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ABSTRACT
Novel methylindoles were identified as endobiotic and xenobi-
otic ligands of the human aryl hydrocarbon receptor (AhR). We
examined the effects of 22methylated andmethoxylated indoles
on the transcriptional activity of AhRs. Employing reporter gene
assays in AZ-AHR transgenic cells, we determined full agonist,
partial agonist, or antagonist activities of tested compounds,
having substantially variable EC50, IC50, and relative efficacies.
The most effective agonists (EMAX relative to 5 nM dioxin) of the
AhR were 4-Me-indole (134%), 6-Me-indole (91%), and 7-MeO-
indole (80%), respectively. The most effective antagonists of the
AhR included 3-Me-indole (IC50; 19 mM), 2,3-diMe-indole (IC50;
11 mM), and 2,3,7-triMe-indole (IC50; 12 mM). Reverse transcrip-
tion polymerase chain reaction analyses of CYP1A1 mRNA in
LS180 cells confirmed the data from gene reporter assays. The

compound leads, 4-Me-indole and 7-MeO-indole, induced sub-
stantial nuclear translocation of the AhR and enriched binding
of the AhR to the CYP1A1 promoter, as observed using fluores-
cent immunohistochemistry and chromatin immunoprecipitation
assays, respectively. Molecular modeling and docking studies
suggest the agonists and antagonists likely share the same
binding pocket but have unique binding modes that code for
their affinity. Binding pocket analysis further revealed that
4-methylindole and 7-methoxyindole can simultaneously bind
to the pocket and produce synergistic interactions. Together,
these data show a dependence on subtle and specific chemical
indole structures as AhR modulators and furthermore under-
score the importance of complete evaluation of indole com-
pounds as nuclear receptor ligands.

Introduction
Aryl hydrocarbon receptor (AhR), is a ligand-activated

transcriptional factor that regulates xenobiotic metabolizing
enzymes, but also plays a role in many physiologic functions,
including regulation of the cell cycle and proliferation, apo-
ptosis, DNA repair, immune response, circadian rhythm,
tumor promotion, the expression of lipid metabolism genes,
etc. (Kolluri et al., 2017). AhR is activated by a number of
exogenous and endogenous compounds (Denison and Nagy,
2003; Stejskalova et al., 2011). The examples of exogenous
AhR ligands are polyaromatic hydrocarbons, polyhalogenated

hydrocarbons, halogenated dioxins and furans, plant polyphe-
nolics, alkaloids, and many synthetic compounds including
pesticides, drugs, kinase inhibitors, etc. Examples of endoge-
nous AhR ligands are eicosanoids and kynurenic acid. A
variety of compounds containing indole in their structure
was described as ligands (mainly endogenous and/or food-
borne) of human AhR, including agonists and antagonists.
Examples include, but are not limited to, indirubin and indigo
(Adachi et al., 2001); heme metabolites including bilirubin,
biliverdin, and hemin (Sinal and Bend, 1997); diindolylme-
thane (Chen et al., 1998) and other di-indole derivatives
(Chowdhury et al., 2009); indole-3-carbinol (Chen et al.,
1996); indoxyl-3-sulfate (Schroeder et al., 2010; Rothhammer
et al., 2016); tryptophan and its metabolites tryptamine and
indole-3-acetic acid (Heath-Pagliuso et al., 1998); and UV
photoproducts of tryptophan (Helferich and Denison, 1991)
including 6-formylindolo[3,2-b]carbazole (Bergander et al.,
2003), indole-3-aldehyde (Rothhammer et al., 2016), marine
brominated indoles (DeGroot et al., 2015), and indole itself as
a human AhR-specific ligand (Hubbard et al., 2015).
There are few studies of methylindoles, and no reports are

available on methoxyindoles. Rasmussen et al. (2016) demon-
strated that skatole (3-Me-indole), which is a tryptophan
metabolite produced by intestinal microbiome, is a partial
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agonist of human AhR and an inducer of CYP1A1, CYP1A2,
and CYP1B1 in human cell lines and hepatocytes at physio-
logically detected concentrations (Li et al., 2009). These authors
also showed that a metabolite of skatole, indole-3-carbinol
(∼10 mM, which is physiologically relevant) (Anderton et al.,
2004), is an activator of human AhR and an inducer of CYP1A1
mRNA. Induction of CYP1A1by 3-Me-indolewas also described
in primary normal human bronchial epithelial cells at physio-
logically relevant concentrations (Weems and Yost, 2010).
ethoxy-resorufine-O-deethylase activity was induced by
3-Me-indole (but also by xenobiotic 2-Me-indole) in Zebra fish
(Brown et al., 2015) and Atlantic killifish embryos (Brown
et al., 2016). Activation of human AhR in gene reporter assays
was observed for 3-Me-indole, but not for 2-Me-indole and
1-Me-indole; however, experiments were performed only up to
10 mM concentrations of methylindoles (Hubbard et al., 2015).
Besides 3-methylindole, the metabolism of tested methox-

yindoles and methylindoles in man is mostly unknown.
Hepatic metabolites of skatole, identified using human liver
microsomes, are mainly hydroxylated and oxidized products
(Lanza and Yost, 2001) and their conjugates with glutathione
(Yan et al., 2007). Also, pulmonarymetabolites of skatole have
been described (Ruangyuttikarn et al., 1991). However, it
has been demonstrated that indole-3-carbinol, a metabolite of
skatole, has AhR biologic activity (Chen et al., 1996), thus the
potential for other indolic metabolites as potential AhR
ligands is very probable. Indeed, as the indole chemistry is
optimized, several indoles could be developed as potential lead
or drug-like AhR ligands. In this light, given that there is
little known about whether other methyl or methoxy indoles
activate AhR and/or may therefore have biologic effects,
we undertook a very focused study on 22 methylated and
methoxylated indoles on transcriptional activity of AhRs, by
the means of reporter gene assays in AZ-AHR transgenic
cells, reverse transcription polymerase chain reaction (PCR)
analyses of CYP1A1 mRNA, chromatin immunoprecipitation
(ChIP), and fluorescent immunohistochemistry. These in vitro
results were then compared with the predicted binding
modes of all 22 ligands that were docked to a modeled three-
dimensional structure of human AhR. It is important to note
that with all of these indoles, on a systems level, AhR agonists
such as the classic indolemolecule could in a context-dependent
manner act as antagonists (Jin et al., 2014). Thus, studies were
also conducted in an antagonist mode to characterize the effect
of potential agonist on strong (dioxin) mediated AhR activation.

Materials and Methods
Chemicals. 4-Me-indole (97% purity) was purchased from Energy

Chemical (Shanghai, China); 1,3-diMe-indole (95% purity) was from
Shanghai SINKHPharmaceuticals Tech. Co., Ltd. (Shanghai, China);
2,3,7-triMe-indole (97% purity; checked by gas chromatography) was
purchased from Georganics Ltd. (Bratislava, Slovak Republic); and
7-MeO-4-Me-indole (95% purity) was purchased from 1 ClickChemis-
try Inc. (Kendall Park, NJ). All other indole-derived test compounds
(where the purity ranged from 97% to 99% as assessed by gas
chromatography at the supplier), dimethylsulfoxide (DMSO), Triton
X-100, bovine serumalbumin, and hygromycinBwere purchased from
Sigma-Aldrich (Prague, Czech Republic). 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD) was purchased from Ultra Scientific (North Kings-
town, RI); luciferase lysis buffer was purchased from Promega
(Madison, CA); and 49,6-diamino-2-phenylindole was purchased from

Serva (Heidelberg, Germany). All other chemicals were of the highest
quality commercially available.

Cell Lines. Human Caucasian colon adenocarcinoma cells LS180
(EuropeanCollection of Cell Cultures No. 87021202; Salisbury, UK) were
purchased from the European Collection of Cell Cultures and used in
passage numbers 5–12. Stably transfected gene reporter cell lineAZ-AHR
has been described elsewhere (Novotna et al., 2011). The same AZ-AHR
clone was used in passages for all experiments conducted. Cells were
maintained at 37°C and 5% CO2 in a humidified incubator.

Cytotoxicity Assay. Cellswere incubated for 24 hourswith tested
compounds, vehicle (untreated; 0.1% v/v DMSO) and Triton X-100
(1%, v/v), using multiwell culture plates of 96 wells. MTT (3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) test was
performed and absorbance was measured spectrophotometrically at
540 nm on Infinite M200 (Schoeller Instruments, Prague, Czech
Republic). The data were expressed as the percentage of cell viability,
where 100% and 0% represent the treatments with vehicle and Triton
X-100, respectively.

Reporter Gene Assay. The stably transfected gene reporter cell
line AZ-AhR was used for the evaluation of transcriptional activity of
AhRs. Cells were seeded in 96-well culture plates and incubated for
24 hours with tested compounds in the presence or absence of TCDD
(5 nM). Thereafter, the cells were lysed and luciferase activity was
measured on a Tecan Infinite M200 Pro Plate Reader (Schoeller
Instruments). The IC50 and EC50 values were calculated using
GraphPad Prism 6 software (GraphPad Software, San Diego, CA).

Isolation of RNA and Quantitative Reverse Transcription
PCR. The total RNA was isolated by TRI Reagent (Sigma-Aldrich,
Prague, Czech Republic) and cDNA was synthesized from 1000 ng of
total RNA using M-MuLV Reverse Transcriptase (New England
Biolabs, Ipswich, MA) at 42°C for 60 minutes in the presence of
random hexamers (New England Biolabs). The levels of CYP1A1 and
GAPDH mRNAs were determined using the Light Cycler 480 II
apparatus (Roche Diagnostic Corporation, Prague, Czech Republic),
as described elsewhere (Vrzal et al., 2013). Measurements were
carried out in triplicate. Gene expression was normalized to GAPDH
as a housekeeping gene. The data were processed by the delta-delta
method.

Intracellular Distribution of AhRs: Immunohistochemistry.
LS180 cells were seeded on chamber slides (ibidi GmbH, Planegg,
Germany) and cultured for 2 days. Then, cells were treated for
90 minutes with 4-methylindole or 7-methoxyindole at 1, 10, and
100 mM concentrations; 5 nM TCDD and 0.1% DMSO were used as
the positive and negative controls, respectively. After the treatment,
cells were washed by phosphate-buffered saline (PBS) and fixed with
4% formaldehyde in PBS for 30 minutes. The permeabilization using
0.1% Triton X-100 for 5 minutes was followed by blocking with 3%
bovine serum albumin in PBS for 45 minutes at room temperature.
Then, cells were incubated with Alexa Fluor 488 labeled primary
antibody against AhR (Santa Cruz Biotechnology, Dallas, TX)
diluted 1:500 in 0.5% bovine serum albumin at 4°C overnight. The
next day, nuclei were stained with 49,6-diamino-2-phenylindole, and
cells were enclosed by VectaShield Antifade Mounting Medium
(Vector Laboratories Inc., Peterborough, UK). AhR translocation
into the nucleus was visualized and evaluated using the IX73
fluorescence microscope (Olympus, Tokyo, Japan). The entire stain-
ing protocol was performed in two independent experiments with all
tested compounds in duplication. The AhR translocation was
evaluated visually depending on the distinct signal intensity of the
AhR antibody in the nucleus and cytosol. For percentage calculation,
approximately 100 cells from at least four randomly selected fields of
view in each replicate were used.

Chromatin Immunoprecipitation. HepG2 cells (3.5 millions)
were seeded in a 60-mm dish in Dulbecco’s modified Eagle’s me-
dium (D6546; Sigma Aldrich), and the following day they were in-
cubated with DMSO, TCDD (5 and 50 nM), 4-methylindole (200 mM),
7-methoxyindole (200 mM), or the mixture of 4-methylindole and
7-methoxyindole (100 mM each) for 90 minutes at 37°C. Then, the
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procedure followed the manufacturer’s recommendations as described
in the manual for the SimpleChIP Plus Enzymatic Chromatin IP Kit
(Magnetic Beads; Cell Signaling Technology, Leiden, The Netherlands)
with minor modifications. Briefly, DNA-protein complexes were cross-
linked by the addition of 108 ml 37% formaldehyde to 4 ml of media for
9 minutes at room temperature. Thereafter, 400 ml of 10 � glycine was
applied for 5 minutes at room temperature. The cells were rinsed twice
with ice-coldPBSand collected in1ml of ice-coldPBS (supplementedwith
protease inhibitor cocktail). Cells were centrifuged at 2000 rpm for
5 minutes at 4°C (Eppendorf Centrifuge 5415R; Eppendorf, Stevenage,
UK) and the pellets were resuspended in 1 ml of cold buffer A and
incubated on ice for 10 minutes, reverting the tubes every 3 minutes.
Then, the lysates were centrifuged (3000 rpm for 5 minutes at 4°C), and
the pellets were resuspended in 1 ml of ice-cold buffer B, followed by
centrifugation (3000 rpm for 5minutes at 4°C). The resulting pellets were
resuspended in 100 ml of ice-cold buffer B supplemented with 0.66 ml of
nucleaseand incubated for 20minutes at 37°Cwith shaking (1000 rpm) in
aTS-100CThermo-Shaker (withSC-24NCblock; BioSan,Riga, Latvia) to
digest DNA into fragments of sizes between 150 and 900 base pairs.
Digestion was stopped by adding 10 ml of 0.5 M EDTA and the reaction
mixture was centrifuged at 13,000 rpm for 1 minute at 4°C. The pellets
were resuspended in 100 ml of ChIP buffer, incubated on ice for
10 minutes, and then sonicated five times for 30 seconds in a sonicator
(SonorexDigitec DT31; Bandelin, Berlin, Germany) with a 30-second rest
on ice between sonication cycles. Cellular debris was removed by
centrifugation (10,000 rpm for 10minutes at 4°C) andDNA concentration
was determined in the supernatants using a NanoDrop Lite spectropho-
tometer (Thermo Scientific, Prague, Czech Republic). An aliquot of 25 mg
of DNA was resuspended in a total volume of 500 ml of ChIP buffer.
Immunoprecipitation was achieved by the addition of 5 ml of anti-AhR
antibody (D5S6H;Cell SignalingTechnology) to samples or 1ml of normal
rabbit IgG as the negative control to the DMSO-treated sample with
rotation at 4°C overnight.

The next day, 30 ml of Protein GMagnetic Beads was added and the
samples were incubated for 2 hours at 4°C with rotation. Beads were
briefly pelleted in Magnetic Separation Rack 14654 (Cell Signaling
Technology) and washed three times by 1 ml of low-salt buffer for
5 minutes at 4°C with rotation. Then, 1 ml of high-salt buffer was
applied for 5 minutes at 4°C with rotation, and after this step the
pellets were resuspended in 150 ml of ChIP elution buffer and
chromatin was eluted for 30 minutes at 65°C with 1200 rpm shaking
in the TS-100C Thermo-Shaker (BioSan). After separation in the
magnetic rack, eluted chromatin was incubated in ChIP elution buffer
with 6 ml 5 M NaCl and 2 ml of proteinase K for 15 minutes at 65°C in
the Thermo-Shaker (1200 rpm). Consequently, 750 ml of DNA binding
buffer was added to each sample and centrifuged at 13,200 rpm for
30 seconds in DNA spin columns. After application of 750 ml of DNA
wash buffer and repeated centrifugation at 13,200 rpm for 30 seconds
in DNA spin columns, 50 ml of DNA elution buffer was applied into
DNA spin columns and eluted purified DNAwas used for quantitative
PCR in LightCycler 480 (Roche, Prague, Czech Republic). Then, 2ml of
DNAwas used in the PCR reaction together with nuclease-free water,
SYBR-Green (LightCycler 480 SYBR Green I Master; Roche), and
5mMCYP1A1 promotor primers (59-AGCTAGGCCATGCCAAAT-39and
59-AAGGGTCTAGGTCTGCGTGT-39). The PCR programwas as follows:
enzyme activation at 95°C for 10 minutes and denaturation with
annealing and elongation for 40 cycles at 95°C for 15 seconds and at
60°C for 60 seconds. Then, the fold enrichment method was applied and
the results were expressed as fold enrichment next to the DMSO-treated
sample. The PCR product was electrophoresed on a 2% agarose gel after
PCR with elongation for 29 cycles only.

Molecular Modeling and Docking. The crystal structure of a
fragment of the AhR in complex with the AhRnuclear translocator has
been solved (Protein Data Bank ID 5NJ8 [https://www.rcsb.org/
structure/5NJ8]) (Schulte et al., 2017); however, the fragment does
not include the ligand binding domain.Hence, an attemptwasmade to
model residues 34–400 of human AhR using homology modeling
techniques. A template search using PSI-BLAST (https://blast.ncbi.

nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch
&LINK_LOC=blasthome) revealed that the crystal structure of neu-
ronal PAS1 (Protein Data Bank ID 5SY5 [https://www.rcsb.org/
structure/5SY5]) (Wu et al., 2016) had large homology with 29%
identity and.40% similarity in the region between 34 and 400 amino
acids of the AhR (Supplemental Fig. 1B). Hence, the nPAS1 protein
was used as a template to model residues 34–400 of the AhR using the
program MODELER version 9.19 (https://salilab.org/modeller/9.19/
release.html) (Sali and Blundell, 1993). The resulting model was
energy minimized and subjected to 10 nanoseconds of constrained
molecular dynamics simulation to obtain a stable, low-energy AhR
model that was subsequently used for docking studies.

All 22 ligands and a known AhR ligand TCDD were modeled using
the builder module of the molecular operating environment program,
MOE version 2016.0801 (Chemical Computing Group ULC,Montreal,
QC, Canada). The ligands were all minimized and the partial charges
were set to the AMBER force field as adapted in MOE. Recent studies
using site-directed mutagenesis techniques on mouse AhR have
identified the putative binding pocket for TCDD in mouse AhR
(Motto et al., 2011; Soshilov and Denison, 2014). According to these
studies, residues His285, Phe289, Phe318, Gln377, Thr283, Leu347,
Phe345, Met342, and Ser359 of mouse AhR were found to be involved
in promoting strong binding interactions with the AhR ligands. We
used these studies to derive the binding pocket information to guide
our molecular docking studies. Accordingly the pocket lined by
residues His291, Phe295, Phe324, Gln383, Thr289, Leu353, Phe351,
Met348, and Ser364 of human AhRwas used to dock all of the ligands.
Molecular docking was performed using GOLD version 5.2 (Cam-
bridge Crystallographic Data Centre, Cambridge, UK) (Jones et al.,
1995) with 20 iterations for each ligand to explore the conformational
space. The protein-ligand complexeswere ranked usingGOLDSCORE
and the best ranking conformation for each ligand was scored and
analyzed visually using the MOE ligand interactions module.

Statistics. Student’s t test, one-way analysis of variance, and
Dunnett’s test, as well as the EC50 and IC50 values, were calculated
using GraphPad Prism version 6.0 for Windows (GraphPad Software,
La Jolla, CA). The log[agonist/inhibitor]-variable slope four-parameter
fitwasused to determine theEC50/IC50 values. The least-squares fitting
method was used, and for the EC50 calculations the data were
normalized such that the bottom value (the lowest one) was fixed as
zero and highest value was fixed as 100%. No weighting was applied
because, in general, the Y values did not increase in distribution in
proportion to the X values (i.e., the constant coefficient of variation).
Each replicate Y value was treated as an individual data point and
95% confidence interval values were imputed and selected using an
asymmetrical (likelihood) confidence interval. A maximum of 1000 iter-
ationswasused to fit the curveand goodness of fit was selected using the
R-squared, sum of squares, and Sy/x values. The D’Agostino-Pearson
omnibus normality test was used and strict convergence criteria were
selected. TheR-squared value was checked in all of the calculations and
did not drop below 0.8.

Results
Effects of the Tested Indoles on the Transcriptional

Activity of AhRs in AZ-AHR Cells by Reporter Gene
Assay. We used stably transfected human hepatoma
AZ-AHR cells to study the effects of the tested indoles on
the transcriptional activity of AhRs. Prior to the reporter
gene assays, we performed a cytotoxicity assay in AZ-AHR,
using the conventional MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test. For this purpose, AZ-AHR
cells were incubated for 24 hours with tested compounds in
concentrations ranging from 1 nM to 200 mM. All tested
indoles were not cytotoxic in AZ-AHR cells, causing less than
20% drop in cell viability (Fig. 1).
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Reporter gene assays were carried out in the absence
(agonist mode) or the presence (antagonist mode) of TCDD, a
prototypical AhR ligand. Induction of luciferase activity by
5 nM TCDD in four consecutive cell passages varied from 579-
to 1438-fold. All tested compounds displayed full agonist,
partial agonist, or antagonist activities; however, their EC50,
IC50, and relative efficacies varied substantially. The most
efficacious agonists of AhRs were 4-Me-indole, 6-Me-indole,
and 7-MeO-indole, displaying relative efficacies of 134%, 91%,
and 80%, respectively, compared with 5 nM TCDD (Fig. 2).
The strongest antagonist activities were achieved by
3-Me-indole (IC50; 19 mM), 2,3-diMe-indole (IC50; 11 mM),
and 2,3,7-triMe-indole (IC50; 12 mM) (Fig. 3). Cells were
incubated with tested indoles for 8 and 24 hours to avoid
putative chemical instability and/or transient effects of the
compounds in the cell culture. Consistent with the findings of
Rasmussen et al. (2016), who studied 3-Me-indole, we ob-
served that indole derivatives have a highermagnitude of AhR

activation compared with TCDD over short periods of time
(8 hours); however, the opposite is true for incubations over a
long period of time (24 hours). Accordingly, the relative
efficacies of the majority of tested indoles were higher at
8 hours compared with 24 hours of treatment (Table 1).
Interestingly, the exception that proves the rule was the time
course by the strongest AhR agonists, i.e., 4-Me-indole,
6-Me-indole, and 7-MeO-indole. Half-maximal effective con-
centrations (potency; EC50) were calculated only for about one-
half of the tested compounds because the plateau was not
reached by many compounds even at 200 mM concentration.
Regardless of the treatment time, the potencies of the tested
indoles ranged from 4 � 1026 to 8 � 1025 M; therefore, the
relative potencies compared with TCDD were very low. A
comprehensive overview of the pharmacological parameters of
the tested indoles at AhR is presented in Table 1.
Effects of the Tested Indoles on the Expression of

CYP1A1 mRNA in LS180 Cells. We tested the effects of the
tested indoles on basal and TCDD-inducible expression of
CYP1A1, which is a typical AhR target gene. Human Cauca-
sian colon adenocarcinoma LS180 cells were incubated for
24 hours with the tested indoles (200 mM) in the presence or
absence of 5 nM TCDD, and the levels of CYP1A1 mRNA
were measured by quantitative reverse transcription PCR.
The level of CYP1A1 mRNA was increased (250-fold) in cells
incubated with TCDD. Most of the tested indoles induced
CYP1A1 mRNA, and the strongest inducers of CYP1A1
mRNA were 4-Me-indole (140-fold), 5-Me-indole (75-fold),
6-Me-indole (80-fold), and 7-MeO-indole (60-fold) (Fig. 4,
upper panel). Strong inhibition of TCDD-inducible expression
of CYP1A1 mRNA was caused by 2-Me-indole, 3-Me-indole,
6-Me-indole, 7-Me-indole, 2,3-diMe-indole, 2,3,7-triMe-indole,
and 5-MeO-2-Me-indole (Fig. 4, lower panel). Collectively, the
data on CYP1A1 mRNA expression in LS180 cells were
consistent with those from gene reporter assays.
Effects of the Lead Indoles (4-Me and 7-MeO) and the

Coupled 7-MeO-4-Me-Indole on the AhR-CYP1A1 Path-
way. For further investigations, we selected highly effica-
cious activators of AhRs, 4-Me-indole and 7-MeO-indole as the
lead indoles, representingmethylindoles andmethoxyindoles,
respectively. Taking into consideration that methyl substitu-
tion at position 4 and methoxy substitution at position
7 results in massive activation of the AhR, we also investi-
gated the coupled compound 7-MeO-4-Me-indole, which com-
prises both AhR-active substitutions. Surprisingly, while
7-MeO-4-Me-indole dose dependently activated the AhR, as
revealed by the gene reporter assay, its relative efficacy (fold
induction) was approximately 10% of that for 4-Me-indole and
7-MeO-indole (Fig. 5A). In addition, whereas 4-Me-indole and
7-MeO-indole slightly augmented TCDD-inducible AhR activ-
ity, 7-MeO-4-Me-indole displayed a dose-dependent antago-
nist effect on AhR (Fig. 5B). Accordingly, 7-MeO-4-Me-indole
was a substantially weaker inducer of CYP1A1 mRNA in
LS180 cells compared with 4-Me-indole and 7-MeO-indole. On
the other hand, all three compounds had negligible effect on
TCDD-inducible CYP1A1mRNA inLS180 cells (Figs. 4; Fig. 5,
E and F). Despite our expectations, combining highly effica-
cious 4-Me and 7-MeO substitutions in coupled derivative
7-MeO-4-Me-indole did not result in a superefficacious acti-
vator of AhRs. To resolve the roles of 4-Me and 7-MeO at AhRs,
individually and in combination, we performed titration
experiments. In a binary titration assay, we incubated

Fig. 1. Cytotoxicity of tested indoles in AZ-AHR cells. AZ-AHR cells were
incubated for 24 hours with vehicle (DMSO; 0.1% v/v), TCDD (5 nM), and
tested compounds in concentrations ranging from 1 nM to 200 mM. MTT
test was performed and absorbance wasmeasured at 540 nm. Experiments
were carried out in two consecutive passages of AZ-AHR cells and the
representative experiment is shown. The data are mean 6 S.D. from
measurements performed in triplicate and are expressed as a percentage
of viability of control cells.
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AZ-AHR cells for 24 hours with mixtures of 4-Me-indole and
7-MeO indole (200 mM final concentration), applying their
ratios from 0%:100% to 100%:0% with a step of 10%. We
obtained an asymmetric inverse U-shaped profile revealing a
synergistic effect between 4-Me-indole and 7-MeO indole.
While 4-Me-indole and 7-MeO indole activated AhR approx-
imately 900- and 500-fold, respectively, their mixtures 50%:
50%, 60%:40%, and 70%:30% caused approximately 1700-fold
activation of AhRs (Fig. 5C). We also performed a large-scale
titration assay, in which we incubated AZ-AHR cells for
24 hours with mixtures of 4-Me-indole and 7-MeO-indole;
each compound in concentrations of 1, 10, 25, 50, 100, 150, and
200 mM. Hence, 64 different combinations of 4-Me-indole/7-
MeO-indole were tested, with the highest total concentration
of indoles being 400 mM. The results showed that for a wide
array of concentration ratios the combined incubations of

AZ-AHR cells with 4-Me-indole and 7-MeO-indole yielded
enhanced activation of AhRs compared with the incubations
of individual compounds (Fig. 5D). Consistently, combined
incubation of LS180 cells with 4-Me-indole (100 mM) and
7-MeO-indole (100 mM) resulted in stronger induction of
CYP1A1 mRNA compared with incubations of individual
compounds at 200 mM (Fig. 5F). Overall, combining 4-Me
and 7-MeO substituents in a coupledmolecule did not increase
the efficacy of the compound, but combining 4-Me-indole and
7-MeO-indole in the mixture resulted in synergistic (cooper-
ative) activation of AhRs. A speculative explanation for such
behavior could be the binding of more than one indole-derived
molecule to the AhR protein.
Nuclear Translocation of AhRs by the Lead Indoles

(4-Me and 7-MeO). An essential event in the process of AhR
activation and function is the translocation of ligand-bound

Fig. 2. Transcriptional activity of AhR by tested indoles. AZ-AHR cells were incubated for 8 and 24 hours with vehicle (DMSO; 0.1% v/v), TCDD (5 nM),
and tested compounds in concentrations ranging from 100 nM to 200 mM. Cells were lysed and luciferase activity was measured. Experiments were
performed in four consecutive passages of AZ-AHR cells and the representative experiment is shown. Data are expressed as a fold induction of luciferase
activity over control cells and are the mean6 S.D. frommeasurements performed in quadruplicate. Inserted horizontal lines refer to activation attained
by 5 nM TCDD. *P , 0.05 indicates a value different from control cells.
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AhR protein from cytosol to the cell nucleus. Therefore, we
investigated the effects of the lead indoles on the nuclear
translocation of AhRs by immunohistochemistry, using fluo-
rescently labeled AhR antibody. We incubated LS180 cells for
90 minutes with TCDD (5 nM), DMSO (0.1% V/V), 4-Me-
indole, or 7-MeO-indole at 1, 10, and 100 mM concentrations.
In cells incubated with vehicle (negative control), only a
negligible part of the cells (∼4%) displayed AhRs in the nuclei.
Addition of TCDD to the cells caused massive nuclear trans-
location of AhRs, resulting in approximately 64% of AhR-
positive nuclei. Both 4-methylindole and 7-methoxyindole
strongly induced nuclear translocation of AhRs in all of the
applied concentrations. The effects were dose dependent, and
the percentage of AhR-positive nuclei ranged between 17%
and 65% (Fig. 6). Hence, the capability of the lead indoles to
induce nuclear translocation of AhRs was comparable with
that of TCDD, which was consistent with the data from
reporter gene assays and CYP1A1 mRNA expression.

Binding of the AhR to the CYP1A1 Promoter by the
Lead Indoles (4-Me and 7-MeO). The capability of the AhR
to bind to a promoter of its target genes was assessed by ChIP
assay. For this purpose, we incubatedHepG2 cells with vehicle,
TCDD (5 and 50 nM), 4-Me-indole (200 mM), 7-MeO-indole
(200 mM), or the mixture of 4-Me-indole and 7-MeO-indole
(100 mM each) for 90 minutes. In cells incubated with TCDD,
the enrichment of CYP1A1 promoter with the AhR ranged
from 2.5- to 4.7-fold. The lead indoles, including 4-Me-indole
and 7-MeO-indole, caused enrichment of CYP1A1 with the
AhR to a similar extend as did TCDD. Unlike in the AhR
gene reporter assays and CYP1A1 mRNA induction, in the
current AhR-ChIP assay a combination of 4-Me-indole and
7-MeO-indole did not attain synergistic effects (but rather
the opposite) compared with individual compounds (Fig. 7).
Collectively, the lead methyl- and methoxy-indoles elicit
nuclear translocation of AhRs, which consequently binds the
CYP1A1 promoter and triggers the expression of CYP1A1.

Fig. 3. Effects of tested indoles on TCDD-inducible transcriptional activity of AhR. AZ-AHR cells were incubated for 8 and 24 hours with vehicle (DMSO;
0.1% v/v) and tested compounds in concentrations ranging from 100 nM to 200 mM. Incubations were carried out in the presence of TCDD (5 nM). Cells
were lysed and luciferase activity was measured. Experiments were performed in four consecutive passages of AZ-AHR cells and the representative
experiment is shown. Data are expressed as a percentage of the activation attained by 5 nM TCDD and are the mean 6 S.D. from measurements
performed in quadruplicate. *P , 0.05 indicates a value different from TCDD-treated cells.
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Molecular Modeling and Docking. The AhR model
(34–400) was superimposed onto the AhR crystal structure
(112–272) (Supplemental Fig. 1A), where the root-mean-
square deviation was 1.98 Å. TCDD was docked to the
binding site formed by residues His291, Ser365, Val381,
Gln383, Met340, Ala367, Thr289, and Phe295 of human
AhR. TCDD docked with a high score of 60.14 to this site
with conserved interactions for several hydrophobic resi-
dues including Ala367, Leu315, and the aromatic cluster
formed by Phe295, Phe324, and Phe351 (Fig. 8A). In
addition, TCDD’s binding to AhRs was also coordinated by
electrostatic interactions with Thr289, Gln383, His291, and
Ser365 (Fig. 8A). Previous modeling and site-directed
mutagenesis have validated the role of several of these
residues including Ala367, which when mutated had a
substantial effect on TCDD-mediated transcriptional activ-
ity (Motto et al., 2011; Soshilov and Denison, 2014). This
docking sitewas also previously confirmed byHubbard et al.
(2015). For the binding of methylindole compounds to AhRs,
all 22 compounds were docked to the binding site. Due to the
small volume, all molecules docked to the binding pocket
without any steric hindrance. However, there were sub-
stantial differences in the binding mode of agonists and
antagonists. Among the key agonists, 4-Me-indole, 6-Me-
indole, and 7-MeO-indole had higher docking scores of
56.22, 57.26, and 58.42, respectively. The binding mode of
these agonists showed several favorable interactions with
the receptor residues lining the binding pocket. Key inter-
actions included the hydrogen bond with Thr289 and
aromatic interactions with Phe324 and His291, and are-
ne-H interactions with Gln383 in addition to several
hydrophobic and hydrophilic interactions (Fig. 8, B–D),
which likely contribute to their high affinity. A close
observation of the binding pocket revealed that both 4-Me-
indole and 7-MeO-indole can simultaneously bind to the
AhR ligand binding domain with high affinity, suggesting
theymay have a synergistic effect on AhR. Antagonists such
as 3-Me-indole (Fig. 9A), 2,3-diMe-indole (Fig. 9B), and
2,3,7-triMe-indole (Fig. 9C) bind with good docking scores of
48.58, 40.87, and 45.97, respectively. However, their bind-
ing mode suggests that all of these molecules do not have all
of the conserved interactions that favor agonist binding.
Instead, 3-Me-indole has a hydrogen bond interaction with
T289 (Fig. 9A), while the di- and tri- substituted indoles
have aromatic interactions with Phe351 and low-range
interactions with several hydrophobic and hydrophilic
residues. Thus, it is likely that both agonists and antago-
nists bind at the same site, suggesting a competitivemode of
inhibition. These results are in close agreement with the
in vitro results described previously.

Discussion
A plethora of compounds, containing indole in their

structure, were described as ligands of AhRs. These
compounds comprise three main spheres: 1) products of
intermediary metabolism of tryptophan (e.g., tryptamine,
indole-3-acetic acid, and kynurenine) and heme (e.g., bili-
rubin and biliverdin), having rather systemic effects; 2)
photoproducts of tryptophan, e.g., 6-formylindolo[3,2-b]-
carbazole and others (Pilditch et al., 2010 acting mainly in
skin, but also inducing hepatic AhR-dependent genes; andT
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Fig. 4. Effects of tested indoles on the expression ofCYP1A1mRNA in LS180 cells. Cells were incubated for 24 hours with vehicle (DMSO; 0.1% v/v) and
tested indoles (200 mM) in the presence or absence of TCDD (5 nM). Incubations were carried out in two consecutive passages of LS180 cells and the
representative experiment is shown. The level of CYP1A1 mRNA was determined by reverse transcription PCR and the data were normalized to the
GAPDH mRNA level. Data are mean 6 S.D. from experiments performed in triplicate. *P , 0.05 indicates a value different from control cells. (Upper
graph) Incubations were carried out in the absence of TCDD. Data are expressed as a fold induction of CYP1A1mRNA over control cells. (Lower graph)
Incubations were carried out in the presence of TCDD (5 nM). Data are expressed as a percentage of the activation attained by 5 nM TCDD.
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Fig. 5. Effects of lead indoles (4-Me, 7-MeO) and coupled 7-MeO-4-Me-indole onAhR-CYP1A1 pathway. (A andB) Reporter gene assay: dose response. AZ-AHR
cells were incubated for 24 hours with vehicle (DMSO; 0.1% v/v) and tested compounds (10 nM–200 mM) in the absence (A) or presence (B) of TCDD (5 nM).
Experiments were carried out in two consecutive passages of AZ-AHR cells and the representative experiment is shown. Data are mean 6 S.D. from
measurementsperformed in quadruplicate. Insertedhorizontal line refers to activation attainedby5nMTCDD. *P,0.05 indicates avaluedifferent fromcontrol
cells. (C) Reporter gene assay: binary titration. AZ-AHR cells were incubated for 24 hours withmixtures of 4-Me-indole and 7-MeO-indole in final concentrations
of 200 mM. Different ratios of 4-Me:7-MeO were applied, ranging from 0%:100% to 100%:0%, applying a step of 10%. Experiments were carried out in two
consecutive passages of AZ-AHR cells and the representative experiment is shown. Data are mean 6 S.D. from measurements performed in quadruplicate.
Inserted horizontal line refers to an activation attained by 5 nM TCDD. *P, 0.05 indicates a value different from cells incubated with 7-MeO-indole; #P, 0.05
indicates a value different from cells incubated with 4-Me-indole. (D) Reporter gene assay: large-scale three-dimensional titration. AZ-AHR cells were incubated
for 24 hours with mixtures of 4-Me-indole and 7-MeO-indole, each compound in concentrations of 1, 10, 25, 50, 100, 150, and 200 mM. In total, 64 different
combinations were tested, with the highest total concentration of indoles being 400 mM. Experiments were carried out in two consecutive passages of AZ-AHR
cells and the representative experiment is shown.Measurements were performed in quadruplicate. Inserted text refers to an activation attained by 5 nMTCDD.
(E and F) Reverse transcription (RT)-PCR: CYP1A1mRNA. LS180 cells were incubated for 24 hours with vehicle (DMSO; 0.1% v/v), TCDD (5, 10, and 100 nM),
4-Me-indole, 7-MeO-indole, and 7-MeO-4-Me-indole or the combinations. Incubations were carried out in two consecutive passages of LS180 cells and the
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3) foodborne compounds and their metabolites, produced by
hepatic and intestinal metabolism but also by intestinal
microbiota, playing roles in immunity and homeostasis (e.g.,

indole-3-carbinol, indoxyl-3-sulfate, indole-3-acetate, and
indole-3-aldehyde). Skatole, which is an intestinal microbiota-
produced metabolite of tryptophan, was recently described as a

Fig. 6. Nuclear translocation of AhR. LS180 cells were seeded
on chamber slides and cultured for 2 days. Then, the cells were
incubated for 90minutes with DMSO (0.1% v/v), TCDD (5 nM),
4-Me-indole (1, 10, and 100 mM), and 7-MeO-indole (1, 10, and
100 mM). Microscopic specimens were prepared according to
the common protocol, using Alexa Fluor 488 labeled primary
antibody against AhR, 49,6-diamino-2-phenylindole, and Vec-
taShield Antifade Mounting Medium. AhR was visualized and
evaluated using a fluorescence microscope. Percentage of
cells with nuclear AhR was calculated by visual comparison
of antibody signal intensity in the nucleus and cytosol, when at
least four random locations per sample with approximately
100 cells were evaluated. Experiments were performed in
two consecutive cell passages, with all tested compounds in
duplicate. The representative images are shown together with
an inset containing the total and AhR-positive counts of cells.

representative experiment is shown.The level ofCYP1A1mRNAwasdeterminedbyRT-PCRand thedatawerenormalized to theGAPDHmRNA level.Dataare
mean 6 S.D. from experiments performed in triplicate. *P , 0.05 indicates a value different from control cells. (G) Chemical structures of tested compounds.
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partial agonist of AhRs (Rasmussen et al., 2016). Another
methylated indole, xenobiotic 2-Me-indole, was described as an
activator of AhRs in aquatic species (Brown et al., 2015, 2016).
In addition, the activation of the human AhR in gene reporter
assays was observed for 3-Me-indole, but not for 2-Me-indole and
1-Me-indole; however, experiments were performed only up to
10mMconcentrations ofmethylindoles (Hubbard et al., 2015). To
add to the complexity of the interactions, it is important to note
that with all of these indoles, on a systems level, AhR agonists
like the classic indole molecule could, in a context-dependent
manner, act as antagonists (Jin et al., 2014). Thus, studies were
also conducted in the antagonist mode to characterize the effect
of potential agonists on strong (dioxin) mediated AhR activation.
Interestingly, besides 1-Me-indole, 2-Me-indole, and 3-Me-

indole, other methylated indoles were not studied for their
capability to activate or inhibit AhRs, despite their chemical
simplicity and structural similarity. On the topic of biologic
relevance or physiologic relevance of the indoles studied, only
skatole is made endogenously in humans and rodents. The
others, while being xenobiotics, have biologic effects in
other species, and when making them to test against AhRs

could have biologic relevance to humans. One example is
5-MeO-2-Me-indole, which is an environmental pollutant that
mimics signaling by peptide hormones in some jellyfish during
strobilation (Fuchs et al., 2014). In addition, the relevance of
studying other exogenous or xenobiotic indoles with respect
to AhRs is that it completes our knowledge of which steric
positions of the methyl group hinder or enhance AhR activity.
This information is seminal to developing skatole-like ana-
logs; specifically those placing certain R groups on certain
carbons on the indole ring, which could assist in further
obtaining potent and drug-like molecules. Structure/function
in this regard would be crucial to know when developing
skatole-like mimics that enhance AhR activity (e.g., for use as
anti-inflammatory agents, etc.). The importance of evaluating
the structure/function of xenobiotic indoles with respect to
AhRs, is that it will help future drug-like discovery efforts with
respect to the stereochemistry of methylation and methoxyla-
tion of simple indoles and these compounds. In general, these
compounds are nontoxic and are likely contenders for future
drug-like AhR activity. Thus, the importance of studying these
chemical entities lies in their ability to focus efforts on very
simple indoles that would be potent yet nontoxic molecules for
in vivo modulation of AhRs.
In the current paper, we studied the effects of monomethyl-

(seven isomers), dimethyl- (four isomers), trimethyl- (two iso-
mers), monomethoxy- (four isomers), dimethoxy- (two isomers),
andmonomethyl-monomethoxy indoles (two isomers) on AhR-
CYP1A1 signaling. Using one hybrid gene reporter assay (AZ-
AHR cells) and measurement of CYP1A1 mRNA levels, we
identified highly efficacious agonists of AhR involving 4-Me-
indole, 6-Me-indole, and 7-MeO-indole, displaying relative
efficacies of 134%, 91%, and 80%, respectively, compared with
5 nM dioxin. On the other hand, the tested compounds have
much lower potencies (higher EC50 values) at AhRs compared
with dioxin. However, their physico-chemical and structural
properties are suitable for drug-able substances. In particular,
in accordancewith Lipinski’s rule of five, and related rules, the
tested compounds have molecular masses ranging from 131 to
177 Da, which is much less than 500 or 300 Da, determined as
the limit values by Lipinski’s rule of five or modified rule of
three, respectively. Similarly, octanol-water partition coeffi-
cient log P for tested compounds is in the range from 2.12 to
3.31, which is again much lower than log P , 5 required by
Lipinski’s rule of five. Therefore, the testedmethylindoles and
methoxyindoles are suitable for lead discovery in future drug-
like modifications (Teague et al., 1999). Substantial antago-
nist activities (IC50; ∼15 mM) were achieved by 3-Me-indole,
2,3-diMe-indole, and 2,3,7-triMe-indole. Rasmussen et al.
(2016) observed time-dependent activation of the AhR by
3-Me-indole, peaking at 8 hours after incubation; i.e., relative
efficacy of 3-methylindole was higher after 8 hours com-
pared with 24 hours after incubation. For this reason, and
also to register possible metabolic degradation of the indoles,
we tested all derivatives at two incubation times, i.e., 8 and
24 hours. We confirmed the observations of Rasmussen et al.
(2016) for weak activators (e.g., 2-Me-indole and 3-Me-indole)
in lower concentrations. On the other hand, strong activators
of AhRs such as 4-Me-indole, 5-Me-indole, 6-Me-indole, and
7-MeO-indole caused progressive increase of luciferase activ-
ity expressed as both absolute and relative efficacy.
Taking into account that methyl substitution at position

4 and methoxy substitution at position 7 result in massive

Fig. 7. Chromatin immunoprecipitation: ChIP (AhR–CYP1A1). HepG2
cells were treated as described in Materials and Methods and subjected to
ChIP analysis using anti-AhR antibody. (A) Representative DNA frag-
ments amplified by PCR analyzed on a 2% agarose gel are from the third
experiment. (B) Association of AhR to CYP1A1 promotor was quantified by
real-time PCR. Results shown represent three independent experiments
and are expressed as fold enrichment to vehicle (DMSO) control.
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activation of the AhR, we anticipated that coupled compound
7-MeO-4-Me-indole, should act as a superactivator of the AhR.
Surprisingly, 7-MeO-4-Me-indole displayed approximately
10 times lower relative efficacy compared with that of 4-Me-
indole and 7-MeO-indole. In addition, while 4-Me-indole
and 7-MeO-indole augmented TCDD-inducible AhR activity,
7-MeO-4-Me-indole displayed an antagonist effect on AhR.
Incubation of AZ-AHR cells with mixtures of 4-Me-indole
and 7-MeO-indole clearly showed enhanced activation of the
AhR compared with the incubations of individual com-
pounds in a wide array of concentration ratios. Consistently,
synergistic induction of CYP1A1 mRNA by a mixture of
4-Me-indole and 7-MeO-indole was observed. Collectively,
whereas combining 4-Me and 7-MeO substituents in cou-
pled molecule 7-MeO-4-Me-indole resulted in drastic de-
crease of efficacy, combining 4-Me-indole and 7-MeO indole
in a mixture caused synergistic activation of the AhR. A
speculative explanation for such behavior could be the
binding of more than one indole-derived molecule to the

AhR protein, which in the future could be verified using the
AhR ligand binding domain and/or protein mutants. This is
consistent with the finding by Hubbard et al. (2015), who
performed homology docking and found that two molecules
of indole or 3-Me-indole can effectively mimic the binding of
indirubin in the human AhR.
Indeed, molecular modeling revealed that the binding

mode of strong AhR agonists 4-Me-indole and 7-MeO-indole
shows several favorable interactions with the AhR residues
lining the binding pocket. This pocket was previously vali-
dated for the binding of TCDD and other indole molecules
using modeling and site-directed mutagenesis studies (Motto
et al., 2011; Soshilov and Denison, 2014). In particular,
agonist binding is dominated by strong arene interactions
with Gln383, aromatic interactions with Phe324 and His291,
and hydrogen bond with Thr289. Agonist binding is also
coordinated by several hydrophobic and hydrophilic interac-
tions, likely contributing to the high affinity of 4-Me-indole
and 7-MeO-indole. Given the small size of 4-Me-indole and

Fig. 9. Schematic representation of AhR ligand binding domain dockedwith antagonists 3-Me-indole (A), 2,3-diMe-indole (B), and 2,3,7-triMe-indole (C).
All antagonists bind to the same pocket as the agonists and share a conserved hydrogen bond interaction between the amine group and threonine 289 or
arene interactions with aromatic residues in the pocket. All residues that lie within a 5 Å radius from the center of the binding pocket are listed and
colored according to their amphiphilicity profile. The schematic legend details the nature of the interactions of antagonists with the residues in the
binding pocket. The images were generated using the ligand interactions module in the MOE program.

Fig. 8. Schematic representation of AhR ligand
binding domain docked with agonists TCDD (A),
4-Me-indole (B), 6-Me-indole (C), and 7-MeO-indole
(D). TCDD binds favorably to the pocket with several
hydrophobic residues facilitating the interactions
with the TCDD core. All indole-substituted agonists
bind with a similar binding mode and have conserved
arene or cation-pi interactions with the aromatic ring
of indole and hydrogen bond interaction with the
amine group. In addition, many aromatic and hydro-
phobic residues facilitate the binding of these mole-
cules. All residues that lie within a 5Å radius from the
center of the binding pocket are listed and colored
according to their amphiphilicity profile. The sche-
matic legend details the nature of the interactions of
agonists with the residues in the binding pocket. The
images were generated using the ligand interactions
module in the MOE program.
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7-MeO-indole, we observed that both of these compounds can
simultaneously bind to the AhR ligand binding domain, and
hence may have a synergistic effect on the AhR.
The binding mode of antagonists such as 3-Me-indole, 2,3-

diMe-indole, and 2,3,7-triMe-indole suggests that all of these
molecules also bind to the same pocket as agonists, suggesting
competing binding properties; however, antagonists bind with
lower binding scores. These results are in close agreement
with our in vitro results. The antagonist interactions are
mediated by a hydrogen bond interaction with T289 in the
case of 3-Me-indole and arene interactions with Phe351.
Collectively, this is a systematic study that shows critical

indole carbons andmodifications on those carbons that dictate
AhR activity. We have also shown that some indoles, which
are active as AhR agonists, could in a context-dependent
manner (i.e., the presence of dioxin) act as antagonists. This
could be studied further in the future using indole as the
activator rather than dioxin. Modeling provides a theoretical
binding mode based on well-conceived and clear experimental
data. Future studies would involve proof of these binding
models using mutants of the AhR at the genetic and protein
level. In short, we have provided a very discrete structure-
function analysis of methylated andmethoxylated indoles (Jin
et al., 2014) that allows for future application of these data
toward a systems biology study of indoles and host health.
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