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ABSTRACT

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor known for
its ability to metabolize a vast array of xenobiotics, including 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD). Recent literature has implicated the role of AHR in intestinal homeostasis and
immunity via activation by endogenous and dietary ligands, suggesting that certain ligands may
impart a protective effect and increase barrier function of the intestinal epithelium. This study
characterizes 2,8-dihydroxyquinoline (2,8-DHQ) as a novel AHR ligand, exhibiting specificity
for the human AHR. 2,8-DHQ is a product of gastrointestinal microbial metabolism identified in
body fluids. A number of dihydroxyquinoline compounds were investigated for potential AHR
activity through a luciferase-based reporter assay, which identified 2,8-DHQ as having the
highest affinity for the human receptor. Administration of 2,8-DHQ increased transcription of
the AHR target gene CYP1A1 in a dose-dependent manner in cultured human cells. A
photoaffinity ligand (PAL) competition assay identified 2,8-DHQ as a competitive ligand for the
human AHR in cell culture, however it is interesting to note that this was not true when the assay
was repeated in vitro in liver extracts. This may be due to the need for 2,8-DHQ to undergo
metabolism, a process that also increases the affinity of indole to bind AHR when it becomes
indoxyl sulfate. Finally, a nuclear retention assay was conducted that showed 2,8-DHQ
treatment to cause a significant increase in nuclear translocation and retention of AHR. Further
research is needed to investigate the ability of 2,8-DHQ to activate AHR in vivo and to
characterize its potential to impact human health through attenuation of intestinal inflammation.
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INTRODUCTION

The Aryl Hydrocarbon Receptor
The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor,
historically responsible for mediating gene expression in response to exposure to a variety of
xenobiotic compounds. [1] The AHR is a nuclear receptor, part of the bHLH-PAS (basic helixloop-helix and Per, Arnt/AHR, Sim) superfamily along with its heterodimer, the aryl
hydrocarbon receptor nuclear translocator (ARNT). [2]
Typical AHR ligands are polycyclic aromatic hydrocarbons (PAH) and halogenated
aromatic hydrocarbons (HAH) such as 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), the most
potent activator of AHR and a highly toxic environmental pollutant. In addition to these
synthetic compounds, many endogenous dietary ligands that induce AHR are being identified
and are of increasing interest. [3]
Recently, it has been shown that AHR null (Ahr-/-) mice develop growth and hepatic
defects, indicating that AHR plays a role in normal physiological function. [4] AHR is present in
the cytoplasm of most cells of the body, with highest concentrations in barrier organs such as the
lung, skin, and gastrointestinal tract as well as metabolically active tissues such as the liver. [5]
Chemicals enter cells through the plasma membrane, then bind to unliganded AHR complexes in
the cytosol and translocate into the nucleus, where AHR dimerizes with ARNT and stimulates
transcription of a specific gene. The majority of genes regulated by AHR encode xenobiotic
metabolizing enzymes such as cytochrome P450 isozyme 1A1 (CYP1A1) a monooxygenase that
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catalyzes many reactions involved in drug metabolism and is often used as a hallmark of AHR
activation. [3]
The AHR has been shown to have additional functions outside of drug metabolism, such
as immune function, cell differentiation, and disease attenuation. [6] As the AHR is known to
bind a wide variety of ligands, it is of great interest to identify novel AHR ligands that may
function in a manner to improve human health or disease status. Sources of AHR ligands
include exogenous compounds, endogenous compounds, bacterial-derived metabolites, and
compounds ingested via diet, all of which mediate AHR activation in various tissues of the body.

Functional Domains
As a member of the bHLH-PAS family of transcription factors, the AHR contains the
following in the N-terminal region: the bHLH domain, two PAS repeats (PAS-A, PAS-B), and
the nuclear localization signal (NLS). The C-terminal region of the receptor contains a
glutamine rich domain (Q-rich). Ligand binding occurs on the PAS-B repeat, HSP90 binding as
well as dimerization occur on the bHLH domain and PAS repeats, DNA binding is restricted to
the bHLH domain, and transcriptional activation occurs on the Q-rich region. [7] The domains
are illustrated in Figure 1 below.

Figure 1: Functional Domains of the AHR
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Canonical AHR Signaling Pathway
Unliganded AHR resides within the cytoplasm of most cells in the body, complexed with
X-associated protein 2 (XAP2), two molecules of heat shock protein 90 (HSP90), and one
molecule of heat shock protein 90 cochaperone p23 (p23). [8], [9], [10] Occupation of the
ligand-binding domain by an AHR agonist leads to a conformational change of the receptor and
transport of the receptor-ligand complex into the cell’s nucleus. [11] Inside the nucleus, AHR
dissociates from its cytoplasmic complex (XAP2, HSP90, p23) and associates with ARNT to
form a heterodimeric transcription factor capable of binding to DNA. [12] The AHR/ARNT
complex then binds to a dioxin response element (DRE), a DNA sequence containing (5’TNGCGTG-3’). [13] Coactivators are recruited to the transactivation domain of AHR after
binding to the DRE sequence, enabling chromatin remodeling and leading to transcription of the
target gene. Figure 2 depicts this signaling pathway.

Figure 2: Canonical AHR Signaling Pathway
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Role of AHR in Immunity
Proper barrier function of the intestinal epithelium is vital to preventing inflammation and
infection in the gut. Activation of the AHR has been shown to impact immune function,
particularly by regulating barrier function of gastrointestinal epithelial cells. The intestinal tissue
of patients with inflammatory bowel disease (IBD) exhibit downregulation of AHR, suggesting
that AHR signaling is important for the regulation of gastrointestinal inflammation via an IL-22
dependent pathway. [14] The induction of effector cytokines such as IL-17 and IL-22 have been
linked to AHR activation in T helper cells and innate lymphoid cells. [15] IL-22-dependent
mucosal resistance to inflammation and infection has been shown to be mediated by the
activation of AHR by bacterial tryptophan metabolites such as indole-3-aldehyde (IAA). [16]
Peripherally-induced T regulatory cells (Tregs) in the gut show higher expression of
AHR when compared to thymus-derived Tregs, indicating that AHR is differentially expressed
by Tregs in various tissues of the body, and is particularly abundant in the gastrointestinal tract.
AHR activation in the gut also promotes homing of Tregs, shown by the reduction of the
following proteins in AHR-deficient mice: GPR15 (assists homing of Tregs to the large
intestine), CCR6 (chemokine receptor), and CD103 (important for Treg activation and retention
at inflammatory sites). [17] Expression of AHR in gut Tregs also played a protective role
against gastrointestinal inflammation in an in vivo T cell transfer model of colitis, as AHR
deficient mice had impaired suppressive function against colitis when compared to mice whose
Tregs expressed AHR. [17]
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Identification of AHR Ligands
As the AHR ligand-binding pocket is capable of interacting with a variety of chemicals,
identification of new ligands is of high priority due to the impact of AHR activation on human
health and wellness. Previously identified ligands come from a variety of sources—exogenous,
endogenous, dietary intake, and gastrointestinal commensal bacteria metabolism. Examples of
relevant AHR ligands and their structures are listed in the Appendix.

Exogenous Ligands
AHR was originally identified due to its role as a mediator of 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD/dioxin) toxicity in the human body. [18] Dioxin is a HAH and a potent
environmental toxicant produced as a byproduct of multiple industrial processes. Murine
exposure to dioxin causes a wide variety of toxicities including carcinogenicity, teratogenicity,
and lethality. [19] Human exposure to dioxin is classically known to produce chloracne. [20]
Other well-known xenobiotic compounds that induce AHR activity typically fall into the
category of PAH’s, HAH’s, and other similar compounds.

Endogenous Ligands
The creation of an AHR null (Ahr -/-) mouse model lead to significant discoveries about
the physiological role of the receptor outside of xenobiotic metabolism. AHR null mice were
found to be immune to the toxic effects of dioxin administration, however they expressed a
variety of developmental defects. In mice lacking AHR, the ductus venosus failed to close
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properly, organ development was altered, and liver size was decreased in addition to many other
abnormalities that exhibited the decreased fitness of null mice. [21] AHR may also support gut
immune function, as AHR null mice were less likely to withstand intestinal challenge. [22] The
importance of AHR activation throughout development suggests that endogenous AHR ligands
must be present in order to induce activity. Many proposed endogenous AHR ligands are
derived from the essential amino acid tryptophan and its metabolite indole. [23]

Figure 3: Structure of Tryptophan (Left) and Indole (Right)

Dietary Ligands
A variety of AHR ligands and ligand precursors have been identified from extracts of
herbs and some vegetables such as corn and jalapeno pepper. [24] The compound
glucobrassicin, whose structure is indole-based, is found in high quantities in cruciferous
vegetables, such as broccoli and cabbage. [25] Host mastication promotes the enzymatic
degradation of glucobrassicin by myrosinases, which are naturally found in plant cells, into
indole-3-carbinol (I3C), a weak activator of AHR. [26], [27] I3C undergoes further metabolism
when exposed to gastric acid in the stomach, generating indolo[3,2-b]carbazole (ICZ), an
additional AHR ligand. [28]
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Microbiota-Derived Ligands
Commensal bacteria in the gastrointestinal tract contribute a great deal to the metabolism
of dietary compounds ingested by the host. Specifically, many microbes use tryptophan as a
nitrogen source and convert the amino acid into mono-substituted indole compounds such as
indole, indole-3-acetic acid (IAA), and tryptamine, which have been identified in murine fecal
material. [29] In a yeast DRE-dependent reporter assay, using yeast strains expressing AHR and
ARNT, AHR was activated by tryptophan, indole, IAA, tryptamine, and especially so by indole3-carbinol (I3C), which had an EC50 of ~10 μM. [30] In human colon-carcinoma (Caco2) cell
line, AHR was activated by both tryptamine and IAA at physiologically relevant concentrations
present in the gut. [29]
Tryptamine is derived from tryptophan via direct decarboxylation, while the conversion
of tryptophan to IAA occurs via the indole-3-acetamide pathway, mediated by the enzymes
tryptophan monooxygenase and indole-3-acetamide hydrolase. [31] The generation of indole by
bacterial metabolism of tryptophan occurs via the tryptophanase pathway in Escherichia coli
bacteria. [32] Indole has also been identified as a component of human fecal material at high
enough concentrations to impact health, and was shown to improve barrier function and have
anti-inflammatory properties in a human intestinal epithelial cell line (HCT-8). [33]
Indole can be further metabolized into indoxyl sulfate (I3S), which is a potent and direct
activator of the human AHR, and to a lesser extent the mouse AHR. [34] I3S is an atypical AHR
ligand, as classic ligands are typically hydrophobic and planar. There is also evidence that the
sulfate group is important for AHR activation, especially as I3S induces AHR significantly better
than indole, meaning that sulfation should be considered as a positive trait when searching for
new ligands and the sulfation of known ligands may increase their activity.
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Figure 4: Structures of Indole (Left) and Indoxyl Sulfate (Right)

Ligand Specificity for Human versus Mouse AHR
Variations in the structure of human versus mouse AHR has led to the identification of
differences in their functions. The amino-terminal region of the receptor exhibits 85% homology
between the two species, while the carboxy-terminal region shows a great deal of variation in the
transactivation domain. The ligand binding domain is contained within the amino-terminal
region, where the amino acid sequence variations cause mouse and human AHR to exhibit
differences in ligand affinity and selectivity. Notably, mouse AHR binds TCDD with 10-fold
higher affinity than human AHR due to a single amino acid substitution, while human AHR
binds endogenous indolic derivatives with a relative higher affinity than the mouse receptor does.
[35], [36] As murine models are often used for in vivo study of AHR activation and its impact
on overall health, it is important to note the variances between mouse and human AHR before
drawing conclusions that the same effects will occur in humans.

9

Identification of Quinoline Derivatives
Quinoline is a heterocyclic aromatic organic compound, derivatives of which have been
identified in body fluids as products of microbial metabolism in the gastrointestinal tract. 2,8dihydroxyquionline (2,8-DHQ) has been isolated from the urine of rats fed a diet rich in
cornmeal. [37] Additionally, in an in vivo study using mice that were administered Tempol, a
compound similar to superoxide dismutase (SOD) that has antioxidant and anti-inflammatory
effects, 2,8-DHQ was identified as a urinary endogenous metabolite. [38] Activation of
peroxisome proliferator-activated receptor alpha (PPARα) by administration of the PPARα
ligand Wy-14,643 in mice significantly enhances the excretion of both 2,8-DHQ and its
glucuronide conjugate. [39]
2,8-DHQ and its derivatives 2-hydroxyquinoline (2-HQ) and 8-hydroxyquinoline (8-HQ)
should be investigated in order to determine if the human AHR exhibits specificity for one
conformation over another. The structure of these potential ligands are shown below in Figure 5.

Figure 5: Structure of 2-HQ (Left), 8-HQ (Middle), 2,8-DHQ (Right)
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Overview and Significance of Research
The objective of this study is to characterize 2,8-DHQ as a novel human AHR ligand.
This will be accomplished through administration of 2,8-DHQ within a variety of in vitro models
to assess its capacity to facilitate induction of AHR target gene expression and enzyme activity.
Luciferase-based reporter assays, real-time PCR, photoaffinity ligand competition assays, and
nuclear translocation assays will be performed. The outcome of this study will add to the
expanding compendium of known AHR ligands that have the possibility to impact human health.
As the consumption of cornmeal gives rise to the formation of 2,8-DHQ, dietary
cornmeal could impact endogenous functions of the AHR, such as intestinal homeostasis,
inflammatory signaling, immune regulation, and carcinogenesis. Previous research suggests that
non-toxic AHR agonists act similar to probiotics and promote beneficial effects upon intestinal
health, therefore dietary consumption of cornmeal or supplementation of one’s diet with 2,8DHQ could be of increased biomedical interest through activation of AHR in the gastrointestinal
tract. In a recent study, it was shown that consumption of a 15% broccoli diet in mice lead to
protective effects against chemically induced colitis, dependent on AHR status and associated
with AHR activation. [6] AHR activation in the gastrointestinal tract by 2,8-DHQ after
consumption of cornmeal in the diet has the potential for physiologically relevant benefits.
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MATERIALS AND METHODS

Cell Culture
HepG2 40/6 (human hepatoma stable cell line), Hepa 1.1 (mouse hepatoma cell line), and
Caco2 (human colon carcinoma cell line) were maintained in α-modified essential media
(Sigma-Aldrich, St. Louis, MO) containing 8% fetal bovine serum (HyClone Laboratories,
Logan, UT) and 1% penicillin (100 units/mL)/streptomycin (100 μg/mL) (Sigma-Aldrich, St.
Louis, MO). The cell culture plates were kept at 37˚C in an atmosphere containing 5% CO2.

Luciferase-Based Reporter Assay
Hepa 1.1 and HepG2 40/6 cells were incubated at 37˚C in 6-well plates and were treated
as indicated. Cells were lysed with 400 mL of reporter lysis buffer [25mM Tris-phosphate, pH
7.8, 2 mM dithiothreitol, 2 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100] in each well
and plates were placed in an -80˚C freezer overnight. 80 μL of Luciferase Reporter Substrate
(Promega, Madison, WI) and 20 μL of lysate from each well were combined and luciferase
activity was measured using a TD-20e Luminometer (Turner Systems, Sunnyvale, CA).

RNA Isolation and Quantitative Real-Time PCR
Isolation of RNA from cultured cells was performed using Tri Reagent (Sigma-Aldrich,
St. Louis, MO). RNA concentration was determined via spectrophotometry at wavelengths of
260/280nm. Preparation of cDNA from the isolated RNA was achieved with a High Capacity
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cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). qRT-PCR was run on
a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercultes, CA) with PerfeCTa
SYBR Green Supermix for iQ (Quanta Biosciences, Beverly, MA). Normalization of gene
expression was performed using ribosomal protein L13a (Rpl13a/RPL13A) to yield relative
mRNA level. The primers (Integrated DNA Technologies, Coralville, IA) used are listed in
Table 1 below.

Table 1: Primer Sequences used for qRT-PCR
Gene
Rpl13a
RPL13A
Cyp1a1
CYP1A1

Forward Primer (5’-3’)
Reverse Primer (5’-3’)
TTCGGCTGAAGCCTACCAGAAAGT
GCATCTTGGCCTTTTTCCGTT
CCTGGAGGCGAAGCGGAAAGAGA GAGGACCTCTGTGTATTTGTCAA
CAGAAGCGGAGGCTTACCAT
CTCTGTATTGAGGCGGTCCC
TCTTCCTTCGTCCCCTTCAC
TGGTTGATCTGCCACTGGTT

Photoaffinity Competitive Ligand Binding Assay
The protocol used for the PAL assay followed the method laid out by Ramadoss and
Perdew. [40]

Nuclear Retention Assay
The method to determine nuclear retention of ligands was carried out using the protocol
from Singh, Hord, and Perdew. [41]
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Statistical Analysis
GraphPad Prism 5 Software was utilized for statistical analysis of data sets, through
student’s t-test and one-way ANOVA, and generation of histograms. Statistical significance is
demonstrated by p-value ≤ 0.05 (*), p-value ≤ 0.01 (**), p-value ≤ 0.001 (***).
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RESULTS

Identification of 2,8-DHQ as an AHR Agonist
A reporter assay was conducted in both Hepa 1.1 and Hep G2 (40/6) cells in order to
compare the ability of different DHQ compounds to induce transcription of either the mouse or
human AHR. Compounds selected were: 2,4-DHQ, 2,8-DHQ, 2,6-DHQ, and 4,8-DHQ.
Relative luciferase units (RLU) were compared to both vehicle and TCDD treatment. In Hepa
1.1 cells, 4,8-DHQ was the only compound of interest found to induce AHR at significant levels.
In Hep G2 (40/6) cells, 2,8-DHQ induced AHR at levels compared to TCDD, a potent AHR
ligand. Therefore, 2,8-DHQ was selected for further investigation as a potential human AHR
ligand. The data is shown in Figure 6 below.

Figure 6: Ability of DHQ Compounds to Bind AHR
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A dose response experiment was conducted to compare the ability of 2-HQ, 8-HQ, and
2,8-DHQ induce mouse and human AHR. In Figure 7 below, each compound was compared to
TCDD and indirubin (IR), another known potent AHR ligand. In mouse cells, 2-HQ was able to
induce transcription of AHR significantly at a dose of 10μM, while neither 8-HQ or 2,8-DHQ
were significant at any dose. In human cells, 2-HQ induced AHR at 10 μM, while 2,8-DHQ was
able to induce transcription at both 10 μM and 1μM doses. This reporter data shows that 2,8DHQ is an agonist of the human AHR.

Figure 7: Dose Response of 2,8-DHQ and Derivatives
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2,8-DHQ Induces Transcription of AHR Target Genes
Hepa 1.1 and Caco2 cells were cultured and treated with varying doses of 2,8-DHQ as
well as TCDD as a control. After RNA isolation and cDNA reaction, qRT-PCR was conducted
to measure the expression of Cyp1a1/CYP1A1, a known target of AHR.

Figure 8: Dose Response of Cyp1a1/CYP1A1 Induction
In Figure 8 above, murine AHR induction by 2,8-DHQ was not significant at any dose,
however they appear to show a dose-response pattern of weak induction. Human AHR was
induced by treatment of 2,8-DHQ at all doses except the smallest dose, 10 nM. Therefore, 2,8DHQ is able to induce the transcription of CYP1A1 in Caco2 cell in a dose-dependent manner,
relevant to AHR activation in the gastrointestinal tract.
Treatment of primary human hepatocytes with 10 μM of 2,8-DHQ resulted in the
induction of CYP1A1, shown in Figure 9 below. Showing that 2,8-DHQ is also an agonist for
AHR in primary human hepatocytes makes the case that this is more physiologically relevant, as
it was able to induce CYP1A1 in multiple human cell types.
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Figure 9: CYP1A1 Induction by 2,8-DHQ in Primary Human Hepatocytes

2,8-DHQ is a Competitive AHR Ligand in Cell Culture
2,8-DHQ was compared against β-naphthoflavone (BNF), a potent AHR ligand, to
determine if it could compete with a photoaffinity ligand (PAL) for AHR binding sites. In
mouse Hepa 1.1 cells, BNF binds to AHR with high affinity, as shown by the largely
outcompeted level of bound PAL. 2,8-DHQ did not compete significantly for binding, as was
expected with its low affinity for murine AHR. In Hep G2 (40/6) cells, BNF showed a lower
affinity as it shows specificity toward mouse AHR. However, 2,8-DHQ significantly
outcompeted PAL for binding to human AHR, meaning that 2,8-DHQ can compete for the
human AHR ligand binding domain in cell culture. This data is shown in Figure 10 below,
demonstrated by percent PAL binding.
A second study was conducted in order to determine if 2,8-DHQ had the ability to bind
AHR competitively in vitro. When a PAL competition assay was run in human liver extracts,
2,8-DHQ was unable to compete with PAL for binding (data not shown). This leads us to
believe that 2,8-DHQ may require further metabolism to bind AHR outside of cell culture.
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Figure 10: PAL Competition Assay
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2,8-DHQ Causes Increased Nuclear Retention of AHR
It is important to determine whether 2,8-DHQ is able to not only bind AHR, but also
cause AHR to translocate into the nucleus of cells, heterodimerize with ARNT, and initiate
transcription. A nuclear retention assay was conducted comparing the ability of 2,8-DHQ and
TCDD (a potent AHR activator) to cause AHR to translocate and remain in the nucleus of Hep
G2 40/6 cells in culture. As expected, TCDD caused a significant increase in the amount of
nuclear AHR content. A dose of 10 μM 2,8-DHQ was also able to cause nuclear translocation of
AHR significantly as compared to vehicle nuclear extracts. The data is represented in Figure 11
below.

Figure 11: Nuclear AHR Content
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DISCUSSION
This study was conducted in order to identify derivatives of quinoline as AHR ligands
and then characterize their properties in terms of receptor specificity and potency. Quinoline and
its derivatives have been identified as products of metabolism after administration of certain
foods and drugs, meaning that they could play an important role in human health and wellness.
Compounds that activate AHR in the gut have been shown to have anti-inflammatory effects and
help to maintain barrier function of the epithelial lining, an important aspect in the prevention of
disease. Activation of AHR also impacts immune cell differentiation and maturation, and
induction of effector cytokines such as IL-22. Therefore, the identification of novel AHR
ligands, especially those impacted by diet, is of high interest due to the potential human health
benefits.
Quinoline and its derivatives are unusual AHR ligand candidates as typical ligands are
large, hydrophobic, and planar. Three dihydroxyquinoline compounds were investigated for
their ability to bind and activate AHR: 2,4-DHQ, 2,8-DHQ, 2,6-DHQ, and 4,8-DHQ. 2,8-DHQ
exhibited specificity for the human AHR over the mouse AHR in a luciferase-based reporter
assay. An additional dose-response reporter assay was conducted in order to determine if a
derivative of 2,8-DHQ exhibited higher potency than the original compound, revealing that
neither 2-HQ or 8-HQ were able to bind AHR as well as 2,8-DHQ. This result allowed for
further studies to focus primarily on 2,8-DHQ as a potential human AHR agonist.
As AHR is involved in the metabolism of xenobiotics, its primary target gene is CYP1A1,
an important enzyme in Phase I metabolism. Typical AHR ligands such as TCDD are known to
induce transcription of CYP1A1 after they activate the AHR. A dose response study treating
cells with 2,8-DHQ showed dose-dependent transcription of CYP1A1 in Caco2 cells, which
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additionally proposes the relevance of AHR activation in the gastrointestinal tract. Treatment of
primary human hepatocytes with 2,8-DHQ was also able to induce CYP1A1 transcription, which
suggests that 2,8-DHQ is an agonist for all human cell types containing AHR. Again, the
compound was unable to significantly activate AHR activity in murine Hepa 1.1 cells, as shown
by the lack of significant Cyp1a1 transcription.
It is important to determine the ability of agonists to compete with each other for ligand
binding domains as this will impact physiological relevance. If a compound cannot compete
with other more potent AHR ligands, there is little chance it will impart any significant impact
on health, either positively or negatively. A photoaffinity ligand competition assay compares the
ability of a putative ligand to compete with the PAL, which has similar activity to TCDD. 2,8DHQ was able to significantly compete with the PAL in human Hep G2 40/6 cells, but not in
mouse cells. This suggests that 2,8-DHQ may be able to compete with other AHR ligands for
binding in the human body and have a true impact on the health status of an individual.
That being said, a second PAL competition assay was conducted in human liver extracts.
This assay did not show that 2,8-DHQ has the ability to compete with PAL in vitro. A possible
explanation for this phenomenon is that 2,8-DHQ may require host metabolism prior to
becoming a potent AHR ligand. This can be compared to the relative potencies of indole and
indoxyl sulfate; indole binds AHR with significantly more affinity after it undergoes sulfation.
This mechanism may play a role in the affinity of 2,8-DHQ to bind AHR as well. The addition
of a sulfate group nearly doubles the size of the compound, meaning that it has a significant
impact on the ability of a ligand to fit in the ligand binding domain of a receptor. As most
typical AHR ligands are much larger than 2,8-DHQ and indole, sulfation may increase the
affinity of these smaller ligands by increasing their size. This result is interesting due to the
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involvement of Phase II metabolism in AHR activation, which leads to the activation of Phase I
enzymes, suggesting another manner in which the gut maintains homeostasis. Further studies are
needed to investigate this proposal including the creation of the sulfated 2,8-DHQ compound and
investigating its ability to bind and activate AHR efficiently.
A final assay was completed to investigate the ability of 2,8-DHQ to cause nuclear
translocation and retention of AHR. This process is vital to the canonical AHR signaling
pathway as the receptor binds ligands in the cytoplasm and then must be transported into the
nucleus where it heterodimerizes with ARNT, binds to DNA, and initiates transcription of target
genes. Therefore, a ligand that causes AHR to be transported into and remain inside the nucleus
of a cell is much more effective than one that fails to do so. Treatment with 2,8-DHQ was able
to cause a significant increase in nuclear AHR content as compared to vehicle in human Hep G2
40/6 cells. As a result, it can be gathered that 2,8-DHQ causes effective nuclear translocation
and retention of the human AHR.
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Conclusions
Overall, this research suggests that 2,8-DHQ is an AHR agonist, specific for the human
receptor phenotype. Further studies are needed to characterize the structure and activity of the
sulfated compound, as this may exhibit higher affinity for the ligand binding domain of the
receptor in a similar manner as indoxyl sulfate (data not shown). Additionally, feeding studies
utilizing a mouse model with a humanized AHR will be vital to characterizing the ability of 2,8DHQ to activate AHR in vivo. As AHR activation has been shown to impact intestinal health
and immunity, 2,8-DHQ should be investigated as a potential supplement, either directly or
through administration of foods containing 2,8-DHQ precursors. In conclusion, 2,8-DHQ should
be a candidate compound for the treatment of chronic intestinal inflammation and disease due to
its high potential for AHR activation in the gut.
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Appendix
List of Relevant AHR Ligands
Compound

Origin

Structure

Reference

TCDD

Exogenous

[18]

I3C

Dietary

[28]

ICZ

Dietary

[28]

Indole

Microbial

[30]

IAA

Microbial

[30]
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I3S

Microbial

[34]

Tryptamine

Yeast

[40]

2,8-DHQ

Microbial
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