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Abstract

Obesity is an increasingly urgent global problem, yet, little is known about its causes and less is
known how obesity can be effectively treated. We showed previously that the aryl hydrocarbon
receptor (AHR) plays a role in the regulation of body mass in mice fed Western diet. The AHR is a
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ligand-activated nuclear receptor that regulates genes involved in a number of biological pathways,
including xenobiotic metabolism and T cell polarization. This study was an investigation into
whether inhibition of the AHR prevents Western diet-based obesity. Male C57BI/6J mice were fed
control and Western diets with and without the AHR antagonist a-naphthoflavone or CH-223191,
and a mouse hepatocyte cell line was used to delineate relevant cellular pathways. Studies are
presented showing that the AHR antagonists a-naphthoflavone and CH-223191 significantly
reduce obesity and adiposity and ameliorates liver steatosis in male C57BI/6J mice fed a Western
diet. Mice deficient in the tryptophan metabolizing enzyme indoleamine 2,3-dioxygenase 1
(IDO1) were also resistant to obesity. Using an AHR-directed, luciferase-expressing mouse
hepatocyte cell line, we show that the transforming growth factor 1 (TGFB1) signaling pathway
via PI3K and NF-xB and the toll-like receptor 2/4 (TLR2/4) signaling pathway stimulated by
oxidized low-density lipoproteins via NF-xB, each induce luciferase expression; however, TLR2/4
signaling was significantly reduced by inhibition of IDO1. At physiological levels, kynurenine but
not kynurenic acid (both tryptophan metabolites and known AHR agonists) activated AHR-
directed luciferase expression. We propose a hepatocyte-based model, in which kynurenine
production is increased by enhanced IDO1 activity stimulated by TGFB1 and TLR2/4 signaling,
via PI3K and NF-xB, to perpetuate a cycle of AHR activation to cause obesity; and inhibition of
the AHR, in turn, blocks the cycle's output to prevent obesity. The AHR, with its broad ligand
binding specificity, is a promising candidate for a potentially simple therapeutic approach for the
prevention and treatment of obesity and associated complications.
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1. Introduction

One of the accepted causes for the worldwide rise in obesity and associated problems is the

increased global consumption of the high-calorie, high-fat, high-carbohydrate, high-salt,
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low-fiber Western diet. In 2011-2012, nearly 35% of adults aged were obese (Ogden et a/.,
2014). Obesity is a contributor to inflammation (De Nardo and Latz, 2011), diabetes and
metabolic syndrome (Wang ef a/., 2011b), cardiovascular disease (Poirier et al., 2006), and
cancer (van den Brandt et a/., 2000). It has been estimated that 25-70% of obesity is gene
based (Maffeis, 2000), and twins studies suggest that 25-40% of individual differences in
obesity are genetic (Stunkard et al., 1986). A few genes have been identified that influence
obesity, such as the Leptin (Ob) (Zhang et al., 1994) and Adiponectin (Yamauchi et al.,
2001) genes; however, it is clear that many genes are involved in the complex interactions
that have given rise to the global obesity explosion (Woods ef a/., 1998). Furthermore, non-
genetic factors are a major contributor to obesity in that a heightened exposure to
environmental toxicants or obesogens (Grun and Blumberg, 2006) is strongly associated
with the sharp increase in obesity and associated diseases (Baillie-Hamilton, 2002), in which
the aryl hydrocarbon receptor (AHR) may be playing a large role (Wang et al., 2011a;
Kerley-Hamilton et al., 2012; Xu et al., 2015).

The AHR is a ligand/toxicant-activated nuclear receptor that regulates hundreds of genes
(Kerley-Hamilton et al., 2012) and many cellular pathways, and mice with the AArgene
deleted suffer several developmental and metabolic anomalies (Fernandez-Salguero et a/.,
1995; Lahvis et al., 2000; Quintana et a/., 2008). Upon agonist binding, the AHR
translocates to the nucleus where it complexes with the AHR nuclear translocator (Hoffman
et al, 1991). The AHR is best known for the induction by environmental toxicants of genes
in the cytochrome P450 Cyp1 family and several Phase 1l detoxification genes (Nebert et al.,
1993; Hankinson, 1995). Like all cellular signaling pathways, the AHR signaling pathway is
known to interact with many other signaling pathways (Puga et a/., 2005), including TGF3
(Gaido et al., 1992). In summation, the AHR plays vital roles in vascular patterning, organ
modeling, extracellular matrix deposition, cell proliferation, apoptosis, and the cardiac
system.

In addition to exogenous ligands, such as dioxin and benzo[a]pyrene, several tryptophan
(Trp) catabolites have been identified as endogenous AHR ligands (Zelante et al., 2014).
One such Trp catabolite is L-kynurenine (Kyn), an AHR agonist that activates AHR-
directed, naive T cell polarization to the anti-inflammatory Treg phenotype (Veldhoen et al.,
2009; Mezrich et al., 2010; Nguyen et al., 2010; Nguyen et al., 2013). Trp is an essential
amino acid of which 95% is metabolized in a tissue-specific manner by the rate-limiting
enzymes tryptophan 2,3-dioxygenase 2 (TDO2) and indoleamine 2,3-dioxygenase (IDO1
and IDO2) (Mangge et al., 2013).

Low-density lipoproteins (LDLS) have also been identified as an endogenous activator of
AHR signaling (McMillan and Bradfield, 2007), although not as an AHR-binding ligand.
LDLs are one of several types of lipoprotein particles in forms by which diet-derived fats are
transported in the blood. An LDL particle is composed of an apolipoprotein B protein, 50—
60 ancillary proteins, and ~5,000 fat molecules that includes variable amounts of cholesterol,
phospholipids, and triglycerides (Dashty et al., 2014). LDL particles are oxidized (ox-LDL)
over time by free radicals, transition metals, and enzymatic reactions (Yoshida and Kisugi,
2010), in which ox-LDL can serve as a ligand to stimulate TLR2 and TLR4 signaling
(Chavez-Sanchez et al., 2014). Toll-like receptors (TLRs) are a class of pattern recognition
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receptors that respond broadly to molecular structures such as bacterial cell walls, and are an
integral part of the innate immune response (O'Neill et al., 2013). TLR2 is known to play a
role in obesity because the lack of functional TLR2 signaling prevented obesity and
adiposity in C57B1/6J (B6) mice on fatty diets (Himes and Smith, 2010).

We had shown previously that the AHR is involved in the regulation of body mass gain in
mice, in which B6 mice were significantly more obese when fed Western diet than were
B6.D2 mice, a congenic mouse strain that encodes an AHR with a lower ligand-binding
affinity (Kerley-Hamilton et a/., 2012). We extended those studies here and show that AHR
antagonism prevents obesity and ameliorates liver steatosis, and we propose a model linking
Western diet to AHR activation via signaling pathways stimulated by diet-derived
compounds. The results indicate new roles for the AHR in obesity, and our demonstration
that obesity may be dependent on AHR signaling, which can be inhibited by an array of
compounds, could lead to simple therapeutic and preventative approaches in the treatment of
obesity.

2. Materials and methods

2.1 Materials

The control, low-fat diet (catalog #D12450B) contained 20% kcal protein, 70% kcal
carbohydrates (35% kcal from sucrose), 10% kcal fat (4.5% kcal from lard). The Western
diet (catalog #D12071702) contained 20% kcal protein, 35% kcal carbohydrates (17.5% kcal
from sucrose), 45% kcal fat (40% kcal from lard), and 2% cholesterol). Both diets were
purchased from Research Diets, Inc. (New Brunswick, NJ). The diets contained no
detectable phytoestrogens or xenobiotics. The a-naphthoflavone was purchased from Sigma-
Aldrich (St. Louis, MO) and the CH-223191 from R&D Systems, Inc. (Minneapolis, MN).
The TLR2/4 inhibitor oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
(ox-PAPC) was purchased from InVivoGen (San Diego, CA), PI3K inhibitor LY294002
from Cell Signaling Technology (Danvers, MA), NF-kB inhibitor BAY11-7085 from Sigma-
Aldrich, and IDO1 inhibitor Norharmane from Santa Cruz Biotechnology (Dallas, TX).

2.2 Mice

An overview of the rationale and experimental design for the mouse and /n vitro studies is
depicted in Fig. S1. Only male mice were used in the studies reported here. Male mouse
strains B6 (C57BI/6J, stock# 000664), B6.AA/O (B6;129-Ahr™M1B13) stock# 002727), and
B6./do17!~ (B6.129- Ido1™™1AIm)) | stock# 005867) were purchased from The Jackson
Laboratory (Bar Harbor, ME). The mice were reared in 12-hr light/dark cycles, and to
minimize exposure to exogenous toxicants, the cage was bedded with chemical-free
shredded paper (Pure-o-cell, The Andersons Lab Bedding, Maumee, OH). Food
consumption was determined during the 5-wk and 26-wk diet regimens with four mice
selected from different cages for each experimental group at wk 3 or 15, respectively (Fig.
S2). The mice were housed individually in cages containing a tightly-accessible, chow-
holding device, in which the chow was replaced and weighed each day. Food consumption
for mice in the 5-wk diet regimen was measured for 7 days, and for mice in the 26-wk diet
regimen food consumption was measured for 10-14 days. The calculated amount of AHR
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antagonist added to the diet that was to be consumed by the mice was based on the
assumption that adult mice on average consume ~4.5 gm of chow/day (http://
www.researchdiets.com/) and that the average body mass for males is 30 gm. All animals
were treated humanely following the regulations and specifications of the Dartmouth
IACUC.

A power analysis was carried out to determine the number of mice per experimental group
required to reach an alpha probability of 0.01. Based on the previous results showing the
differential weight gains of B6 vs. B6.D2 mice, we could accurately estimate the mean mass
and standard deviation. We set the power probability at 0.8 to arrive at a minimum 14 mice
per experimental group. We used 14-21 mice per experimental group. If obviously sick or
dead, the mouse was eliminated from the study (~4-5 from a total of ~256 mice). Pups from
a given litter of a given A/irgenotype and gender were placed in different experimental
groups of the appropriate genotype and sex. The study was not blinded. The variance
appeared similar among the groups that were statistically compared.

2.3 Cell culture and luciferase assays

H1L7.5¢3 mouse hepatocytes, which have a stably transfected luciferase reporter gene
regulated by a promoter with multiple AHR response elements (courtesy of Dr. Michael
Denison, University of California, Davis, CA) (He et al., 2011) were cultured in alpha
Minimum Essential Medium (Corning, Manassas, VA), supplemented with 10% FBS
(Hyclone Laboratory, Logan, UT), 2mM L-glutamine, 0.2% penicillin/streptomycin, and
2.2g/L sodium bicarbonate (Sigma Aldrich, St. Louis, MO). The cells were maintained at
37°C and 5% CO,. H1L7.5¢3 cells were seeded in white-walled, white-bottomed 96-well
plates (Corning, Manassas, VA) at 4000 cells/well and incubated for 24hr in culture medium.
After the 24-hr incubation, the medium was removed, and the cells were washed once with
Dulbecco’s Phosphate Buffered Saline (Corning, Manassas, VA). Cells were treated for an
additional 24hr with the indicated reagents, all of which were dissolved in DMSO unless
otherwise noted, and in which the DMSO did not exceed 1% concentration in the culture
medium.

Luciferase assays were carried out using the H1L7.5¢c3 cells (He et al., 2011). At the
indicated times and concentrations of exposures, cells were removed from incubation and
allowed to equilibrate to room temperature for 15min. After equilibration, the medium was
removed and the cells were washed twice with at room temperature with DPBS. The cells
were lysed with 20ul/well 1x Passive Lysis Buffer (Promega, Madison, WI) and shaken for
20min at room temperature. Luciferase activity was recorded using an LMax Luminometer
Microplate Reader (Molecular Devices, Sunnyvale, CA) programmed to inject 50l
Luciferase Assay Reagent (Promega, Madison, WI) per well with a 10sec integration of
emitted luminescence.

2.4 Magnetic resonance imaging

Magnetic resonance imaging (MRI) was carried out in the Dartmouth Irradiation, Preclinical
Imaging & Microscopy Shared Resource. At wks 8, 14, and 24 following weaning, mice
(n=4-6 per experimental group) were anaesthetized with 2% isoflourane via nosecone prior
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to imaging. MR images were acquired on an Agilent 9.4T scanner equipped with triple axes
gradient coils and VVnmrJ software (Agilent Technologies, Santa Clara, CA,
www.agilent.com). Temperature and respiration rates were monitored using the small animal
physiological monitoring system (Small Animal Instruments Inc., Stony Brook, NY,
www.i4sa.com,). Images were acquired using a spin echo sequence, with an additional water
suppression pulse for fat imaging. The acquisition parameters were: TR=700 ms, TE=13 ms,
field of view=4 cmx4 cm, acquisition matrix=126 pixelsx126 pixels, slice thickness=2 mm
and 2 signal averages. Only sections including the peritoneal cavity were included in the
analysis. In each image, visible fat was scored as being either visceral or subcutaneous based
on its location (Fig. 2E-H). The ratios of visceral fat to subcutaneous fat were calculated per
section, and the total mean ratio for the entire mouse was calculated.

2.5 Histology

The histology procedures were carried out by the Pathology Shared Resource at Dartmouth
Hitchcock Medical Center. Liver samples taken at sacrifice were fixed in 10% neutral-
buffered formalin. Tissue was subsequently processed, paraffin-embedded, and sectioned at
a thickness of 5uM onto glass slides. Slides were stained using Masson’s Trichrome stain to
determine relative differences in liver fibrotic content and fat vacuole volume (Takahashi and
Fukusato, 2014). Each liver had 4 sections stained and examined with each examined section
taken at least 30uM apart and representative sections were chosen. The stained slides were
examined at 100x magnification using a Olympus BX51 microscope (Waltham, MA).
Images were generated using identical settings with a QImaging Micro Publisher 5.0 RTV
camera (Surrey, British Columbia, Canada). Pathological assessment was done with the
assistance of Drs. James Gorham, M.D., Ph.D. and Arief Suriawata, M.D. of the Dartmouth
Hitchcock Pathology department.

2.6 Serum protein and lipid measurements

Serum was obtained from collected blood samples via retro-orbital bleeding by
centrifugation and stored at —80°C from mice fasted for 5 hr and from 5-hr fasted mice at
sacrifice. The serum lipid and protein concentration determinations were carried out by the
Serology/Clinical Pathology Division of Charles River Laboratory (Wilmington, MA).

2.7 Data analysis

Differences were considered statistically significant with a p-value <0.05. A 2-way ANOVA
was performed on the body mass data for mice on the 5-wk (-value <0.002) and 26-wk (-
value <0.0001) diet regimens to determine whether there were significant differences among
the groups regarding diet and AHR antagonist (Table S1). The analysis was performed using
the statistical software JMP version 10.0.1 with a full factorial design to examine main
effects and interactions among the two independent variables. The ANOVA showed that
there was statistical significance among the mouse groups for both diet regimens. An Effects
test was carried out on the results from the 26-wk diet regimen (Table S2), which showed
there was no statistically significant interaction between diet and AHR antagonist, i.e., the
effect of diet and AHR antagonist on body mass was independent. For direct comparisons,
statistical significance was calculated using two-sided paired Student’s t-test, and dependent
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upon the data at hand, equal or unequal variance analysis was applied. Error bars represent
standard error of the mean (SEM).

3.1 The AHR is required for Western diet-based weight gain

In previous work we demonstrated links among the AHR, Western diet, obesity, and non-
alcoholic fatty liver disease (NAFLD) suggesting that the AHR may play a role in regulating
metabolism, adiposity, and obesity (Kerley-Hamilton et a/., 2012). To further explore the
role of AHR signaling underlying obesity, we carried out a series of experiments to test the
hypothesis that if AHR activation is required for Western diet-based obesity, then the lack of
a functional AHR or the inhibition of AHR activity should prevent diet-based weight gain.
We found that B6.A/7~ mice on Western diet did not become obese and were not
significantly different in size than B6 mice on control diet (Fig. S3A), in agreement with
published work on B6.AAr"~ mice (Xu et al., 2015).

We next examined AHR inhibition. The AHR is a promiscuous nuclear receptor that can
bind hundreds of known chemicals with ligand-specific effects (Soshilov and Denison,
2014), including many antagonists (Guyot et a/., 2013), the AHR antagonist a-
naphthoflavone (NF) was selected as an AHR antagonist for initial testing in preventing
obesity. NF (i) is non-toxic at effective doses (Nebert and Jensen, 1979; Nazarenko et al.,
2001); (ii) has been tested /n vivo in mice and has sufficient bioactivity and bioavailability
(Patel et al., 2009); and (iii) is relatively affordable. A dose-response experiment was carried
out to determine whether NF could act as an AHR-based inhibitor of obesity and to
determine an effective dosage. Weaned male B6 mice were fed for 5 wks Western diet
containing by mass 0.1%, 0.2%, and 2% NF. NF at increased amounts in Western diet
caused a corresponding decrease in body mass gain (Fig. S3B) and adiposity (Fig. S3C). The
highest NF dose also caused a substantial and significant drop in adiposity (Fig. S3C). No
overt toxicity was apparent in the mice from any of the NF treatments, but it was observed
that the liver mass to body mass ratio was dependent on the magnitude of the NF dose (Fig.
S3D).

3.2 Obesity is prevented by AHR inhibition

The dose-response results with NF demonstrated that AHR antagonism may prevent obesity
at an achievable dose. Furthermore, the demonstration that a second and more specific AHR
antagonist, such as CH-223191 (Kim et al., 2006; Zhao et al., 2010; Smith et al., 2011)
could effectively reduce obesity and its complications would strengthen the hypothesis that
AHR signaling plays a central role in diet-based obesity. Whereas NF (Fig. 1A) acts as a
weak agonist to compete out more potent AHR ligands (Santostefano et al., 1993),
CH-223191 (Fig. 1B) acts as a bonefied AHR antagonist (Zhao et al., 2010). NF
(~3mg/day/kg) and ~10mg/kg/day CH-223191, an amount shown to be effective /in vivoas
an AHR inhibitor (Kim et al., 2006), were added to the control and Western diets.

The diets were administered ad /ibiturm to male B6 mice over a span of 5 wks starting at
weaning. Both NF and CH-223191 significantly reduced body mass for mice on Western
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diet (Fig. 1C and Table S3). We then asked whether the increased body mass in the B6 mice
on Western diet to those fed Western diet+AHR antagonist was due to an increase in the
relative accumulation of body fat rather than an overall proportional increase in body size. It
is known that the ratio of gonadal fat pad mass to total body mass correlates highly to the
ratio of total body fat mass to total body mass (Rogers and Webb, 1980). Using this metric,
we found that the fat mass to body mass ratio was reduced significantly in mice fed Western
diet for both antagonists (Fig. 1D). These results support the notion that inhibition of AHR
signaling not only prevents obesity but may also promote leanness. There were no
significant differences in the amount of food consumed for a given diettAHR antagonist
(Fig. S2A) nor in the daily consumed Kcal per gram body mass (Fig. 1E).

Hepatomegaly independent of diet was observed with treatment by NF; but in contrast,
CH-223191 did not affect liver size (Fig. 1F), suggesting somewhat different modes of
action by the two antagonists. Noting the contrasting effects of NF and CH-223191 on liver
size, we asked whether the two antagonists had differential effects on liver steatosis.
Masson’s trichrome-stained liver sections from mice on the 5-wk diet regimen fed control
diet, control diet+NF, and control diet+CH (CH-223191) showed little evidence of fat
vesicles, while the Western diet-fed mice showed incipient liver steatosis. (Fig. 1G). Both
experimental groups of mice fed Western diet+NF and Western diet+CH showed few if any
fat vesicles, further supporting the notion that AHR inhibition ameliorates liver steatosis. NF
and CH-223191 had minimal effects on the serum levels of total cholesterol, low- and high-
density lipoprotein (LDL and HDL), alkaline phosphatase (ALK), and total proteins (TP) for
all the experimental groups (Fig. S4, Table S4). There was increased variability in the serum
levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) among the
groups fed Western diet with or without an AHR antagonist but not to statistically significant
levels (Fig. S4, Table S4). In contrast, serum triglyceride levels were paradoxically increased
significantly by NF in mice fed control diet and decreased significantly in mice fed Western
diet (Fig. 1H), although the triglyceride serum concentrations, like all the measured serum
markers, were within or near normal ranges (http://phenome.jax.org/) (Table S4). Thus,
although there were some significant AHR antagonist-dependent changes and some
experimental groups that displayed a high degree of variability, the serum marker values did
not appear to reside in a range that was pathological for any of the experimental groups.

3.3 a-Naphthoflavone prevents obesity over a longer time span

The efficacy of NF as an AHR-based obesity preventative was determined by testing on an
expanded time scale. Note that CH-223191 was not tested further due to prohibitive cost. At
weaning, B6 male mice were fed control diet or Western diet with and without NF (Fig. 2A).
The total body mass gain of mice fed Western diet was consistently significantly greater by
week 18 than that of mice fed control diet, and at the end of the 26-wk regimen had gained
40% more body mass (Table S5). Also at week 18, body mass gain was significantly less in
mice fed Western diet+NF to mice fed Western diet alone and were only 5% larger than
mice on control diet at the end of the study (Table S5). Although no ill effects were
observed, mice fed control diet+NF were significantly smaller (18%) than mice on control
diet (Fig. 2B, Table S5).
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In order to determine whether the significant differences in body mass observed among the
experimental groups were due to the amount of food consumed, food intake for four mice
from each experimental group was measured. There were no significant differences in the
amount of food consumed for a given diet+NF (Fig. S2B), and there were no significant
differences for a given dietNF in daily Kcal consumed per gram body mass (Fig. 2C).
Thus, the difference in body mass between the mice on Western diet vs. Western diet+NF
was not due to differences in the amount of food consumed and indicates an AHR-dependent
metabolic basis for Western diet-induced obesity.

3.4 AHR inhibition reduces visceral fat

We again determined whether the increased body mass in the B6 mice on Western diet to
those fed Western diet+NF was due to an increase in the relative accumulation of body fat or
due to an overall proportional increase in body size using the ratio of gonadal fat pad mass
to total body mass (Rogers and Webb, 1980). We found that the inferred total fat mass to
body mass ratio was reduced by NF treatment (Fig. 2D), but unlike the mice on the 5-wk
diet regimen (Fig. 1D), was not significantly different for mice on Western diet to those on
Western diet+NF. We next asked whether the reduction in body mass by NF treatment was
associated with a change in the distribution of visceral and subcutaneous fat depots.
Increased abdominal or visceral fat is associated with a higher risk of metabolic syndrome,
heart disease, diabetes, and many other diseases (Cameron et a/., 2009). Although the total
fat mass to body mass ratio was not significantly different (Fig. 2D), magnetic resonance
imaging analysis (Fig. 2E—H) revealed that NF caused a significant shift in fat from the
visceral compartment to the less unhealthy subcutaneous compartment (Fig. 21I).

3.5 AHR antagonism improves liver steatosis

Liver steatosis and the disruption of liver function are strongly associated with obesity
(Chien et al., 2006). Liver sections from B6 male mice were stained with Masson’s
trichrome. Mice fed control diet and control diet+NF, as expected, showed no fat vesicles
(Fig. 3A,B), while mice fed Western diet showed obvious fat accumulation (Fig. 3C). The
mice fed Western diet+NF showed little if any fat vesicles (Fig. 3D), suggesting that AHR
inhibition by NF prevented longer-term, diet-induced liver steatosis.

Although NF appeared to greatly ameliorate diet-based hepatic steatosis, some ill effects
were noted. In contrast to the effects of NF on liver size in the shorter-term studies (Fig. 1E),
a similar outcome was apparent only in the mice fed control diet+NF (Fig. 3E), in which
there was an NF-dependent increase in the liver mass to body mass ratio. The NF also
caused ballooning degeneration in the control+NF group (Fig. 3B), and a prevalence of low-
grade inflammation was seen in the Western+NF group based on the presence of Mallory-
Denk bodies and collections of eosinophils (Fig. 3D). Triglyceride (Fig. 3F) and
polyunsaturated fat levels (Fig. 3G) were not reduced in the mice fed Western-diet+NF
suggesting that the accumulated fat in the liver vesicles of mice fed Western diet contain
primarily saturated fats.

The hepatomegaly and higher fat levels in the livers of mice treated with NF relative to that
of control mice on the 26-wk diet regimen was not associated with typical liver damage
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markers, as ALK, ALT, and AST serum levels were either near control levels or reduced,
although not significantly (Fig. 3H). LDL and LDL/HDL ratio serum levels were
significantly decreased by NF (Fig. 31). Serum cholesterol and triglyceride levels were
unaffected for mice on Western diet+NF to those on Western diet alone, but similar to the
results of the shorter-term 5-wk study (Fig. 1H), NF caused a significant increase in
triglyceride accumulation in the liver of mice on control diet (Fig. 3J).

3.6 Kynurenine is an AHR ligand in hepatocytes

IDO1, IDO2, and TDO2 catabolize Trp to Kyn and play roles in obesity. B6 mice on a low-
fat diet and treated with the IDO1 and IDO2 inhibitor 1-methyltryptophan gained
significantly less body mass than placebo-treated control mice (Corona et al., 2013).
Stronger evidence that Kyn may be essential for maximal body weight gain was obtained
using B6./do2~"~ null mice (Nagano et a/,, 2013), in which a Trp metabolite was shown to be
required for weight gain in mice on a high-fat diet. We repeated those studies with
B6./doI”~ mice using a comparable Western diet, but in our study, included experimental
groups on control diets (Fig. 4A). We obtained similar results, in which the body mass of
male B6./do1~/~ vs. wild-type B6 mice on Western diet for 26 wks was significantly less
(Fig. 4B) without any significant differences in the amount of food consumed (Fig. S2C) nor
in consumed daily Kcal per gram body mass (Fig. 4C). These results confirmed a key role
for IDO1 in obesity.

Kyn is a known AHR agonist that activates the AHR-directed polarization of naive T cells to
the anti-inflammatory Treg phenotype (Veldhoen et al., 2009; Mezrich et al., 2010; Nguyen
et al., 2010; Nguyen et al., 2013). We asked whether Kyn at physiological levels may also be
a candidate agonist capable of activating AHR-directed transcription using the mouse
hepatocyte cell line H1L7.5¢3, which expresses an AHR transcriptionally-dependent,
luciferase reporter gene system in Hepa-1c1c7 cells (He ef al., 2011). We found that
increasing amounts of Kyn induced increasing levels of luciferase activity indicating that
Kyn is a proficient AHR agonist in hepatocytes as reported (Mezrich et a/., 2010) (Fig. 4D).
We carried out similar studies using kynurenic acid (KA), a downstream Trp metabolite that
is also a known AHR agonist (DiNatale et a/., 2010), and which also appeared to be an
effective AHR inducer (Fig. 4E). However, Kyn was an effective AHR agonist at the
physiological level in plasma of ~0.5uM, while an elicited AHR response by KA was not
observed at the lowest tested concentration of 1uM, which is ~20 fold greater than
physiological plasma levels (Giorgini et al., 2013). AHR-based luciferase activity was
induced by 2hr at the physiologically relevant dose of 1uM, with peak induction at 6hr (Fig.
4F). The time-course profile of Kyn was similar to that of 2,3,7,8 Tetrachlorodibenzo-p-
dioxin (TCDD), while KA elicited considerably reduced AHR induced luminescence over
the same time period. These results are consistent with the contention that Kyn but not KA is
the Trp metabolite that may accumulate to cellular levels to cause an elevated rate of AHR
activation.

3.7 TLR2/4 and TGFB1 activate the AHR

The Western diet-derived byproduct ox-LDL stimulates AHR transcriptional activity in
Hepa-1c1c7 cells (McMillan and Bradfield, 2007) and lipopolysaccharides (LPS) activate
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the AHR in mouse liver (Wu et al., 2011). Both ox-LDL and LPS are ligands for TLR2 and
TLR4 in immune cells (Erridge et al., 2008; Li et al., 2010; Chavez-Sanchez et al., 2014).
The demonstration that TLR2 deficiency in B6 mice on Western diet prevented obesity
(Himes and Smith, 2010) made ox-LDL, via TLR2/4 binding, a reasonable candidate for
initiating the signaling cascade that ultimately activates the AHR. To test this hypothesis, we
first carried out a dose-response experiment, in which higher concentrations of ox-LDL
added to H1L7.5c3 cells caused correspondingly increased levels of AHR-directed luciferase
activity (Fig. 5A). The effective ox-LDL concentrations were at levels falling in the normal
range of ox-LDL plasma concentrations in mice of 3-300ug/ml (Kato et al., 2009). A time-
course experiment revealed that the ox-LDL induced AHR transcriptional activity by 4hr
and peaked at 12hr (Fig. 5B). Inclusion of the TLR2/4 antagonist ox-PAPC (Erridge et al.,
2008) significantly reduced AHR transcriptional activity to near control levels (Fig. 5C)
supporting a role for TLR2/4 signaling in AHR activation.

TGFB1 levels are elevated in the adipose tissue of obese subjects (Samad et a/., 1997), the
serum of diabetic patients (Olivieri et al., 2010), and in obese mice (Tan et al., 2012). More
to the point, TGFB1 signaling stimulates /doZ transcription, which eventually leads to the
enzymatic production of Kyn from Trp (Chen, 2011). Thus, we asked whether TGF1 may
also be an endogenous agent that induces AHR-directed luciferase activity in H1L7.5¢3
cells. We found that TGFp1 activated AHR transcriptional activity in a dose-responsive
manner (Fig. 5D) at concentrations less than that measured in human plasma (2-12ng/ml)
(Wakefield et al., 1995) but at a relatively slower time-course to that of Kyn (Fig. 5E). Thus,
as expected, the direct-binding AHR agonists Kyn and TCDD (positive control) stimulated
AHR transcriptional activity relatively quickly, while ox-LDL and TGF1, which act on the
AHR via signal transduction, produced more delayed responses.

3.8 The AHR signaling axes include PI3K and NF-xB

The PI3K and NF-xB complexes are part of critical signal transduction pathways for
multiple essential cellular functions, including the TGF31 to IDO1 (Chen, 2011; Pallotta et
al., 2011) and TLR2/4 (Kawai and Akira, 2007) signaling pathways. The inhibition in mice
of PI3K was shown to reduce adiposity (Ortega-Molina ef a/., 2015), and the inhibition of
NF-xB by amlexanox prevented obesity (Reilly ef al., 2013). We asked whether PI13K and
NF-kB may be part of the TLR2/4 and TGFp1 signal transduction pathways by co-
incubating the respective PI3K and NF-«xB inhibitors LY294002 (LY) and BAY11-7085
(BAY) with ox-LDL and TGFB1 for 24hr in H1L7.5¢3 cells. The PI3K inhibitor LY in the
presence of TGFpP1 caused a significant reduction in AHR transcriptional activity (Fig. 5F),
suggesting that signal transduction initiated by TGFB1 for AHR activation is via PI3K. In
contrast, in the presence of ox-LDL, LY did not inhibit AHR activity and may in fact act as a
weak AHR agonist (see media+LY). However, the NF-kB inhibitor BAY caused a significant
reduction in the presence of ox-LDL and TGFB1 (Fig. 5G), suggesting that signal
transduction for AHR activation by both ox-LDL and TGF1 is through NF-xB.

3.9 AHR transcriptional activation by TLR2/4 signaling is linked to IDO1

In our model (Fig. 6), an excess production of Kyn via increased cellular IDO1 levels and
activity leads to amplified AHR signaling ultimately giving rise to obesity. There is a known
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association between TLR2/4 signaling and /DO gene expression in human immune and
mesenchyme cells (Koga et al., 2006; Opitz et al., 2009), and we asked whether the
induction of AHR transcriptional activity in hepatocytes by ox-LDL was, at least in part,
also dependent on IDO1. The IDO1 inhibitor Norharmane (NH) (Sono and Cady, 1989;
Chiarugi et al., 2000) and ox-LDL were added to H1L7.5¢3 hepatocytes and incubated for
24hr (Fig. 5H). NH in the presence of ox-LDL caused a significant reduction in AHR
transcriptional activity. To demonstrate that the treatment with NH did not interfere with
AHR signaling and instead blocked upstream signaling components, the addition of Kyn or
TCDD to the cells co-treated with NH re-induced AHR transcriptional activity to levels
exceeding that of cells incubated with ox-LDL alone These results indicate that the ox-LDL-
stimulated TLR2/4 signaling pathway activates AHR transcriptional activity by increasing
the production of IDO1-generated Kyn.

4. Discussion

4.1 Kynurenine and IDO1 in obesity

We had several questions regarding the role of the AHR in obesity, the first of which was the
identity of a diet-derived agonist for AHR-based obesity, and Kyn was an obvious candidate.
Kyn levels and the ratio of Kyn to Trp, which reflects IDO1, IDOZ2, and/or TDO2 activities,
are elevated in the plasma and adipose tissue of obese women to that in lean women
(Wolowczuk et al., 2012; Favennec et al., 2015). In contrast, Kyn and Kyn/Trp plasma levels
are depressed in mice on high-fat diet (Poulain-Godefroy ef a/., 2013); in which both species
are perhaps revealing the dysregulation of TDO and IDO enzymatic activities caused by an
obese state. /dol and /do2 gene expression is regulated in an AHR-dependent manner
(Mezrich et al., 2010) and pro-inflammatory cytokines, especially INFy (Brandacher et al,
2007). The elevated Kyn levels in human obesity are presumably due in part to constitutive
/DO transcription induced by chronic inflammation (Mangge et al., 2013). Because most
nutrient and fat metabolism occurs in the liver (Chien et al., 2006), and the liver is the site of
most AHR activity (Tuteja ef a/., 1985), we hypothesized that the bulk of AHR-based
obesity is due to the activity in that organ.

We repeated, in part, studies with B6./doZ~/~ mice (Nagano et a/., 2013), but in addition,
included mice on low-fat control diet to establish basal body weight levels. Like Nagano et
al., we showed that the body mass of B6./do2™/~ vs. wild-type B6 male mice on Western diet
was significantly less (Fig. 4), but we also showed that the B6./doZ~~ mice on Western diet
was nonetheless significantly greater than the mice on control diet suggesting that other Trp-
catabolizing activities are perhaps in play regarding obesity, i.e., IDO2 and/or TDO2. We
suggest that the amount of Trp in the Western diet for the mice studies described here
provides the presumed increased levels of IDO1 (via cytokine and AHR induction) with
more than enough substrate to generate greater amounts of Kyn, that in turn, escalates the
level of AHR signaling leading to obesity. By inhibiting AHR signaling with antagonists, we
propose that the Trp-IDO1-Kyn-AHR-obesity cycle is blocked.

The question arises as to how IDO1 deficiency has such a profound effect on body fat and
body mass when presumably the primary modulator of systemic Trp levels is via hepatic
TDO2 activity (Kanai et al., 2009). Plasma levels of Kyn and Trp increased approximately
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2.5- and 9-fold, respectively, in B6. 7do2~ mice relative to wild type mice (Kyn/Trp ratio of
~0.3) suggesting that systemic Kyn levels are more than sustained by the activity of the IDO
enzymes in B6. 7do2”~ mice. However, B6./doI™"~ mice showed an even greater drop in the
plasma Kyn/Trp ratio as well as a resistance to obesity (Nagano et a/., 2013). Thus, IDO1,
like its many roles in immune cell regulation, may be the key regulator of systemic Kyn
levels in the context of obesity and obesity-associated inflammation (Watcharanurak et al.,
2014), while the role of TDO2 in obesity and its regulation by glucocorticoids remain
obscure (Poulain-Godefroy et a/., 2013) and need to be explored further.

The increased levels of Trp that usually accompany a Western diet did not in itself seem
sufficient to induce and maintain an AHR dysregulated/obese state. Thus, we asked what
other possible Western diet components may contribute to increased AHR activation and
how could they be mechanistically linked. A model is proposed for AHR-directed obesity
based on TLR2/4-initiated signaling and TGFp perpetuated positive feedback loops (Fig. 6),
which in turn, promote IDO1 expression and activity. We contend that Western diet, in
addition to supplying sufficient Trp substrate amounts, provides an overabundance of ox-
LDL and saturated fatty acids (SFA) as agonists for sustained TLR2/4 signaling (Lee et al.,
2004; Chavez-Sanchez et al., 2014).

4.2 Feedback loops link Western diet to IDO1 and AHR

Recent studies in dendritic cells have shown that IDO1 has signaling as well as enzymatic
functions. The signaling role is carried out by the IDO1-SHP (PTPN6 and PTPN11)
complex, which activates the non-canonical NF-«xB transcriptional pathway (Pallotta ef al.,
2014), which in turn, induces transcription of the 7gfb1 (Pallotta et al.,, 2011) and /dol
(Puccetti and Grohmann, 2007) genes, setting up positive feedback loops (Molpi et al.,
2014). In agreement with other studies, our results demonstrate the importance of NF-xB in
TLR2/4-induced AHR signaling (Wu et al., 2011; Vogel et al., 2014) and of TGFB1 for AHR
regulation (Wolff et al., 2001). Further support that these components contribute to obesity is
that inhibition of NF-xB by amlexanox (Reilly et al., 2013) or the loss of /doI (Nagano et
al., 2013) (Fig. 4) in mice prevented obesity. Other contributors to IDO1 activity is the
chronic inflammation associated with obesity, in which IFNy (Chen, 2011) and TNFa
(Robinson et al., 2005) are major positive regulators of /do gene expression..

Functional associations of the AHR with SRC and IDO1 in immune cells are recent
findings. Activation of the AHR by a ligand (e.g., possibly Kyn) stimulates the AHR-
associated SRC kinase to auto-phosphorylate and subsequently phosphorylate IDO1 to
convert IDOL to an active form capable of metabolizing Trp to Kyn (Bessede et al., 2014).
Because Kyn is an AHR agonist, and the AHR is a positive transcription factor for the /do1
gene, another positive feedback loop in the IDO1-AHR axis may play a role in the obese
state.

4.3 Conclusions

We propose a crucial role for the AHR in obesity by providing a hub that links obesity,
inflammation, obesogens, and Western diet (Fig. 6). Stimulation by components in Western
diet, e.g., ox-LDL, activates TLR2/4 signaling to initiate a process that ultimately provides
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levels of activated IDOL that produce excess Kyn from the available Trp. In our model, the
increased Kyn levels upregulate AHR signaling, which leads to obesity and associated
diseases by a yet to be determined mechanism, that likely involves increased transcription of
AHR-regulated genes, e.g., possibly Foxol and/or miR-132/212 (Kerley-Hamilton et al,,
2012). Lastly and perhaps most importantly, the demonstration that obesity may be
dependent on AHR signaling, which can be inhibited by numerous AHR antagonists, may
pave the way for treatment with known dietary compounds, such as the natural compounds
curcumin (Ciolino et al., 1998) and resveratrol (Casper et al., 1999) as well as synthetic
drugs (Smith et al., 2011) leading to simple therapeutic and preventative approaches.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
e The AHR acts as a hub in Western diet-based obesity.
» Inhibition of AHR signaling by antagonists prevents obesity and liver steatosis.
o  0ox-LDL stimulates AHR activity via a TLR2/4, NF-kB, IDO1, kynurenine axis.
e  TGFp stimulates AHR activity in Hepa-1c1c7 cells via PI3K and NF-kB.

» The AHR offers a simple and promising approach for treating obesity.
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Fig. 1.

AHR antagonists prevent diet-based obesity, adiposity, and hepatic steatosis. Chemical
structure of (A) a-naphthoflavone (NF) and (B) CH-223191. A comparison of the effects of
NF and CH-223191 on B6 male mice (n=4/experimental group) fed ad /ibitum at weaning
control and Western diets = NF (~3mg/kg/day) or £ CH-223191 (~10mg/kg/day) on (C)
total body mass gain and (D) gonadal fat mass to total body mass ratio. (E) Food
consumption for each experimental group was determined over a 5-7-day period at week 3
during the 5-wk diet regimen. (F) Total liver mass to total body mass ratio at the conclusion
of the 5-wk diet regimen. (G) Representative liver sections stained with Masson’s trichrome
and (H) plot of triglyceride serum levels of the same experimental groups. p-values to the
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corresponding vehicle-treated control group: *, <0.05; **, <0.02; ***, <0.002. Error bars
represent standard error of the mean (SEM).
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Fig. 2.
The AHR antagonist NF (~3mg/kg/day) prevents Western diet-based obesity over an

extended time period and reduces and redistributes body fat. (A) Male B6 mice (n=15-22
mice per experimental group) were fed control, Western, control+NF, or Western+NF diet ad
libitum for 26 weeks beginning at weaning. (B) Total body mass gain was determined at the
end of the 26-wk diet regimen. (C) Food consumption for each experimental group (n=4)
was determined over a 10-14-day period at week 15 during the 26-wk diet regimen. (D)
Gonadal fat mass/total body mass ratios were determined by weighing at the end of the 26-
wk diet regimen. (E) Magnetic resonance imaging (MRI) images were acquired by
quantifying pixel density of (F) total fat, (G) subcutaneous fat, and (H) visceral fat. (I) A plot
of the pixel quantifications of approximately 25 cross-section MRI images of the thoracic
and abdominal cavities per mouse (n=4/experimental group). p-value of the NF-treated
group to the corresponding vehicle-treated control group: *, <0.03; **, <0.01. Error bars
represent SEM.
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Fig. 3.

Longer-term exposure to the AHR antagonist a-naphthoflavone (NF) (~3mg/kg/day)
ameliorates Western diet-based liver steatosis and increases liver size independently of diet
in B6 male mice. Representative liver sections stained with Masson’s trichrome from mice
fed (A) control, (B) control+NF, (C) Western, or (D) Western+NF diet ad /ibitum for 26
weeks beginning at weaning. The circle in (D) includes a collection of eosinophils and the
rectangle an example of a Mallory-Denk body. (E) Liver mass to body mass ratio (n=15-22
mice per experimental group). Plots of (F) triglyceride and (G) polyunsaturated fat levels
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from the liver (n=4/experimental group); plots of serum levels of (H) alkaline phosphatase
(ALK), alanine aminotransferase (ALT), and aspartate aminotransferase (AST); () high-
density lipoproteins (HDL), low-density lipoproteins (LDL), and HDL/LDL ratios, and (J)
cholesterol and triglycerides levels at the conclusion of the 26-wk diet regimen. p-value of
the NF-treated group to the corresponding vehicle-treated control group: *, <0.05. Error bars
represent SEM.
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Fig. 4.

IDO1 may play a key role in AHR-based obesity. Body mass of B6./do™'~ male mice vs. B6
male mice on Western diet is significantly less. (A) Growth curve over 26 wks (n=4 per
experimental group), (B) body mass gain at the end of the 26-wk diet regimen, and (C) Kcal
food/gram mouse intake among the experimental groups. (D) Kynurenine (Kyn) activates
AHR signaling at physiological concentrations in H1L7.5c3 cells and (E) Kynurenic acid
(KA) acts as an AHR agonist after a 24-hr exposure by inducing the AHR-regulated
luciferase gene in H1L7.5¢c3 mouse hepatocyte cells (n=5 biological replicates). Data are
plotted as fold change in luminescence relative to the control (media+vehicle (DMSO)). (F)
Time-course plot of Kyn-, KA-, and TCDD-induced, AHR-regulated luciferase activity in
H1L7.5¢3 cells (n=5 biological replicates). Data points for each time point were plotted as
fold change in luminescence relative to matched cells exposed to vehicle alone. *, p-value
<0.02; ***, <0.001. Error bars represent SEM.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Moyer et al.

Page 28

A ox-LDL Activates The AHR B AHR Activation Over Time By ox- | [(C ~ Antagonism of TLR2/4 by
In Hepatocytes LDL (100 ug/mli ) In Hepatocytes 0x-PAPC In Hepatocytes D TGF-f1 Stimulates AHR Activity in E AHR Activation Over Time By
. 8 . o 45 . Hepatocytes =8 TGF-§ (0.1nM) in Hepatocytes
8
g *kk H H 3 gx
g § g5 g . £5
@3B T 6 T ¢ 3 2%
ggﬁ E‘E G E:E s E-E- *kk — gg
EG *kok *kk Eo E8 ES £E2
S0 3° <9 39 g T
24 54 e 22 e
£3 2 T8 £
-5 82 €8 .5 *kk &2 *kk T E
s2 §% 28 5% g2
28, k. 5 2 c& 5 1K)
S o [ 4 g8
3 3 3 3 Se
K] e & £ 2z
w ‘ o £s
0 0 0 100 100 oxLOL 0 xo
o 10 100 200 400 TCDO 052 46 12 18 % o 100 0 100 0x-PAPC 0 000001 00001 0001 001 01 1.0 052 4 6 12 18 24
Ox-LDL (sgimi) (10 ok (] (ug/mi) (ng/mi) (hn)
F PI3K Inhibition by LY294002 Reduces TGF1- G NFxB Inhibition by BAY11-7085 Reduces H IDO1 Inhibition by Norharmane (NH) Reduces
But Not ox-LDL-Induced AHR Activation ox-LDL- and TGFp-Induced AHR Activation ox-LDL-Induced AHR Activation
18 9 e
o
3 g g
€ £ ]
8 3 23 *k
$3 ] g
€ =12 e £EE 6
£E £
£3 £3 £
39 39 - 4 *kK
8 e 4 =S
c =8 S9
® 2 Y 82
5] =31 2%
cs e §g 3
€3 6 8 £&
¥ ] as o
3] 5 Fekek
© = 32
I s w
; l N :
! Media  Medi ADL ox-LDL oxADL  NH
Meds  Meds oxiDL oxiOL TOFDI ORI LT;‘.:\»K!":I Tooo  To0 Medie  Meda oxiDL oxiOL ToFi  Torbi o N WM +TcoD

Fig. 5.

oxg-LDL via NF-xB and TGFB1 via PI3K and NF-kB stimulate AHR transcriptional activity
in H1L7.5¢3 cells. H1L7.5¢3 cells were seeded, cultured for 24hr, exposed to ox-LDL and
TGFp1 at the indicated amounts and durations, lysed, and assayed for luciferase activity
(n=5-10 biological replicates). (A) A dose-response plot and (B) time-course plot of
H1L7.5¢3 cells exposed to ox-LDL. (C)The TLR2/4 inhibitor ox-PAPC was added at the
indicated concentrations 1hr prior to a 24-hr incubation with ox-LDL. (D) A dose-response
plot and (E) time-course plot of H1L7.5¢3 cells exposed to TGFR1. For the inhibitor studies,
H1L7.5¢3 cells were seeded, cultured for 24hr, and incubated for 24hr with 100ug/ml ox-
LDL or 0.1ng/ml TGFB1 with the co-administration of (F) 10ug/ml LY 294002 (LY), (G)
10ug/ml BAY11-7085 (BAY), or (H) 10uM Norharmane (NH). The cells were lysed and
assayed for luciferase activity. Data are plotted as fold change in luminescence relative to the
media control cells (media + vehicle (DMSO)). For the time-course studies, data points for
each time point were plotted as fold change in luminescence relative to matched cells
exposed to vehicle alone. p-values: *, <0.05, **, <0.01; ***, <0.001. Error bars represent
SEM.
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Fig. 6.

M%del depicting AHR-dependent, diet-Induced signaling pathways in liver. AHR-based
obesity requires the stimulation of signaling pathways by Western diet-derived ox-LDL and
saturated fatty acids that induce /doz transcription and activate IDO1-mediated kynurenine
production; allowing the activated AHR to serve as a hub connecting environmental
obesogen exposures, Western diet, obesity, and chronic inflammation. BaP, benzo[a]pyrene;
PCBs, polychlorinated biphenyls.
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