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Abstract

Background/objectives Obesity is a global epidemic and the underlying basis for numerous comorbidities. We report that
the aryl hydrocarbon receptor (AHR) plays a key role in the metabolism of obesity. The AHR is a promiscuous, ligand-
activated nuclear receptor primarily known for regulating genes involved in xenobiotic metabolism and T cell polarization.
The aims of the work reported here were to understand the underlying mechanism of AHR-based obesity and to determine
whether inhibition of AHR activity would reverse obesity.

Methods Mice were fed control (low fat) and Western (high fat) diets with and without the AHR antagonist alpha-
naphthoflavone (aNF). Gene expression of identified AHR-regulated genes from liver and adipose tissue was characterized.
To determine the role of the AHR in obesity reversal, selected mice in control and Western diet regimens were switched at
midpoint to the respective control and Western diets containing aNF, and the identified AHR-regulated genes characterized.
Results AHR inhibition prevented obesity in mice on a 40-week diet regimen. The likely AHR-regulated and cross-
regulated downstream effectors of AHR-based obesity were shown to be CYP1B1, PPARa-target genes, SCD1, and SPP1
(osteopontin). Western diet caused an increase of mRNA and protein expression of the Cyplbl, Scdl, and Sppl, and
PPARo-target genes in the liver, and inhibition of the AHR maintained expression of these genes near control levels. The
body weight of obese mice on Western diet switched to Western diet containing aNF decreased to that of mice on control
diet concurrently with a reduction in the expression of liver CYPIB1, PPARa-target genes, SCDI, and SPP1. AHR
inhibition prevented hypertrophy and hyperplasia in visceral adipose tissue and limited expression levels of CYPIB1 and
SPP1 to that of mice on control diet.

Conclusions AHR inhibition prevents and reverses obesity by likely reducing liver expression of the Cyplbl, Scdl, Sppl,
and PPARa-target genes; and the AHR is a potentially potent therapeutic target for the treatment and prevention of obesity
and linked diseases.

Introduction

Supplementary information The online version of this article (https:// Childhood and adult obesity are an ever-growing epi-
doi.org/10.1038/s41366-019-0512-z) contains supplementary material, demic, in which one in six children ages 2-19 are obese,
which is available to authorized users. and over two-thirds of adults are overweight or obese [1].
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We have accumulated evidence showing that the aryl
hydrocarbon receptor (AHR) plays a key role in obesity
[12-14]. The AHR is a promiscuous, ligand-activated
nuclear receptor [15, 16] primarily known for regulating
genes involved in xenobiotic metabolism [17, 18] and in
innate and adaptive immunity [19-21]. We showed in
C57BL/6J (B6) mice that obesity and adiposity were sig-
nificantly reduced [12, 13] and that liver steatosis improved
to near control levels [13] when fed Western diet containing
the mechanistically different AHR antagonists a-naphtho-
flavone (aNF) or CH-223191 [22-24]. Although there were
some minor differences, we also showed that inhibition of
the AHR was effective in preventing obesity and liver
steatosis in male and female mice [12].

Based on studies with B6 mice and a mouse hepatocyte
cell line [13], we found that Western diet-derived oxidized
low density lipoproteins induced toll-like receptor 2/4 sig-
naling to initiate downstream signaling events through
NFxB that ultimately activated indoleamine 2,3-dioxygen-
ase 1 (IDOI1). IDO1 metabolizes tryptophan (Trp) to
kynurenine (Kyn), a known AHR agonist [19, 25-27]. We
proposed that the sustained increased levels of Kyn-
induced, AHR-directed transcription [13], including the
canonical AHR-regulated CypIbl gene [12], caused diet-
induced obesity. In turn, obesity was prevented by AHR
inhibition using the antagonist aNF or CH-223191 [12, 13].

Pharmacological and behavioral modification approaches
for the treatment of obesity for the most part have been
ineffectual [28]. As a result, we sought to determine the
mechanism by which the Western diet-activated AHR
causes diet-induced obesity in mice, and second, to deter-
mine whether inhibition of AHR signaling would be an
effective means to reverse obesity. We surmised from the
work reported here that the AHR may be the hub of a
network of genes that includes cytochrome P450 1bl
(Cyplbl) and other key AHR-regulated and cross-talking
downstream genes, i.e., peroxisome proliferator-activated
receptor alpha (Ppara), stearoyl-coA desaturase 1 (Scdl),
and secreted phosphoprotein (Spp1), also known as osteo-
pontin, that encode proteins that influence lipid metabolism,
hepatic steatosis, and obesity. Lastly, we show that obese
mice on Western diet, when switched to a Western diet
containing the AHR inhibitor aNF, gradually lose and
maintain body mass at control levels.

Materials and methods
Mice
Male B6 mice (strain C57BL/6J, stock #000664) of

~5 weeks of age were purchased from The Jackson
Laboratory (Bar Harbor, ME). The mice were reared in 12-h

light/dark cycles, and to minimize exposure to exogenous
toxicants, cages were bedded with chemical-free shredded
paper (Pure-o-cell, The Andersons Lab Bedding, Maumee,
OH). Food consumption was determined midway during the
diet regimens with four to eight mice from each experimental
group, in which the mice were housed in cages containing a
chow-measuring apparatus. Control diet contained 3.8 kcal/g,
and Western diet contained 4.6 kcal/g. Food consumption
and thus aNF consumption was ad libitum. We found in a
dose-response experiment that chow containing 2% aNF by
mass was the minimal effective dose for preventing obesity
in mice fed a Western diet [13]. The calculated amount of
consumed aNF and CH-223191 was ~90 mg/kg body mass/
day and ~10 mg/kg body mass/day, respectively. The cal-
culations were based on the estimated consumption of
~4.5g of chow per mouse per day (http://www.resea
rchdiets. com/) and on an adult mean body mass of 30 g.
Diet regimens of 5-, 20-, and 40-week durations were car-
ried out. The body mass of each mouse was measured and
recorded weekly for the duration of each regimen. If
obviously sick or dead, the mouse was eliminated from the
study. For the IDO1/2 inhibition study, mice were given 1-
methyl-L-tryptophan (IMLT; Sigma-Aldrich, St. Louis, MO;
CAS Number 21339-55-9) in their drinking water (5 mg/ml,
pH 11.0) or water adjusted to pH 11.0 for the control group
[29]. The study was not blinded as the different chows were
color coded. We did not observe any unusual differences in
lifespan or disease incidence within the confines of the
studies. All animals were treated humanely following the
regulations and specifications of the Dartmouth IACUC.

Diet

Mouse chow was purchased from Research Diets, Inc.
(New Brunswick, NJ). The custom low-fat control diet,
(D12450B) contained 20% kcal protein, 70% kcal carbo-
hydrates (35% kcal from sucrose), 10% kcal fat (4.5% kcal
from lard). The custom Western diet (D12071702) con-
tained 20% kcal protein, 35% kcal carbohydrates (17.5%
kcal from sucrose), 45% kcal fat (40% kcal from lard), and
2% cholesterol. The ingredients for the control and Western
diets are listed in [12]. The diets contained no detectable
phytoestrogens or xenobiotics according to the manu-
facturer. The aNF (CAS Number 604-59-1, >98% purity)
and CH-223191 (CAS Number 301326-22-7) were pur-
chased from Sigma-Aldrich. The aNF or CH-223191 was
added directly to the mouse food during production and
comprised 2% and 0.22%, respectively, of the total mass.

Histology

Histology procedures were carried out by the Dartmouth
Pathology Shared Resource. Liver and adipose tissue
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samples taken at sacrifice were fixed in 10% neutral-
buffered formalin. The tissue was processed, paraffin-
embedded, and sectioned at a thickness of 5 um and adhered
onto glass slides. Liver tissue was stained using hematox-
ylin and eosin. Immunohistochemistry for CYPIBI
(Abcam, Cambridge, MA) was performed using a Leica
Bond Rx (Leica Biosystems, Buffalo Grove, IL). Four
sections from each liver were examined, and each section
was at least 30 um apart with representative sections
selected. The sectioned tissue was examined at 40x mag-
nification using an Olympus BX51 microscope (Waltham,
MA). Images were generated using identical settings with a
QImaging Micro Publisher 5.0 RTV camera (Surrey, British
Columbia, Canada).

Determination of arachidonic acid and aNF
concentrations

At sacrifice, plasma was obtained by centrifugation from
collected blood samples and stored at —80°C. High-
performance liquid chromatography (HPLC) was carried
out by the Dartmouth Clinical Pharmacology Shared
Resource. HPLC-grade acetonitrile was purchased from
MilliporeSigma (Burlington, MA). Ultrapure water was
provided using a Barnstead purification system. C57BL/6
plasma was purchased from Innovative Research (Novi,
MI). For arachidonic acid, arachidonic acid-d8 (AA-d8)
was used as an internal standard. Arachidonic acid and
arachidonic acid-d8 stocks were dissolved in DMSO and
stored at —4 °C, and working dilutions were made daily in
70% acetonitrile. Calibrators and quality control solutions
were made in 45 mg/ml human albumin in phosphate-
buffered saline (PBS) and processed as plasma samples.
Plasma samples (50 ul) were processed by adding 2.5 pl of
a 100 pg/ml internal standard (AA-d8) and 100 ul of 3%
ammonium hydroxide and briefly vortexed and cen-
trifuged for 30 s at 6000 x g. Oasis MAX SPE cartridges
were used to purify samples according to manufacturer
instructions, and eluent was collected in 600 ul 3% formic
acid in acetonitrile. Samples were dried under nitrogen at
45 °C and suspended in 50 ul 70% acetonitrile for injection
onto the LC-MS/MS system. HPLC separation was
achieved on a Dionex Ultimate 3000 HPLC system with a
Phenomenex Luna Omega C18 2.1 x50 mm, 1.6 micron
column with 2.1 x 10 mm C18 guard at 40 °C. Isocratic
separation utilized 30% 5 mM ammonium acetate and 70%
acetonitrile with a flow rate of 0.3 pul/min. A TSQ Vantage
mass spectrometer was operated in negative ion mode with
a collision pressure of 1.4 mTorr to measure arachidonic
acid (303.206—259.26 m/z) and arachidonic acid-d8
(311.255-267.29 m/z) with collision energies of 16 and
15, respectively. The ESI source was operated with a spray
voltage of 500V, vaporizer temperature of 409 °C,
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capillary temperature of 257 °C, and sheath and auxiliary
gases at 30 and 5 arbitrary units, respectively. The quan-
titative range was 0.2-50 ug/ml with inter- and intraday
accuracies of 90-100% and 84-105%, respectively, across
three quality control levels.

HPLC methods for aNF detection [30] utilized aNF (7,8-
benzoflavone) and 8-methylflavone purchased from Indo-
fine Chemical Company (Hillsborough, NJ). Protein pre-
cipitation was performed by adding 80 pl of acetonitrile to a
40 pl-plasma sample. Liver samples were sonicated in PBS,
and the cellular debris was pelleted by centrifugation. Four
microliters of a 100 pg/ml 8-methylflavone solution was
added as the internal standard. The samples were vortexed
for 1 min and centrifuged at 6000 x g for 10 min. Thirty
microliters of supernatant was injected into the HPLC
system for analysis.

The HPLC analysis was performed on the Dionex
Ultimate 3000 system described above. The workstation
used Chromeleon™ and XCalibur™ softwares to conduct
the experiments. The separation was performed using a
Luna C;g column (100 x 4.6 mm, 3-um particle size). The
mobile phase was 80/20 (v/v) acetonitrile/water and was
delivered isocratically with a flow rate of 1 ml/min. The
UV absorbance was measured at 280 nm. The internal
standard 8-methylflavone and aNF appeared on the chro-
matograph at ~2.37 and 2.88 min, respectively, with no
interfering peaks. The lower limit of quantification of aNF
was 1pug/ml. The standard curve was linear over the
concentration range of 0.01-20 ug/ml with a regression
coefficient >0.99. Recovery from the sample extraction
was 102%. Quality control samples were included at the
concentrations of 0.03, 0.3, and 3 ug/ml. The inter- and
intra-day accuracy was 97-112%. The precision expressed
as CV% was 4.5-9.3%.

Western blotting

Liver and adipose tissue were homogenized on ice using
RIPA buffer. Proteins were pelleted by centrifugation and
concentrations measured. Proteins were resolved by SDS-
PAGE under reduced conditions and transferred to poly-
vinylidene difluoride membrane (EMD Millipore, Burling-
ton, MA). Primary rabbit antibodies to CYPIB1, CYP4A,
ELOVLS, FADSI, and FGF21 (Abcam, Cambridge, MA);
and to SCDI1 and Vinculin (Cell Signaling Technology,
Danvers, MA) were incubated with the membrane-bound
proteins overnight. Secondary antibodies (fluorescence or
HRP-conjugated; Cell Signaling Technologies, Danvers,
MA) were detected either on the Licor Odyssey CLx (Li-
Cor Biosciences, Lincoln, NE) or by electro-
chemiluminescence (ECL, Thermofisher, Waltham, MA).
Densitometry readings of bands from Western blots were
normalized to viniculin.
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Enzyme-linked immunosorbent assays

Blood was collected from mice via cardiac puncture at ter-
mination. Plasma was separated via Ficoll (GE Life Sciences,
Pittsburgh, PA) gradients and assayed using an ELISA for
SPP1 (R&D Systems, Bio-Techne, Minneapolis, MN).

Nanostring

Total RNA isolated from liver and adipose tissue (100 ng)
was used as input for the nCounter PlexSet system (Nano-
string Technologies, Seattle, WA) which can digitally detect
and count specific mRNAs in a multiplexed format. A
custom panel, including three housekeeping genes (GusB,
Rpl19, and Vcl), was designed and implemented.

Microarrays

Three to four biological replicates per experimental condition
were carried out for the microarray studies. Total RNA was
isolated and purified from mouse liver (sliced into small
pieces) and adipose tissue homogenized in Tri-Reagent
(Sigma-Aldrich, St. Louis, MO). RNA purity, quantity, and
quality were determined using a NanoDrop ND-1000 spec-
trophotometer (Thermo Scientific, Waltham, MA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). The mRNA gene expression microarray experi-
ments were carried out by the Dartmouth Genomics &
Molecular Biology Shared Resource using the Mouse 430A
or Mouse 430A 2.0 Arrays (Affymetrix, Santa Clara, CA).
Approximately 100 ng of total RNA per sample was labeled
for each array using the GeneChip 3’ IVT Reagent Kit
(Applied Biosystems, Foster City, CA). Labeled RNA was
incubated with the arrays and stained using the corresponding
kit on the GeneChip Fluidics Station. The arrays were
scanned using the Affymetrix GeneChip Scanner 3000.

Adipocyte tissue proliferation and growth

Adipocyte growth and proliferation was examined by an
adipocyte-specific pulse-chase experiment in a B6 mouse
model using a tamoxifen-inducible, fused adiponectin-cre
estrogen receptor (Adiponectin-creER) with a dual fluor-
escent reporter vector [31, 32]. Induction of cre recombi-
nase causes the fluorescent reporter to undergo an
expression switch from the Tomato (mT, red fluorescence)
tag, which locates to the plasma membrane, to the plasma
membrane-targeted green fluorescent protein (GFP) (mG,
green fluorescence) at ~95% recombination efficiency [32],
which identifies cre-expressing cells [33, 34]. To observe
adipocyte proliferation, daily IP injections of tamoxifen in
vegetable oil was given to 8-week old male mice at 50 mg/
kg for 5 days followed by a 1 week recovery (pulse), and

then placed on a control or Western + aNF diet for 8 weeks
(chase). At termination, visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT) were sectioned and
prepared for fluorescence microscopy.

To determine adipocyte size, an adipocyte area was
determined using the ImageJ plugin Adiposoft. Repre-
sentative images at 40x magnification were taken of sec-
tioned VAT stained with hematoxylin and eosin (three
images per animal, nine images per experimental group).
Adiposoft was used on “Auto” mode to detect adipocytes
with a diameter >20 pm and <100 um. Graphpad Prism was
used to identify and exclude outliers and in carrying out a
one-way ANOVA with multiple comparisons.

Statistical analyses

Standard student ¢ test was employed to determine p values
in the mouse studies. The raw data from the Nanostring
studies were processed through nSolver software, back-
ground corrected, and normalized first by using the geo-
metric mean of the top three positive controls followed by a
second normalization based on expression of the house-
keeping genes. Class comparisons were generated through
I-way ANOVA analysis using Partek Genomics Suite
software (Partek Incorporated, St. Louis, MO). Microarray
analyses were performed using BRB-Array Tools Version
4.5 (Biometric Research Branch of the Division of Cancer
Treatment & Diagnosis of the National Cancer Institute
under the direction of Dr. Richard Simon). Probe set sum-
maries from the imported CEL files were computed using
the RMA method, which applies a background correction
on the PM (Perfect Match) data and a quantile normal-
ization, and summarizes the probe set information using
Tukey’s median polish algorithm [35]. Differentially
expressed genes were identified using a random-variance ¢
test [36] and multiple testing correction methods [37].

Results
CYP1B1 expression in AHR-based obesity

We have shown that AHR inhibition effectively prevents
obesity and fatty liver in B6 females and males in diet
regimens of 20- and 26-week durations [12, 13]. We wanted
to investigate whether AHR inhibition by aNF was an
effective obesity preventative in a diet regimen of longer
duration and to determine the mechanism by which the
blocking of AHR signaling prevented Western diet-induced
obesity. Male B6 mice were fed control and Western diets
with and without aNF (Fig. 1a, b). As observed in the
shorter-term diet regimens [12, 13], total body mass gain of
mice fed Western + aNF diet to that of mice fed Western
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Fig. 1 Expression of liver CYP1B1 in AHR-based obesity. a Male
B6 mice (n=4 mice per experimental group) were fed control and
Western diets with and without aNF (~90 mg/kg/day) ad libitum for
40 weeks beginning at weaning. b Mean body mass gain of each
experimental group at week 40. ¢ Consumption of food per mouse for
each experimental group (n =4). d Liver mass/body mass ratios were
determined by weighing at the conclusion of the 40-week diet regi-
men. e Representative liver sections (n = 3) stained with hematoxylin

diet alone was significantly less and near the mean body
mass of mice fed control diet. There were no significant
differences in the amount of food consumed for a given diet
+aNF (Fig. Ic). Based on differential gene expression
profiles from microarray data of liver from B6 mice fed a
Western diet to those fed a control diet, the predicted active
cellular pathways were associated with increased inflam-
mation and decreased lipid metabolism (Table S1). In turn,
in liver of mice fed Western + aNF diet to that of mice fed
Western diet alone, the predicted cellular pathways were
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Western
Diet

and eosin (40x magnification). f Total RNA isolated from liver was
subjected to microarray analysis. g Proteins isolated from liver at
termination were resolved by Western blotting. Vinculin served as a
loading control (n = 3). h Representative sections of liver tissue (n =
3) stained with anti-CYP1B1 antibody at termination of the 40-week
diet regimen (50x magnification) with inset (200x magnification)
showing a central vein. p value: *<0.05; **<0.01; ***<0.001. Error
bars represent standard error of means (SEM).

redirected to reduced inflammation and oxidative phos-
phorylation and increased levels of protein synthesis and
transport (Table S2).

In the shorter-term studies [12, 13], liver steatosis was
not evident in male and female mice fed Western + aNF
diet, but the aNF caused liver enlargement independent of
diet. In contrast here, the longer-term diet regimen resulted
in more moderate outcomes for the liver in that no sig-
nificant levels of hepatomegaly was observed in mice
treated with aNF fed either the control or Western diet
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Fig. 2 AHR inhibition decreases protein expression of liver
PPARa target genes. Male B6 mice were fed control and Western
diets with and without aNF (~90 mg/kg/day) ad libitum for 40 weeks

(Fig. 1d). Second, the liver of mice fed Western diet for the
40-week diet regimen had a visibly reduced level of fat-
containing vesicles per unit area (Fig. le, lower left) to that
of livers from mice fed Western diet from the reported
shorter-term diet regimens [12, 13]. Nonetheless, aNF pre-
vented fat storage in mice fed Western diet (Fig. le, lower
right) as had been previously observed [12, 13]. The results
suggest that AHR inhibition ameliorates hepatic steatosis
regardless of the duration of high-fat diet intake.

Our working hypothesis is that the AHR-CYPIBI1 axis
comprises the first steps in the pathway of AHR-based obe-
sity. Knockout of the Ahr gene prevents obesity and liver
steatosis [13, 38, 39] as does knockout of the CypIbl gene
[40-42]. We carried out microarray and Western blot assays
with mRNA and protein isolated from liver of mice on the
40-week diet regimen. Mice on Western diet showed a sig-
nificant increase in CypIbl mRNA (Fig. 1f) and protein
(Fig. 1g) levels relative to that of mice on control diet, while
mice on the Western + aNF diet had Cyp/bl mRNA and
protein levels near or below that of the mice on control diet.

We next asked in what liver cell type(s) the AHR-
CYPI1BI1 axis is active. Hepatocytes are the parenchymal
cell type of the liver, and the hepatocyte-specific knockout
of the Ahr renders female mice obesity resistant [43].
Hepatocytes in the liver are organized into hexagonal
physico-functional units called lobules, where many meta-
bolic and xenobiotic enzymes are differentially distributed
along a periportal-perivenous axis [44]. Hepatocytes loca-
ted in either of the two hepatic regions often carry out
complementary functions, e.g., glycolysis in perivenous
hepatocytes and gluconeogenesis in periportal hepatocytes
[45]. The AHR is known to be expressed and active in
perivenous hepatocytes of the liver lobule [46], and
CYPIBLI is expressed in the same hepatocyte subset after
chronic 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure [47].
Liver sections from mice on the 40-week regimen of control
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Diet: Control  Western A, v
Control Western +aNF +aNF core lorer Fold Change
Relative to Control
Elovis Control 1.00
\W’ ELOVL5 Western 097
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[ e e e = = | VINCULIN |
Western 064
ControaNF 062
Western+aNF 0.31

beginning at weaning. Proteins isolated from liver at termination were
resolved by Western blotting. Vinculin served as a loading control.

and Western diets with and without aNF were stained using
anti-CYP1B1 antibody (Fig. 1h). CYP1BI1 staining in liver
sections from mice fed Western diet was markedly
increased in hepatocytes surrounding the central veins but
diminished to near control levels in mice treated with aNF.
These results show that Western diet-induced, AHR-
regulated CYP1B1 expression in the liver occurs pri-
marily in perivenous hepatocytes.

Expression of PPAR alpha-target genes is reduced
by AHR inhibition

The nuclear receptor PPARa is a critical regulator of lipid
metabolism in the liver and regulates genes involved in fatty
acid transport and mitochondrial fatty acid p-oxidation [48].
Microarray results showed that relative to mice fed Western
diet alone in a 5-week diet regimen, liver mRNA levels of
numerous PPAR« target genes were affected similarly by
aNF and CH-223191 (Table S3), two mechanistically dif-
ferent acting AHR antagonists [22-24]. Further, 19 of 22
PPAR« target genes examined behaved similarly to that of
the CypIbl knockout mouse [40] (exceptions: Ms4a7, Pctp,
and Pdk4). Western blots of liver protein of selected PPAR«
target genes from mice on the 40-week diet regimen (Fig. 2)
reflected the expression levels of the corresponding
mRNAs. The protein levels of ELOVLS, CYP4A, FADSI,
and FGF21 from mice fed chow containing aNF were
decreased relative to mice fed Western diet alone. The
results suggest that the AHR-CYP1B1 axis can be extended
to include PPARa.

Scd1 mRNA levels are decreased in liver by AHR
antagonists

Mice deficient in the Scdl gene, which encodes Stearoyl-
CoA desaturase 1, the rate-limiting enzyme that reduces

SPRINGER NATURE
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Fig. 3 AHR inhibition represses Scdl expression and plasma
arachidonic acid concentrations. a Total RNA isolated from liver
was analyzed using microarrays from male B6 mice (n =4 mice per
experimental group) fed control and Western diets with and without
aNF (~90 mg/kg/day) or CH-223191 (~10 mg/kg/day) ad libitum for
5 weeks beginning at weaning and b from male B6 mice (n = 3 mice
per experimental group) fed control and Western diets with and
without aNF (~90 mg/kg/day) ad libitum for 40 weeks beginning at
weaning. ¢ Proteins isolated from liver were analyzed by Western
blotting from male B6 mice fed control and Western diets with and
without aNF (~90 mg/kg/day) ad libitum for 40 weeks beginning at

saturated fatty acids to monounsaturated fatty acids, are
resistant to diet-induced obesity and become insulin sensi-
tive [49, 50]. Microarrays were carried out with mRNA
from liver of B6 male mice on the 5-week and 40-week diet
regimens to determine whether AHR inhibition suppressed
Scdl mRNA levels. For the 5-week diet regimen (Fig. 3a),
Western diet caused Scd/ mRNAs to rise nearly 11-fold
relative to that of mice on control diet, whereas, mice on
Western diet containing aNF or CH-223191 showed a sig-
nificant decrease in Scd/ mRNA gene expression. The
mouse groups on the 40-week regimen (Fig. 3b) showed
much less disparity among diets, but nonetheless, AHR
inhibition by aNF caused Scd/ mRNA levels to be near that
of mice on control diet. A Western blot of liver protein from
mice on the 40-week diet regimen showed that inhibition of
AHR signaling by aNF caused a decrease in SCD1 protein
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weaning. d Plasma arachidonic acid concentrations were determined by
HPLC from male B6 mice (n =4 mice per experimental group) fed
control and Western + aNF diets (aNF at ~90 mg/kg/day) ad libitum for
10 weeks beginning at weaning. e Total RNA isolated from liver was
analyzed using microarrays from male B6 mice (n=3 mice per
experimental group) fed control and Western diets with and without aNF
(~90 mg/kg/day) ad libitum for 40 weeks beginning at weaning.
C Control diet, W Western diet; WNF Western + aNF diet, WCH
Western + CH-223191 diet. p value: ¥<0.05; *¥<0.01; ***<0.001. Error
bars represent SEM.

levels relative to that of mice fed the corresponding diets
(Fig. 3c). The results support the hypothesis that blocking
AHR activity in turn decreases SCD1 expression leading at
least in part to the prevention of obesity.

Arachidonic acid causes a decrease in both Scd/ mRNA
and activity levels [51] and is a substrate of CYP1B1 [52].
To investigate whether arachidonic acid may play a role in
reducing Scdl mRNA levels, arachidonic acid plasma
concentrations (Fig. 3d) and relative mRNA levels of
Pla2g4a (Fig. 3e), which encodes the phospholipase that
generates endogenous arachidonic acid from membranes
[53], were determined. AHR inhibition by aNF caused a
significant drop in arachidonic acid plasma concentrations
while Pla2g4a mRNA was maintained at control levels,
suggesting that arachidonic acid is not complicit in the
modulation of Scdl gene expression and SCDI1 activity.
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Fig. 4 Inhibition of AHR signaling decreases SPP1 expression and secretion. Male B6 mice (n =4 mice per experimental group) were fed
control and Western diets with and without aNF (~90 mg/kg/day) ad libitum for 40 weeks beginning at weaning. a Total RNA isolated from liver
was analyzed by fluorescence-based digital counting using Nanostring technology to determine differential Spp/ mRNA levels. b SPP1 plasma
levels were measured by carrying out ELISA with anti-SPP1 antibodies. p value: *<0.05; **<0.01. Error bars represent SEM.

AHR inhibition causes drop in expression of the
obesity biomarker osteopontin

Secreted phosphoprotein 1 (Sppl or osteopontin) gene
expression is regulated by the AHR [54], and SPP1 protein
synthesis and secretion in vascular pericytes are regulated
by CYPIB1 [55]. Knockout of the Sppl gene causes obe-
sity resistance [56] demonstrating that SPP1 participates in
metabolism and is a possible participant in AHR-based
obesity. We found that relative to mice fed Western diet,
AHR inhibition by aNF resulted in a significant drop in
mouse liver Spp/ mRNA levels (Fig. 4a) and in plasma
levels of secreted SPP1 (Fig. 4b). The results are in align-
ment with other studies demonstrating links among the
AHR, CYPI1B1, and SPP1 and are consistent with a model
depicting SPP1 as part of a downstream gene network
regulated by the AHR [54, 55, 57].

AHR inhibition in adipose tissue reduces Cyp1b1 and
Spp1 but increases PPARa-target gene expression

A primary function of adipose tissue is the storage of excess
fat. The Cyplbl gene is expressed in adipose tissue at
higher levels relative to liver and relative to Cyplal
[42, 58]. Thus, we examined in adipose tissue the expres-
sion of the same downstream AHR-regulated genes identi-
fied in liver. As in liver, expression of CYP1B1 mRNA
(Fig. S1A) and protein (Fig. S1B) levels increased in VAT
of mice fed Western diet relative to control levels. Treat-
ment with aNF caused Cyplbl mRNA transcript numbers
and CYP1BI1 protein levels to be near or below that of mice
fed control diet.

In contrast to liver, most of the identified PPARa target
genes in VAT, with the exceptions of Scdl and Scd2, were
unaffected by Western diet or by AHR inhibition (Table S4

and Fig. S1C). Further, the Scdl and Scd2 genes generated
results opposite to that in liver, in which Western diet
produced a decrease in mRNA expression relative to control
VAT, and AHR inhibition increased mRNA levels relative
to that of VAT from Western diet-fed mice. The results
suggest that the influence of PPARx in VAT in the context
of obesity is relatively inconsequential, and that the AHR
may act as a transcriptional repressor in the regulation of the
Scdl and Scd2 genes.

However, similar to what was observed in liver, micro-
array results showed mRNA levels of the obesity biomarker
Sppl [59] increased over 18 fold in VAT of mice fed
Western diet versus control diet and plummeted to a ratio of
0.08 in mice fed Western + aNF diet to those fed Western
diet alone (a differential of ~225 fold) (Fig. SID). These
results were confirmed using Nanostring fluorescence-based
digital counting, in which Western diet caused a significant
increase in Sppl transcript number and AHR inhibition
caused a significant reduction (Fig. S1E). The data suggest
that the AHR-CYPI1B1 axis in adipose tissue shares some
similarity with liver, with PPARa«, Scdl, and Scd?2 acting as
exceptions.

AHR inhibition suppresses cell proliferation and
growth in visceral adipose tissue

We investigated adipocyte growth and proliferation in
response to Western diet with and without aNF. We car-
ried out an adipocyte-specific pulse-chase experiment in
B6 mice using an adipocyte-specific, tamoxifen-inducible,
and fused adiponectin-cre estrogen receptor vector with
dual fluorescence reporters [31, 32]. Induction of cre
recombinase by tamoxifen causes a switch from Tomato
(red fluorescence) to GFP (green fluorescence) expression
at ~95% recombination efficiency [32]. Cells with red
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plasma membrane indicate a proliferative state. Using
fluorescence microscopy, we observed that Western diet
induced cell proliferation in VAT but not in SAT, and that
cell proliferation in VAT was nearly abolished by treat-
ment with aNF (Fig. S1F). Sectioned VAT from mice of
each experimental group was stained with hematoxylin
and eosin (Fig. SIG) and used to quantify cell size
(Fig. S1H). Western diet caused the mean diameter of
adipocytes to increase 2.5-fold relative to adipocytes of
mice fed control diet, and addition of aNF caused adipo-
cytes to remain near control levels indicating that AHR
inhibition prevented adipocytes from storing increased
amounts of fat. As in VAT, SAT cell size also appeared to
increase in size in Western diet-fed mice relative to the cell
size in control mice. Whereas VAT cell size in mice fed
Western 4+ aNF diet approached that of mice on control
diet, in contrast, SAT cells were larger in mice fed Wes-
tern + aNF diet relative to cells from control diet-fed mice.
In summary, Western diet caused hypertrophy in SAT and
hypertrophy and hyperplasia in VAT. Only VAT respon-
ded to AHR inhibition by remaining the size and pro-
liferative status of control cells.

AHR inhibition reverses obesity

We have shown here and in previous studies that inhibition
of the AHR prevents obesity. However, the foremost ther-
apeutic value in blocking AHR signaling would be to use
the AHR as a vehicle to treat and reverse obesity. To that
end, male B6 mice were placed on a 20-week diet regimen,
in which at week 10, six mice on control and Western diets
were switched to control and Western diets containing aNF
(Fig. 5a, b). We found that obese mice on Western diet
switched to a Western + aNF diet, steadily lost and then
partially gained body mass over the following 21 days to
attain a body mass near that of mice on control diet
throughout the regimen and remained as such for the
remainder of the study. Food consumption was measured
for the mice switched from Western to Western 4 aNF diet,
and although food consumption dropped for days 3-5 post
switch, consumption resumed to typical levels by post-
switch day 6 (Fig. 5c¢).

We found that the body mass loss in the mice switched to
Western + aNF diet occurred in all the fat depots (Fig. 5d).
We observed that heptamegaly developed in the mice on
control and Western diets containing aNF (Fig. 5e), con-
firming that aNF in diet regimens of shorter durations
causes more severe liver enlargement in contrast to those of
a longer durations (see Fig. 1d). Although hepatomegaly
was evident in mice on control 4+ aNF diet, as similarly
observed in mice on the 40-week diet regimens (Fig. 1d),
there was no apparent effect observed histologically
(Fig. 5f). Hepatic steatosis was eliminated at the terminal
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20-week timepoint in mice switched to Western + aNF diet
compared with mice on Western diet alone (Fig. 5f). Liver
Cyplbl mRNA levels were not significantly changed by
treatment with aNF (data not shown) but liver Scdl and
Sppl mRNA levels were significantly reduced by aNF
exposure (Fig. 5g, h). The mRNA levels of PPARa target
genes were for the most part increased by consumption of
Western diet and lowered by AHR inhibition (Table S5).
CYPIB1 and SCDI protein levels rose in mice on the
Western diet relative to mice on control diet, but the
PPARa-regulated Cyp4a gene showed a relative decrease
(Fig. 5i). Mice switched from Western diet to Western +
aNF diet also displayed a modest decrease in CYP1BI
protein levels and a substantial drop in SCD1 and CYP4A
protein levels. The lower CYP1B1, SCD1, CYP4A, and
SPP1 protein and mRNA levels from aNF treatment
(Fig. 5g—i) is consistent with our model depicting metabo-
lism as dependent on an AHR-CYP1B1-PPARa-SCDI1-
SPP1 axis.

In vitro assays using rat hepatic cytosol have shown that
lower concentrations of aNF antagonizes AHR signaling
while concentrations of >10uM exhibit AHR agonist
activity [60]. We measured aNF concentrations in plasma
and liver lysates to determine whether aNF was likely
working in vivo in mice as an antagonist or agonist. Con-
centration levels of aNF were measured by HPLC at ter-
mination of the 20-week diet regimens (Fig. 5j). The aNF
concentrations were not quantifiable, i.e., <1 pg/ml, in the
liver lysates and in plasma from mice on the control,
Western, and control to control + aNF diet regimens. In
three mice from the Western to Western + aNF diet regi-
men, the aNF plasma concentrations were 0.999, 0.967, and
1.012 pg/ml, which is ~3.67 uM. These results indicate that
aNF as administered acts as an antagonist in vivo, and
suggest that the higher CYPIBI1 levels in mice fed
control + aNF to that of the other experimental groups
(Fig. 51) was not due to activated AHR signaling.

To determine whether the switch from Western diet to
Western 4+ aNF diet may be similar in effect as would a
switch from Western diet to low-fat control diet, at week
10 of a 20-week diet regimen, six male B6 mice were
switched from Western to control diet. We observed that
the mice switched to control diet gained significantly less
weight than the mice remaining on Western diet (Fig. 5k)
and that fat storing vesicles in the liver were nearly
eliminated (Fig. 5f), However, the switched mice never
dropped to the body mass levels of mice continuously on
control diet, as did the mice fed Western diet and treated
with aNF. Food consumption indicated that the eating
habits of the switched mice were not overtly affected
(Fig. 51). Similar to earlier results shown in Fig. 3d, AHR
inhibition by aNF in mice on the switched diet regimen
caused arachidonic acid plasma concentrations to drop
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significantly relative to mice on Western diet (Fig. Sm). In
contrast, mice switched from Western diet to control diet
showed a significant increase in plasma concentrations of
arachidonic acid (Fig. 5m). Furthermore,

switched from Western to control diet dis

protein levels that were generally unaffected while SCD1
protein levels were relatively higher (Fig.

the same mice
played CYP1B1

51). The results

prolong AHR signaling,
expression, and elevate the body mass baseline.
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suggest that aNF causes a more immediate and complete
blockage of AHR signaling resulting in a steeper and
greater drop in body mass and AHR-directed transcription,
whereas in mice switched from Western to control diet,
Western-diet derived AHR agonists remain available to
induce AHR-directed gene

URE
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Fig. 5 The AHR antagonist aNF reverses Western diet-induced
obesity in male B6 mice. a At week 10 (denoted by arrow) of a 20-
week diet regimen, six mice on respective control (C) and Western
(W) diets were switched to control 4+ aNF (CNF) and Western + aNF
(WNF) diets (~90 mg/kg/day) (n = 6 per final experimental group).
Mice were fed ad libitum beginning at weaning. b Mean body mass
gain of each experimental group at week 10 (n = 12) and 20 (n =6).
¢ Food consumption for mice (n = 4) switched from Western diet to
Western + aNF diet was determined over an 18-day period during
the diet switch at week 10 of the 20-week diet regimen. d Sub-
cutaneous adipose tissue (SAT), gonadal or visceral adipose tissue
(VAT), and brown adipose tissue (BAT) mass/total body mass (BM)
ratios were determined by weighing at the end of the 20-week diet
regimen (n = 6/experimental group). e Liver mass/total body mass
(BM) ratios were determined by weighing at the end of the 20-week
diet regimen (n = 6/experimental group). f Representative liver sec-
tions stained with hematoxylin and eosin at termination of the
20-week diet regimen (40x magnification). Total RNA isolated from
liver at termination of the 20-week diet regimen was analyzed by
microarrays to determine differential mRNA levels for Scd! (g) and
Sppl (h). i Proteins isolated from liver at termination of the 20-week
diet regimen were resolved by Western blotting. Vinculin served as a
loading control (n = 3). j Plasma levels of aNF were determined by
HPLC at 20-week termination from mice (n = 3) fed control, control
to control + aNF, Western, and Western to Western + aNF diets, in
which is shown a representative HPLC profile at week 20 of a mouse
switched from Western diet to Western + aNF diet. k At week 10 of
a 20-week diet regimen, six mice on Western diet were switched to
control diet (W-C) (n =6 per final experimental group). Mice were
fed ad libitum beginning at weaning. 1 Food consumption for the
experimental group switched from Western to control diet (n =4)
was determined over an 8-day period at near week 10 during the 20-
week diet regimen. m Plasma arachidonic acid concentrations were
determined by HPLC from male B6 mice (n =4 mice per experi-
mental group) fed control and Western diets with and without aNF
(~90 mg/kg/day) ad libitum for 20 weeks beginning at weaning.
p values: *¥<0.05; #*¥<0.01; ***¥<0.001. Error bars represent SEM.

Discussion

Our hypothesis is that the AHR is the regulatory hub of a
downstream network of genes that underlies obesity
(Fig. 6). Mice on a 40-week diet regimen fed a Western diet
became obese and developed fatty liver, much of which we
attribute to the upregulation of liver CypIbl, PPAR« target
genes, Scdl, and Sppl; while mice on Western diet con-
taining the AHR antagonist aNF were obesity resistant,
possessed livers devoid of fat vesicles, and displayed
decreased levels of mRNA and protein of CYP1B1, PPAR«a
target genes, SCD1, and SPP1 near that of mice on low-fat
control diet (Figs. 1-4 and Tables S1-S3).

The proposal that the AHR may serve as a metabolic hub
is well supported by work of others. Knockout of any one of
the genes in the proposed AHR network, including Ahr
[13, 39], Cyplbl [40-42], Ppara [61], Scdl [62, 63], or
Sppl [56] results in reduced obesity and ameliorated liver
steatosis for B6 mice fed a high-fat diet. Extensive crosstalk
in the gene network is well documented, in which the AHR
regulates the gene expression of Cyplbl [64], Ppara [38],
Scdl [65], and Sppl [54]; CYP1IBI1 the gene expression of
Ppara [40, 66], Scdl [41], and Spp!I [55]; and PPARa the
regulation of Scdl [67] and Sppl [68]. The inhibition of
AHR signaling reduced PPARa mRNA and protein in
mouse hepatocyte cell lines [38]. In Ahr [38] and Cyplbl
[40, 41] gene knockout mice, Ppara and Scdl gene
expression and/or protein activity are reduced; and the
adenoviral expression of human SCDI1 in Cyplbl knockout
mice restored body mass to wild type levels [41]. Our work
supports, complements, and extends these studies.

In vitro assays have shown that at concentrations of
10 uM and greater, aNF acts as an AHR agonist [60]. We

Fig. 6 Model depicting AHR- A
based obesity in liver. a The
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reported that aNF was not at measureable levels in liver
and at 3.67 uM in plasma (Fig. 5j) indicating that aNF as
used in our studies acted as an antagonist [60]. Other
findings from our work here support the contention that
aNF worked as an antagonist. Profiles of liver mRNA from
mice in the 40-week diet regimen showed that Western
diet caused CyplbI mRNA levels to increase (2.38-fold),
while Cyplal and Cypla2 mRNA levels were unchanged;
and in liver of mice fed Western + aNF diet, only Cyplbl
mRNA showed a significant drop (0.73-fold) while
Cyplal and Cypla2 mRNA levels were again unchanged.
The results are compatible with the notion that a Western
diet-derived component (Kyn) acted as an AHR agonist in
liver such that CypIbl (of the Cypl gene family) was
specifically induced and that aNF acted as an antagonist to
block that activity.

We asked how inhibition of the AHR and the resulting
decreased expression and activity of CYP1BI1, PPARa,
SCD1, and SPP1 prevented and reversed obesity and fatty
liver. The observed decrease in liver mRNA and protein
levels of these genes by AHR inhibition may phenotypi-
cally copy, at least in part, the loss of any one of these
genes. It was proposed [41] that the loss of the canonical
AHR-regulated Cyplbl gene prevents obesity [40, 66] via
arachidonic acid, a polyunsaturated fatty acid (20:4
omega-6) that is the precursor for numerous AHR sig-
naling and inflammatory molecules [69]. Arachidonic acid
is an endogenous substrate of CYP1B1 [52] and causes
Scdl mRNA levels and SCD1 activity to drop [51]. Thus,
it could be surmised that a drop in CYP1B1 levels by AHR
inhibition would lead to an accumulation of arachidonic
acid to cause a decrease in SCDI1 levels and activity.
Instead, plasma levels of arachidonic acid dropped sig-
nificantly in mice fed Western diet containing aNF (Fig.
3d and Fig. 5m) when CYP1B1 levels are relatively lower.
The decreased arachidonic acid levels may be due to a
decrease in the expression of phospholipase Ajs, a cyto-
solic phospholipase that releases arachidonic acid from
cellular membranes, a major arachidonic acid source [53].
The Pla2g4a gene, which encodes phospholipase Ajs, is
transcriptionally regulated by the AHR [70]. We observed
that Western diet caused a significant increase in Pla2g4a
mRNA levels and that AHR inhibition caused a significant
decrease (Fig. 3e).

Hence for SCD1, which supplies monounsaturated fats
required for obesity [41, 42, 71], the observed reduction in
mRNA and protein levels is likely not due to an influence
by arachidonic acid but rather by a decrease in Scdl gene
induction. AHR [65], CYP1B1 [41], and PPARa [67] all
positively regulate Scdl gene expression. Thus, a working
hypothesis is that a repressed AHR-CYP1B1-PPARa axis
downregulates Scdl expression to impact AHR-based
obesity. Furthermore, Scdl gene loss causes higher energy

expenditure from increased fatty acid f-oxidation in the
liver [72], and inhibition of the AHR may also lead to a
SCD1-dependent increase in energy expenditure.

As has been observed, Scdl gene regulation by the AHR
may be ligand and tissue dependent. The potent AHR ligand
2,3,7,8-tetrachlorodibenzodioxin induced hepatic Scdl
mRNA expression and steatosis [65] while the AHR agonist
B-naphthoflavone repressed Scd/ expression [73], the latter
outcome compatible to the results observed here in adipose
tissue, in which Scdl mRNA levels rose in mice treated
with aNF (Fig. S1C). The repression of Scdl by
B-naphthoflavone in the liver was independent of DNA
binding by the AHR and consistent with the espoused
notion that the AHR may bind and interfere with the tran-
scription factor sterol element binding protein Ic
(SREBPIc) [73], a key regulator of genes involved in fatty
acid biosynthesis. Although liver Scdl gene expression did
not follow a pattern of SREBPIc interference (Fig. 3a, b),
Fasn, another key gene in fatty acid biosynthesis that was
repressed after p-naphthoflavone treatment and regulated
independently of DNA binding by the AHR [73], here
showed a significant increase in liver mRNA levels in mice
fed Western + aNF diet to that of mice fed Western
diet alone (1.85-fold), suggesting that the AHR is not
interacting with SREBP1c.

In regard to PPAR«, a ligand-activated master regulator
of fat metabolism [74], significant changes were seen in
numerous PPARa-regulated genes as a result of AHR
inhibition (Table S3), similar to what was observed in mice
with knockout of either the Ahr [38] or Cyplbl gene
[40, 66]. However, we observed little or no change in
PPARo mRNA and protein levels among mice fed the
different diets suggesting that PPAR«a activity rather than
expression was affected by AHR inhibition. A possible
explanation is that PPAR« activity was reduced by a drop in
the availability of endogenous PPARa ligands, which
include eicosanoids [75]. As described above, plasma levels
of arachidonic acid, from which eicosanoids are derived
[76], were significantly lower in mice fed Western + aNF
diet to that of mice fed control and Western diets.

SPP1 or osteopontin is a secreted protein that has key
roles in extracellular matrix remodeling, biomineralization,
cell migration, and regulation of cytokine production but
little is understood how it contributes to obesity [77, 78],
yet, the impact of SPP1 on obesity is evident in that deletion
of the AHR-regulated Spp/ gene [54] protects mice on a
high-fat diet from extreme weight gain [56]. SPP1 is often
used as a biomarker for obesity [59] as SPPI1 levels rise
dramatically in obese mice and humans [77]. It is known
that SPP1 enables obesity-related inflammation by facil-
itating the recruitment of monocytes/macrophages to adi-
pose tissue by acting as a chemotactic molecule to the
extracellular matrix [79, 80].
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The Trp metabolite Kyn is a known AHR agonist
[19, 25-27]. We had proposed that in the context of
obesity, amplified AHR activity was not due to increased
levels of Trp, which is of equal amounts in the Western
and control diets, but rather to increased IDO1 activity to
produce surplus Kyn from the available dietary Trp [13].
In our model, Western diet, in contrast to control diet,
provides a greater quantity of oxidized-low density lipo-
proteins, which induce the TLR2/4 pathway, and in turn,
increases IDO1 levels and activity [13]. Because Kyn is an
AHR agonist, and the AHR is a positive transcription
factor for the Idol gene [19], a positive feedback loop is in
place to contribute to an obese state. Nonetheless, the
effect of AHR inhibition by aNF to prevent and reverse
obesity seems to be primarily downstream of the AHR
rather than upstream for the following reasons. Although it
has been reported that Idol (and Ido2) gene expression is
regulated in an AHR dependent manner [19], liver Idol
and Ido2 mRNA levels from the studies carried out here
were unaffected by diet and aNF treatment. Further, of the
identified genes upstream of the AHR in obesity, only 77r2
mRNA levels were affected (2.2 fold increase in Western
diet to control diet, aNF had no effect). In contrast as
reported here, Western diet and Western + aNF diet
caused a respective significant rise and drop in mRNA and
protein levels in liver of the identified downstream genes
in AHR-based obesity.

Although other organs/tissues play major roles in obe-
sity, e.g., adipose [81] (Fig. S1), we hypothesize that the
liver, specifically hepatocytes, are the primary site for AHR-
based obesity. First, conditional knockout of the Ahr gene
in hepatocytes causes obesity resistance in female mice
[43]; second, AHR levels and activity are greatest by far in
hepatocytes [82, 83]; third, the majority of fat metabolism
occurs in the liver [84] some of which is dependent on the
AHR [73, 85]; and fourth, as shown in Fig. 1i, diet-based,
AHR-regulated expression of CYPIBI is in a predicted
subset of hepatocytes. That is, the AHR is located and
active primarily in perivenous hepatocytes where xenobiotic
metabolism, lipogenesis, and glycolysis mainly occur
[46, 86] and where CYP1B1 has been shown to be exclu-
sively expressed [47].

It is often misstated in the literature that the Cyplbl
gene is not expressed in hepatocytes but rather chiefly in
non-parenchymal liver cells, e.g., stellate cells. However,
our data (Fig. 1i), in agreement with the study cited above
[47], clearly demonstrate that CYP1B1 is expressed
specifically in perivenous hepatocytes and that expres-
sion is inducible by Western diet and downregulated by
AHR inhibition. Based on gene expression profiles, some
major metabolic pathways known to be active in the
perivenous region, e.g., lipogenesis and glycolysis, are
predicted to coexist with the AHR in mice fed Western
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diet (Table S1) and which are silenced by AHR inhibition
(Table S2).

We have observed that aNF in shorter term diet regimens
of 20 and 26 weeks caused significant hepatomegaly
regardless of diet [12, 13]. In the 40-week diet regimen
reported here, aNF caused a milder, statistically non-
significant level of hepatomegaly in mice on the control +
aNF diet and no hepatomegaly in mice on the Western +
aNF diet (Fig. 1d). The results suggest that over sufficient
time, the liver may adapt to the disruptive impact of aNF on
liver-to-body ratio via an adjustment of the hematostat, a
mechanism proposed to maintain the liver-to-body-weight
ratio near at near normal proportions at all times to preserve
body and metabolic homeostasis [87]. The process seems
unique to the liver and encompasses several regenerative
pathways and cell proliferation pathways.

In closing, we propose a new and unprecedented role for
the AHR based on our results showing that AHR inhibition
in mice can prevent and reverse diet-induced obesity and
fatty liver. Our overarching goal is to determine whether
AHR signaling may play a role in human obesity and fatty
liver disease similar to that seen in mice, hence, identifying
the AHR as a therapeutic target may ultimately fulfill an
unmet clinical need for obesity prevention and treatment.
Behavioral modification approaches and drug interventions
to treat human obesity have been disappointing, especially
over longer time periods [88]. Literature on the long-term
effects of interventional drug treatments for human obesity
is scarce [28], and our studies support the idea that anti-
AHR drugs over an extended time span may be effective.
Clinical trials testing the controlled modulation of the AHR
with more specific and potent drugs than aNF could provide
exciting new therapeutic avenues, which spotlights a real
need for the systematic screening of novel drugs that can
specifically inhibit AHR activity. Finally, there are still
many questions regarding the clinical treatment of obesity
via the AHR, including how AHR inhibiton may affect gut
microbiota [89], the re-setting of metabolic baselines, liver
metabolism and liver size, adipose and muscle metabolism,
and energy homeostasis.
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Any data and materials not in the public domain that were
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able upon request.
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