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Abstract

The aryl hydrocarbon receptor (AHR) mediates intestinal barrier homeostasis.
Many AHR ligands are also CYP1A1/1B1 substrates, which can result in rapid
clearance within the intestinal tract, limiting systemic exposure and subsequent
AHR activation. This led us to the hypothesis that there are dietary substrates of
CYP1A1/1B1 that functionally increase the half-life of potent AHR ligands. We
examined the potential of urolithin A (UroA), a gut bacterial metabolite of el-
lagitannins, as a CYP1A1/1B1 substrate to enhance AHR activity in vivo. UroA
is a competitive substrate for CYP1A1/1B1 in an in vitro competition assay. A
broccoli-containing diet promotes the gastric formation of the potent hydropho-
bic AHR ligand and CYP1A1/1B1 substrate, 5,11-dihydroindolo[3,2-b]carbazole
(ICZ). In mice, dietary exposure to UroA in a 10% broccoli diet led to a coor-
dinated increase in duodenal, cardiac, and pulmonary AHR activity, but no in-
crease in activity in the liver. Thus, CYP1A1 dietary competitive substrates can
lead to enhanced systemic AHR ligand distribution from the gut, likely through
the lymphatic system, increasing AHR activation in key barrier tissues. Finally,
this report will lead to a reassessment of the dynamics of distribution of other
hydrophobic chemicals present in the diet.

Abbreviations: 2,8-dihydroxy-ICZ, 5H, 11H-indolo[3,2b]carbazole-2,8-diol; 2-hydroxy-ICZ, SH11H-indolo[3,2b]carbazol-2-ol; AHR, Aryl
hydrocarbon receptor; GNF351, N-(2-(1H-indol-3-yl)ethyl)-9-isopropyl-2-(5-methylpyridin-3-yl)-9H-purin-6-amine; ICZ, 5,11-dihydroindolo[3,2-b]
carbazole; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; UroA, urolithin A; UroC, urolithin C; aNF, a-naphthoflavone.
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INTRODUCTION

The aryl hydrocarbon receptor (AHR) is the only mem-
ber of the basic-helix-loop/helix Per-Arnt-Sim family of
proteins that is directly activated by low molecular weight
molecules.! Upon binding an agonist, the AHR undergoes
a conformational change that results in the translocation
of the AHR bound to a heat shock protein complex into
the nucleus.” In the nucleus, the AHR complex encoun-
ters ARNT and forms a heterodimer capable of binding
to dioxin-response elements in various promoter regions,
resulting in altered transcription. The first identified AHR
target gene was CYPIAI that encodes the cytochrome
P450 1A1 protein and its expression is largely dependent
on AHR activation. What followed was the examination
of the AHR as a xenobiotic receptor that responds to the
presence of halogenated polycyclic aromatic hydrocar-
bons, such as the tumor promoter 2,3,7,8-tetrachlorodib
enzo-p-dioxin (TCDD). More recent studies, with the aid
of Ahr~/~ mice, have shown that the AHR is involved in
a myriad of physiologic responses, including regulating
immune and epithelial cell differentiation responses in
barrier tissues, barrier protein production, and reproduc-
tive success.””’ Importantly, AHR ligands can attenuate
chemical and microbial insults, suggesting a possible ther-
apeutic potential*'® One particularly promising study
illustrated that dietary supplementation with a naturally
occurring precursor of an AHR ligand, indole-3-carbinol,
significantly diminishes disease caused by Clostridium dif-
ficile infection.'*

Perhaps, the most potent source of dietary AHR
agonists is through the consumption of cruciferous
vegetables, which contain indologlucosinolates. Upon dis-
ruption of plant tissue, this phytochemical enzymatically
breaks down into indole-3-carbinol, which undergoes
acid condensation in the stomach. A variety of metabo-
lites are formed, with the most potent AHR agonist being
indolo[3,2-b]carbazole (ICZ). Other metabolites are either
not AHR ligands or are very weak agonist.'> The consump-
tion of broccoli in a rodent diet at 15% (w/w) leads to ac-
tivation of the AHR and subsequent induction of Cyplal
in the intestinal epithelium. Furthermore, the presence
of broccoli in the diet attenuates dextran sodium sulfate-
mediated colonic injury in an AHR-dependent manner."
This underscores the potential for dietary sources of AHR
ligands to modulate intestinal health. Urolithins have
been identified as dietary antagonists for the human AHR
but not for the mouse AHR, while they are inhibitors or
substrates for CYP1A1/1B1 enzymatic activity in both
species.*!> In contrast, urolithins appear to be very weak
activators for the mouse AHR, and the mechanism of this
activation has not been determined.'® Urolithins are gen-
erated through gut microbial metabolism of ellagitannins

(ETs) and ellagic acid (EA). These phytochemicals are
found in a variety of fruits and nuts, such as walnuts,
raspberries, pomegranates, and strawberries.'®'” Because
of the absorption characteristics of the various products of
ETs, urolithins are the likely source of the various pharma-
cologic properties attributed to the consumption of ETs."’

Several AHR ligands are reported to be metabolized by
CYP1A1/1B1 to hydroxylated metabolites that can then
undergo conjugation to generate a more polar metabolite
that can be effectively eliminated. Perhaps, the most stud-
ied example of this are polycyclic aromatic hydrocarbons,
such as the carcinogen, benzo(a)pyrene.'® More recently,
the endogenous AHR ligand 6-formylindolo[3,2b]carba-
zole (FICZ) also undergoes this same metabolic fate.r
This ability of AHR activation leading to the metabolism
of AHR ligands results in a negative feedback loop that
downregulates AHR activity. Interestingly, cultured cells
that essentially do not express the AHR can accumulate
AHR ligands. While co-expression of CYP1A1 and AHR
leads to downregulation of AHR activity compared with
expression of AHR alone.” There is compelling evidence
that this negative feedback loop occurs in the intestinal
epithelium, which can lead to the prevention of intesti-
nal AHR activity.”! Indeed, constitutive overexpression of
CYP1A1 in the intestinal epithelium leads to ablation of
AHR transcriptional activity, indicating that AHR ligands
are present in the intestinal tract that are also CYP1Al
substrates. Thus, one possible mechanism of enhanced
AHR activation is through the presence of competitive
substrates or inhibitors of CYP1A1/1B1 that attenuates
the metabolism of a given AHR ligand within the intes-
tinal tract, leading to systemic AHR activation. However,
whether this occurs in vivo due to the presence of dietary
CYP1A1/1B1 inhibitors/substrates has not been estab-
lished. In this study, we determined that urolithins can act
as competitive CYP1A1 substrates, increasing the half-life
of the potent AHR ligand 5,11-dihydroindolo-[3,2-b]-carb
azole (ICZ), which enhances AHR activation in the small
intestine, thus allowing “escape” of an AHR ligand from
the intestinal tract and subsequent activation of the AHR
in the lung, establishing a gut-lung axis.

2 | MATERIALS AND METHODS

2.1 | Materials

Urolithin A (UroA) was synthesized as described in
the supplemental information. All other urolithins
were kindly provided by Francisco A. Tomdas-Barberan
(CEBAS-CSIC, Spain). a-naphthoflavone (a-NF)
was purchased from Indofine Chemical Company
(Hillsborough, NJ). TCDD was obtained from Dr.
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Stephen Safe (Texas A&M University). Pluronic L-81
was provided by Patrick Tso (University of Cincinnati).
The broccoli cultivar Imperial was provided by John
Esslinger and Brian Campbell, subsequently freeze-
dried, ground to a powder, and stored at —80°C. ICZ was
obtained from Matrix Scientific (Columbus, SC) and N-(2-
(1H-indol-3-yl)ethyl)-9-isopropyl-2-(5-methylpyridin-
3-y1)-9H-purin-6-amine (GNF351) was synthesized as
previously described.** 5H, 11H-indolo[3,2-b]carbazol-
2-ol (2-hydroxy-ICZ) and 5H, 11H-indolo[3,2-b]
carbazole-2,8-diol (2,8-dihydroxy-ICZ) were synthe-
sized as described in Supplemental Methods.

2.2 | Broccoli glucobrassicin
quantification

The concentration of glucobrassicin in the broccoli culti-
var Imperial was determined and was essentially the same
as in the previously examined cultivar Lieutenant (1.6
pmoles/g dry weight)."?

2.3 | Mouse models

All mouse experiments were conducted at The
Pennsylvania State University, University Park cam-
pus. All procedures were performed with approval and
under the support of the Institutional Animal Care and
Use Committee at The Pennsylvania State University.
C57BL6/J (Ahr*'*, mice were obtained from Jackson
Laboratory (Bar Harbor, ME), congenic Ahrﬂ/ﬂ, with the
Ahr® allele and Vil"Ah?™ mice were bred in-house and
maintained on a chow diet.* Ahr*/~ and Ahr~'~ mice were
kindly provided by Dr. Christopher Bradfield (University
of Wisconsin) and bread in-house.

2.4 | Mouse studies

C57BL6/J mice were obtained from Jackson Laboratory
(Bar Harbor, ME), bred in-house and maintained on a
chow diet and were used in all experiments unless other-
wise specified. Mice were placed on a semi-purified AIN-
93G diet (Dyets Inc., Bethlehem, PA) for 7days prior to
the initiation of experimental treatments. AIN-93G diet
was ground to a fine powder in a blender and mixed with
10% freeze-dried broccoli. The composition of the semi-
purified AIN-93G diet was previously described."® UroA
was added at 4mg/g of diet where appropriate. Germ-free
C57BL6/J mice were bred and maintained at the Penn
State Gnotobiotic Facility on a sterile chow diet, sterile ex-
perimental diets were prepared by Dyets, Inc.

;'IC-ASEBJournaI

2.5 | Pluronic L-81-mediated disruption
of small intestinal lymphatic uptake

Female C57BL6/J mice were maintained with ad libi-
tum access to a semi-synthetic diet (AIN93G) and water
for 1week. On the day of treatment, mice were food re-
stricted for 3h (18:00-21:00h) prior to oral administra-
tion of either 0.2mL water (vehicle) or 5% (v/v) Pluronic
L-81. After 30min, mice were orally administered by
gavage with 0.2mL broccoli/water slurry (100mg/mL
freeze-dried broccoli) or 0.2 mL broccoli/water slurry sup-
plemented with 5% Pluronic L-81. Mice were immediately
returned to cages with overnight ad libitum access to
semi-synthetic diet (AIN93G) and water. At 10:00h, mice
were euthanized and indicated tissues harvested for sub-
sequent gene expression analysis.

2.6 | Cell culture

Hepa 1 and Caco2 cells were obtained from American
Type Culture Collection and maintained in o-minimal
essential medium (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% or 15% fetal bovine serum (Gemni
Bio-Products, West Sacramento, CA), respectively, and
100 U/mL penicillin and 100 pg/mL streptomycin added.
Cells were maintained at 37°C in a humidified incubator
with 95% air and 5% CO,.

2.7 | CYP1A1/1B1 activity assay

Hepa 1 cells were treated with 5nM TCDD for 24h to
increase CYP1A1l protein levels. Microsomes were iso-
lated from cells washed with phosphate-buffered saline,
trypsinized, and pelleted by centrifugation at 100x g for
3min. The cell pellet was then washed with phosphate-
buffered saline, pelleted, and resuspended in 0.25M su-
crose, 10mM Tris—-HCI (pH 7.5), with protease inhibitors.
The cells were manually homogenized in a Dura-Grind
Dounce-Type homogenizer (Wheaton). The cell homoge-
nate was centrifuged at 10000 X g for 10 min at 4°C and the
supernatant was transferred and centrifuged at 42000 x g
for 90min at 4°C. The resulting microsomal pellet was
resuspended in the homogenization buffer, and the pro-
tein concentration was determined. Microsomes were
stored at —80°C for CYP1A1 activity assay. The P450-Glo
CYP1A1/1B1 assay kit and NADPH regeneration system
and luciferase assay kit were purchased from Promega
(Promega, Madison, WI) and utilized under the follow-
ing conditions: 12.5pL of CYP reaction mixture includ-
ing microsomes, Luciferin-CEE and potassium phosphate
buffer, and 12.5pL of test compound in distilled water
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were combined and preincubated at 37°C for 10min in
white 96-well plate. The reactions were initiated by adding
an equal volume of NADPH regeneration system (25puL)
and placed at 37°C for 25min. A final volume of 50 pL of
reactions was performed in triplicate and contained 10 pg
of isolated microsomes in 100mM K,PO, (pH 7.4) buffer,
30 pM Luciferin-CEE, test compound, and NADPH regen-
eration system. Reactions were terminated by the addi-
tion of 50 puL of luciferin detection reagent and incubated
at 37°C for 10min. Luminescence was measured using a
luminometer, and a control without microsomes was used
to measure the background. Relative CYP1A1 activity was
expressed as the percentage of the luminescence after in-
cubation with vehicle.

2.8 | CYP1A1/1B1 assays coupled to
MS analysis

Forty micrograms of microsomes isolated from Hepa
1 cells treated with 5nM TCDD for 24h, or lung micro-
somes (100 pg) from mice on the semi-purified diet, were
incubated with various compounds and incubation times
as indicated. The reactions were carried out at 37°C in an
incubator in the presence of NADPH regeneration system
and terminated by the addition of 800 pL ice-cold 100%
methanol (v/v) containing 1 uM chlorpropamide as inter-
nal standard. Then mixtures were kept at —20°C for 30
min followed by centrifugation at 12000x g for 20min at
4°C. The supernatants were dried under vacuum and re-
constituted in 60 pL 50% methanol (v/v). After centrifuga-
tion, supernatants were transferred to autosampler vials
for LC-MS/MS analysis as described in Supplemental
Methods.

2.9 | RNA isolation and real-time
quantitative PCR

Tissues were snap frozen in liquid nitrogen, and stored in
—80°C. Samples were placed in TRI Reagent (Sigma), and
homogenized (6500 rpm, 30s) with 10-15 1 mm silica/zir-
conia beads (Biospec Products) using a BeadBlaster-24 ho-
mogenizer (Benchmark) to isolate RNA. Then re-purified
using RNeasy columns (Qiagen) following manufacturers’
protocols. Purified total RNA was used to generate cDNA
using a High-Capacity cDNA reverse transcriptase kit
(Applied Biosystems) following the manufacturers’ pro-
tocol. Quantitative real-time PCR was performed using
primers as previously described and was normalized to
Actb."® Quantitative real-time PCR was performed using
Perfecta SYBR green (QuantaBio) and the following cy-
cling conditions (95°C, 3 min; 40cycles: 95°C, 30s; 58°C,

20s, 72°C, 455; 72°C, 2 min). Melt-curve analysis revealed
a single peak consistent with a single product.

2.10 | Capillary immunoblotting analysis
Microsomes were diluted to 0.5mg/mL in 0.1X Sample
Buffer (Protein Simple, San Jose, CA) and subjected to
WES™ capillary system analysis. The primary antibody
for CYP1A1 (Proteintech, 13241, 1:100) was visualized
with the WES anti-rabbit secondary HRP-conjugated an-
tibody (Protein Simple). As a loading control for normali-
zation, total protein was determined using Total Protein
Detection Module (protein Simple, DM-TP01). For quan-
tification, the chemiluminescence peak area of CYP1A1
was normalized to the total protein peak area for each
sample.

211 | Computational docking analysis
The ligand binding affinity and target oxidation sites for
UroA and ICZ were investigated using Autodock 4.2 and
Autodock Vina, for both human and mouse models of
CYP1A1.>*"% The crystal structure of CYP1A1 [4I8V; copy
A?] was used to prepare a docking model for the human
enzyme, and as a template for a mouse homology model,
which was developed using the SWISS-MODEL server.*®
All docking models were validated for overall quality,
clashes, and outliers using SAVESv6.0 server (https://
saves.mbi.ucla.edu/)®>! and ChimeraX** using the
ISOLDE plugin.*® Crystal structure conformational bias
was also reduced in a substrate-free, heme-bound homol-
ogy model of mouse CYP1A1 via MD simulation, using
a simulated annealing and energy minimization routine
(CHARMM36 force field) in VMD (QwikMD (NAMD);
advanced run; standard settings).“‘36

Autodock 4.2 was run using standard settings, using the
Genetic Algorithm search parameter (long evaluations,
20-100 GA runs) as previously described.*” Grid box pa-
rameters were generated in Autogrid 4 for both Autodock
4.2 and Autodock Vina, using a 60-80A3 grid centered
on the heme center. Docking results were analyzed using
Autodock 4.2, The PyMOL Molecular Graphics System,
Version 2.5.2 (Schrodinger, LLC) and LigRMSD 1.0.%*%
Active site cavity volumes of docking models were ana-
lyzed and compared using CAVER 3.0.%

2.12 | Statistical analysis

Values were expressed as mean +SEM. Data were com-
pared using either Student's ¢ test or one-way analysis
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of variance with Tukey multiple comparison post-test
in GraphPad Prism 9.1.1 (GraphPad Software, Inc, La
Jolla, CA, USA) to establish statistical significance be-
tween different groups. The value of p <.05 was consid-
ered statistically significant (*p <.05, **p <.01, ***p <.001,
*#¥%p <.0001). No data were excluded. All experiments
were repeated at least twice.

3 | RESULTS

3.1 | Dietary phytochemicals are
required for both intestinal and pulmonary
AHR activity

Ahr*’* mice were fed either a standard chow or semi-
purified AIN93G diet and the level of duodenum, lung,
and liver Cyplal expression was determined (Figure 1A).
The semi-purified diet is largely devoid of phytochemi-
cals compared with the whole plant-rich chow diet.
Cyplal expression was just above the level of detection
in mice on a semi-purified diet, indicating a lack of in-
testinal and lung AHR activity in the context of a diet
devoid of phytochemicals. In contrast, a significant level
of duodenal and pulmonary Cyplal expression was ob-
served in mice on a chow diet, the source of AHR ligands
in the chow is not known. Cyplal was not detected in
Ahr™'~ duodenal and pulmonary tissues, indicating the
requirement for AHR expression to mediate Cyplal ex-
pression, thus confirming that Cyplal is an appropriate
marker of AHR activity.

3.2 | Lack of AHR expression in the
intestinal epithelium increases pulmonary
Cyplal expression

The level of Cyplal expression was determined in control
A" and enterocyte-specific conditional Ahr knockout
Vil Ah" mice fed a chow diet. Cyplal expression was
not detected in the duodenum of mice that lack entero-
cyte AHR expression, indicating that AHR-mediated
Cyplal expression is largely restricted to duodenal en-
terocytes (Figure 1B). In lung, an increase in Cyplal
was observed in the lung of Vil“"*Ah#™" compared with
in Ah"" mice, while no significant difference in Cyplal
expression was observed in the liver. This would support
the concept that an AHR agonist that “escapes” CYP1A1
metabolism in the intestinal tract can lead to tissue-
specific extra-intestinal AHR activation. One hypothesis
that could explain these results is that an AHR agonist en-
ters the lymphatic system, however, the identity of AHR

;'IC-ASEBJournaI

agonist in chow is not known. Therefore, a broccoli diet
was utilized, which leads to the gastric formation of ICZ
promoting AHR activation.”® ICZ is a potent hydropho-
bic planar ligand that would likely associate with lipid
micelles within an aqueous environment. A 10% broccoli
diet was fed to A" and Vil““Ahr™" for 3 days and tis-
sues were isolated. The level of Cyplal expression was
determined and the lack of AHR expression in the intes-
tinal tract led to enhanced Cyplal expression in the lung
(5-fold), heart (7-fold), and kidney (2-fold) (Figure 1C).
The observed increase in cardiac Cyplal observed in
Vil““Ahr" is consistent with lymphatic drainage of the
thoracic duct, which then enters the heart (Figure 1C).
In contrast, there was no significant increase in Cyplal
in the liver and spleen.

3.3 | Urolithins are CYP1A1 inhibitors or
competitive substrates

Several reports in the literature suggest that the pres-
ence of CYP1A1/1B1 substrates/inhibitors could increase
the half-life of AHR ligands that are metabolized by
CYP1A1/1B1. However, whether common dietary phy-
tochemicals can modulate AHR activity in vivo through
modulating CYP1A1/1B1 metabolism has not been firmly
established. In our previous studies, UroA in mouse
hepatoma cells appeared to be a very weak activator of the
mouse AHR, although the mechanism of activation was
not determined.’® In addition, as tricyclic compounds,
urolithins could be CYP1A1 substrates. Using an in vitro
microsomal CYP1A1/1B1 assay system, the ability of six
urolithins to inhibit the metabolism of luciferin-CEE, a
specific CYP1A1 substrate, was examined (Figure 2A). To
have a significant level of CYP1A1 enzyme, cells were pre-
treated for 24 h with the prototypical AHR agonist TCDD
prior to isolating microsomes. The expression of microso-
mal CYP1A1 was confirmed by WES protein analysis in
both Caco2 and Hepa 1 microsome fractions (Figure S1).
At 5pM all urolithins tested were capable of attenuat-
ing CYP1Al mediated metabolism of luciferin-CEE,
with UroA, B, C, and D exhibiting the most potent activ-
ity. Urolithin A, perhaps the most abundant urolithin,
could inhibit CYP1A1/1B1 metabolism in both the Caco2
(human) and Hepa 1 (mouse) microsomal assay system,
yielding similar ICs, values (Figure 2B,C). To provide
context to the relative potency of UroA as a competitive
substrate/inhibitor of CYP1A1/1B1, UroA was compared
with the known CYP1A1l substrate o-NF, and UroA ex-
hibited ~9-fold greater potency (Figure S2). LC-MS/MS
analysis confirmed that microsomal assays metabolize
luciferin-CEE to luciferin (Figure S3).
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FIGURE 1 Lackofintestinal CYP1A1 expression alters systemic AHR activation in a tissue-specific manner. (A) Duodenal, pulmonary,

+/+

and hepatic Cyplal expression in Ahr

mice fed either a chow or semi-purified diet were compared with Ahr

~/~ mice fed a chow diet. P

stands for semi-purified diet AIN-93G. (B) Duodenal, pulmonary, and hepatic CypIlal expression in AR and Vil AP mice on a chow
diet. (C) Tissue-specific expression of CypIal in Ah#"" and Vil®“Ah#™" mice on a 10% broccoli diet for three days. Cyplal mRNA levels
were normalized to Actb. Statistical difference was analyzed using one-way ANOVA with Tukey's multiple comparisons (A) and two-tailed
unpaired Student's ¢ tests (B and C). Data are presented as mean+ SEM (error bars). *p <.05, *p <.01, ****p <.0001.

3.4 | Predictive molecular modeling of
UroA metabolism by CYP1A1 orthologs

Next, we wanted to test whether UroA is an inhibitor or a
substrate for CYP1Al. To guide the search for a possible
CYP1Al-dependent metabolite of UroA, we utilized a com-
putational docking approach. The substrate binding prop-
erties of UroA were studied within the active site cavity of
both human and mouse cytochrome P450 1A1 (CYP1A1)
using Autodock 4.2 and Autodock Vina. A homology
model for mouse CYP1A1l (mCYP1Al) was developed
using the crystal structure of human CYP1A1l (PDB:4I8V;
see Methods). Structure-based models of both human and
mouse orthologs were used to compare species-specific
differences in UroA substrate recognition. MD simula-
tion was also utilized to reduce crystallographic bias in the
CYP1AL1 active site, as needed to dock UroA in close prox-
imity to the heme center (see methods). Primary amino
acid sequence alignments, substrate recognition sequence
(SRS) motif, and structural analysis of mouse and human
CYP1A1 have also been provided for additional context in
Figure S4. Using Autodock 4.2, we calculated that UroA
binds mouse and human CYP1A1 with nanomolar affinity
(hCYP1A1: 152nM; —9.3kcal/mol and mCYP1A1l: 191 nM;
—9.17kcal/mol; see Table S1), within an allosteric binding
site, above the heme center (Figure 2D). An alternative,
lower energy-binding solution for UroA, in the hCYP1A1l
model, was identified using the related program Autodock
Vina (Figure 2E), which docked the substrate ~2.0A closer
to the heme center than Autodock 4.2. Comparative dock-
ing analysis performed with the mCYP1A1 homology model
revealed a similar docking pose for UroA, harmonizing
docking results for mouse CYP1A1 (Figure 3F) compared
with the human models of CYP1A1 (Figure 3D). Autodock
Vina also predicted nearly identical affinity with respect to
the dissociation-binding constants (Kp) for UroA in both
mouse and human models of CYP1A1 (hCYP1Al: 17nM,
—10.9kcal/mol, mCYP1Al: 10nM, -—10.6kcal/mol, see
Table S1). No Autodock 4.2 or Vina-based docking solutions
positioned the putative C2 target carbon of UroA closer than
7.4A to the heme iron, the likely site for hydroxylation. To
explore whether substrate and crystal-lattice conforma-
tional bias in the crystal structure of CYP1A1 (PDB: 418V,
copy A) constrained UroA docking to the observed allosteric
pocket, we performed an MD simulation-based energy min-
imization and simulated annealing of our mouse CYP1A1

homology model, in the absence of the crystallographic
substrate a-NF. As shown in Figure 3G, stripped of native
electrostatic interaction biased for a-NF binding, UroA was
free to bind deeper into the mouse CYP1A1 active site and
position the target C2 carbon in a catalytically favorable
position within 4.6 A of the heme center. While this pose is
most predictive of known substrate metabolism, there was
a significant trade-off in UroA binding energy deeper in the
MD-simulated pocket (578nM; —8.5kcal/mol; Autodock
Vina) as substrate affinity was reduced ~30-50 fold com-
pared with the crystal structure-based models of mouse and
human CYP1A1. These results suggest that the most likely
hydroxylated UroA product would be urolithin C (UroC).

3.5 | UroA undergoes microsomal
metabolism to UroC

Hepa 1 microsomal metabolism assays containing UroA
were extracted and analyzed by LC-MS/MS. After incuba-
tion with microsomes a m/z 243.0297 peak was observed
at 6.6min, identical to the UroC standard (Figure 2H).
Comparison of the MS/MS spectra for the 6.6min peak
from the microsomal incubation and authentic standard
of UroC revealed a similar fragmentation pattern, which
confirms that UroA is hydroxylated by CYP1A1 to form
UroC with a dot and reverse spectrum similarity scores
calculated as 912.5 (dot) and 975.4 (reverse-dot) out of
1000, respectively (Figure 2I and Figure S5).*' In addition,
incubation of UroA with Hepa 1 microsomes resulted in a
time-dependent increase in UroC (Figure 2J,K). This data
establish that UroA is a CYP1A1 substrate and may effec-
tively compete with other CYP1A1 substrates.

3.6 | Dietary UroA promotes
intestinal and extra-intestinal CYP1A1l
expression and microsomal activity

To explore the influence of dietary UroA on AHR activa-
tion potential, mice were fed UroA for 3days in a semi-
purified diet (Figure 3A). UroA consumption led to a
similar marked increase in Cyplal expression in the du-
odenum and lung, but no significant difference was ob-
served in the liver. Lung microsomes were isolated from
mice fed either a semi-purified or semi-purified UroA
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FIGURE 2 Urolithins are CYP1A1 substrates/inhibitors. (A) Six urolithins were co-incubated with luciferin-CEE CYP1A1 substrate

in a Hepa 1 microsomal assay and compared with a-NF. (B and C) Dose-dependent inhibition of luciferin-CEE metabolism by UroA in the
Hepa 1 or Caco2 microsomal assay system. (D) UroA binding properties in CYP1A1 were studied using both Autodock 4.2 and Autodock
Vina. Low-energy Autodock 4.2 poses show UroA binds human CYP1A1 (hCYP1A1) with nanomolar affinity (hCYP1A1: 151 nM, —9.3kcal/
mol; white stick) in an allosteric site near the top of the active site positioning the C2 carbon 10.3 A from the heme center. This result is
shown superimposed on a similar, low-energy pose obtained for UroA in a mouse CYP1A1 (mCYP1A1) homology model (mCYP1A1:
191nM, —9.17kcal/mol; transparent green stick) using Autodock 4.2. Bond distances between UroA and species-specific, active site residues
Threonine-111 (T111) and Serine-116 (S116) are shown (in A; yellow dotted line). (E) When UroA binding was studied in the human
enzyme using a more advanced program, Autodock Vina, a lower energy docking pose was identified (hCYP1A1: 17nM; —10.9 kcal/mol;
white stick) that positions the C2 carbon 7.4 A from the heme center. Autodock Vina identified an alternate set of interactions between
UroA and the B’ helix residue S116 in hCYP1A1, as shown. (F) Comparative Autodock Vina analysis in the mCYP1A1 homology model
identified the same, low energy pose for UroA observed in the hCYP1A1 model (see Figure 2E), positioning the substrate nearly 3.0 A closer
to the heme center than Autodock 4.2 (mCYP1A1: 191 nM, —10.6 kcal/mol; green stick). The positions of key, mouse-specific active site
residues Serine-115 (S115), Threonine-120 (T120), Threonine-126 (T126), Asparagine-226 (N226), Asparagine-259 (N259), and Aspartate-317
(D317) are shown. UroA from the mouse model (green stick) is shown superimposed on the result from the human structural model (in

a transparent white stick); minor repositioning of hydroxyl groups can be observed between the two nearly identical solutions. Here, the

C2 target carbon remains closest to the heme iron (7.6 A) but the absolute binding energy was reduced slightly. (G) An unbiased, MD
simulation-based model of mouse CYP1A1 was also prepared to remove crystallographic artifacts of a-naphthaflavone binding from our
homology model. After the relaxation of the backbone and energy minimization of the substrate-free active site, UroA docks within 4.6 A
from the heme center, which is well-positioned for target-specific oxidation of the C2 carbon. Reduced binding affinity was predicted for
UroA in the unbiased MD model of CYP1A1 (—8.5kcal/mol; mCYP1A1; Autodock Vina; white stick) compared with our best structure-
based model (—10.9kcal/mol; hCYP1A1; Autodock Vina; red stick), but similar structural features of active site recognition were highlighted
using both biased and unbiased models of the CYP1A1 active site. (H) Microsomes isolated from TCDD-treated Hepal cells were utilized an
in vitro CYP1A1/1B1 metabolism of UroA to UroC. The representative selected ion chromatogram (XIC) of UroC compared with authentic
standards; (I) MS/MS spectral similarity plot of authentic UroC compared with putative UroC generated in microsomal assays. (J) Structural
depiction of reaction route of UroC produced from UroA. (K) UroC was quantitated by LC-MS/MS from UroA/microsomal incubations in a
time-dependent manner. Statistical difference was analyzed using one-way ANOVA with Tukey's multiple comparisons. Data are presented

as mean + SEM (error bars). *p <.05, **p <.01, ***p <.0001.

diet, subjected to WES protein analysis of CYP1A1 levels,
and normalized to total protein (Figure 3B, Figure S6A).
The addition of UroA to the diet resulted in a 9-fold in-
crease in CYP1Al protein levels (Figure 3C). Next, the
ability of lung microsomes to metabolize UroA to UroC
was examined in an in vitro microsomal P450 metabolism
assay. Lung microsomes from mice fed UroA demon-
strated an increased capacity to metabolize UroA to UroC
(Figure 3D-F).

3.7 | Bacteria, dietary indole-3-
carbinol, and broccoli fail to influence the
tissue-specific pattern of AHR activation

To test whether bacteria either in the lung or gut play a
role in these observations, germ-free Ahr** mice on a
semi-purified diet were switched to the same diet with
UroA for 3 days and results were similar to those observed
in conventional mice in Figure 3A (Figure 4A). This would
suggest that microorganisms in the gut do not affect the
pattern of activation. Interestingly, germ-free Ahr*/* mice
fed a semi-purified diet with indole-3-carbinol, which
undergoes acid condensation to ICZ in the stomach, re-
vealed Cyplal induction in the duodenum and lung, but
not in the liver (Figure 4A). To provide relevance to these

observations and allow the examination of a possible
mechanism of UroA-mediated increase in AHR activa-
tion, mice were fed a semi-purified diet with 10% broccoli
for 1 week followed by 3days with or without UroA. The
level of Cyplal expression was examined in anatomical
segments of the intestinal tract, and a significant increase
in Cyplal expression was observed in the duodenum, je-
junum, ileum, and lung when fed UroA in the broccoli
diet (Figure 4B,C). In contrast, the presence of UroA in a
broccoli diet failed to alter CypIal expression in the colon,
spleen, or liver. The activation of Cyplal from crucifer-
ous vegetable consumption appears to be due to the in
situ production of ICZ in the stomach.'** The concentra-
tion of UroA in portal blood from broccoli and UroA-fed
conventional mice was assessed by LC-MS/MS analysis
and determined to have a mean concentration of ~300 nM
(Figure S6B), a level that is unlikely to directly influence
AHR activation as a ligand."

3.8 | ICZinhibits CYP1A1/1B1
metabolism in vitro

ICZ was added to the CYP1A1/1B1 mouse microsomal
assay system and inhibited luciferin-CEE substrate metabo-
lism at an ICy, of 616 1M (Figure S7A-C). Next. we wanted
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FIGURE 3 Dietary UroA increases pulmonary CYP1A1 expression. (A) Ahr*’* mice were fed a semi-purified diet for 1 week followed
by 3days on either a semi-purified diet or the same diet + UroA. The level of CypIal expression was determined in duodenal, pulmonary,
and hepatic tissues. P stands for semi-purified diet AIN-93G. (B) Lung microsomes were isolated from lungs fed the same diets in panel A
and the level of CYP1A1 was examined using the WES system. The upper and lower bands are non-specific binding. (C) Quantitation of the
WES data in panel B. (D) Scheme for in vitro microsomal assay. (E and F) Representative LC-MS/MS analysis of UroC levels after UroA
incubation with lung microsomes described in panel B. Cyplal mRNA levels were normalized to Actb. Statistical difference was analyzed
using two-tailed unpaired Student's ¢ tests (A, B, and F). Data are presented as mean + SEM (error bars). *p <.05, *p <.01, ****p <.0001.

to determine whether further explore ICZ as a CYP1A1/1B1
substrate or inhibitor using a modeling approach.

3.9 | Predictive molecular modeling of
relative affinity of ICZ vs. UroA for CYP1A1
catalytic site

ICZ is a hydrophobic molecule produced in the stomach
upon consumption of broccoli that has limited solubility
in an aqueous microsomal assay system. Therefore, to
gain a better understanding of relative differences in the
CYP1A1/1B1 metabolic turnover of ICZ and UroA, we
turned to molecular modeling utilizing the crystal struc-
tures of the CYP1A1/1B1 catalytic domain. The nature
of competitive binding between UroA, and the AhR li-
gand ICZ, was explored using docking stimulations. ICZ
binds hCYP1A1 (—11kcal/mol; 8nM) and mCYP1A1l
(—11.3 kcal/mol; 84 nM) models in a common pose with
higher affinity than UroA in any conformation, when
using Autodock 4.2 (Figure 5A; Table S1). Similar dock-
ing poses for ICZ were obtained using Autodock Vina,
but picomolar level binding affinity was predicted
(hCYP1A1: 49 pM; —14.1kcal/mol); mouse (135 pM;
—13.5kcal/mol). In CYP1A1l, hydrophobic interactions
between ICZ and conserved p1-4 loop residue Valine-386
(V386) and p4-1/4-2 loop residue Theonine-501 (T501)
regulate the docking regiospecificity of ICZ. ICZ binds
CYP1ALl in a single robust conformation that positions
the C2 carbon 4.5A from the heme center. Here, ICZ
would superimpose on the docking coordinates of the
two, lowest energy UroA docking solutions obtained
with structure-based models of CYP1A1 (Figure 5B).
This observation, paired with the picomolar affinity,
strongly implies that ICZ will consistently outcompete
UroA for binding in CYP1A1's proximal active site, po-
tentially inhibiting its co-metabolism.

Overall, ICZ is predicted to bind the CYP1A1 active site
with sub-nanomolar affinity, in a robust configuration that
would allow it to compete for substrate access with virtually
any CYP1Al substrate, including more soluble compounds,
with charged or polar R-groups, such as UroA. Compounds
in this class are less lipophilic than ICZ and are more likely
to form electrostatic interactions with conserved residues
near the opening of the active site (in SRS regions 1-3; see

Figure S4), making it more difficult for them to access the
heme center. Our analysis also predicts limited species-
specific variability in the binding and recognition of UroA
and ICZ by mouse and human forms of CYP1Al. The
three amino acid differences found in the mouse CYP1A1
isoform (T111S, S116T, V228T; Figure S4C,D) are inconse-
quential with respect to the positioning of functional, elec-
trostatic, or hydrophobic contacts in the CYP1A1 active site.
While a large expansion in cavity volume was observed for
the mCYP1A1 model (Figure 5C,D), key hydrophobic and
electrostatic contacts in SRS regions 1-6 were not disrupted.
Mouse CYP1A1 has a predicted active site volume 138.6 A*
larger than the human isoform due primarily to species-
specific differences in the SRS-3 region (see Figure S3D).

3.10 | Invitro CYP1A1/1B1
metabolism of ICZ

ICZ modeling data provided us with the likely site of
hydroxylation of ICZ at the C2 position. This allowed
a synthesis scheme to be devised to synthesize the ap-
propriate ICZ metabolites. Because ICZ is a symmetric
molecule that may be hydroxylated at two sites, we syn-
thesized both mono- and di-hydroxylated ICZ derivative.
LC-MS/MS and NMR analysis confirmed the identity of
2,8-dihydroxy-ICZ and 2-hydroxy-ICZ (Figures S8 and
S9). Using these compounds as standards we examined
the ability of CYP1A1 to metabolize ICZ in a P450 mi-
crosomal assay system. Metabolism resulted in the for-
mation of a peak at 7.9 min with the parent ion of 289.09
that match 2,8-dihydroxy-ICZ standard (Figure 6A-C).
Under the conditions of the assay, 2-hydroxy-ICZ was not
detected. Coincubation of UroA with ICZ in the P450 mi-
crosomal assay led to the inhibition of ICZ metabolism to
2,8-dihydroxy-ICZ (Figure 6D). In addition, ICZ can in-
hibit UroA metabolism to UroC (Figure 6E,F).

3.11 | 2,8-Dihydroxy-ICZ fails to
activate the AHR and is a poor CYP1A1
substrate/inhibitor

CYP1A1 metabolizes ICZ and likely attenuates ICZ-AHR
signaling, thus setting up a negative feedback loop. To
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test this concept, we examined the ability of the down-
stream CYP1A1l metabolites of ICZ, 2-hydroxy-ICZ, and
2,8-dihydroxy-ICZ, to activate the AHR in a cell-based

AHR reporter cell line Hepa 1.1 assay. In comparison
to ICZ, 2-hydroxy-ICZ exhibits ~550-fold less activa-
tion potential based on the ED,; dose (Figure 6G), while
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FIGURE 4 Tissue-specific modulation of Cyplal by UroA. (A) Germ-free mice were fed a semi-purified diet with or without 4 mg of
UroA/g of food or 125 pg of indole-3-carbinol/g of food for 3days and Cyplal levels were determined. (B and C) Conventional mice were fed a
semi-purified diet for 1 week followed by semi-purified diet +10% broccoli or semi-purified diet +10% broccoli +4mg UroA/g of food for 3days
and Cyplal measured in the indicated tissues. CypIlal mRNA levels were normalized to Actb. Statistical difference was analyzed using one-way
ANOVA with Tukey's multiple comparisons (A) and two-tailed unpaired Student's ¢ tests (B and C). Data are presented as mean +SEM (error
bars). **p <.01, ***p <.001, ****p <.0001. P and B stand for semi-purified diet or semi-purified diet + broccoli, respectively.
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FIGURE 5 ICZand UroA competitive docking models of human CYP1A1. (A) The nature of ICZ binding to the human CYP1A1
substrate pocket was explored using Autodock 4.2 and Vina with a very consistent conformation that positions the C2 carbon 4.5 A from the
heme center. (B) ICZ superimposed over both low- and high-energy docking positions for UroA (shown in transparent orange and green
sticks). (C) Our computational docking model for human CYP1A1 was derived from crystal structural coordinates (PDB: 418V; copy A).
Using CAVER 3.0, we calculated a square active site cavity for human CYP1A1 of 801.2A%. (D) A homology model for mouse CYP1A1 was
developed using the human crystal structure and the SWISS-MODEL server.

2,8-dihydroxy-ICZ has minimal to no activation poten-
tial at the doses tested. Next, whether 2-hydroxy-ICZ
and 2,8-dihydroxy-ICZ can antagonize ICZ-mediated
AHR activation was tested, and neither ICZ metabolite
was able to significantly antagonize ICZ (Figure 6H).
In contrast, the AHR antagonist GNF351 effectively an-
tagonized ICZ. We have shown that ICZ is readily me-
tabolized by CYP1A1, thus whether 2,8- dihydroxy-ICZ
is also a substrate or inhibitor of CYP1A1 was tested. In
the P450 microsomal assay, 2,8-dihydroxy-ICZ failed to
exhibit a dose-dependent inhibition of CYP1Al activity
(Figure 6I). Thus, 2,8-dihydroxy-ICZ appears to be the ter-
minal CYP1A1 metabolite and is neither an AHR ligand

nor the CYP1A1 substrate. These data establish the AHR-
dependent expression and metabolic potential of CYP1A1
as a potent negative feedback regulator of ICZ-mediated
AHR activity.

3.12 | Support for the ICZ-AHR-gut-
lung axis

We wanted to further explore the hypothesis that ICZ
enters the lymphatic system leading to enhanced AHR ac-
tivation in the heart and lungs. Cyplal expression in the

duodenum, liver, and lung was assessed in Ahrt'* mice
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FIGURE 6 CYP1A1/1B1 metabolism of ICZ. (A) In vitro microsomal metabolism of ICZ results in the formation of 2,8-dihydroxy-
ICZ. (B) MS/MS spectral similarity score confirms the identity of 2,8-dihydroxy-ICZ. (C) Scheme depicting the CYP1A1/1B1 metabolism
of ICZ. (D) Urolithin A is capable of attenuating ICZ metabolism to 2,8-dihydroxy-ICZ in a microsomal metabolism assay. (E) ICZ can

inhibit the metabolism of UroA in a microsomal metabolism assay. (F) ICZ can inhibit the formation of UroC from UroA in a microsomal

metabolism assay. (G) Cyplal mRNA levels were assessed in Hepa 1.1 cell lines treated with various concentrations of ICZ, 2-hydroxy-ICZ,
and 2,8-dihydroxy-ICZ. (H) Hepa 1.1 cells were treated with ICZ in the absence or the presence of 1 uM 2-hydroxy-ICZ, 2,8-dihydroxy-
ICZ, or the AHR antagonist GNF351 and AHR reporter activity assessed. (I) The in vitro microsomal assay was performed using Hepa 1.1

microsomes exposed to increasing concentrations of 2,8-dihydroxy-ICZ. Cyplal mRNA levels were normalized to Actb. Statistical difference

was analyzed using one-way ANOVA with Tukey's multiple comparisons. Data are presented as mean + SEM (error bars). *p <.05, **p <.01,

#EEp < 0001,

on a chow diet. Comparison of lung and duodenal Cyplal

system.

4B Ayt

mice were orally administered 20mg

expression within individual mice revealed a significant
positive correlation (Figure 7A). In contrast, the compari-
son of individual liver and duodenal Cyplal expression
within the treatment group did not significantly correlate
(Figure 7B). Next, we utilized the surfactant Pluronic L-81
previously demonstrated to disrupt chylomicron formation
in the intestinal tract and thus uptake into the lymphatic

of broccoli slurry with or without Pluronic L-81, after 12h
tissues were isolated, and Cyplal mRNA levels were as-
sessed. The ratio of hepatic/pulmonary Cyplal revealed
that Pluronic L-81 increased the Cyplal ratio (Figure 7C).
This data set was also plotted on an individual mouse basis
and demonstrated that Pluronic L-81 decreased broccoli-
mediated pulmonary Cyplal expression (Figure 7D). This
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FIGURE 7 Assessment of possible lymphatic spread of an AHR ligand. (A) Significant correlation of pulmonary Cyplal duodenal

Cyplal mRNA levels in C57BL6/J mice on a chow diet. (B) Lack of correlation between hepatic and duodenal CypIal mRNA levels in
C57BL6/J mice on a chow diet. (C) Pluronic L-81 increases the ratio of hepatic/pulmonary Cyplal cotreatment upon oral administration of
a broccoli slurry. (D) The relationship between hepatic and pulmonary Cyplal expression in individual mice from panel C. Cyplal mRNA
levels were normalized to Actb. Statistical difference was analyzed using unpaired Student's t test, n=5/group. Mean hepatic/pulmonary
Cyplal ratio+SEM was calculated, and significance was assessed. Data are presented as mean +SEM (error bars). **p <.01. Pearson

correlation coefficient analysis was utilized in panels A and B, n=15.

data further supports the concept that ICZ is entering the
lymphatic system.

4 | DISCUSSION

Plants have evolved to synthesize secondary metabolites
to deter consumption by herbivores and omnivores. In
parallel, such animals have adaptively coevolved detoxi-
fication strategies utilizing a broad family of cytochrome
P-450 (CYP) enzymes to counteract xenobiotic second-
ary metabolite toxicity following dietary consumption.
The substrate specificity of CYP varies widely as well as
the tissue-specific pattern of expression, which in effect
leads to the ability to metabolize a wide spectrum of phy-
tochemicals and other xenobiotics. CYP1A1l substrate
specificity includes many hydrophobic polycyclic aro-
matic hydrocarbons, flavones, and quinolines. CYP1A1
is expressed in barrier tissues such as the skin, lung, and
intestinal tract and appears to be highest in the liver and
lung. Relatively high-affinity CYP1A1 substrates, in gen-
eral, contain three or more ring structures, typified by

7-ethoxyresorufin, many polycyclic aromatic hydrocar-
bons (e.g., benzo(a)pyrene), and a variety of naturally
occurring flavones.*’ These structural attributes are strik-
ingly similar to high-affinity AHR ligands. Thus, CYP1A1
can serve as a negative feedback loop to limit AHR acti-
vation.”” The endogenous high-affinity ligand FICZ has
been demonstrated to be subject to this feedback loop.***’
Depending upon relative concentrations, a compound
that exhibits weak AHR binding capacity and manifests
as a CYP1A1 substrate or an inhibitor could therefore in-
crease the half-life of a more potent AHR ligand and lead
to Cyplal induction. Indeed, this has been observed in
cell culture experiments utilizing quercetin and resvera-
trol as CYP1A1 substrates and FICZ as a high-affinity
AHR ligand.* In this report, the concept of an AHR-ICZ
negative feedback loop was confirmed by the observation
that CYP1A1 metabolizes ICZ to 2,8-dihydroxy-ICZ, lead-
ing to inactivation of AHR activation potential, and thus
completion of the negative AHR feedback loop.

In the intestinal tract, especially the duodenum, en-
terocytes express significant amounts of CYP1A1 that
metabolically restricts systemic circulation of a specific
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subset of AHR ligands that also manifest as CYP1A1 sub-
strates.”® This was first demonstrated in vivo by the ob-
servation that the deletion of ARNT expression from the
intestinal epithelium leads to extra-intestinal AHR acti-
vation, likely due to a lack of intestinal CYP1A1 expres-
sion.* Conversely, constitutive expression of CYP1A1
in the intestinal epithelial cells leads to a depleted AHR
activation potential, resulting in significant changes in
type 3 innate lymphoid cells within the intestinal tract.*!
We have previously demonstrated in mice that the lung
exhibits the highest level of constitutive CYP1A1 expres-
sion compared with the heart, liver, and kidney.20 In ad-
dition, the lung also exhibited the highest level of AHR
activation potential in organic solvent tissue extracts
from Ahr~~ mice, thus indicating significant levels of
AHR ligands.20 However, these results did not address
whether lung AHR activation is from a locally produced
AHR ligand or from systemic circulation. The presence
of a proximal to distal basal (and inducible) Cyplal gra-
dient within the small intestine would suggest that small
intestinal CYP1A1 metabolism of broccoli-derived ICZ
would restrict its systemic distribution.”* Such digestive
metabolism is consistent with the protective role of the
intestine to limit systemic exposure to potentially toxic
dietary secondary metabolites. Conversely, loss of AHR
and thus CYP1A1l expression within the duodenum of
Vil““Ahr™" mice appears to increase systemic ICZ dis-
tribution, as evidenced by lung Cyplal induction rel-
ative to a control diet. A comparison between Ahr?'?
and Vil“Ahr™" mice exposed to a broccoli diet reveals
similar levels of hepatic Cyplal expression, suggesting
equivalent systemic ICZ delivery to the liver. In contrast,
anonequivalent Cyplal induction is observed within the
lung, with the absence of intestinal AHR expression re-
sulting in enhanced pulmonary Cyplal expression rela-
tive to controls.

The presence of UroA in a broccoli diet yielded a
similar Cyplal tissue-specific induction pattern as that
observed in mice without intestinal CYP1A1 expression.
Indeed, the addition of UroA to a broccoli diet selectively
increases lung and heart AHR activation, while no effect
on AHR activation in the liver was observed. A likely ex-
planation for the tissue-specific AHR activation pattern
observed upon consumption of UroA and ICZ is that
UroA acts as a competitive CYP1A1 substrate in the in-
testinal tract and allows a proportion of ICZ to “escape”
resulting in systemic circulation. This is supported by the
enhanced Cyplal induction observed in the lung in mice
that do not express AHR in the intestinal epithelium.
However, this does not explain the lack of induction in the
liver. Considering the hydrophobicity of ICZ, it is likely
that some of this compound partitions into chylomicrons
within enterocytes that are subsequently transported into

the lymphatic system, thus bypassing the liver. The lym-
phatic system delivers its contents into the subclavian
vein and enters the heart, followed by pulmonary circu-
lation. This concept is consistent with other reports of a
gut-lung axis.”® Interestingly, the second highest consti-
tutive Cyplal mRNA level among the tissues examined
was observed in the heart.?’ Indeed, pharmaceutical
companies have designed drugs that when taken orally
directly enter the lymphatic system, bypassing liver me-
tabolism prior to systemic circulation.”® However, addi-
tional studies will be needed to firmly establish the role
of the lymphatic system in the observed ICZ/gut/lung
phenotype. The ability of UroA to increase duodenal and
lung activation when mice are on a semi-purified diet
was unexpected. One possible explanation is that there
are ligands that are generated but rapidly metabolized in
the absence of phytochemicals. Clearly, additional stud-
ies are also needed to address the mechanism of this ob-
servation. Our data support the concept of unequal tissue
biodistribution of ICZ in mice, which we demonstrate is
likely a consequence of enhanced “escape” due to dimin-
ished CYP1A1l metabolism in the intestinal tract. This
would facilitate increased lymphatic ICZ uptake from
the intestine and transport via the thoracic duct directly
to the lung, thus bypassing portal transport and hepatic
first-pass metabolism.

The ligand specificity and activation potential of the
hAHR varies considerably from the mAHR. Xenobiotics
such as TCDD and PAHs have about 10-fold higher af-
finity for the mAHR versus hAHR.>* In contrast, many
tryptophan metabolites such as indirubin, indole,
3-methyl indole, and kynurenic acid have significantly
higher activation potential for the hAHR compared with
the mAHR.”® Urolithins are hAHR antagonists, yet fail
to bind to the mAHR.'® That would imply that in mice
urolithins are CYP1A1 substrates and not AHR ligands.
In contrast, in humans, the influence of urolithins on
AHR activity would likely be more complicated. Thus,
in humans, the presence of ICZ and urolithins would
be more difficult to predict and may well be dependent
on whether urolithins exhibit higher affinity as CYP1A1
competitive substrates compared with AHR antagonist
potential. Indeed, considering the low nM AHR activa-
tion potential and affinity of ICZ in humans, it is likely
that urolithins would function more as mediators of
increased ICZ half-life.>**> The CYP1A1 modeling data
presented here support the concept that ICZ is a better
substrate for CYP1A1 than UroA. Nevertheless, the more
abundant UroA could still effectively compete with the
low level of ICZ produced from broccoli consumption.
Finally, in a complex mixture of phytochemicals from
a plant diet it will be difficult to predict the level of sys-
temic or even intestinal AHR activation.
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