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Abstract

Inhibition of the aryl hydrocarbon receptor (AHR) prevents Western diet-induced obesity and fatty 

liver in C57Bl/6J (B6) male mice. The AHR is a ligand-activated nuclear receptor that regulates 

genes involved in xenobiotic metabolism and T cell differentiation. Here, we tested the hypothesis 

that AHR antagonism would also prevent obesity and fatty liver in female mice and that B6 mice 

(higher-affinity AHR) and congenic B6.D2 mice (lower-affinity AHR) would differentially 

respond to AHR inhibition. Female and male adult B6 and B6.D2 mice were fed control and 

Western diets with and without α-naphthoflavone, an AHR inhibitor. A nonlinear mixed model 

analysis was developed to project asymptote body mass. We found that obesity, adiposity, and liver 

steatosis were reduced to near control levels in all female and male B6 and B6.D2 experimental 

groups fed Western diet with α-naphthoflavone. However, differences were noted in that female 

B6.D2 versus B6 mice on Western diet became more obese; and in general, female mice to that of 

male mice had a greater fat mass to body mass ratio, were less responsive to α-naphthoflavone, 

and had reduced liver steatosis and hepatomegaly. We report that male mice fed Western diet 

containing α-naphthoflavone or CH-223191, another AHR inhibitor, caused reduced mRNA levels 

of several liver genes involved in metabolism, including Cyp1b1 and Scd1, offering evidence for a 
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possible mechanism by which the AHR regulates obesity. In conclusion, although there are some 

sex- and Ahr allelic-dependent differences, AHR inhibition prevents obesity and liver steatosis in 

both males and females regardless of the ligand-binding capacity of the AHR. We also present 

evidence consistent with the notion that an AHR-CYP1B1-SCD1 axis is involved in obesity 

providing potentially convenient and effective targets for treatment.
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1. Introduction

Obesity is a growing and increasingly challenging problem with a prevalence in the United 

States of 16.9% for 2- to 19-year-olds and 34.9% for adults aged 20 years and older [1]. It is 

well established that obesity [2] and associated complications [3, 4] develop differently 

between males and females; and that gene expression profiles in liver and adipose tissue are 

dissimilar in male and female mice [5]. Given that the aryl hydrocarbon receptor (AHR) has 

a large role in obesity in male mice [6–8], we asked whether the AHR carries out a similar 

role in obesity for females.

The AHR is a ligand-activated nuclear receptor/transcription factor [9] (Fig. 1A). In the 

cytoplasm, the ligand-free AHR is in a complex with two HSP90 molecules, at least one p45 

protein identified as an immunophilin [10, 11], and the co-chaperone p23 protein [12]. In 

canonical AHR signaling, ligand binding alters the complex allowing the translocation of the 

AHR to the nucleus and partnering with the aryl hydrocarbon nuclear translocator (ARNT). 

The nuclear AHR/ARNT heterodimer binds to core CACGC DNA motifs called DREs 

(dioxin response elements) present in the regulatory regions of several thousand genes [13] 

to activate transcription. Because of the AHR’s ligand-binding promiscuity, several AHR 

ligands, such as α-naphthoflavone (NF) (Fig. 1B), have been identified that act as 

antagonists to inhibit AHR signaling [14].

We first showed the involvement of the AHR in obesity using two male mouse models that 

differ at the Ahr gene [6]. The C57Bl/6 mouse (B6 strain) expresses an AHR possessing a 

generally higher-affinity ligand binding domain encoded by the Ahrb1 allele, and the 

congenic C57Bl/6.D2 mouse (B6.D2 strain) expresses an AHR more similar to that of the 

human AHR with a lower-affinity, ligand binding domain encoded by the Ahrd allele 

naturally found in the DBA/2 mouse strain [15]. The two AHRs differ by approximately 10-

fold in 2,3,7,8-terachlorodibenzo-p-dioxin (TCDD) binding affinity [16], and in turn, AHR-

based gene induction and gene expression levels of the Cyp1a1 and Cyp1a2 xenobiotic-

metabolizing genes are correspondingly affected [17]. It should be noted; however, that the 

AHR displays a wide range of allelic-, ligand-, and species-specific binding affinities and 

activation [18–20]. Using male mice, we found that the B6 and B6.D2 mouse strains when 

fed Western diet were differentially affected in body size, body fat to body mass ratios, liver 

gene expression, and liver physiology [6].
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We extended those studies in B6 male mice to show that NF and the more specific AHR 

antagonist CH-223191 [14, 21, 22] effectively reduced obesity and hepatosteatosis [7]. We 

also investigated how Western diet may activate the AHR. Based on in vivo and in vitro 
studies, we proposed a model that linked Western diet to AHR activation via Toll like 

receptor 2/4 and TGFβ signaling pathways stimulated by diet-derived compounds [7]. These 

studies and recent work with B6. Ahr−/− mice, which were shown to be resistant to obesity 

[7, 8, 23], indicated key roles for the AHR in fat metabolism and deposition as well as a 

possible target for AHR-based therapeutic and preventative approaches.

A major question is how the Western diet-activated AHR causes obesity, and in turn, how 

inhibition of AHR signaling then prevents obesity. An explanation may lie in recent studies 

showing that deletion of the canonical AHR-regulated Cyp1b1 gene prevents obesity in mice 

fed a high-fat diet [24–26]. Here, we initiate an investigation into AHR-based obesity by 

determining liver mRNA levels of the Cyp1b1 gene along with several other AHR-regulated 

genes involved in metabolism.

As most of the reported work on obesity has been carried out using male mice, we tested the 

hypothesis that the outcomes observed in male mice regarding the role of the AHR in 

obesity and steatosis would be similarly observed in females. Specifically, our objectives 

were to determine whether the AHR plays a role in diet-based obesity in females and 

whether the AHR antagonist NF could act as an obesity preventative in mice with different 

AHR ligand binding affinities. Congenic strains of female and male mice harboring different 

Ahr alleles encoding proteins with different ligand-binding affinities were fed control and 

Western diets with and without the AHR antagonist NF. The Western diet was high in animal 

fat and cholesterol to best reflect the typical human Western diet versus a low-fat, low-

cholesterol control diet. Although several significant differences are described, we found 

that the AHR played parallel roles in the deposition and distribution of fat in male and 

female mice, and that both sexes responded fully to AHR antagonism regardless of ligand 

binding strength in preventing Western diet-based obesity and hepatosteatosis. These studies 

strengthen the contention that the AHR offers a potentially powerful approach to treat and 

prevent diet-induced obesity and fatty liver disease regardless of sex or AHR isoform.

2. Methods and materials

2.1 Mice

The B6 and B6.D2 male and female mice (Mus musculus strains C57BL/6J and B6.D2N-

Ahrd/J, stock #s 000664 and 002921, respectively) were purchased from The Jackson 

Laboratory (Bar Harbor, ME). The mice were reared and bred in 12-hr light/dark cycles. 

Cages were bedded with chemical-free shredded paper (Pure-o-cell, The Andersons Lab 

Bedding, Maumee, OH) to minimize exposure to exogenous toxicants. Food consumption 

was determined during the 5-wk, 26-wk, and 40-wk diet regimens with four mice selected 

from different cages of each experimental group at week 3 for 7 days for the 5-wk diet 

regimen and at week 15 for 10–14 days for the 26- and 40-wk diet regimens [7]. The mice 

were housed individually in cages containing a chow-measuring apparatus. There were no 

significant differences in food consumption among the experimental groups for a given diet 

on a given diet regimen. NF or CH-223191 was mixed with the chow during production. 
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Food consumption and thus NF and CH-223191 intake was ad libitum. In a dose-response 

experiment carried out in a previously reported study [7], we found that chow containing 2% 

NF was the minimal effective dose for preventing obesity in mice fed a Western diet. The 

calculated amount of consumed NF and CH-223191 was ~90mg/kg/day and ~10mg/kg/day, 

respectively. The calculations were based on a mean consumption of ~4.5 gm of chow/day 

(http://www.researchdiets.com/) and on an estimated adult mean body mass of 30g.

A power analysis [27] was carried out to determine the number of mice per experimental 

group required to reach an alpha probability of 0.01. Based on previous results showing the 

differential weight gains of B6 vs. B6.D2 mice [6], 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. If obviously sick or death occurred, the mouse was eliminated 

from the study (4 or 5 of a total of ~256 mice were eliminated). Pups from a given litter of a 

given Ahr genotype and sex were placed in different experimental groups of the appropriate 

genotype and sex. The study was not blinded (the different chows were color coded). The 

variance appeared similar among the groups that were statistically compared. We did not 

observe any differences in lifespan or disease incidence among genotypes or sexes within 

the confines of our study. All animals were treated humanely following the regulations and 

specifications of the Dartmouth IACUC. The studies with mice were conducted using an 

animal protocol approved by the Dartmouth Hitchcock Medical Center Institutional Animal 

Care and Use Committee, IACUC PROTOCOL NUMBER toml.cr.1, ASSURANCE 

NUMBER A3259-01.

2.2 Diet

Mouse chow (Table 1) was purchased from Research Diets, Inc. (New Brunswick, NJ). The 

custom control, low-fat diet (D12450B) contained 20% kcal protein, 70% kcal 

carbohydrates (35% kcal from sucrose), 10% kcal fat (4.5% kcal from lard); and the custom 

Western diet (D12071702) contained 20% kcal protein, 35% kcal carbohydrates (17.5% kcal 

from sucrose), 45% kcal fat (40% kcal from lard), and 2% cholesterol. The diets contained 

no detectable phytoestrogens or xenobiotics. The NF (CAS Number 604-59-1, ≥98% purity) 

was purchased from Sigma-Aldrich (St. Louis, MO) and the CH-223191 (CAS Number 

301326-22-7, ≥98% purity) from R&D Systems. (Minneapolis, MN). The NF and 

CH-223191 were added directly to the mouse food during production.

2.3 Asymptote body mass data analysis

The metric for weight gain was pivotal in our study. The traditional way to compare the 

weight of animals across treatment groups is to pick time points near the end of the study 

and compare the mean weights at those points. Although weight gain measured as the 

difference among consecutive weeks is intuitively appealing, it is skewed left because 

weight gain is not symmetric with respect to age, and consequently, the asymmetry of 

weight distribution violates a key assumption required for the t-test. In other words, 

conventional weight gain analysis would be appropriate if weight grew linearly with age as a 

constant. However, weight does not increase in a linear fashion and a better metric is the 

projected asymptote weight when the animals have reached later adulthood. Here, the 

asymptote models are based on body mass accumulated over the 26-wk diet regimen, and 
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thus, accounts for variables based on all prior biological inputs. We estimated asymptote 

weight using the exponential model a1-a2exp(-a3w), where w>0 is the time measured in 

weeks, a3 is the rate at which the weight approaches the asymptote weight a1, and a1-a2 is 

the initial weight at w=0. Nonlinear mixed model methodology was used to estimate the 

average asymptote weight a1 (when w is at infinity) for each treatment group. An important 

property of the mixed model is that it addresses the notorious animal to animal weight 

heterogeneity [28]. The R function nlme package was used to estimate the parameters of the 

model.

2.4 Magnetic resonance imaging

Small animal magnetic resonance imaging (MRI) was carried out by the Dartmouth 

Irradiation, Pre-clinical Imaging & Microscopy Shared Resource. At weeks 8, 14, and 24 of 

the 26-wk diet regimen, prior to imaging, mice were anaesthetized with 2% isoflourane via 

nosecone (n=4–6 per experimental group). MRI images were acquired on an Agilent 9.4T 

scanner equipped with triple axes gradient coils and VnmrJ 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 the 

following: TR=700 ms, TE=13 ms, field of view=4cm×4cm, acquisition matrix=128 

pixels×128 pixels, slice thickness=2mm, and 2-signal averages. Only sections including the 

peritoneal cavity were included in the analysis. Visible fat in each image was scored as 

visceral or subcutaneous based on body location. The ratio of visceral fat to subcutaneous fat 

was calculated per section allowing calculation of the total mean ratio for a whole mouse.

2.5 Histology

Histology was carried out by the Dartmouth Pathology Shared Resource. Liver samples 

taken at sacrifice were fixed in 10% neutral-buffered formalin. The tissue was processed, 

paraffin-embedded, and sectioned at a thickness of 5μm onto glass slides. Tissue was stained 

using Masson’s Trichrome. Each liver had four sections stained and examined. Each section 

was taken at least 30μm apart and representative sections chosen. The sectioned tissue was 

examined at 100× magnification 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). Pathological assessment was done with the 

assistance of James Gorham, M.D., Ph.D., and Arief Suriawata, M.D., of the Geisel Medical 

School at Dartmouth.

2.6 Microarrays

Total RNA was purified from liver of mice on the 40-wk diet regimen. The liver was sliced 

into small pieces and homogenized in TRIzol Reagent (Invitrogen Corp., Carlsbad, CA). 

RNA purity, quantity, and quality were determined using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Waltham, MA) and an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). The mRNA gene expression microarray 

experiments were carried out by the Dartmouth Genomics & Molecular Biology Shared 

Resource using the MouseRef-8 v2.0 Expression BeadChip array (Illumina, San Diego, 
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CA), with approximately 25,600 annotated RefSeq transcripts covering 19,100 unique 

mouse genes. Four biological replicates (mice) per experimental condition at the conclusion 

of a diet regimen were included in the microarray studies. Approximately 0.5mg of total 

RNA was labeled for each bead array. The bead arrays were scanned with an Illumina 

500GX scanner and processed with Illumina BeadScan software.

2.7 Quantitative polymerase chain reaction

Total RNA from gonadal adipose tissue of mice on a 5-wk diet regimen was isolated as 

described for the microarrays. Quantitative Polymerase Chain Reaction (qPCR) analysis was 

carried out using primers purchased from ThermoFisher Scientific, Inc. (Waltham, MA) and 

designed for mouse Ahr (Mm00478932_m1), Cyp1b1 (Mm00487229_m1), and reference 

Gapdh mRNA (Mm99999915_g1). Approximately 5μg of total RNA served as template for 

the cDNA synthesis. The cDNA was synthesized using TaqMan® assay kits with the 

Superscript III First-Strand Synthesis System (ThermoFisher Scientific, Inc.). The qPCR 

reactions were performed using the Fast Advanced Master Mix (ThermoFisher Scientific, 

Inc.) on a BioRad CFX96 System using version 3.1 software (BioRad, Hercules, CA) set at 

40 cycles. Assays to determine levels of DNA contamination were carried out by omitting 

reverse transcriptase and mRNA template from the reactions. The average CT values were 

determined by carrying out QPCR measurements from four biological replicates for each 

gene in each experimental condition. Differential gene expression ratios were calculated 

based on the CT values of the Gapdh reference RNA for a final ΔCT average value.

2.8 Statistical analyses

Microarray analysis was carried out by the Dartmouth Bioinformatics Shared Resource. 

Quantile normalization [29] without background correction was carried out to preprocess the 

image files generated by the Illumina software. Analyses were performed using BRB-Array 

Tools Version 4.2.1 [30]. Genes that were differentially expressed among classes were 

identified using a random-variance t-test. Statistical p-values were calculated using paired 

Student’s t-test, and differentially expressed genes were considered statistically significant at 

p ≤ 0.05. Statistical significance of body mass differences was calculated using two-sided 

paired Student’s t-test and equal and unequal variance analysis. Any data and materials not 

in the public domain that were generated from these reported studies will be made available 

upon request.

3. Results

3.1 The AHR antagonist NF prevents obesity in adult female as well as male mice

We had shown that NF is an effective preventive to Western diet-based obesity in B6 males 

[7]. We wanted to investigate whether NF also worked as an obesity preventative in female 

mice and whether differential AHR ligand-binding affinity affected the efficiency of AHR-

based obesity prevention. Dose-response experiments showed that the most effective NF 

dose was ~90mg/kg/day, in which NF was 2% of food mass [7]. Hence, for these studies, B6 

and B6.D2 female and male mice were fed control or Western diet with and without 2% NF 

for 26 wks. Sample sizes of 15–21 mice per experimental group were used, which exceeded 

the minimum of 14 mice derived from a power analysis calculation. NF prevented obesity in 
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both female and male mice fed Western diet in both strains in that they gained significantly 

less body mass to those mice fed Western diet (p-value ≤0.01–0.001) (Fig. 2A–E, Table 2). 

Note that the data for the B6 male mice were presented previously in a different form [7], 

and are presented here as a basis for comparison to the other experimental groups. The 

differences in body mass gain among the experimental groups were not due to differences in 

food consumption in that there were no significant differences in consumed kcal for a given 

sex on a given diet with and without NF (Fig. 2F). These data suggest that the AHR plays a 

major role in the metabolism giving rise to obesity in both male and female mice, and show 

that the inhibition of AHR signaling prevents obesity in both female and male mice.

3.2 Female and B6.D2 mice become relatively more obese on Western diet

Although mice of both Ahr genotypes and sexes became significantly heavier on Western 

diet to those on control diet, and their body mass significantly reduced to near control levels 

when treated with NF, there were genotype- and sex-based differences. Female mice became 

relatively heavier than male mice on Western diet relative to the mice on control diet, i.e., 

187% and 230% for female mice to 138% and 163% for male mice (Table 2). We reported in 

our earlier study [6] that B6 male mice on a Western diet with low cholesterol content had 

significantly greater body mass and were more than 16% heavier than their B6.D2 

counterparts at the conclusion of a 28-wk diet regimen. In contrast, the Western diet with 2% 

cholesterol used here caused B6.D2 mice of both sexes to become relatively heavier than 

their B6 counterparts, i.e., 230% and 163% to 187% to 138% for females and males, 

respectively (Table 2). Thus, female mice and B6.D2 mice became proportionately heavier 

on Western diet with high cholesterol content than did the corresponding male and B6 mice.

3.3 Projected asymptote body mass

A time course-independent weight metric was applied to project asymptote differential body 

mass gain (Fig. 3A–D) and final total body mass (Fig. 3E–H) over a 52-wk time period [28]. 

The asymptote-based results were in close agreement with the analysis based on the 26-wk 

end point data shown in Fig. 2A–D and Table 2, in that B6.D2 female mice (236%) were 

proportionately heavier on Western diet relative to mice on control diet than were the male 

mice (151% and 160% for B6 and B6.D2, respectively) (Table 3). An exception was that B6 

female mice on Western diet relative to mice on control diet showed the least relative body 

mass increase (136%), whereas, in the 26-wk study, B6 female mice had a relative body 

mass gain greater than did the male mice of both strains (Table 2).

3.4 Male and B6.D2 mice are more responsive to NF

The addition of NF to Western diet caused a highly significant decrease in body mass gain 

for all the mouse groups (Fig. 2E, Table 2). The body mass of males on Western+NF 

approached control levels, (105% and 98% for B6 and B6.D2, respectively), and while NF 

also caused a significant drop in body mass in B6 and B6.D2 females (77% and 56%, 

respectively), female mice in the Western+NF group remained significantly heavier than 

mice on control diet (144% and 130% for B6 and B6.D2 mice, respectively). The addition of 

NF to control diet caused males of both Ahr genotypes to be smaller than males on control 

diet alone (82% and 89% for B6 and B6.D2, respectively), whereas female mice became 
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significantly heavier than the control groups (123% and 124% for B6 and B6.D2, 

respectively).

In regard to NF and Ahr genotype, female B6.D2 mice appeared to be more responsive to 

NF than female B6 mice (reduced from 230% to 130% for B6.D2 mice and 187% to 144% 

for B6 mice) (Table 2). Although not as dramatic, male B6.D2 mice were more responsive to 

NF than were B6 mice (reduced from 163% to 98% for B6.D2 mice and 138% to 105% for 

B6 mice). To summarize, for the mice fed Western diet, male mice were more responsive to 

NF than female mice, and the B6.D2 mouse strain more so than the B6 strain.

3.5 Asymptote response to NF

The above mouse studies were highly consistent with the long-term asymptote analysis (Fig. 

3 and Table 3), in which the major finding was that NF in Western diet proved effective in 

maintaining body mass at near control levels over a longer time period for all mouse groups. 

Again, male mice appeared more responsive to NF (Table 3), in that body masses were 99% 

(B6) and 100% (B6.D2) to that of mice on control diet. In contrast, female mice remained 

relatively heavier at 106% and 119% for B6 and B6.D2, respectively. Also consistent were 

the results showing that B6.D2 mice of both sexes were more responsive to NF than were 

the corresponding B6 mice.

3.6 Differential body fat distribution

We asked whether the reduced body mass of mice on Western+NF to those fed Western diet 

alone was from a decreased accumulation of body fat or rather from an overall proportionate 

decrease in body size. The ratio of a gonadal fat pad mass to total body mass correlates 

highly to the ratio of total body fat mass to total body mass [31]. The inferred total fat mass 

to body mass ratio for mice on Western diet to those on Western+NF diet was significantly 

different for mice in all the experimental groups except for the B6 male mice (Fig. 4A). 

Surprisingly, female mice, especially B6 females, which were less responsive to NF than 

were the B6 males, had the greatest reduction in fat mass to body mass ratio, suggesting that 

NF affected the body mass of females in body compartments other than adipose tissue.

We next investigated whether the relative reduction in body fat from NF treatment was 

associated with a change in body fat deposition. Increased abdominal or visceral fat is 

associated with a higher risk of metabolic syndrome [32], heart disease, diabetes, and many 

other diseases [33]. Visceral and subcutaneous fat compartment volumes were determined 

using MRI of ~20 whole body cross-sections through the thoracic and abdominal regions 

(Fig. 4B). The imaging revealed that NF in Western diet caused a statistically significant 

change in the ratio of fat deposition in the visceral to subcutaneous depots only in male 

mice, with an especially large impact on B6.D2 mice. Thus, female mice on Western+NF 

compared to male mice lose relatively less body mass but lose relatively more fat mass, of 

which, the loss is relatively the same from the subcutaneous and visceral fat compartments. 

The results suggest that females on Western+NF are relatively leaner than their male 

counterparts.
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3.7 AHR antagonism by NF reduces liver steatosis but increases liver size

Liver steatosis and dysfunction are strongly associated with obesity [34, 35]. We had 

observed in B6 male mice treated with the AHR antagonists NF and CH-223191 a 

significant reduction in liver steatosis [7]. We asked whether AHR inhibition with NF also 

alleviated hepatic steatosis in female and B6.D2 mice. Liver sections from each 

experimental group were stained with Masson’s trichrome (Fig. 5). Mice of both sexes and 

genotypes in the control and control+NF groups, as expected, showed few, if any, fat 

vesicles, while mice fed Western diet showed obvious fat accumulation, with B6 male mice 

showing the greatest degree of fat accumulation (Fig. 5K) and B6.D2 female mice the least 

(Fig. 5G). The mice fed Western+NF diet showed little indication of fat-storing vesicles, 

which was consistent with our earlier report that AHR inhibition is an effective means to 

reduce fat accumulation in the liver [7].

In addition to a drop in hepatic fat levels, we observed hepatomegaly in all experimental 

groups on control+NF and Western+NF (Fig. 5Q), suggesting that NF causes liver 

enlargement independent of diet. The NF-dependent hepatomegaly was especially evident in 

the female mouse groups treated with NF, because in contrast to male mice, female mice did 

not exhibit an enlarged liver from Western diet alone. Thus, NF reduces fat accumulation 

and causes diet-independent enlargement of the liver for mice of both sexes and Ahr 
genotypes. However, sex differences were observed in that female mice showed little liver 

enlargement from Western diet while male mice showed significant enlargement and B6.D2 

mice displayed significantly less NF-dependent hepatomegaly than did B6 mice.

3.8 Candidate AHR-regulated obesity genes

Studies have shown that adipose tissue from B6 male and female mice on high-fat diet 

express differential mRNA profiles, especially for genes related to inflammation [36]. 

Another microarray study using wild type versus Cyp1b1−/− B6 female and male mice fed 

control and high-fat diets revealed numerous sexual differences in liver gene expression 

[25]. Thus, given that (i) these same Cyp1b1−/− male and female mice fed a high-fat diet 

were resistant to obesity [25, 26], (ii) the Cyp1b1 gene is a canonical marker for AHR 

transcriptional activity [37, 38], and (iii) Western diet caused an increase in Cyp1b1 mRNA 

expression levels in the liver of B6 and B6.D2 male mice [6], we chose to measure the 

relative levels of Cyp1b1 mRNA from visceral adipose tissue and liver of B6 male mice fed 

control and Western diets with and without AHR inhibitors. The qPCR results from adipose 

tissue (Fig. 6A) and microarray results from liver (Fig. 6B) showed that Western diet caused 

an increase in Cyp1b1 mRNA levels, and in turn, that Western diet containing NF or 

CH-223191 caused a reduction of Cyp1b1 mRNA to approach control levels. Furthermore, 

mRNA expression levels in liver of other AHR-regulated genes involved in obesity were 

decreased by AHR inhibition, including the Foxo1 [39], Scd1 [40–42], and Spp1 [43] genes. 

The results are consistent with a hypothesis that the AHR antagonists work by inhibiting the 

transcriptional activity of the AHR to reduce the expression of genes required for obesity, 

e.g., Cyp1b1.
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4. Discussion

Our results suggest that Western diet-induced obesity is an active process that requires a 

Western diet-derived, ligand-activated AHR. When AHR signaling is brought to basal levels 

by an antagonist or is dormant due to an absence of diet-derived agonists, such as the control 

diet used here, then obesity is averted. However, sex- and Ahr genotype-based differences in 

response to Western diet and AHR antagonism were observed, and it was the intent of this 

study to characterize some of those differences.

4.1 Asymptote analyses

We used two approaches to analyze body mass data, which allowed a means to cross-check 

both data sets. The first approach is conventionally used in most obesity studies and utilizes 

the last time point in the experimental data set, which in the results presented here, was at 

the terminal 26-wk time point in the diet regimen. We obtained statistical significance where 

expected, e.g., in comparing body mass gain among the control, Western, and Western+NF 

diet groups. However, if the study had been concluded at the 16-wk time point, for instance, 

statistical significance of p-value ≤0.05 would not have been attained for some of the 

comparisons. Thus, the conventional time course/end point means of analysis is time 

dependent and statistical significance may or may not be reached depending on when the 

time course is concluded. The mixed model-based asymptote method, on the other hand, is 

time independent and less reliant on the need for an extended time course [28]. To use the 

above example, if the current diet study had been terminated at 16 wks, the asymptote 

approach would have produced similar results to that obtained with the 26-wk time course. 

Thus, the asymptote projection method can save time and funds as well as provide a cross-

check method to validate results. However, it must be kept in mind that a sufficient time 

course is required to provide a basis for calculating a valid projection, which for the data 

presented here would have required at the least an 8-wk diet regimen.

4.2 Sex differences

Our finding that female mice on Western diet generally become more obese than male mice 

is contrary to the conclusions of similar studies, [e.g., 36]. Our conclusion was derived by 

comparing the relative increase of body mass of mice on Western diet to mice of like sex on 

control diet rather than a direct comparison of male to female body masses. A conventional 

direct comparison of males to females on Western diet showed that males indeed did gain 

more body mass than did the females, e.g., B6.D2 females gained 17.47 g whereas B6.D2 

males gained 23.95 g. However, relative to the corresponding cohort on control diet, the 

same B6.D2 females had an increased body mass of 230%, whereas the same B6.D2 males 

had an increased body mass of 163%. Thus, inclusion of the body mass gain from control 

diet allows a relative measure of body mass, which we found more informative than absolute 

measures.

As to the remaining differences we observed between males and females, i.e., response to 

NF and the lesser degree of liver steatosis and hepatomegaly for females to that of males, we 

can only speculate. We know that key metabolic genes directly or indirectly related to the 

AHR are affected by Western diet and/or NF, and any differences may be due to the inherent 
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sexual dimorphisms that exist in gene expression and metabolism [44]. A limitation of the 

study reported here was the lack of mRNA expression data from female mice, which we 

intend to rectify in future studies. Nevertheless, the sex differences reported here are a 

manifestation of the distinct genetic, epigenetic, and cytoplasmic mechanisms in place in 

males vs. females and are worthy of further study.

4.3 Ahr genotype and diet

In our previous work comparing male B6 and B6.D2 mice on Western diet [6], we found 

that by week 17 of a 28-wk diet regimen, B6 mice were significantly heavier than were 

B6.D2 mice. Different outcomes in AHR-dependent obesity is a reasonable prediction based 

on the differences in AHR ligand-binding affinities and activities [16, 45]. However, the 

present study revealed no significant differences between B6 and B6.D2 male mice on 

Western diet. The Western diet in the original study [6] was similar in composition except 

that no supplementary cholesterol was added (0.02% cholesterol by mass) as opposed to the 

Western diet in this study. The Western diet used in this report, to better reflect the human 

Western diet, included cholesterol at 2% by mass. Thus, there are at least three possible 

explanations for the different outcomes. First, the AHR represses the gene expression of key 

cholesterol synthesizing genes, including Hmgcr and Lss, in a DNA-binding independent 

manner such that the higher affinity AHRb isoform is significantly more repressive than the 

lower affinity AHRd isoform [46]. Thus, it is conceivable that the reduced level of 

cholesterol synthesis in B6 mice to that of B6.D2 mice, in which both are on a diet of high 

cholesterol, could cause a reversal in obesity outcomes. Second, in a related way, what may 

seem to be minor differences in diet content can nonetheless have a large and opposite 

impact on AHR signaling, similar to that observed by some AHR-activating toxicants. For 

example, TCDD has a greater toxicological impact on B6 mice to that of B6.D2 mice [47]; 

however, in contrast, benzo[a]pyrene has a greater toxicological impact on B6.D2 mice than 

on B6 mice [48]. A third possible reason may be due to factors associated with differences 

in mouse husbandry. In the previous work [6], the mice were ordered directly from Jackson 

Laboratory and placed immediately in the study, whereas, the mice for the work described 

here were produced in house from breeding pairs. It is well documented that the microbiota 

can differ substantially depending on origin of birth, rearing methods, and/or diet [49], and 

in turn, the different microbiota can differentially influence metabolism and obesity [50, 51].

4.4 AHR-CYP1B1-SCD1 axis

We examined by qPCR and microarrays the gene expression of several positively AHR-

regulated genes known to play roles in obesity. We found that the outcome from the 

inhibition of AHR signaling by the antagonists NF and CH-223191 was consistent with the 

decrease of expression or loss of those same AHR-regulated genes. FOXO1 plays critical 

roles in the transcriptional regulation of genes involved in lipid metabolism, adipocyte 

differentiation, and gluconeogenesis [52], and the Foxo1 gene is regulated by the AHR [39]. 

SPP1 (osteopontin) is a sensitive marker for obesity in mice and humans [53–55]. Loss of 

the Spp1 gene causes obesity resistance in mice fed a high-fat diet [56] and is a gene 

regulated by the AHR [43]. The whole-body deletion of the canonical AHR-regulated 

Cyp1b1 gene prevents obesity in mice fed a high-fat diet [24, 25]. Mice deficient in the Scd1 
gene, which encodes stearoyl-CoA desaturase 1, the rate-limiting enzyme that metabolizes 
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saturated fatty acids to monounsaturated fatty acids, are resistant to diet-induced obesity, 

become more insulin sensitive, and show heightened energy expenditure from increased 

fatty acid β-oxidation in the liver [42, 57, 58]. A connection between the Cyp1b1 and Scd1 
genes was established by studies showing the CYP1B1 substrate arachidonic acid reduced 

both Scd1 mRNA and SCD1 activity levels [59] and that SCD1 expression was nearly 

undetectable in Cyp1b1-null mice [60]. Our model goes further by connecting the AHR to 

the CYP1B1-SCD1 axis.

In conclusion, although there are sex- and Ahr allelic-dependent differences, we accept the 

hypothesis that inhibition of the AHR in mice prevents Western diet-induced obesity and 

adiposity and reduces liver steatosis to near control levels regardless of sex or Ahr genotype. 

In most of the comparisons, female mice to that of male mice had a greater fat mass to body 

mass ratio, were less responsive to NF, had less liver steatosis, and did not exhibit Western 

diet-induced hepatomegaly. Our results suggest the reduction of AHR signaling activity to 

near basal levels prevents obesity and demonstrates that the AHR may provide a convenient 

and efficacious target for the treatment of obesity and liver steatosis.
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Fig. 1. 
The aryl hydrocarbon receptor (AHR) signaling pathway (A) is best known for the induction 

of xenobiotic metabolizing genes via activation by environmental toxicants. AHR activation 

can be inhibited by AHR antagonists such as α-naphthoflavone (NF) (B) by decreasing 

AHR-directed transcription.
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Fig. 2. 
The AHR antagonist NF (~90 mg/kg mouse mass/day) reduces Western diet-based body 

mass gain in female (A,B) and male (C,D) B6 (A,C) and B6.D2 (B,D) mice. Each 

experimental group (n≥15) was fed control, control+NF, Western, or Western+NF diet ad 
libitum for 26 wks beginning at weaning. Plots for total body mass gain at termination of the 

26-wk diet regimen for each experimental group (E) and mean kcal consumption per gram 

body mass (F). Food energy consumption was determined over a 10–14-day period 
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beginning at week 15 during the 26-wk diet regimen. p-values: *, ≤0.05; **, ≤0.01; ***, 

≤0.001. NF, α-naphthoflavone. Error bars represent standard error of the means (SEM).

Moyer et al. Page 19

Nutr Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Long-term projected asymptotic body mass gains (A–D) and total final body mass (E–H) 

show that the AHR antagonist NF (~90 mg/kg/day) significantly reduced Western diet-based 

body mass gain in female and male B6 and B6.D2 mice over a longer time course. Each 

experimental group (n≥15) was fed control, control+NF, Western, or Western+NF diet ad 
libitum for 26 wks beginning at weaning. NF, α-naphthoflavone. Error bars represent SEM.
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Fig. 4. 
Administration of NF in the diet (~90 mg/kg/day) reduces adiposity and differentially 

redistributes body fat in female and male B6 and B6.D2 mice. (A) Gonadal fat pad mass to 

total body mass ratio (n≥15). (B) Plot of the ratio of visceral fat to subcutaneous fat using 

ImageJ processing software to analyze binary images of converted magnetic resonance 

images. Fat composition was determined by quantifying pixel density of total fat, 

subcutaneous fat, and visceral fat. Each experimental group was fed control, control+NF, 

Western, or Western+NF diet ad libitum for 26 wks beginning at weaning. (n=4). p-values: 

*, ≤0.05; **, ≤0.01; ***, ≤0.001. NF, α-naphthoflavone. Error bars represent SEM.
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Fig. 5. 
The inclusion of NF (~90 mg/kg/day) ameliorates Western diet-based liver steatosis but 

increases liver size in female and male B6 and B6.D2 mice. Representative sections stained 

with Masson’s trichrome from livers of mice fed control, control+NF, Western, or Western

+NF diet ad libitum for 26 wks beginning at weaning for B6 female (A–D), B6.D2 female 

(E–H), B6 male (I–L), and B6.D2 male (M–P) mice. (Q) A plot of liver mass to body mass 

ratio (n≤15/experimental group). p-values: ** ≤0.01; ***, ≤0.001. NF, α-naphthoflavone. 

Error bars represent SEM.
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Fig. 6. 
AHR antagonists NF (~90 mg/kg/day) and CH-223191 (~10 mg/kg/day) cause reduced 

mRNA levels for key AHR-regulated genes involved in metabolism. Total RNA from 

gonadal adipose tissue was used for qPCR analysis (A) and from liver for microarray studies 

(B). Fold change for the qPCR studies is relative to Gapdh mRNA levels. The RNA for the 

qPCR and microarray studies was isolated from four B6 male mice of each experimental 

group in the 40-wk diet regimen (A) and 5-wk diet regimen (B). ** ≤0.01; ***, ≤0.001. NF, 

α-naphthoflavone; CH, CH-223191. Error bars represent SEM.
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Table 1

Diet Composition

Diet Constituents

Diet

Control Western

% kcal % kcal

Protein 20 20

Carbohydrate 70 35

Fat 10 45

Total 100 100

kcal/gm 3.8 4.6

Ingredients gm/kg gm/kg

Casein, 80 Mesh 190 228

L-Cystine 3 3

Corn Starch 299 83

Maltodextrin 10 33 114

Sucrose 332 197

Cellulose, BW200 47 57

Soybean Oil 24 29

Lard 19 203

Mineral Mix, S10026 9 11

Dicalcium Phosphate 12 15

Calcium Carbonate 5 6

Potassium Citrate, 1 H2O 16 19

Vitamin Mix, V10001 9 11

Choline Bitartrate 2 2

Cholesterol 0 20

Total grams 1000 1000
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