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ABSTRACT

Dietary flavonoids are used in treatment of multiple diseases, and their antiinflammatory effects in the intestine are due, in
part, to interactions with gut microflora and possibly due to modulation of aryl hydrocarbon receptor (AhR) signaling. In
this study, we investigated the structure-dependent AhR activity of 14 flavonoids in Caco2 colon cancer cells using
induction of CYP1A1 and UGT1A1 gene expression as endpoints. A major structural determinant for AhR activation was the
number of hydroxyl groups where pentahydroxyflavonoids (with the exception of morin) > hexahydroxyflavonoids > tetra-/
trihydroxyflavonoids, and some of the latter compounds such as apigenin exhibited AhR antagonist activity for induction of
CYP1A1. Simulations suggest that while quercetin and apigenin interact primarily with the same residues, the strength of
interactions between specific AhR residues with CYP1A1 agonist, quercetin, in comparison with CYP1A1 antagonist,
apigenin, is different; thus, such interactions are presumably indicative of potential switches for modulating CYP1A1
activity. The structure-dependent effects of the hydroxyl flavonoids on induction of UGT1A1 were similar to that observed
for induction of CYP1A1 except that luteolin and apigenin induced UGT1A1 levels similar to that observed for TCDD,
whereas both compounds were AhR antagonists for CYP1A1. Thus, the effects of the flavonoids in Caco2 cells on
Ah-responsiveness and interactions with butyrate were both ligand structure- and response-dependent and these
activities are consistent with hydroxyflavonoids being selective AhR modulators.

Key words: structure-activity; flavonoids; Ah receptor ligands; Caco2 cells; CYP1A1; UGT1A1.

Flavonoids are a class of polyphenolic secondary metabolites
that are produced primarily in fruits and vegetables, and these
compounds are generally recognized as health promoting and
are components of traditional medicines and commercially-
available nutraceuticals (Aoki et al., 2000; Havsteen, 2002;
Panche et al., 2016; Ross and Kasum, 2002). A review of the liter-
ature shows that flavonoids are used in the treatment of multi-
ple health problems including viral and bacterial infections,
inflammatory conditions, cardiovascular disease, and cancer

(Aoki et al., 2000; Havsteen, 2002; Panche et al., 2016; Ross and
Kasum, 2002). Flavonoids contain a common 4-H-chromen-4-
one (chromone) ring structure with a phenyl substituent at C-2
or C-3 and hydroxyl substituents in both the chromone and
phenyl rings and include flavones, flavonols, and isoflavones.
Anthocyanins which are substituted flavylium cations (2-phe-
nylbenzopyrilium) are often classified as flavonoids. The com-
plexity of flavonoid structures is due not only to their degree of
hydroxylation and position of the hydroxyl substituents, but
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also various degrees of hydroxyl group methylation and glyco-
sylation. The health-promoting properties of flavonoids and
polyphenolics are due to multiple activities including their anti-
oxidant and antiinflammatory effects, direct or indirect inhibi-
tion of key enzymes and pathways, and interactions with other
sub-cellular targets including receptors such as the estrogen re-
ceptor and aryl hydrocarbon receptor (AhR) (Hertog et al., 1997;
Hugel et al., 2016; Kim et al.,, 2004a; Kumar and Pandey, 2013;
LeJeune et al., 2015; Panche et al., 2015; Pietta, 2000; Salaritabar
etal., 2017; Vezza et al., 2016; Xue et al., 2017).

There is growing evidence in laboratory animal studies that
flavonoids protect against inflammation of the gastrointestinal
tract (Salaritabar et al., 2017; Vezza et al., 2016) and this includes
flavonoids such as quercetin, morin, kaempferol, and luteolin
(Galvez et al.,, 2001; Guazelli et al., 2013; Kwon et al., 2005;
Nishitani et al., 2013; Ocete et al., 1998; Park et al., 2012). The di-
rect use of individual flavonoids and polyphenolics for treating
inflammatory intestinal conditions in humans has been limited
(Algieri et al., 2015; Dryden et al., 2013) but warranted based on
the successful studies in laboratory animals (Salaritabar et al.,
2017; Vezza et al., 2016). The effects of flavonoids on the gut and
other organs/tissues are also modulated by their interactions
with gut microbiota in which these compounds not only un-
dergo microbial metabolism, but they also change the composi-
tion of the microbial population (Cassidy and Minihane, 2017;
Espin et al.,, 2017). Metabolism of flavonoids is dependent on
multiple factors including the composition of gut microbiomes;
however, deglycosylation is one of the initial steps and results
in formation of flavonoids and polyphenolics with only their
base structure and fewer glycoside derivatives (Cassidy and
Minihane, 2017). Polyphenolics can also modulate gut micro-
biota composition resulting in an enhanced diversity (Espin
et al., 2017).

Research in our laboratories is focused on the role of the AhR
in protecting the gut against inflammation and cancer and this
includes characterization of the AhR agonist and antagonist ac-
tivities of microbiota-derived AhR ligands (Cheng et al., 2015,
2017; Jin et al., 2014, 2017). Flavones and flavonols are dietary
components and several hydroxyflavonoids including apigenin,
luteolin, galangin, quercetin, kaempferol, and naringenin com-
petitively bind to the AhR (Ashida et al, 2000).
Hydroxyflavonoids have previously been investigated as AhR
agonists or antagonists (Allen et al., 2001; Ashida et al., 2000;
Ciolino et al., 1998, 1999; Kim et al., 2004b; Puppala et al., 2007;
Van der Heiden et al., 2009; Xue et al., 2017; Yannai et al., 1998;
Zhang et al., 2003); however, some reports have been contradic-
tory and this may be due, in part, to the assay system used and
cell context. Although flavonoids have been characterized as
AhR ligands, their structure-dependent activities as AhR ago-
nists or antagonists have not been investigated and most of
these studies have only focused on CYP1Al-related response
readout. In this study, we have investigated the structure-
activity relationships among a series of 14 flavones/flavonols as
AhR agonists or antagonists for 2 Ah-responsive genes (CYP1A1
and UGT1A1) in Caco2 colon cancer cells and the results show
that major determining factors are the number and position of
the hydroxyl groups and the specific response. Moreover, we
also show that designation of a compound as an AhR agonist or
antagonist is dependent on which Ah-responsive gene is used
as an assay endpoint. Modeling studies show interactions of
quercetin and apigenin in the AhR binding pocket. Both querce-
tin and apigenin interact with the binding pocket residues of
AhR. Similarities and differences in the strength of interactions
of quercetin, apigenin, and additionally TCDD (Jin et al., 2017) to

AhR residues can shed light on interactions that may act as
switches inducing agonist activity.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents. The Caco2 human colon cancer
cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) nutrient mixture
supplemented with 20% fetal bovine serum (FBS), 1x MEM non-
essential amino acid solution (Gibco), and 1x antibiotic/antimy-
cotic reagent (Sigma-Aldrich) at 37°C in the presence of 5% CO..
Human CYP1A1 and AhR antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA), and p-actin was purchased
from Sigma-Aldrich (St. Louis, MO). GAPDH, Acetyl-H3K27, and
Acetyl-H3K8 antibodies were purchased from Cell Signaling
(Beverly, MA). All flavonoid compounds were purchased from
INDOFINE Chemical Company (Hillsborough, NJ). For single
dose experiments with the flavonoids, 100 uM concentrations
were used except for quercetin (10 uM; maximal CYP1A1 induc-
tion), gossypetin (10 uM; higher concentrations were toxic), and
luteolin, kaempferol, and apigenin (10uM; higher concentra-
tions were poorly soluble).

Chromatin immunoprecipitation assay. The chromatin immunopre-
cipitation (ChIP) assay was performed using ChIP-IT Express
Magnetic Chromatin Immunoprecipitation kit (Active Motif,
Carlsbad, CA) according to the manufacturer’s protocol. Caco2
cells were treated with sodium butyrate overnight, and TCDD
was subsequently added into the media for 2h prior to cell har-
vest. Cells were then fixed with 1% formaldehyde, and the
cross-linking reaction was stopped by addition of 0.125M gly-
cine. After washing twice with phosphate-buffered saline, cells
were scraped and pelleted. Collected cells were hypotonically
lysed, and nuclei were collected. Nuclei were then sonicated to
desired chromatin length (~200-1500bp). The sonicated chro-
matin (25 pg) was immunoprecipitated with primary antibodies
(25 pg) and protein A-conjugated magnetic beads at 4°C for 12 h.
After the magnetic beads were extensively washed, protein-
DNA crosslinks were reversed and eluted. DNA was prepared by
proteinase K digestion followed by PCR amplification. The hu-
man CYP1A1 primers were 5'-TCA ATC AAG AGG CGC GAA CCT
C-3' (sense), and 5'-CTA CAG CCT ACC AGG ACT CG-3' (anti-
sense), and then amplified by targeting a 203-bp region of hu-
man CYPIAl promoter which contained the AhR binding
sequences. The human UGT1A1 primers were 5-GTG TTA TCT
CAC CAG AAC AAA-3' (sense) and 5'-TAC CCT CTA GCC ATT
CTG-3' (antisense), and subsequently amplified by targeting a
190-bp region of human UGT1A1 promoter, which contained the
AhR-binding sequences. PCR products were resolved on a 2%
agarose gel in the presence of ETBR.

Quantitative real-time reverse transcriptase PCR. cDNA was pre-
pared from the total RNA of cells using High Capacity RNA-to-
cDNA Kit (Applied Biosystems, Foster City, CA). Each PCR was
carried out in triplicate using Bio-Rad SYBR Universal premix
for 1min at 95°C for initial denaturing, followed by 40 cycles of
95°C for 15s and 60°C for 1min in the Bio-Rad iCycler (MyiQ™?2)
real-time PCR System. The comparative CT method was used
for relative quantitation of samples. Values for each gene were
normalized to expression levels of TATA-binding protein (TBP).
The sequences of the primers used for real-time PCR were
as follows: CYP1A1 sense 5'-GAC CAC AAC CAC CAA GAA C-3/,
antisense 5'-AGC GAA GAA TAG GGA TGA AG-3'; UGT1A1 sense
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5-GAA TCA ACT GCC TTC ACC AAA AT-3/, antisense 5-AGA
GAA AAC CAC AAT TCC ATG TTC T-3'; TBP sense 5-GAT CAG
AAC AAC AGC CTG CC-3, antisense 5-TTC TGA ATA GGC TGT
GGG GT-3'.

Western blot analysis. Cells (3x10°) were plated in 6-well plates in
DMEM media containing 2.5% FBS for 24 h and then treated with
different concentrations of the compounds. Cellular lysates were
prepared in lysis buffer containing 50mM HEPES, 0.5M NacCl,
1.5mM MgCl,, 1mM EGTA, 10% glycerol, and 1% Triton-X-100,
each 1x protease and phosphatase inhibitor cocktail (GenDEPOT),
and 1% NP-40. The cells were disrupted and extracted at 4°C for
30 min. After centrifugation, the supernatant was obtained as the
cell lysate. Protein concentrations were measured using the Bio-
Rad protein assay. Aliquots of cellular proteins were electrophor-
esed on 10% SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to a PVDF membrane (Bio-Rad, Hercules, CA). The
membrane was allowed to react with a specific antibody, and de-
tection of specific proteins was carried out by enhanced chemilu-
minescence. Loading differences were normalized using a
polyclonal p-actin or GAPDH antibody.

Generation of AhR-deficient Caco2 cells. Two AhR CRISPR guide
RNAs, in a Cas9 vector (pSpCas9 BB-2A-GFP PX458) which also
expresses GFP, were purchased from GenScript (Piscataway, NJ).
Sequences of the guide RNAs were 5-AAG TCG GTC TCT ATG
CCG CT-3' and 5'-AGA CCG ACT TAA TAC AGA GT-3'. Caco2 cells
were transfected with each plasmid and 48h later, cells were
sorted by flow cytometry to collect the 5% highest GFP express-
ing cells. Clonal cells were grown and tested for knock-out of
AhR protein by Western blots and CYP1A1 mRNA induction fol-
lowing treatment with TCDD and analysis by RT-PCR.

Ethoxyresorufin-O-deethylase assay. Cells (1.5x10°) were plated in
12-well plates for 24h and then treated with solvent control (0.2%
v/v DMSO) or compounds dissolved in DMEM medium (no phenol
red) containing 2.5% charcoal stripped FBS. After 24h, the treat-
ment medium was replaced with DMEM medium (no phenol red)
containing 10 uM ethoxyresorufin for incubation. After 3h of incu-
bation, 100 ul medium (without cells) was transferred to a 96-well
opaque black-wall solid-bottom plate. Resorufin-associated fluo-
rescence was measured using the Synergy Mx (BioTek) microplate
reader with excitation at 535nm and emission at 590nm (9nm
bandwidth for both). Media containing 10 uM ethoxyresorufin or
10 pM resorufin were used as negative (background) and positive
controls, respectively.

Statistics. All of the experiments were repeated a minimum of
three times. The data are expressed as the means *+ SD.
Statistical significance was analyzed using either Unpaired-
Student’s t test (two-tailed) or analysis of variance (ANOVA)
test. A p value of <.05 was considered statistically significant.

Modeling of the human AhR protein. Residues 247 through 406
(sequence HGQKKKGKDG-SILPPQLALF-AIATPLQPPS-ILEIRTKNFI-
FRTKHKLDFT-PIGCDAKGRI-VLGYTEAELC-TRGSGYQFIH-AADMLY
CAES-HIRMIKTGES-GMIVFRLLTK-NNRWTWVQSN-ARLLYKNGRP-
DYIIVTQRPL-TDEEGTEHLR-KRNTKLPFMF) of the human AhR
were investigated in complex with both quercetin and apige-
nin. The human AhR protein domain investigated in this
study is analogous to the mouse AhR (mAhR) protein domain
we investigated in complex with TCDD and DHNA (Jin et al.,
2017). The investigated human AhR residues were extracted
from the crystal structure of human AhR in complex with
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(5S, 7R)-5,7-bis(3-bromophenyl)-4,5,6,7-tetrahydrotetrazolo[1,5-
a]pyrimidine, a tetrazole-containing antagonist [PDB ID: 4XT2
(Scheuermann et al., 2015)], and residues missing from the
crystal structure were modeled using I-TASSER (Yang et al,,
2015). The N- and C-terminal ends of the modeled protein
were acetylated and amidated to avoid errors due to the artifi-
cial placement of positively and negatively charged groups at
the backbone termini of the truncated ends of the modeled
systems under investigation.

Docking quercetin and apigenin to AhR. To investigate the docking
of quercetin and apigenin to human receptor AhR, we employed
our in-house developed docking protocol which was previously
used to determine interactions within the binding pocket of
AhR (Jin et al., 2017). In brief, this protocol can be considered as a
tool to refine and elucidate the structure of a docked ligand into
a receptor’s binding pocket by combining the following features:
(1) the use of short MD docking simulations to nearly exhaus-
tively search conformations of the ligand within the receptor
binding pocket; (2) the use of both harmonic and quartic spheri-
cal potentials to constrain the ligand within the binding pocket
during the multiple short docking simulations; and (3) the use
of all-atom, explicit water MD simulations and free energy cal-
culations are used elucidate the most energetically favorable
binding mode of the ligand in complex with the receptor. As a
result, the most energetically favorable binding modes of quer-
cetin and apigenin independently in complex with AhR were
identified, analogously to our previous study elucidating the
most energetically favorable binding mode of TCDD and DHNA
in complex with mAhR (Yang et al., 2015). The docking proce-
dure followed is described below.

Quercetin and apigenin were independently positioned into
the binding site of AhR by structural superposition to the exper-
imentally resolved (5S, 7R)-5,7-bis(3-bromophenyl)-4,5,6,7-tet-
rahydrotetrazolo[1,5-a]pyrimidine via the ShaEP algorithm
(Vainio et al., 2009). The structures for both quercetin and apige-
nin were obtained from the ZINC database (Irwin and Shoichet,
2005) and were parameterized using CGenFF (Vanommeslaeghe
and MacKerell, 2012). Six separate docking simulation systems
were introduced independently to investigate the binding of
quercetin and apigenin to AhR. In the docking simulations, each
ligand independently was constrained using harmonic or quar-
tic potential energy functions to the docked binding site
through the MMFP module of CHARMM (Brooks et al., 2009).

In Systems 1 through 4, the harmonic spherical potential
was enacted on the ligands. The harmonic spherical potential is
defined by Equation (1):

B(r) = 210~ (V2] +[E() =0 ¥ 1 < Togel, &

where E(r) is the potential and r is the difference between the
ligands’ initial and new center of mass, and ot iS a user de-
fined offset such that the potential is zero if r is less than rget.

In Systems 5 and 6, the quartic spherical potential enacted
on the ligands. The quartic spherical potential is defined by
Equation (2):

[E(Y) =25-(r— roffset)z : ((l’ - 7‘offs.et)z - 1)] : [E(Y) =0Vr< 7‘offset]~
@

where E(r) is the potential, r is the difference between the
ligands’ initial and new center of mass, and 7yt is a defined
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offset distance such that the potential is zero if r is less than
Toftset- The quartic spherical potential simultaneously constrains
the ligand to the binding site while energetically encouraging
the ligand to explore docking poses at which the center of mass
will not coincide with the center of mass of its initial
placement.

In System 1, ryfser is set to 0.5 A;in System 2, Tosfset iS set to
1.5A; in System 3, Tofeet iS S€t t0 2.5 A;in System 4, Tosset 1S Set
to 3.54;1in System 5, Tofrser S€t t0 0.5 A;in System 6, Tofsset 1S Set to
1.5A. In each of the six separate docking simulation systems, 20
independent runs comprising 200 short 2 ps simulations were
performed. In each step, prior to the short MD simulation run,
the ligands were independently rotated about a randomly gener-
ated axis. After the short MD simulation run, an energy minimi-
zation was performed on the complex conformation and the
structure was saved for evaluation. This procedure resulted in
the generation of 4000 binding conformations for each ligand-
AhR complex per docking simulation system. As an initial
screening, out of the 4000 complex structures produced per sys-
tem, we extracted the 3 complex structures with the lowest in-
teraction energy for further analysis. This resulted in 18 docking
conformations of quercetin-AhR complex and 18 docking confor-
mations of apigenin-AhR complex extracted for further investi-
gation using MD simulations and free energy calculations. The
18 binding modes for both the quercetin-AhR and apigenin-AhR
complexes were named based on which docking system they
originated from. For example, binding mode 05q1 originated
from System 5, which uses a quartic spherical potential with an
Toftset OF 0.5 A, and was the binding mode with the lowest interac-
tion energy value within System 5; binding mode 25h3 originated
from System 3, which uses a harmonic spherical potential with
an Toee; Of 2.5 A, and was the binding mode with the second low-
est interaction energy value within System 3.

MD simulations were introduced in order to refine the
extracted ligand-AhR structures, optimize intermolecular interac-
tions, determine the structural stability of the selected binding
modes, and assess-identify the most energetically favorable bind-
ing modes of the quercetin-AhR and apigenin-AhR complexes.
The structures corresponding to the 18 selected quercetin-AhR
docking conformations and the 18 selected apigenin-AhR docking
conformations were used as initial structures for the 36 indepen-
dent MD simulations. All MD simulations of the 36 systems under
investigation were performed in explicit solvent using CHARMM
(Carney et al, 2008) and CHARMM36 topology and parameters
(Vanommeslaeghe et al., 2010) with periodic boundary conditions.

Subsequently, the Molecular Mechanics Generalized Born
Surface Area (MM-GBSA) approximation was introduced to
identify the most energetically favorable conformation of quer-
cetin and apigenin in complex with AhR (Carney et al., 2008;
Sambuy et al., 2005; Tamamis et al., 2012; Yang et al., 2015). We
calculated the association-free energy of the 18 complexes per
ligand over the 10 ns production runs using snapshots extracted
from the simulations every 20 ps. The simulations of the
quercetin-AhR and apigenin-AhR binding modes with the most
favorable MM-GBSA association-free energies (eg, lowest MM-
GBSA association-free energies) were selected as the ones repre-
senting the most likely naturally occurring binding conforma-
tions of the 2 ligands in complex with AhR.

Per AR residue interaction free energy analysis. To determine the
key interactions occurring in the lowest association free energy
simulated binding modes, the average per AhR residue inter-
action-free energies between the AhR protein and each ligand of
the structures with the lowest MM-GBSA binding-free energies

were calculated for the 50 ns production runs in intervals of 20 ps
(Tamamis et al., 2012; Tamamis et al., 2010; Yang et al., 2015).

RESULTS

Ah-Responsiveness of Caco2 Cells to Flavonoids: Induction of
CYP1A1 and UGT1A1

Initial screening of 14 flavonoids (Figure 1A) (10-100puM) as
inducers of CYP1A1 in CaCo2 cells showed that the most obvi-
ous structure-dependency was the number of hydroxyl groups.
The hexahydroxy analogs myrcetin and gossypetin induced
<20% of the maximal response observed for 10nM TCDD
(Figure 1B). In contrast, 4 of the 5 pentahydroxyflavonoids (quer-
cetin, taxifolin, 5,7,3',4',5-pentahydroxyflavone and robinetin)
induced >50% of the maximal response observed for TCDD
(Figure 1C). Morin was the only outlier among the pentahydroxy
compounds, and the results suggest that maximal induction ac-
tivity required at least 2 of 3'-, 4, and 5'-hydroxyl groups in the
phenyl ring, whereas the 2',4’-dihydroxyl substituents in morin
resulted in decreased induction of CYP1A1. The tri- and tetrahy-
droxyflavonoids (10-100 uM) only minimally induced CYP1A1l
mRNA (Figure 1D). Among the 7 tetra- and trihydroxyflavones,
only the 3,6,2',4-substituted compound induced CYP1A1l pro-
tein, whereas induction was observed for all pentahydroxy fla-
vonoids (Figure 1E). TCDD induced CYP1Al protein and
downregulated AhR protein expression; however, among the
flavonoids, only the pentahydroxy compounds decreased AhR
expression but the decrease was much less than observed for
TCDD. Figure 1F summarizes the induction of ethoxyresorufin-
O-deethylase (EROD) activity by 3,6,2',4-tetrahydroxy flavone,
quercetin, morin, robinetin, and myrcetin, and the remainder of
the compounds were inactive (data not shown). The induction
of CYP1A1 protein and EROD activity by morin was relatively
low compared to TCDD but higher than observed for CYP1A1
mRNA (Figure 1C) and this is currently being investigated.

TCDD (10nM) induced expression of another Ah-responsive
gene, UGT1A1, by >3-fold (Figure 2A) and this was significantly
lower than the >250-fold induction of CYP1A1 mRNA (Figure 2B).
However, the structure-activity relationships among the hexa-
and pentahydroxyflavonoids for induction of CYP1Al and
UGT1A1 were similar except that compounds weakly activating
CYP1A1 (myrcetin, gossypetin, and morin) did not significantly
induce UGT1A1 expression (Figs. 2A and 2B). The fold induction
of UGT1A1 observed for 10-100 M quercetin and robinetin were
equal to or greater than the induction observed for TCDD. The
most dramatic differences in the induction of UGT1A1 compared
to CYP1A1 were observed for the tetra- and trihydroxyflavonoids
(luteolin and apigenin, respectively) where their fold induction
response was similar to that observed TCDD (Figure 2C). Using
CRISPR/Cas9 technology, we knocked down the AhR in CaCo2
cells (Figure 2D) and the 2 cell lines (KO1 and KO2) expressed low
background levels of the AhR. The KO2 cell line was used as a
model and we observed that TCDD, quercetin, taxifolin, morin,
robinetin, luteolin, and apigenin did not induce CYP1Al
(Figure 2E) or UGT1A1 (Figure 2F), and similar results were ob-
served in KO1 cells (data not shown), demonstrating that the
hydroxyflavonoid-induced responses were AhR-dependent.

Modeling of Quercetin and Apigenin in Complex With AhR to Identify
the Most Energetically Favorable Binding Conformations

The quercetin-AhR and apigenin-AhR binding modes acquiring
the lowest MM-GBSA association free energy across all 18 simu-
lated quercetin-AhR and apigenin-AhR binding modes,
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(HO)s : 3,5,7,3',4',5" (myricetin); 3,5,7,8,3",4" (gossypetin)

(HO)s : 3,5,7,3",4' (quercetin); 3,5,7,3" 4’ (taxifolin)*
51,345 ;35,12 4 (morin); 3,7,3",4",5 (robinetin)

(HO)=4 : 5,7,3" 4’ (luteolin); 3,5,7,4" (kaempferol); 3,7,3",4’ (fisetin)
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Figure 1. Flavonoids as inducers of CYP1A1 in Caco2 cells. (A) Structure of flavonoids used in this study. Induction of CYP1A1 by hexahydroxy (B), pentahydroxy- (C)
and tetra-/trihydroxy flavonoids (D). Cells were treated with TCDD and hydroxyflavonoids for 18 h, and mRNA expression was determined by real-time PCR. Results
are expressed as means * SD for 3 replicate determinations, and significant (p <.05) induction is indicated (*). (E) Caco2 cells were treated with TCDD and hydroxyflavo-
noids for 24 h, and whole cell lysates were analyzed by Western blots. EROD activity (F) was determined for all compounds and only those that significantly (p <.05) in-
duced activity are shown. The rationale for the hydroxyflavonoid concentrations are outlined in the Materials and Methods.

respectively, were selected for further analysis. The quercetin-
AhR binding mode 1593 and the apigenin-AhR binding mode
05h3 were selected for further investigation. Apigenin-AhR bind-
ing modes 15h1l and 25h3 have the second and third lowest
association-free energy values of the 18 binding modes investi-
gated and have similar binding modes within the AhR binding
site as the lowest association free energy binding mode 05h3.
Thus, apigenin-AhR binding modes 15h1 and 25h3 were not ana-
lyzed further. The average association free energies of the simu-
lated quercetin-AhR and apigenin-AhR binding modes are shown
in Figures 3A and B. The binding modes were named based on
which docking system they originated from. For example, binding
mode 15q3 originated from System 6, which uses a quartic spher-
ical potential with an rogee of 1.5 A, and was the binding mode
with the third lowest interaction energy value within System 6.

Interactions Between Quercetin and AhR

The average per-residue interaction-free energy between AhR
residues and quercetin are decomposed into polar and non-
polar contributions, and interactions with average interaction-
free energy values <—1.0kcal/mol are presented in Figure 4A. In
the simulation of the selected quercetin-AhR complex structure,
the hydroxyl group at position 3 of quercetin forms a hydrogen
bond with the ND group of His337; the hydroxyl group at posi-
tion 5 of quercetin forms a hydrogen bond with the backbone N
of Gly321; the hydroxyl group at position 7 of quercetin forms a
hydrogen bond with the NE group of GIln383; the hydroxyl group
at position 3’ of quercetin forms a hydrogen bond with the hy-
droxyl group of Ser365; and the hydroxyl group at position 4’ of
quercetin forms a hydrogen bond with the hydroxyl groups of
Ser336 and Ser346. These hydrogen bonds are indicated with
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Figure 2. Flavonoids as inducers of UGT1A1 and role of the AhR. Caco2 cells were treated with hexahydroxy- (A), pentahydroxy- (B), and tetra-/trihydroxy (C) flavonoids
for 18h, and induction of UGT1A1 mRNA levels were determined by real-time PCR. Results are expressed as means = SD for 3 replicate determinations, and significant
(p < .05) induction is indicated (*). (E) Caco2 KO1 and KO2 AhR knockout cells were obtained after CRISPR/Cas9 knockout of the AhR, and whole cell lysates were analyzed
by Western blots. Caco2-AhR-KO2 cells were treated with TCDD and selected hydroxyflavonoids, and induction of CYP1A1 (E) and UGT1A1 (F) mRNA levels were deter-
mined by real-time PCR. Data determination and analysis were obtained as outlined for (A-C). Significantly (p < .05) decreased responses in (E) and (F) are indicated (*).

black dotted lines in Figure 4B. As the binding site of AhR is
highly hydrophobic, the binding of quercetin in AhR is primar-
ily stabilized by non-polar interactions. A n-n interaction is
formed between the aromatic rings of quercetin and Tyr322. In
addition, Van der Waals interactions are formed between quer-
cetin and the side-chain atoms of residues His291, Phe295,
Ile325, Cys333, His337, Met340, Phe351, Ala367, Ile379, and
Val381 as well as the backbone atoms of residues Gly347 and
Asn366 due to their close proximity to the bound quercetin
molecule.

Interactions Between Apigenin and AhR

The average per residue interaction-free energy between AhR
residues and apigenin are decomposed into polar and non-polar
contributions, and interactions with interaction-free energy val-
ues <—1.0kcal/mol are presented in Figure 4A. Residues with
the largest associated interaction-free energy contributions are
presented in Figure 4C. According to the simulation of the se-
lected apigenin-AhR complex structure, the carboxyl O of apige-
nin forms a hydrogen bond with the backbone N of Gly321; the
hydroxyl group at position 7 (according to the position labels in


Deleted Text: ally
Deleted Text: . 
Deleted Text:  
Deleted Text:  
Deleted Text: less than 
Deleted Text: -
Deleted Text:  

A
30
g-as
ﬁ #
= 404
g i
5 s a
8 wE i +-
JRETL PRS-
% . e
§-5s- e
§ o]
g Effaaaf ST q ARG R
Binding Mode o

3

£

g

E-ﬂu- %%

8 f “% 3

£ g _'I! 8 G%

§

. "k i

'g.sg. Egi

3 -

vss-énémiﬁnmﬂr\‘mﬂ“m_’“mﬁ“m
B EEEaa T IARRRAAR

Binding Mode

Figure 3. Average association-free energies (in kcal/mol) of the MD simulated
quercetin (A) and apigenin (B) binding modes. Binding mode names correspond
to each of the 6 docking systems from which the binding mode originated. The
binding mode with the lowest average association free energy, which is selected
for further analysis, is boxed using dotted lines. The average and standard devi-
ation values for the association-free energies were calculated over 4 measure-
ments, of which the first, second, third, and fourth measurements correspond
to the individual average association-free energy of the first, second, third, and
fourth 2.5 ns segment of the 10 ns MD simulation production run.

Figure 4D) of apigenin forms a hydrogen bond with the hydroxyl
group of Ser365; and the hydroxyl group at position 4’ of apige-
nin forms a hydrogen bond with the backbone O of Leu293.
These hydrogen bonds are indicated using black dotted lines in
Figure 4C as well as cyan dotted lines in Figure 4D. Similarly to
quercetin, apigenin also primarily forms hydrophobic interac-
tions with AhR residues. A n-n interaction is formed between
the aromatic rings of apigenin and Tyr322. Hydrophobic interac-
tions are also formed between apigenin and side chain atoms of
His 291, Phe295, His337, Met340, Met348, Ala367, 11e379, Val381,
and GIn383 as well as backbone atoms of Lys292 and Asn366.

Interaction of Flavonoids With TCDD and Butyrate

Previous studies show that some flavonoids exhibit cell-specific
AhR agonist and antagonist activities (Allen et al., 2001; Ashida
et al., 2000; Ciolino et al., 1999; Ciolino et al., 1998; Kim et al.,
2004b; Puppala et al., 2007; Van der Heiden et al., 2009; Xue et al.,
2017; Yannai et al., 1998; Zhang et al,, 2003), and results in
Figure 5A show that 100 pM myricetin and gossypetin do not in-
hibit TCDD-induced CYP1A1 or UGT1A1 mRNA levels in Caco2
cells. The pentahydroxy flavonoids did not inhibit TCDD-
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induced CYP1A1 or UGT1A1 mRNA levels and, for some of these
compounds, the responses were additive (Figure 5B). With the
exception of 3,6,2',3'-flavone and naringenin, all of the flavo-
noids with 4 or 3 hydroxyl substituents inhibited TCDD-induced
CYP1A1 gene expression (Figure 5C), whereas naringenin, apige-
nin, and kaempferol inhibited induction of UGT1A1 by TCDD. A
recent study showed that the short chain fatty acid butyrate,
propionate, and acetate enhanced the activity of TCDD and
other AhR agonist in Caco2 cells (Jin et al,, 2017) and in this
study, we also investigated interactions of butyrate with TCDD
and the hydroxyflavonoids as inducers of CYP1A1 and UGT1A1
in Caco2 cells (Figure 6). Results obtained for the hexa-, penta-,
and tetra-/tri-hydroxyflavonoids showed that cotreatment with
butyrate enhanced flavonoid-induced CYP1A1 gene expression
2-4-fold and similar results were observed for TCDD (Figs. 6A-
C). In contrast, with the exception of 5,7,3',4',5'-flavone, butyrate
enhancement of UGT1A1 induction by the flavonoids was <2-
fold and, for some compounds, no enhancement was observed.
We also examined the effects of butyrate on induction of
UGT1A1 by microbiota-derived AhR ligands (Cheng et al., 2015,
2017; Jin et al., 2014, 2017) and showed that DHNA-induced (but
not tryptamine- or indole-induced) UGT1A1 mRNA levels were
enhanced (Figure 6D). Thus, the effect of the histone deacety-
lase (HDAC) inhibitor butyrate on flavonoid-induced Ah-respon-
sive genes in Caco2 cells was both gene- (ie, CYP1A1 vs UGT1A1)
and structure-dependent. Using quercetin as a model, we inves-
tigated the effects of 1, 2.5, 5, and 10 uM butyrate on induction of
CYP1A1, CYP1B1, and UGT1A1 and 5 or 10 pM quercetin in Caco2
cells. Both concentrations of quercetin exhibited similar induc-
ibility and were significantly enhanced by cotreatment with 1-
10 pM butyrate (Supplementary Figure 1).

We also examined ligand-induced interactions of the AhR
on the CYP1A1 and UGT1A1 gene promoters containing cis-act-
ing dioxin responsive elements using a ChIP assay. TCDD in-
duced AhR binding to the CYP1A1l promoter in Caco2 cells,
whereas only minimal AhR interaction was observed after treat-
ment with quercetin and binding induced by kaempferol and
apigenin was non-detectable (Figure 7A). TCDD also enhanced
H3K27ac and H4K8ac and this has previously been observed for
TCDD (Jin et al., 2017) and is consistent with a more ‘open’ chro-
matin structure and activation of transcription. We also ob-
served that 2 of the AhR antagonists, kaempferol and apigenin,
(Figure 7B) inhibited TCDD-induced recruitment of the AhR to
the CYP1A1 promoter and this is consistent with their AhR an-
tagonist activities. Recruitment of the AhR to the Ah-responsive
region of the UGT1A1 gene promoter and enhanced acetylation
of H3K27 and H4K8 was also observed in Caco2 cells after treat-
ment with TCDD (Figure 7C), whereas apigenin but not kaemp-
ferol induced AhR-DNA interactions. Both apigenin and
kaempferol inhibited TCDD-induced recruitment of the AhR to
the UGT1A1 promoter (Figure 7D) and this was consistent with
their inhibition of induction of UGT1A1 by TCDD in Caco2 cells
(Figure 6C). These studies confirm the structure-dependent AhR
agonist and antagonist activities of flavonoids in Caco2 cells,
and ongoing studies are focused on their in vivo activities and
interactions with microbiota-derived AhR ligands.

DISCUSSION

The health promoting effects of flavonoids and other botanical
extracts have been well-documented and there is evidence that
their interactions with the microbiome contribute to the overall
health impacts of these compounds (Cassidy and Minihane,
2017; Espin et al., 2017; Galvez et al., 2001; Guazelli et al., 2013;
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Figure 4. A, Average interaction-free energies (kcal/mol) decomposed into polar (orange or red) and non-polar (purple or blue) components for AhR interacting residues
in complex with quercetin (first bar per residue), and in complex with apigenin (second bar per residue). The sum of the polar and non-polar components corresponds
to the total average per AhR residue interaction-free energy. Only per residue interactions with total interaction free energies less than —1.0kcal/mol are considered in
the plot. The average polar and non-polar interaction-free energy component values and their standard deviation values were calculated over 4 measurements in
which the first, second, third, and fourth measurement correspond to the individual average interaction-free energy component of the first, second, third, and fourth
12.5ns segment of the 50ns MD simulation production run. Molecular graphics images of (B) the lowest association-free energy binding mode of the quercetin: AhR
complex and (C) the lowest association-free energy binding mode of apigenin: AhR complex. For both panels, the ligand is shown in licorice representation, AhR is
shown in transparent cyan new cartoon representation, and key residues are shown in thin licorice representation. D, 2D diagram of hydroxyl group positions of quer-
cetin and apigenin. The quercetin molecule has hydroxyl groups at positions 3, 5, 7, 3’, and 4'. The apigenin molecule has hydroxyl groups at positions 5, 7, and 4'.
Dotted lines indicate hydrogen bonds to AhR residues. Residue names and dotted lines colored orange indicate interactions to quercetin. Residue names and dotted
lines colored cyan indicate interactions to apigenin.

Kwon et al., 2005; Nishitani et al., 2013; Ocete et al., 1998; Park hydrolysis and these same compounds can also affect the gut
et al., 2012). For example, gut microorganisms metabolically ac- microbial population (Cassidy and Minihane, 2017; Espin et al.,
tivate flavonoid and other polyphenolic conjugates by 2017). There is also evidence that intestinal AhR and its
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Figure 5. Hydroxyflavonoids as AhR antagonists. Caco2 cells were treated with TCDD and hexahydroxy- (A), pentahydroxy- (B), and tetra-/trihydroxy (C) flavonoids
alone or in combination, and inhibition of TCDD-induced CYP1A1 or UGT1A1 gene expression was determined by real-time PCR. Results are expressed as means * SD
for 3 replicate determinations, and significant (p < .05) inhibition of TCDD-induced gene expression is indicated ().

interactions with gut microbiota-derived AhR-active metabo-
lites such as tryptophan and its metabolites and 1,4-dihydroxy-
2-naphthoic acid (DHNA) are important for protection against
gut inflammatory diseases (Fukumoto et al., 2014; Hubbard et al.,
2015; Lamas et al., 2016; Zelante et al., 2013). Thus, diets enriched
in AhR-active compounds such as the flavonoids could also sig-
nificantly alter the overall intestinal exposure to AhR ligands
and modulate their potency.

Bioflavonoids have been extensively investigated as AhR
ligands which exhibit both AhR agonist and antagonist activi-
ties and these compounds vary with respect to structure and
also the cell context and assay used (rev. in Xue et al., 2017). One
study reported the quercetin was a weak agonist/partial antago-
nist in human Hep G2 liver and T47D breast cancer cells
expressing an Ah-responsive luciferase reporter gene (Van der
Heiden et al., 2009). In contrast, quercetin exhibited maximal
(equivalent to TCDD) induction of CYP1A1 mRNA and reporter
gene activity in MCF7 breast cancer cells, and induced gene ex-
pression was maximal after 12h and decreased significantly
24h after treatment (Ciolino et al., 1999). In this study, we inves-
tigated a series of structurally-related hydroxyflavones and
flavanones using Caco2 cells as a model for determining their
AhR agonist/antagonist activities and impact on the gut.
Surprisingly, after completion of the initial concentration-
dependent induction of CYP1A1 mRNA in Caco?2 cells by 14 dif-
ferent compounds, the most apparent structure-dependent

effect was the number of hydroxyl substituents. The order of
potency for induction of CYP1A1 in Caco2 cells was pentahy-
droxyflavones > hexahydroxyflavones > tetra-/tri-hydroxyfla-
vones (Figure 1), and the major exception was morin, a
pentahydroxyflavone, which was weakly active. The only struc-
tural difference between quercetin (highly active) and morin was
the shift of the 3'-hydroxyl group (quercetin) to the 2’- position
(morin), indicating the importance of hydroxyl substitution at
this position for induction of CYP1A1 gene expression. SARs for
induction of UGT1A1 by the pentahydroxyflavones was similar
to that observed for CYP1A1, and the hexahydroxyflavones were
inactive. In contrast, major differences were observed among
the tetra-/tri-hydroxyflavones; kaempferol, fisetin, 3,6,2,3'- and
3,6,2,4-flavone, and naringenin did not induce UGT1Al or
CYP1A1l (Figure 2), whereas luteolin (5,7,3,4'-) and apigenin
(5,7,4'-) maximally induced UGT1A1 (compared to TCDD) but did
not affect CYP1A1 expression. There are some reports showing
that luteolin and apigenin can bind and activate PXR (Dong et al.,
2010; Walle and Walle, 2002; Xu et al., 2015) which regulates ex-
pression of some UGTs; however, this does not explain their
effects on UGT1A1 expression in wild-type Caco2 cells since nei-
ther compound induced UGT1Al1l in Caco2-AhR-KO cells
(Figure 5).

Previous studies show that some flavonoids including
kaempferol exhibit AhR antagonist activities and inhibit TCDD-
induced CYP1A1 (Xue et al, 2017) and, among the flavonoids
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Figure 6. Butyrate effects on hydroxyflavonoid Ah-responsiveness. Caco2 cells were treated with TCDD and hexahydroxy- (A), pentahydroxy- (B), and tetra-/trihydroxy
(C) flavonoids alone or in combination with 5mM butyrate, and butyrate enhanced expression of CYP1A1 or UGT1A1 gene expression was determined by real-time
PCR. (D) The effects of butyrate on microbiota-derived AhR ligands on UGT1A1 expression in Caco2 cells was also determined by real-time PCR. Results are expressed
as means = SD for 3 replicate determinations, and significant (p < .05) butyrate-enhanced gene expression is indicated (*).

used in this study, we observed that most of the tetra-/trihy-
droxyflavones inhibited TCDD-induced CYP1A1l expression in
Caco? cells (Figure 4C). 3,6,2',3'-Tetrahydroxy-, the penta-, and
hexahydroxyflavones exhibited minimal AhR antagonist activ-
ity for induction of CYP1A1 by TCDD, and similar results were
observed for induction of UGT1A1. However, there were some
differences between the tetra-/tri-hydroxyflavones that inhib-
ited TCDD-induced CYP1A1l (luteolin, kaempferol, fisetin,
3,6,2',4'-hydroxyflavone, naringenin, and apigenin) or TCDD-
induced UGT1A1 (kaempferol, naringenin, and apigenin). The
reason for these response-specific differences in the AhR antag-
onist activity of the hydroxyflavones is unclear. A recent study
also reported that HDAC inhibitors such as butyrate enhanced

(2-4-fold) the CYP1A1l inducibility of TCDD and several
microbial-derived AhR ligands (Jin et al., 2017) and this was also
observed for the hydroxyflavonoids (Figure 6). In contrast, with
few exceptions (5,7,3',4,5 -pentahydroxyflavone and robinetin),
butyrate did not enhance polyhydroxyflavone-induced UGT1A1
in Caco2 cells (Figure 6). In Caco2 cells, previous studies showed
that butyrate enhanced the induction of CYP1Al1, CYP1B1,
TIPARP, and AhRR by microbiota metabolites; however, effects
on UGT1A1 were not determined (Jin et al., 2017). Therefore,
we re-examined interactions between butyrate and TCDD,
DHNA, tryptamine, and indole and observed minimal enhance-
ment of UGT1A1 induction (Figure 6D), and these results corre-
late with the effects observed for hydroxyflavonoids. Thus,
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Figure 7. ChIP analysis of hydroxyflavonoid-induced AhR recruitment to
CYP1A1/UGT1A1 gene promoters. The effects of TCDD and selected hydroxyfla-
vonoids alone (A) and in combination with TCDD (B) on recruitment of the AhR
to the Ah-responsive region of the CYP1A1 gene promoter was determined in a
ChIP assay. The effects of TCDD and selected hydroxyflavonoids alone (C) and in
combination with TCDD (D) on recruitment of the AhR to the Ah-responsive re-
gion of the UGT1A1 gene promoter was determined in a ChIP assay.

butyrate-enhanced Ah-responsiveness in Caco2 cells treated
with TCDD, microbial metabolites (Jin et al., 2017) and hydroxy-
flavonoids is gene-dependent and minimal for UGT1A1.

We previously used modeling studies to visualize interac-
tions of TCDD and DHNA within the AhR binding pocket (Jin
et al., 2017) and we employed a similar approach to examine
AhR interactions with quercetin and apigenin which differ in
AhR agonist potency (quercetin > apigenin), and apigenin is also
a partial AhR antagonist. Despite the structural similarities of
the 2 flavonoids, quercetin and apigenin bind to human AhR
with different orientations within the binding site and accord-
ingly, the binding of the 2 flavonoids to human AhR affect
CYP1A1 transcription differently. While the binding of quercetin
to AhR results in an increase in the inducibility of CYP1A1 activ-
ity, the binding of apigenin to AhR does not. The difference in
which AhR residues interact strongly with quercetin and apige-
nin can provide insights into why these 2 compounds have dif-
ferent effects on CYP1A1 activities.

Quercetin interacts significantly more strongly to AhR resi-
dues Cys333, Ser336, His337, Ser346, Gly347, and Gln383 than
apigenin. Hydrogen bonds are formed between the hydroxyl
groups of quercetin and Ser336, His337, Ser346, and GIn383 of
AhR. Previous studies suggest that GIn383 contributes to TCDD
binding through hydrogen bonding (Bisson et al., 2009; Cheng
et al., 2017). The orientation of quercetin within the binding site
of AhR puts the compound in closer proximity to Cys333 and
Gly347, resulting in a stronger Van der Waals interaction com-
pared to apigenin. Apigenin interacts more strongly to AhR resi-
dues Lys292 and Leu293 than quercetin. A hydrogen bond is
formed between apigenin and the backbone O of Leu293. In
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addition, the orientation of apigenin within the binding site of
AhR results in its close proximity to the backbone atoms of
Lys292. Because apigenin is known to have minimal CYP1A1 ac-
tivity, Lys292 and Leu293 may not be critical residues for AhR
mediated CYP1A1 transcription. Interestingly, previous muta-
tional analysis and modeling of TCDD-mAhR and DHNA-mAhR
interactions (Jin et al., 2017) show that TCDD and DHNA interact
with many similar side chain residues within the AhR binding
pocket and their major differences were primarily due to the
negatively charged carboxyl group in DHNA. The TCDD-mAhR
simulation corresponding to the most energetically favorable
binding mode provided in our previous study was extended
here to 50ns, and was used to compare the interactions be-
tween AhR residues and TCDD to those formed between AhR
residues and quercetin or apigenin (Jin et al., 2017). Prior to com-
paring the interactions of the 3 compounds to AhR, the se-
quence of the mAhR was aligned to hAhR using structural
superposition. The comparative analysis suggests that stronger
interactions formed between compounds and AhR (human/
mouse) residues I1e325/319, Cys333/327, Ser336/330, Met348/342,
Phe351/345, and GIn383/377 can potentially constitute AhR
switches leading to CYP1A1 agonist activity.

In summary, our results show that the AhR agonist and an-
tagonist activity in Caco2 cells is structure-dependent and some
variability is also gene-specific (CYP1A1 vs UGT1A1l). We also
observed response-specific differences with respect to the
effects of butyrate which preferentially enhances CYP1A1l
versus UGT1A1 gene expression. Molecular modeling studies
demonstrate that, compared to TCDD and DHNA, the flavonoids
quercetin and apigenin interact with the same set of AhR resi-
dues within the binding pocket with few differences. The over-
all significance of differences in ligand-Ah receptor binding
pocket interactions has previously been observed for other
ligands (Flaveny et al., 2009; Soshilov and Denison, 2014; Xing
et al., 2012) and this undoubtedly contributes to their activity as
selective AhR modulators. Current studies are focused on
flavonoid-induced responses and interactions in vivo and their
impacts on intestinal inflammation.
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