cell proliferation and cytokine production and decreased
the severity of experimental autoimmune encephalomyelitis (EAE) in mice (Quintana et al.
2008; Veldhoen et al. 2008). Subsequent studies showed that FICZ partially decreased EAE
pathology and the effects of TCDD involved AhR-dependent activation of both T cells and
dendritic cells (Duarte et al. 2013). Since the AhR is functional in multiple cell types in the
intestine, the activity of AhR ligands as SAhRMs may include their AhR agonist or
antagonist activities of ligands which may vary in different cell types. It has been reported
that a limited number of structurally-diverse AhR ligands inhibit both DSS- and 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-induced inflammation in rodent models (Table 1).
AR ligands that inhibit colitis and associated inflammatory responses (Fig. 2) include
synthetic compounds (TCDD and BNF), endogenous AhR — active compounds (2-1H-
indol-3-carbonyl-4-thiazolecarboxylic and, ITE) phytochemicals and plant extracts (13C,
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norisoboldine, indigo, indigo naturalis, and broccoli extracts) and microbial metabolites such
as tryptophan metabolites and 1,4-dihydroxy-2-naphthoic acid (DHNA) (Benson and
Shepherd 2011; Furumatsu et al. 2011; Li et al. 2011; Singh NP et al. 2011; Zelante et al.
2013; Fukumoto et al. 2014; Lv et al. 2015; Diaz-Diaz et al. 2016; Goettel et al. 2016;
Hubbard et al. 2017; Islam et al. 2017; Kawai et al. 2017) (Fig. 2). In addition, there is also
evidence that AhR ligands such as urothilin A and its derivatives (Muku et al. 2018) and
FICZ (Liu et al. 2018; Yu et al. 2018) modulate expression of multiple genes that enhance
epithelial barrier function by maintaining tight junction integrity and this is observed in both
in vivo and cell culture models. All of these compounds have previously been reported as
AhR agonists although 13C exhibited some partial AhR antagonist activity in breast cancer
cells (Chen et al. 1996).

A recent study showed that oxazalone and structurally related compounds induced AhR-
responsive luciferase activity and CYP1A1 gene expression in immortalized mouse
intestinal epithelial (MODE-K) cells (lyer et al. 2018). Previous studies demonstrated that
oxazalone induces CD1d-dependent inflammation in mouse models of colitis (Colgan et al.
1999; Heller et al. 2002; Olszak et al. 2014). lyer and coworkers (2018) demonstrated that
oxazolone-induced colitis was dependent on both CD1d and AhR expression in intestinal
epithelial cells (IECs). Moreover, the endogenous AhR ligand ITE did not enhance or inhibit
the inflammatory effects of oxazoles. One of the hallmarks of oxazolone-induced
inflammation is AhR-dependent downregulation of the anti-inflammatory cytokine 1L-10.
Oxazolone also induced formation of the tryptophan metabolites kynurenic acid and
xanthurenic acid, which enhanced oxazolone-mediated downregulation of the anti-
inflammatory cytokine IL-10 (lyer et al. 2018). In contrast, the AhR ligand indole-3-
aldehyde inhibited gut inflammation and colitis and induced anti-inflammatory IL-22
expression via AhR-dependent pathways (Zelante et al. 2013). Interestingly, indigo naturalis
an AhR-active mixture which inhibited TNBS-induced colitis (Kawai et al. 2017), provided
some protection against oxazolone-induced dermatitis but enhanced oxazolone-induced
colitis through alteration of gut microflora (Adachi et al. 2017). In contrast, other studies on
colitis show that ITE induced IL-10 gene expression in T-cells treated with TGFp (Goettel et
al. 2016) and IL-10 expression in the stomach and esophagus was AhR-dependent (Zelante
et al. 2013).

These studies show significant differences in the effects of tissue-specific versus whole body
loss of AhR on IECs (in the absence of ligand). In mice with intestinal loss of AhR, there
were no effects on colitis scoring, weight loss or IL-10 expression (lyer et al. 2018). In
contrast, the whole body AhR- mice exhibited decreased resistance to C. rodentium and
enhanced inflammation-induced colon cancer (Zelante et al. 2013)suggesting that loss of the
AhR in multiple cell types (other than intestinal epithileum) contribute to the colon
phenotype. Moreover, there were differences in the effects of the two AhR ligands indole-3-
aldehyde and oxazole compounds to protect against or exacerbate “adverse” intestinal
responses in the mouse models. These differences may be due to several factors and need to
be further investigated by comparing results of parallel studies in both animal models with
whole body and tissue specific AhR knockdown. It was also reported that the yeast
malassezia restricta enhances colitis in mice (Limon et al. 2019) and this yeast also produces
several AhR ligands (Wille et al. 2001; Mexia et al. 2015) and it is possible that like
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oxazolone, these compounds may also enhance colon inflammation. Figure 2 summarizes
the multiple effects of AhR ligands on gut resiliency and their possible interactions with
SCFAs. However, the indicated positive AhR-mediated effects of these compounds is
structure-dependent due to their activity as SAhRMs.

Diet-induced modulation of AhR metabolites and their effects.

The studies outlined above focused primarily on direct effects of dietary/supplemented AhR
ligands on subcellular targets in the intestine and not on their changes to the gut microbial
populations and their metabolites. There is evidence that the environment (primarily diet) is
a major factor in influencing gut health and gut distal organ interactions (Ooi et al. 2014;
Khalili et al. 2018; Rothschild et al. 2018). Several studies have clearly shown that
botanicals or dietary compounds containing different AhR ligands can modulate the
microbiota composition and elicit a range of responses due to the administered compound.
For example, feeding broccoli extracts (Hubbard et al. 2017) decreases levels of
Erysipelotrichaceae species and also increases AhR responsiveness. Members belonging to
this family of pathogens have been shown previously to be increased in immune-mediated
inflammatory diseases such as multiple sclerosis in Mu2-knock-out mice and in murine
colitis models (Osaka et al. 2017). These observations suggest that the AhR active-
components in broccoli could promote protection from inflammatory stimuli through
modulating levels of Erysipelotrchaceae. In a different study, diets supplemented with
broccoli or blueberries decreased Lactobacilius spp and lactic acid levels (Paturi et al. 2012).
Since lactic acid is a substrate for sulfate reducing bacteria (SRB), the decrease in lactic acid
could result in decreased production of hydrogen sulfide and reduced intestinal epithelial
cell toxicity. Mice that were fed the broccoli-supplemented diet also exhibited increased
cecal levels of butyrate but reduced abundance of Faecalibacterium prausnitzii, which is a
well-established butyrate producer (Zhou et al. 2018).

The AhR active indigo naturalis exhibits opposing effects on colitis in two murine models.
While administration of indigo naturalis ameliorated DSS-induced colitis in mice, (Kawai et
al. 2017) it also exacerbated oxazolone-induced colitis by increasing members of the
Firmicutes phylum and decreasing bacteria belonging to the phylum Bacteriodetes. Thus, the
effect of different AhR active foods and compounds on intestinal health also depends on the
relative changes in the compositions of intestinal microbial populations. More importantly,
the levels of AhR-active metabolites produced by the microbiota are also likely to play a key
role in the observed effects. This can also explain the observation that administration of
broccoli extracts increased butyrate production while decreasing the abundance of a known
butyrate producer, suggesting that the increase in butyrate is likely due to increased
abundance of other butyrate producing bacteria. These observations further underscore the
importance of considering functional redundancy in the microbiota while analyzing changes
in the abundance of specific species and correlating them to intestinal resilience and
responses.

Zhang and coworkers have examined specific mechanisms of diet-derived effects on gut
health using plant exosome-like nanoparticles (ELNSs)-derived from ginger and broccoli
extracts which contain AhR-active compounds (Deng et al. 2017; Teng et al. 2018). It was
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reported that ginger-derived ELNs contain plant-derived exosomal microRNAs. These were
taken up by Lactobacillus rhamnosus (LGG) and directly influenced expression of specific
mMRNAs and the subsequent formation of corresponding gene products. For example,
microRNA7267-3P expressed in ginger ELNs targeted the monooxygenase yank resulting in
increased formation of indole-3-aldehyde. Enhanced formation of indole-3-aldehyde induces
AhR-dependent expression of IL-22 and inhibition of DSS-induced colitis. In this unique
study, mice administered AhR-active ginger-derived ELNs were protected from
inflammation and colitis due to factors (e.g.: RNAs) within the ELNs which altered
microbial metabolism of tryptophan (Teng et al. 2018). If diet-microbiota interactions
involve a genetic component associated with ELN RNAs and their uptake by specific
microorganisms then understanding and predicting dietary effects on gut microbial
populations and their metabolites will require more detailed insights on diet-derived ELNs
and their functions.

4. Summary and Conclusion

The aryl hydrocarbon receptor (AhR) is a ligand activated receptor that was initially
identified as the intracellular receptor that mediates the effects of TCDD and structurally-
related toxic halogenated aromatics. Subsequent studies with AhR knockout mice confirmed
the role of this receptor in mediating the toxicity of TCDD and related compounds, however,
it was also observed that AhR”- mice exhibit multiple tissue and organ —specific deficits.
Studies in mouse models for cancer and non-cancer endpoints demonstrate that the AhR is
important for maintaining gut resiliency and loss of this receptor results in enhanced
intestinal inflammation and colitis and increased carcinogen /genetic-induced intestinal
tumor formation. AhR expression in multiple intestinal cell types plays a critical role in
influencing microbiota-derived metabolite formation and their AhR-dependent protection
from intestinal infection and maintaining barrier function.

Intestinal microbiota and microbial metabolites are influenced by multiple factors including
the diet and drugs and these changes can also impact multiple distal organs/tissues
(Maruvada et al. 2017). Moreover, very little is known about dose-response and metabolic
effects of microbial metabolites and their interactions with more than one signaling pathway.
For example, gut microbiota-derived tryptophan metabolites such as indole-3-acetate and
tryptamine modulate inflammatory responses in the liver that are AhR dependent (Krishnan
et al. 2018). Moreover, AhR-active tryptophan metabolites also attenuated central nervous
system inflammation and experimental autoimmune encephalomyelitis in mouse models and
demonstrate a powerful AhR-dependent influence on the gut-brain axis (Rothhammer et al.
2016; Rothhammer et al. 2018). Thus, the AhR is targetable not only in the gut for treating
gut inflammatory diseases but also in distal organs where microbial formation of AhR active
metabolites can be therapeutic. Despite these observations, progress on the development and
clinical applications of AhR-active drugs or dietary methods to enhance production of AhR
active microbial metabolites has been limited. One notable exception is the AhR-active drug
laquinimod which has been in phase 11 clinical trials for treatment of multiple sclerosis
(Comi et al. 2012). One reason for the slow development of AhR-active drugs has been the
association of the AhR with toxic outcomes since this receptor was first identified and
characterized as the “dioxin (TCDD) receptor”. Another reason for caution in developing
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drugs that act through the AhR is based on evidence demonstrating that AhR ligands are
SAhRMs which exhibit structure-dependent and tissue-specific AhR agonist or antagonist
activities. For example, in the DSS/TNBS — induced colitis models in mice both non-toxic
dietary/microbial-derived AhR ligands and TCDD exhibit anti-inflammatory activity.
Evidence for SAhRM-like activity of AhR ligands in the gut includes studies showing that
tryptophan metabolites and indole-3-carbinol act as inhibitors of colitis and gut
inflammation in mouse models whereas oxazolone and related AhR active compounds
induce gut inflammation. Thus, development of AhR ligands for enhancing gut resilience
needs to assess their possible SAhRM-like adverse responses.
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Figurel.
Structurally diverse ligands that inhibit intestinal colitis/inflammation (Table 1) include 1,4-

dihydroxy-2-napthoic acid (DHNA), indole-3-carbinol (13C), indigo, TCDD, indole-3-
aldehyde, ?-naphthoflavone, norisoboldine, 2-(1"-H-indole-3"-carbonyl) thiazole-4-
carboxylic acid methyl ester (ITE), and oxazalone.
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Figure 2.
Model for interactions of AhR ligands and SCFAs with AhR-expressing cells in the

intestine. Microbiota- and dietary-derived AhR ligand and SCFASs target intestinal AhR-
responsive cell types resulting in changes in gene expression which subsequently impacts
intestinal barrier function, inflammation, stem cells, and carcinogenesis. The illustrated
impacts of the diverse AhR ligands are primarily observed when these compounds are AhR
agonists which protect against gut inflammation and cancer.
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Table 1.

Summary of AhR ligands that protect against or induce colitis in mouse models

ColitisModel Ah Receptor Ligand Ref AhR deletion/inhibition

DSS induced DHNA Fukumoto et al. 2014; CH223191

DSS induced TCDD Singh et al. 2011; AhR”-

DSS induced Norisoboldine Lv et al. 2015; CH223191

DSS induced b-Naphthoflavone Furumatsu et al. 2011; AhR"-

DSS induced Indole-3-carbinol Lietal. 2011; AhR™

DSS induced Tryptophan (dietary) Islam et al. 2017; AhR™

DSS induced Broccoli Hubbard et al. 2017; AhRPP AhRYd

DSS induced Indole-3-carbinol Diaz-Diaz et al. 2016; AhR*/* AhRA2IA2 %
DSS induced Ginger ELNs Deng et al. 2017;

TNBS induced

Indigo naturalis/indigo

Kawai et al. 2017; AhR™-

TNBS induced

ITE

Goettel et al. 2016; humanized N5Gab°®DR1 *

TNBS induced

TCDD

Benson and Shepherd et al. 2011; AhR**

TMO and oxazolone

2,4,5-trimethyl-2,5-dihydro-1,3-oxazole (TMO), oxazolone

lyer et al. 2018; AhR*+, AhRAIEC

*
Driven by human CD4™ T cells

Hk
AhRAZ/AZ; exon2 AhR knockout mice

Crit Rev Toxicol. Author manuscript; available in PMC 2021 July 01.

Page 21



	Abstract
	Introduction
	Role of the AhR in gut homeostasis and disease
	Colitis.
	Cancer.
	Inflammation, immune responses and infection.

	Effects of AhR ligands on gut resilience
	AhR ligands as selective receptor modulators (SAhRMs).
	Short chain fatty acids (SCFAs) and their interactions with AhR ligands.
	AhR ligands and gut resiliency – are there SAhRM-like effects?
	Diet-induced modulation of AhR metabolites and their effects.

	Summary and Conclusion
	References
	Figure 1.
	Figure 2.
	Table 1.

