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Abstract

Many of the protective responses observed for flavonoids in the gastrointestinal track resemble
aryl hydrocarbon receptor (AhR)-mediated effects. Therefore, we examined the structure—activity
relationships of isoflavones and isomeric flavone and flavanones as AhR ligands on the basis of
their induction of CYP1A1, CYPIBI, and UGT1A1 gene expression in colon cancer Caco2 cells
and young adult mouse colonocyte (YAMC) cells. Caco2 cells were significantly more Ah-
responsive than YAMC cells, and this was due, in part, to flavonoid-induced cytotoxicity in the
latter cell lines. The structure—activity relationships for the flavonoids were complex and both
response and cell context specific; however, there was significant variability in the AhR activities
of the isomeric substituted isoflavones and flavones. For example, 4’5 ,7-trihydroxyisoflavone
(genistein) was AhR-inactive whereas 4”,5,7-trihydroxyflavone (apigenin) induced CYP1A1,
CYPI1BI1, and UGT1AL in Caco?2 cells. In contrast, both 5,7-dihydroxy-4-methoxy substituted
isoflavone (biochanin A) and flavone (acacetin) induced all three AhR-responsive genes; 4”,5,7-
trimethoxyisoflavone was a potent AhR agonist, and the isomeric flavone was AhR-inactive.
These results coupled with simulation studies modeling flavonoid interaction within the AhR
binding pocket demonstrate that the orientation of the substituted phenyl ring at C-2 (flavones) or
C-3 (isoflavones) on the common 4- H-chromen-4-one ring strongly influences the activities of
isoflavones and flavones as AhR agonists.
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INTRODUCTION

The consumption of fruits and vegetables has long been recognized for their health benefits,
which are primarily due to diverse phytochemicals and their direct and indirect effects on the
host.!~* Indirect health promoting responses of phytochemicals could be due to
metabolically mediated effects or modulation of gut microbial populations and their
metabolites.>* Among phytochemical compounds, polyphenolics including flavonoids,
phenolic acids, stilbenes, and lignans have been frequently linked to health benefits in
epidemiologic, human, and laboratory animal studies.>-® Flavonoids include structurally
related flavones, flavanols, anthocyanins, isoflavones, and chalcones, and with the exception
of the chalcones, all of these contain a common 4- H-chromen-4-one (chromone) ring
substituted in the heterocyclic ring with a (+substituent’s) phenyl group at C-2 or C-3. The
potential health benefits of flavonoids are diverse and are associated with their antioxidant/
radical scavenging and anti-inflammatory activities and also interactions with multiple target
genes/enzymes and receptors.”~!! Epidemiological studies show that either estimated intake
or serum levels of flavonoids correlate with a lower risk of colon cancer, type 2 diabetes, and
macular degeneration, enhance cardiovascular functions, and protect from intestinal
inflammation.!%-17 Soy food products primarily contain daidzein and genistein conjugates,
and their bioavailability is dependent on intestinal glucuronidases.!™* Medium isoflavone
daily intake in one study was 0.154 mg/d.!8 Daidzein is further metabolized to the
estrogenic metabolite equol, and levels of this isoflavone are dependent on multiple factors
including the availability of specific bacterial species.

A major functional difference between isoflavones and flavones is the estrogenic activity of
the former compounds, particularly genistein and daidzein, which bind both estrogen
receptor, (ER,) and ER g with higher binding affinities for Engl&19 On the basis of their
phytoestrogenic activity, soy isoflavones have been used as alternative therapies for
problems associated with estrogen depletion in postmenopausal women.!8 Many of the
beneficial health effects of flavonoids (flavones and isoflavones) and particularly those
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associated with intestinal anti-inflammatory activities resemble those observed for
compounds that bind the aryl hydrocarbon receptor (AhR).20-23 We have recently
characterized the structure—AhR activity relationships among a series of flavones and
flavanols, and the results showed that the pentahydroxyflavones such as quercetin taxifolin
and robinetin were among the most active compounds.2* With a few exceptions, decreased
AhR-dependent activities were observed for hexa- and tetra/trihydroxy flavonoids; however,
there were also response-specific differences in terms of activation of different AhR-
response genes. Structure—activity relationships for isoflavones as AhR agonists have
previously been reported; however, the effects are variable and dependent on the end point
and the cell line used.25-30

The commonly occurring soy isoflavones such as genistein contain < hydroxyl substituents,
and on the basis of the results obtained for hydroxyflavones,?* the major soy isoflavones
would not be AhR ligands. This study investigates and compares the AhR activity of
isomeric hydroxy-, hydroxy/methoxy-, and methoxy- isoflavones and flavones and some
corresponding flavanones as inducers of drug-metabolizing enzyme (CYP1A1, CYPIBI,
and UGT1A1) gene expression in Caco2 colon cancer cells and young adult mouse
colonocyte (YAMC) cells. Some isoflavones are AhR-active; however, their effects are
structure-, response-, and cell-context dependent. We also used molecular modeling
approaches, including docking and stimulations to understand ligand—AhR interactions and
showed that substituted isoflavones and flavones bind with different orientations in the
ligand binding pocket of the AhR.

EXPERIMENTAL PROCEDURES

Cells and Reagents.

The human Caco? cell line was purchased from the American Type Culture Collection
(ATCC, Manassas VA), and mouse YAMC cells were previously used in our laboratory.24-30
Caco? cells were maintained in Dulbecco’s modified Eagle medium nutrient mixture
supplemented with 20% fetal bovine serum, 10 mL/L 100x MEM nonessential amino acid
solution (Gibco), and 10 mL/L 100x antibiotic solution (Sigma-Aldrich, St. Louis MO). The
cells were maintained at 33 °C under 5% carbon dioxide. The YAMC cells were maintained
in RPMI 1640 medium with 5% fetal bovine serum, 5 units/mL interferon-a (IFO05) (EMP
Millipore, MA), and 0.1% ITS-minus (insulin, transferrin, selenium) (41-400-045) (Life
Technologies, Grant Island, NY), and experiments were carried out at 33 °C. Cells were
seeded at 60—70% density and were subconfluent after treatment and subsequent analysis.
The Caco2-AhRKO and YAMC-AhRKO cell lines were previously generated by CRISPR/
Cas9 and lack expression of the AhR.2430 All the flavonoids (Figure 1) were purchased
from Indofine Chemical Co (Hillsborough, NJ) and were >98% pure as determined by liquid
chromatography—mass spectrometry using an Executive Plus Orbitrap Mass Spectrameter
(Thermo Scientific, Waltham MA) coupled to a binary pump HPLC (Ultimate 300, Thermo
Scientific). Sodium acetate, sodium propionate, and sodium butyrate were purchased from
Sigma-Aldrich, and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was synthesized in our
laboratory.
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Quantitative Real-Time Reverse Transcriptase PCR.

Total RNA was extracted using an RNA isolation kit from the cells according to the
manufacturer’s protocol. cDNA synthesis was performed from the total RNA of cells using
the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA). Real-Time
PCR was carried out using Bio-Rad SYSR Universal premix for 1 min at 95 °C for initial
denaturing, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min in the Bio-Rad
iCycler (MyiQ2) real-time PCR System. Gene expression values were analyzed using the
comparative CT method and normalized to expression levels of TATA-binding protein
(TBP). The sequences of the primers used for real-time PCR were as follows: CYPIAI
sense 5'-GAC CAC AAC CAC CAA GAA C-3’, antisense 5'-AGC GAA GAA TAG GGA
TGA AG-3"; UGTIAI sense 5'-GAA TCA ACT GCC TTC ACC AAA AT-3’, antisense
5’-AGA GAA AAC CAC AAT TCC ATG TTC T-3"; TBPsense 5’ -GAT CAG AAC AAC
AGC CTG CC-3’, antisense 5'-TTC TGA ATA GGC TGT GGG GT-3".

Docking Trimethoxyflavone and Trimethoxyisoflavone to Human AhR.

An in-house docking-refinement protocol was used to identify the most energetically
favorable binding mode of isomeric 4',5,7-trimethoxyf1avone and 4’,5,7-
trimethoxyisoflavone in complex with human AhR.3%3> The docking-refinement
protocol3!-3 has been previously used to determine the binding modes of TCDD and 1,4-
DHNA to mouse AhR,30 quercetin and apigenin to mouse AhR,%* and other interactions.
36-38 Thus, we used the protocol as a tool to refine and predict the structure of a ligand
binding to a receptor’s binding pocket through the combination of the following stages: (1)
the initial placement of the ligand within the receptor’s binding pocket, (2) the use of
multiple short MD docking simulations rotating the ligand within the receptor’s binding
pocket using different binding modes while constraining the ligand in the pocket using
harmonic and quartic spherical potentials, which collectively enable the nearly exhaustive
exploration of a ligand’s binding modes, (3) the use of interaction energy calculations to
initially screen for the most probable binding modes generated by the short docking
simulations, and (4) the use of multiple explicit-solvent MD simulations and physical—
chemistry-based free energy calculations to identify the most favorable binding mode of the

ligand-receptor complex.

4’,5,7-Trimethoxyflavone and 4”,5,7-trimethoxyisoflavone were independently placed into
the binding site of AhR by structural superposition to the experimentally resolved (55,
7R)-5,7-bis(3-bromophenyl)-4,5,6,7-tetrahydrotetrazolo[ 1,5-a] pyrimidine3? via the ShaEP
algorithm.#? The model of AhR (residues 247 through 406) corresponded to the model used
in our previous study investigating the binding of apigenin and quercetin to AhR.2* The
structures for both 4/,5,7—trimeth0xyﬂav0ne and 4/,5,7-trimeth0xyisoﬂav0ne were built
using MarvinSketch, and the compounds were parametrized using CGenFF v1.0*! for use in
subsequent simulations.

Subsequently, short docking simulations were independently introduced to search and
produce binding modes of the flavonoid isomers in complex with AhR using the same
parameters as previously described.24 In the docking simulations, 20 independent docking
runs were performed. Within each of the 20 docking runs, 200 steps in which the ligand was
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rotated randomly about a random axis followed by a 2 ps MD simulation and energetic
minimization were performed with the structure of the generated binding mode saved for
subsequent evaluation. Thus, 4000 saved binding modes of 4”,5,7-trimethoxyflavone and 4”,
5,7-trimethoxyisoflavone in complex with AhR, independently, were generated per docking
simulation. Throughout the duration of the short docking simulations, ligands were
constrained to the binding pocket using harmonic or quartic potential energy functions of the
MMFP module of CHARMM,*? and the binding pocket AhR residues were unconstrained
and flexible. Six separate sets of docking simulations, or docking systems, were introduced
to explore the possible binding modes of the two ligands to AhR. Four of the docking
systems utilized harmonic spherical potentials, and two of the docking systems utilized the
quartic spherical potentials.’? The independent use of harmonic and spherical potentials
constraining the ligands to the binding pocket during the docking procedure energetically
allows the ligand to explore binding modes both away from (quartic) and in proximity to
(harmonic) their initial positioning. From each of the docking simulation systems, we
extracted the three binding modes with the lowest interaction energy for further
investigation, resulting in 18 binding modes for each of the two ligands, independently. The
18 binding modes of 4’,5,7—trimethoxyf1avone and 4”5 ,7-trimethoxyisoflavone in complex
with AhR, independently, were investigated using 20 ns explicit-solvent MD simulations to
refine the ligand: receptor structures and interactions, determination of the structural stability
of the binding modes, and assessment/identification of the most energetically favorable
binding modes of the 4”,5,7-trimethoxyflavone—AhR and 4”,5,7-trimethoxyisoflavone—AhR
complexes. The structures corresponding to the 18 selected 4”,5,7-trimethoxyisoflavone—
AhR docking conformations and the 18 selected 4”,5,7-trimethoxyflavone-AhR docking
conformations were used as initial structures for the 36 independent 20 ns explicit-solvent
MD simulations (18 runs per molecule under investigation). Upon completion of the 20 ns
explicit-solvent MD simulations, the Molecular Mechanics Generalized Born Surface Area
(MM-GBSA) approximation*3—43 was introduced to identify the most energetically
favorable conformation of 4',5,7—trimethoxyflavone and 4',5,7—trimethoxyisoflavone in
complex with AhR, as previously described.2* We calculated the association-free energy of
the 18 complexes per ligand over the 20 ns production runs using snapshots extracted from
the simulations every 20 ps. Simulations of the 4/,5,7—trimethoxyisoﬂavone—AhR and 4’,
5,7-trimethoxyflavone—AhR binding modes with the most favorable MM-GBSA
association-free energies*>— (e.g., lowest MM-GBSA association-free energies) were
selected as representing the naturally occurring binding conformations of the two ligands in
complex with AhR. The simulations comprising the lowest association-free energy
simulated binding modes of each of the two ligands were extended for a total simulation

duration of 30 ns, independently.

AhR 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 interaction-free energies between the AhR
receptor and 4',5,7—trimethoxyflavone ord’ 5 ,7-trimethoxyisoflavone within the lowest
MM-GBSA association-free energy structures were calculated for the final 25 ns of the 30
ns production runs in intervals of 20 ps.24-30:46.47 The first 5 ns of the 30 ns simulations was
considered an additional equilibration time as the conformation of both compounds were
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adjusted during the first few nanoseconds of their respective simulations (see the Results).
Thus, the first moments of the simulations allowed for the refinement of the binding poses.

Structure-Dependent Induction of AhR-Responsive Drug Metabolizing Enzymes.

Genistein is a major isoflavone in soy and legumes, and results in Figure 2 compare the
pattern of induction of CYP1A1 (Figure 2A), CYP1B1 (Figure 2B), and UGT1A1 (Figure
2C) by genistein and the structurally related 4”,5,7-trihydroxy-flavone (apigenin) and 4”,5,7-
trihydroxy flavanone (naringenin) analogs. Genistein (10-100 ¢M) did not induce CYP1A1;
naringenin was inactive, and apigenin induced CYP1A1 in Caco2 cells (<10% of TCDD).
Ten and 50 pM, concentrations of the 3 compounds did not induce CYP1A1 in YAMC cells
and were cytotoxic at concentrations >50 4M. The pattern of induction of CYP1B1 and
UGT1AT1 by the 3 compounds in Caco2 cells was similar to that observed for CYP1A1
except that the induction of UGTA1 by 50 and 100 xM apigenin was higher than observed
for 10 nM TCDD. Interestingly, only 4”,5,7-trihydroxy flavanone (naringenin) induced
CYPIB1 and UGT1A1 in YAMC cells (Figure 2C).

Biochanin A, the 4-methoxy derivative of genistein, induced CYP1A1 in Caco2 but not
YAMC cells, whereas the corresponding isoflavone (acacetin) with the same substitution
pattern exhibited lower activity in Caco2 and was inactive in YAMC cells (Figure 3A). In
contrast, the 4”,5-dihydroxy-7-methoxy-isoflavone, -flavone, and -flavanone analogs were
inactive as inducers of CYP1A1 in Caco2 and YAMC cells. Biochanin A and to a lesser
extent acacetin induced CYP1B1 in Caco2 but not in YAMC cells, whereas the 4’,5-
dihyroxy-7-methoxy analogs were inactive in Caco2 cells and the isoflavone and flavanone
analogs induced CYP1B1 in YAMC cells (Figure 3B). Biochanin A and acacetin on the 4’,
5-dihydroxy-7-methoxy analogs did not induce UGT1A1 in Caco2 or YAMC cells (Figure
3C). These results indicate that the 4-methoxy analog of genistein was more active than the
4-methoxy analogs of epigenin as an inducer of CYP1A1, CYP1B1, and UGT1A1 in Caco2
cells, whereas the 4,5”-dihydroxy-7-methoxy compounds were inactive in Caco2 cells and
only induced (minimal) CYP1B1 and UGT1A1 in YAMC cells.

We also examined the AhR activity of 4”,7-dimethoxy-5-hydroxy, 4”,5,7-
trimethoxyisoflavone, and 3’4’5 ,7-tetramethoxyisoflavone in Caco2 and YAMC cells
(Figure 4). The 4”,7-dimethoxy-5-hydroxy substituted isoflavone and flavone were both
inactive as inducers of CYP1A1, CYPIBI, and UGT1AL1 in Caco? cells, whereas 4”,7-
dimethoxy-5-hydroxyflavone (but not isoflavone) induced the expression of all three genes
in YAMC cells (Figure 4A—C). 4’,5,7-Trimethoxyisoflavone was a potent inducer of
CYPI1A1, CYPIBI, and UGT1A1 in Caco2 cells, but among the 3 Ah-responsive genes,
only CYP1A1 (minimal) and CYP1B1 were significantly induced in YAMC cells. In
contrast, the corresponding 4”,5,7-trimethoxyflavone and flavanone were AhR-inactive in
both cell lines. The pattern of induction by 3',4/,5,7—tetramethoxyflavone and isoflavone
was also response and cell type dependent; in Caco2 cells, the flavone induced CYP1A1 and
CYP1BI1, whereas this isoflavone isomer was inactive. In YAMC cells, both 3”,4",5,7-
tetramethoxyisoflavone and flavone isomers induced CYP1B1 and UGT1A1 but not
CYP1AL1 gene expression. Thus, the introduction of methoxyl groups dramatically altered
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the AhR-dependent induction responses of both hydroxy-substituted isoflavones and
flavones, and induction was flavonoid structure, response, and cell type dependent.

Role of the AhR and Isoflavone-SCFA Interactions.

Two of the AhR-active isoflavones, 4/,5,7-trimethoxyisoﬂavoine and biochanin, were
further investigated in Caco2 and Caco2-AhRKO (AhR knockout) cells, which were
previously generated by CRISPR/Cas9 silencing of the AhR.3° Both isoflavones and TCDD
induced CYP1A1 (Figure 5A), CYP1B1 (Figure 5B), and UGT1A1 (Figure 5C) in wild-type
Caco? cells but not in Caco2-AhRKO cells, thus confirming that gene activation by the
isoflavones was AhR dependent. In previous studies, we reported the short chain fatty acids
(SCFAs) acetate, propionate, and butyrate synergistically enhanced AhR ligand-induced
gene expression in Caco2 cells, and butyrate enhancement of flavones was structure and
response dependent.2* In this study, we investigated the effects of SCFAs on the induction of
gene expression by biochanin A and genistein, which represent a relatively potent and
inactive AhR ligand, respectively. SCFAs increased biochanin-induced CYP1A1 (<2-fold
only by acetate) in Caco2 but not YAMC cells, whereas genistein was inactive in the
presence or absence of SCFAs in both cell lines (Figure 6A). In contrast, acetate, propionate,
and butyrate significantly enhanced TCDD-induced CYP1A1 in Caco2 and YAMC cells.
SFCAs only minimally enhanced biochanin-induced (but not genistein) CYP1B1 in Caco2
and YAMC cells (with the exception of propionate), while SCFAs enhanced TCDD-induced
CYPI1BI1 in Caco2 and YAMC cells (Figure 6B). SCFAs had no significant effects on
biochanin- or genistein-induced UGT1A1 but enhanced UGT1A1 in Caco?2 cells (Figure
6C), whereas the SCFAs either did not affect or inhibited induced UGT1A1 mRNA in
YAMC cells. Thus, the SCFA-mediated enhancement of induction of Ah-responsive genes
by isoflavones was structure and response dependent and was very different than that

observed for TCDD and significantly lower than that previously observed for some flavones.
24

Identification of the Most Energetically Favorable Binding Modes of 4’,5,7-
Trimethoxyflavone and 4’,5,7-Trimethoxyisoflavone in Complex with AhR.

The 4/,5,7-trimethoxyisoﬂavone—AhR and 4/,5,7-trimeth0xyﬂav0ne—AhR binding modes
acquiring the lowest MM-GBSA association-free energy across all 18 simulated 4”,5,7-
trimethoxyisoflavone—AhR and 4”,5,7-trimethoxyflavone~AhR binding modes (see
Experimental Procedures), respectively, were selected for further analysis. The binding
modes of the flavonoid—AhR complexes originated from the docking simulation system
utilizing the quartic and harmonic spherical potentials, respectively. The most energetically
favorable binding modes according to average MM-GBSA association-free energy and all
other binding modes were far less energetically favorable. Thus, only the most energetically
favorable binding modes were selected for further investigation. The selected binding modes
of the 4/,5,7-trimethoxyisoﬂavone—AhR and 4',5,7-trimeth0xyﬂav0ne—AhR complex
structures were refined during the 30 ns explicit-solvent MD simulations, which is reflected
by the high average root-mean-square deviation (RMSD) of the ligands’ heavy atoms and
with respect to their initial structure is 4.7 £ 0.3 and 3.8 £ 0.7 A for 4’ 5,7-
trimethoxyisoflavone and 4”,5,7-trimethoxyflavone, respectively. The large values are
attributed to the fact that, within the first 5 ns of their respective simulations, the position
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and orientation of the two compounds are stabilized. The average RMSD of the ligands’
heavy atoms with respect to their average structure in the last 25 ns of their respective
simulations was 1.2 + 0.2 and 1.0 + 0.2 A for 4/,5,7-trimeth0xyis0ﬂav0ne and 47,5,7-
trimethoxyflavone, respectively. The low average RMSD of both compounds with respect to
their average structure within their respective simulations indicates that the compounds are
stable within their individual simulations after the first 5 ns.

Interactions between Trimethoxyisoflavone and AhR.

The average per-residue interaction-free energies between AhR residues and 4°,5,7-
trimethoxyisoflavone were decomposed into polar and nonpolar contributions, and
interactions with average interaction-free energy values less than —1.0 kcal/mol are shown in
Figure 7A. In the simulation of the selected 4',5,7—trimethoxyisoflavone—AhR complex
structure, the isoflavone carbonyl group formed a hydrogen bond with the backbone amide
group of Gly321 and the methoxy group of the compound formed a hydrogen bond with the
ND atom of His337. These hydrogen bonds are indicated with black dotted lines in Figure
7B. As the binding site of AhR is highly hydrophobic, the binding of 4”,5,7-
trimethoxyisoflavone to AhR was primarily stabilized by nonpolar interactions. A —rmr
interaction was formed between the aromatic rings of 4’5 ,7-trimethoxyisoflavone and
Phe295 as well as Tyr322. In addition, van der Waals interactions were formed between 4’,
5,7-trimethoxyisoflavone and the side-chain atoms of His291, Pro297, 1le315, Arg318,
Ser320, Phe324, 1le325, Cys333, Ser336, His337, Met340, Met348, 11e349, Phe351,
Leu353, Val381, and GIn383 due to their close proximity to the bound compound. These
interactions are shown in Figure 7B.

Interactions between 4’,5,7-Trimethoxyflavone and AhR.

The average per-residue interaction-free energy between AhR residues and 4”,5,7-
trimethoxyflavone was decomposed into polar and nonpolar contributions, and interactions
with average interaction-free energy values less than —1.0 kcal/mol are presented in Figure
7A. In the simulation of the selected 4/,5,7—trimethoxyflavone—AhR complex structure, the
carbonyl group formed hydrogen bonds with the side-chain atoms of both Ser365 and
GIn383 and the methoxy group formed a hydrogen bond with the ND atom of His337. These
hydrogen bonds are indicated with black dotted lines in Figure 7C. Similarly to 4”,5,7-
trimethoxyisoflavone, the binding of 4”,5,7-trimethoxyflavone to AhR was primarily
stabilized by nonpolar interactions. van der Waals interactions were formed between 4”,5,7-
trimethoxyflavone and the side-chain atoms of Phe287, Thr289, His291, Phe295, Pro297,
Tyr322, Phe324, 11e325, Met330, Cys333, Ser336, His337, Met348, Phe351, Ser365,
Val381, and GIn383 as well as the backbone atoms of Arg288, Gly321, and T382 due to
their close proximity to the bound compound. These interactions are shown in Figure 7C.

DISCUSSION

Previous studies in this laboratory systematically investigated hydroxylated flavones as AhR
agonists in Caco?2 cells, and the results showed that for induction of CYP1A1 and UGT1A1
the order of potency was pentahydroxy- > hexahydroxy- > tetra/trihydroxyflavones.24

Among the exceptions was the low activity of 2”,3",4",5,7-pentahydroxyflavone (morin),
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and this was due to the 2,4"-dihydroxy substitution on the phenyl ring since 3”,4"-(or 4’,
5’-)dihydroxy-substituted compounds were among the most AhR-active compounds. The
structure—activity relationships for the tetra/trihydroxyflavones in Caco2 cells were also
response dependent; although these compounds were inactive as inducers of CYP1A1, both
3’47 ,5,7-tetrahydroxflavone (luteolin) and 4 '3 ,7-trihydroxyflavone (apigenin) induced
UGTIALI in Caco2 cells.?* Although the biosynthesis of flavones and isoflavones is initiated
from common precursors, the hydroxy- and hydroxy/methoxyisoflavones isolated from soy
and legumes are primarily trisubstituted compounds typified by genistein and biochanin
(Figure 1).*84 The AhR activity of isoflavones has not been extensively investigated. One
report showed that genistein and daidzein activated an AhR-responsive reporter gene in
mouse Hepa-1 cancer cells but not in human HepG2 liver or MCF7 breast cancer cell lines.
29 In this study, we compared the effects of isoflavones and flavones (and some
corresponding flavanones) as inducers of three Ah-responsive genes (CYP1A1, CYPIBI,
and UGT1A1) in two different colon-derived cell lines. Most of the isoflavones and flavones
were cytotoxic to YAMC cells, and a dose—response (10—100 M) could not be determined
for these compounds. Among the 6 pairs of isoflavone and flavone isomers and 3
flavanones, only minimal (<10% of TCDD) or nondetectable induction of CYP1A1 was
observed in YAMC cells even though TCDD was a potent inducer of this gene. In contrast,
induction of CYP1B1 and UGT1A1 in YAMC cells by the isoflavones/flavones was
observed for some compounds; however, structure—activity effects were not apparent. The
differences between the effects of isoflavones in the two cell lines may be due in part to
differences in the mouse (YAMC) and human (Caco2) AhR; however, this must be
compound specific since TCDD is active in both cell lines. Moreover, previous studies on
flavonoids in human (MCF-7 and HepG2) and mouse (Hepa-1) cancer cell lines showed
significant differences in the AhR-responsiveness of individual flavonoids in all 3 cell lines.
29 Thus, it is likely that ligand binding to the AhR is only one factor that regulates AhR-
responsiveness, which includes cell context and cofactors, ligand structure, and response.

Caco2 cells were more responsive than YAMC cells with regard to the induction of drug
metabolizing enzymes. This was particularly evident for CYP1A1, which was induced by
apigenin, biochanin A, acacetin, 4',5,7-trimethoxyisoﬂavone, and 3’ ,4°,5,7-
tetramethoxyflavone. Moreover, with few exceptions, this same set of isoflavones and
flavones also induced CYP1B1 and UGT1A1; in contrast, among the 3 flavanones, only
naringenin induced the three drug-metabolizing enzymes and all other compounds were
inactive.

4’,5,7-Trihydroxyisoflavone (genistein) was inactive as an inducer of Ah-responsive genes
in Caco?2 cells; however, methylation of the 4”-hydroxyl group (but not the 7-hydroxy
group) to generate biochanin A resulted in an AhR active compound. Methylation of both
the 4’- and 7-hydroxy groups of genistein resulted in an AhR-inactive compound whereas
100 M 4’,5,7—trimethoxyisoﬂavone induced CYP1A1, CYP1B1, and UGT1A1 mRNA
levels similar to that observed for 10 nm TCDD. Both 5,7-dihydroxy-4-methoxyisoflavone
and the corresponding flavone (biochanin A and acacetin) induced CYP1A1, CYP1B1, and
UGT1A1 mRNA in Caco?2 cells. For all other isomer pairs, if the isoflavone was active, then
the flavone was inactive and vice versa. This demonstrates the importance of the attachment
of the phenol ring to C-2 or C-3 of the chromen-4-one ring.
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SCFAs enhance Ah-responsive of several structurally diverse AhR ligands. This is due, in
part, to their activity as histone deacetylase inhibitors.”® We have previously demonstrated
that acetate, butyrate, and propionate enhanced TCDD-induced CYP1A1 in Caco2 and
YAMC cells as indicated in Figure 6. Similar effects were observed with tryptamine, 1,4-
dihydroxy-2-naphthoic acid, and the weak AhR agonist indole.”” Butyrate also significantly
enhanced hydroxylated flavone-induced CYP1A1 in Caco? cells,?* whereas interactions of
butyrate with biochanin A-or genistein-induced CYP1A1 in Caco?2 cells were minimal
(Figure 6). This suggests that AhR ligands may also influence interactions with SCFAs.
Moreover, since intestinal CYP1A1 plays an important role in regulating formation of AhR-
active tryptophan metabolites,’! the magnitude of CYP1A1 expression resulting from
SCFA-isoflavonoid interactions will be lower than that observed for SCFA interactions with
other microbially- and dietary-derived AhR ligands. These differences may be important if
they affect intestinal levels of AhR-active tryptophan metabolites. However, SCFA
interactions of isoflavones and flavones with respect to induction of CYP1B1 and
particularly UGT1A1 are highly variable (Figure 6B,C). These interactions in terms of
regulating other AhR-mediated responses in the intestine and other organs have not been
determined and will be essential for understanding the overall functional significance of
SCFA-AhRR ligand interactions. These studies are now in progress.

Another difference in the AhR activity of two isomeric isoflavone and flavone derivatives
was observed for 4”,5 ,7-trimethoxyisoflavone, a highly potent AhR agonist, and 4’ 57-
trimethoxyflavone, which was essentially AhR-inactive. Despite their structural similarities,
the two flavonoids bind to the AhR with different orientations within the binding site (Figure
7). Accordingly, the binding of the two flavonoids to AhR differentially affects CYP1A1
transcription. While the binding of 4”,5,7-trimethoxyisoflavone to AhR results in increased
expression of CYP1A1, the binding of 4”,5,7-trimethoxyflavone does not activate this gene.
Any similarities of AhR side-chain residues in their interactions with 4’5,7-
trimethoxyisoflavone and other AhR agonists, such as quercetin and TCDD investigated in
our previous studies,?*30 can provide insights on amino acids in the binding pocket that may
be key for activity. 4”,5,7-Trimethoxyisoflavone, quercetin, and TCDD all interact strongly
with (human or corresponding mouse) AhR residues Phe295, Ile325, Cys333, Ser336,
Met348, and Phe351;2430 notably, with the exception of Ser336 and Met348, all the
corresponding aforementioned residues were deemed important for TCDD binding to mouse
AhR according to previous experiments.’2 While 4”,5,7-trimethoxyflavone also interacts
favorably with I1e325, Cys333, Met348, and Phe351, interactions with Phe295 and Ser336
are notably weaker than that observed for 4',5,7—trimethoxyisoﬂavone, which suggests that
such interactions could potentially be important for CYP1A1 agonist activities, at least
based on our current and previous studies.?*30 Nevertheless, the signaling activity could be
primarily seen as a result of AhR ligand interactions with combinations of amino acids in the
AhR ligand binding site rather than single amino acids with different compounds acting as
switches for signaling. Thus, as recently reported by Giani Tagliabue et al.,?? it is possible
that different classes of compounds could promote activity by interacting with combinations
of key amino acids important for signaling. It is worth noting that the recently published
study>?2 exhibited significant overlaps with our previously reported structure of TCDD
binding to AhR using our modeling approach,24 and they also predicted specific
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combinations of residues within the AhR binding cavity that can play a critical role in
binding of three distinct structural classes of AhR-binding compounds.

Current studies are focused not only on characterizing the molecular interaction of
flavonoids with the AhR but also on correlating the AhR binding and gene activation data
with efficacy in ameliorating intestinal inflammation and carcinogenesis. The development
of bioassays that can predict AhR-dependent health promoting effects of isoflavones and
other phytochemicals will be important for developing food products and nutraceuticals
enriched with the appropriate compounds.

Funding from the National Institutes of Health (RO1-AT010282, RO1-CA202697, R35-CA197707, and P30-
ES029607), the Syd Kyle Chair, Allen Endowed Chair in Nutrition & Chronic Disease Prevention, and Texas
Agrilife is gratefully acknowledged.

ABBREVIATIONS

AhR aryl hydrocarbon receptor

CYP cytochrome P450

CHARMM chemistry at Harvard molecular mechanics
DHNA 1,4-dihydroxy-2-naphthoic acid

MMFP miscellaneous mean-field potential

SCFA short chain fatty acids

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

UGT uridine diphosphate glucuronosyl transferase

YAMC young adult mouse colonocyte
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Figurel.

Structures of isoflavones, flavones, and flavanones used in this study.
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Induction of drug metabolizing enzymes by trihydroxy compounds. Caco2 and YAMC cells
were treated with 10-100 M flavonoids for 24 h, and induction of CYP1A1 (A), CYP1B1
(B), and UGT1A1 (C) mRNA levels was determined by real time PCR as outlined in the
Experimental Procedures. Results are expressed as means + SD for at least 3 determinations

for each treatment, and significant (p < 0.05) induction is indicated (*). The concentration of

TCDD was 10 nM.
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PCR as outlined in the Experimental Procedures. Results are expressed as means + SD for at
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Figure 4.
Induction of drug-metabolizing enzymes by dimethoxy—hydroxy, trimethoxy, and

tetramethoxy compounds. Caco2 and YAMC cells were treated with 10 nM TCDD and
flavonoids for 24 h, and induction of CYP1A1 (A), CYPIBI (B), and UGT1A1 (C) mRNA
levels was determined by real time PCR as outlined in the Experimental Procedures. Results
are expressed as means + SD for at least 3 determinations per treatment group, and
significant (p < 0.05) induction is indicated (*¥).
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Interaction of isoflavones with SCFAs. Caco2 and YAMC cells were treated with 10 nM
TCDD, biochanin, and genistein alone or in combination with SCFAs (acetate, propionate,
and butyrate), and induction of CYP1A1 (A), CYP1BI1 (B), and UGT1A1 (C) mRNA levels
was determined by real time PCR as outlined in the Experimental Procedures. Results are
expressed as means + SD for at least 3 determinations per treatment group; significant (p <
0.05) induction is indicated (*), and SCFA-enhanced induction is indicated (**).
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Figure7.

Average interaction-free energies (kcal/mol) decomposed into polar (blue or gray) and

nonpolar (orange or yellow) components for AhR interacting residues and molecular
graphics images of the lowest association-free energy binding modes of 4”,5,7-
trimethoxyisoflavone and 4’5 ,7-trimethoxyflavone in complex with AhR. (A) AhR
interacting residues in complex with 4”,5,7-trimethoxyflavone (second bar/residues). The
sum of the polar and nonpolar components corresponds to the total average per AhR residue
interaction-free energy. Only per residue interactions with total interaction-free energies less
than —1.0 kcal/mol are considered in the plot. The average polar and nonpolar interaction-
free energy component values and their standard deviation values were calculated over four
measurements in which the first, second, third, and fourth measurements correspond to the
individual average interaction-free energy component of the first, second, third, and fourth
6.5 ns segment of the last 25 ns of the 30 ns MD simulation production run. Image of the
lowest association-free energy binding modes of 4°,5,7 trimethoxyisoflavone (B) and 4°,5,7-
trimethoxyflavone (C) in complex with the AhR binding pocket. For both panels, the ligand
is shown in licorice representation; AhR is shown in transparent cyan new cartoon
representation, and key AhR residues are shown in thin licorice representation.
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