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Aryl hydrocarbon receptor deficiency protects mice from
diet-induced adiposity and metabolic disorders through
increased energy expenditure
C-X Xu1,6, C Wang1,6, Z-M Zhang1,2, CD Jaeger1, SL Krager3, KM Bottum3, J Liu4, D-F Liao5 and SA Tischkau1

BACKGROUND/OBJECTIVES: Epidemics of obesity and diabetes are escalating. High-calorie/high-fat food is a major cause for
these global health issues, but molecular mechanisms underlying high-fat, diet-induced obesity are still not well understood. The
aryl hydrocarbon receptor (AhR), a transcription factor that acts as a xenobiotic sensor, mediates environmental toxicant-induced
obesity, insulin resistance and development of diabetes. AhR also influences lipid metabolism and diet-induced obesity. The effects
of AhR deficiency on diet-induced obesity, hepatic steatosis and insulin resistance were examined.
METHODS: Male wild-type (WT), AhR null (AhR− /−) and AhR heterozygote (AhR+/− ) mice were fed a normal chow diet (NCD, 10%
kcal from fat) or a high-fat diet (HFD, 60% kcal from fat) for up to 14 weeks. Adiposity, adipose and liver morphology, insulin
signaling, metabolic parameters and gene profiles were assessed.
RESULTS: AhR deficiency protected against HFD-induced obesity, hepatic steatosis, insulin resistance and inflammation. Moreover,
AhR deficiency preserved insulin signaling in major metabolic tissues. These protective effects result from a higher energy expenditure
in AhR-deficient mice compared with WT. Levels of transcript for both the thermogenic gene, uncoupling protein 1 (Ucp1), in brown
adipose tissue and mitochondrial β-oxidation genes in muscle were significantly higher in AhR− /− and AhR+/− mice compared with WT.
CONCLUSIONS: This work documents a physiologically relevant function for AhR in regulation of body weight, hepatic fat
deposition, insulin sensitivity and energy expenditure under HFD exposure, suggesting that AhR signaling may be developed as a
potential therapeutic target for treatment of obesity and metabolic disorders.
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INTRODUCTION
More than one-third of adults and 17% of youth in the United
States are obese.1 Obesity is a complex metabolic disease that is
a major risk factor for development of type 2 diabetes and
cardiovascular diseases. Although high calorie intake and
decreased energy expenditure are causative, other, ill-defined
factors contribute to obesity and metabolic disorders; the identity
of specific genes that impact the balance of energy intake and
expenditure remains elusive.2 Several nuclear receptors, such as
peroxisome proliferator activated receptors (PPARs) and the
xenobiotic receptor, pregnane X receptor (PXR), have been
identified as modulators of lipid metabolism that are important
in the development of obesity and type 2 diabetes.3–6

Although aryl hydrocarbon receptor (AhR) was initially char-
acterized as a xenobiotic sensing, ligand-dependent transcription
factor that mediates toxicological responses, many studies
suggest that AhR is an integral, physiological regulator of energy
metabolism, and contributes to the development of obesity and
metabolic disorders. Epidemiological studies indicate that activa-
tion of the AhR by environmental pollutants such as dioxins is
associated with an increased risk of obesity and type 2
diabetes.7–10 Experimental studies further document that AhR

overactivation promotes obesity, hepatic steatosis, nonalcoholic
steatohepatitis and insulin resistance.11–14 In addition, a recent
study reports that AhR signaling may be activated by the modern
western diet.15 However, the function of AhR in diet-induced
obesity, insulin resistance and metabolic disorders remains under
investigated.
In this study, AhR deficiency created in AhR null (AhR− /−) and

AhR heterozygous (AhR+/− ) mice protects against diet-induced
obesity and its metabolic complications. AhR deficiency promotes
increased energy expenditure when mice are fed a high-fat diet
(HFD, 60% fat diet) but not the normal chow diet (NCD, 10% fat
diet). This correlates with higher uncoupling protein 1 (Ucp1)
transcript levels in brown adipose tissue (BAT), elevated mito-
chondrial β-oxidation and respiratory chain gene transcript levels
in muscle, and enhanced insulin signaling. These data highlight
AhR signaling as a potential therapeutic target for treatment of
obesity and type 2 diabetes.

MATERIALS AND METHODS
Schematic time line of experimental procedures
Six-week-old male wild-type (WT), AhR+/− or AhR− /− (Bradfield strain)16

mice were exposed to NCD or HFD for up to 14 weeks (see Supplementary
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Figure 1). Body weight was measured each week. During weeks 5–7 mice
were housed individually; food intake and physical activity were measured
by an infrared beam interruption (Coulbourn Instruments, Whitehall, PA,
USA) during weeks 6–7. Glucose tolerance test (GTT) was performed at
week 10 and insulin tolerance test (ITT) at week 12. At week 13, blood
samples were collected from live mice to assay triglycerides, insulin, leptin
and adiponectin. At week 14, mice were killed for harvest of epididymal
white adipose tissue (eWAT), liver and skeletal muscle (right gastrocne-
mius). eWAT was used as a surrogate measure for visceral fat;
subcutaneous fat was not assessed. To quantify eWAT, epididymal fat
was carefully dissected after mice were killed. eWAT weight was
normalized to total body weight. An acute insulin stimulation assay was
performed on a subset of mice killed at week 14.

Metabolic measurements
For the GTT, mice were fasted for 16 h, a drop of blood from the snipped
tail was used to test the glucose concentration using a glucometer
(TRUEtrack, Walgreens, Springfield, IL, USA) and then mice were injected
intraperitoneally with 1 g of glucose per kilogram of body weight. Blood
glucose was subsequently measured at 15, 30, 60, 90 and 120min post
injection. For the ITT, mice were fasted for 6 h, a drop of blood from the
snipped tail was used to measure glucose and then mice were injected
intraperitoneally with 0.75 units insulin per kilogram of body weight. Blood
glucose was subsequently measured at 15, 30, 60 and 90min post
injection.
Total and resting metabolic rates were measured at week 6 by indirect

calorimetry using the Oxymax Indirect Calorimetry System/Metabolic Cage
from Columbus Instruments (CLAMS, Columbus, OH, USA) in which zirconia
and infared sensors are used to record O2 and CO2, respectively. Mice were
individually housed in respiratory chambers. All comparisons were based
on mice studied simultaneously in eight different respiratory chambers
connected to the same O2 and CO2 sensor to minimize the effect of
environmental variation and instrument calibration on data. Mice had free
access to food and water during the measurements and were adapted to
metabolic cages for 24 h before data collection. WT and AhR+/− mice on
NCD (n=8 mice for each) or HFD (n=8 for each) were tested; gas samples
were collected and analyzed every 5 min per animal; hourly averages were
calculated. Output data from the software include O2 consumption (VO2)
(ml kg−1 per minute), CO2 production (VCO2) (ml kg−1 per minute),
respiratory quotient (RQ=VCO2/VO2) and heat production (heat = CV×
VO2; CV = 3.815+(1.232× RQ)). Please refer to Columbus Instruments
\Equations for Energy Expenditure for details (http://www.colinst.com/
brief.php?id=61). At the end of the calorimetry study, these animals were
killed to collect interscapular BAT and skeletal muscle (right gastrocnemius).

Histological analysis
Tissues were fixed in 10% formalin, embedded in paraffin, sectioned and
stained with hematoxylin-eosin (H&E) at the Histology Department of
Memorial Medical Center, Springfield IL. Quantification of adipocyte size
was done on H&E-stained sections using ImageTool software (http://
compdent.uthscsa.edu/dig/itdesc.html).

Biochemical assays
Blood samples were collected from mice after a 16-h fast. Serum insulin
(Crystal Chem, Downers Grove, IL, USA), leptin (Crystal Chem) and
adiponectin (Invitrogen, Grand Island, NY, USA) were measured by ELISA.
Triglycerides (Pointe Scientific, Inc., Canton, MI, USA) were measured using
a commercial kit, according to the manufacturer’s instructions.

Real-time PCR and western-blot analysis
For real-time PCR analysis, reverse transcription was performed with a kit
from Promega (Madison, WI, USA). SYBR green-based real-time reverse
transcriptase PCR was carried out on an ABI StepOne Plus real-time PCR
system (Grand Island, NY, USA). PCR data were normalized to β-2
microglobulin (B2M). Primer sequences for real-time PCR are listed in
Supplementary Table 1. Those not listed in Supplementary Table 1 were
purchased from Qiagen (Valencia, CA, USA), and those sequences are
proprietary. Western blot analysis was performed on samples from WT or
AhR− /− mice after 14 weeks of HFD feeding to assess nuclear factor kappa
of light polypeptide gene enhancer in B cells inhibitor alpha (IκBα) and
phospho-c-Jun N-terminal kinase (pJNK) (Cell Signaling, Beverly, MA, USA).
β-Actin was used as a loading control for western blot experiments.

For the in vivo acute insulin stimulation assay performed at week 14,
mice were fasted for 6 h, anesthetized with a cocktail of Ketamine/Xylazine,
and then injected with 0.75 units of insulin per kilogram of body weight via
the vena cava. Liver, skeletal muscle (gastrocnemius) and eWAT were
collected 3–7min following insulin injection. Protein samples were
subjected to western blotting to assess insulin-stimulated phospho-Akt
(Ser473, Thr308; Cell Signaling). Total Akt (Cell Signaling) and β-actin
(Sigma, St Louis, MO, USA) were used as internal controls as described
previously.17

Statistical analysis
Data are expressed as mean± s.e.m. IBM SPSS11.0 (http://www-01.ibm.
com/software/analytics/spss/products/statistics/downloads.html) was used
to perform statistical analysis. Independent t-test and one-way or two-way
ANOVA with Tukey’s post-hoc analysis were utilized to compare differences
and Po0.05 was considered as statistically significant.

RESULTS
AhR deficiency protects against HFD-induced adiposity
To explore the function of AhR in energy metabolism including fat
metabolism and adiposity, male WT, AhR− /− and AhR+/− mice
were fed either NCD or HFD for 14 weeks starting at 6 weeks of
age. When fed the NCD, there were no significant differences
among the three genotypes of mice in body weight, total eWAT
weight and the ratio of eWAT to body weight (Figures 1a and b).
eWAT was selected to represent abdominal fat, a major
contributor to obesity and predictor of metabolic dysfunction.
Beginning at 8 weeks after initiation of HFD feeding, AhR− /−

and AhR+/− mice exhibited significantly lower body weight than
WT (Figure 1a). After 14 weeks on the HFD, total eWAT weight as
well as the ratio of eWAT to body weight was lower in AhR− /− and
AhR+/− mice compared with their WT counterparts (Figure 1b).
Adipocytes in H&E-stained sections from the eWAT of AhR− /− and
AhR+/− mice were smaller in size compared with WT after
14 weeks of HFD feeding (Figures 1c and d). Since total eWAT
weight in the AhR− /− and AhR+/− mice was less than eWAT
weight in WT, this quantitation indicates that hyperplasia of
adipocytes cannot account for the smaller adipocyte size in the
AhR-deficient mice.
AhR transcripts in liver were undetectable in AhR− /− mice and

decreased to 30% of WT in AhR+/− mice (Figure 1e). HFD feeding
did not alter AhR transcript levels in any of the mice. Levels of
Cyp1A1, a classical target for AhR, were also not changed with
HFD feeding compared with NCD (data not shown). These results
suggest that AhR deficiency protects against diet-induced
adiposity even though HFD feeding itself does not alter AhR
transcript levels or classical Cyp1A1 activity within the individual
AhR genotypes.

AhR deficiency protects against HFD-induced hepatic steatosis
HFD feeding induces hepatic steatosis in animal models. H&E
staining revealed that HFD induced an accumulation of lipids in
liver sections of WT mice, but not in HFD-fed AhR− /− and AhR+/−

mice (Figure 2a). In the liver, transcript levels of CD36/fatty acid
translocase, as well as hepatic lipogenic genes including the
transcription factor, sterol regulatory element-binding protein 1c,
and its substrates, fatty acid synthase (FAS) and acetyl Coenzyme
A carboxylase (ACC), were elevated in HFD-fed WT mice compared
with NCD-fed WT mice (Figure 2b, data presented as HFD/NCD
ratios, where a value of 41 represents increases in HFD compared
with NCD). CD36, FAS and ACC were significant lower in the
AhR− /− and AhR+/− mice compared with WT after HFD feeding.
Similarly, in WT mice fed HFD, PPARα and fatty acid β-oxidation

genes (carnitine palmitoyltransferase 1b, CPT1b; acetyl CoA
oxidase, ACO), gluconeogenesis genes (phosphoenolpyruvate
carboxykinase, PEPCK; glucose-6-phosphatase, G6Pase) and the
glucose oxidation gene (pyruvate dehydrogenase lipoamide
kinase 4, PDK4) were elevated compared with NCD, but this
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Figure 1. AhR deficiency alleviates HFD-induced adiposity. Male WT, AhR− /− and AhR+/− mice were fed NCD or HFD for 14 weeks. (a) Body
weight gain during 14-week feeding and appearance (NCD, WT, n= 20, AhR− /−, n= 8, AhR+/− , n= 6; HFD, WT, n= 13, AhR− /−, n= 12, AhR+/−

HFD, n= 14). (b) Epididymal fat-pad weight and its percentage of total body weight in NCD-fed or HFD-fed mice at week 14 (NCD, n= 4–6;
HFD, WT, n= 11, AhR− /−, n= 7, AhR+/− , n= 12). (c, d) Representative images of H&E-stained eWAT sections from mice with 14 week HFD (c) and
adipocyte size eWAT from mice after 14 weeks NCD or HFD (d). (e) Liver was extracted from mice after 14 weeks NCD or HFD, real-time PCR
was performed to assess AhR transcript levels (NCD, n= 4–6; HFD, WT, n= 13, AhR− /−, n= 8, AhR+/− , n= 6). *Po0.05, **Po0.001 by two-way
ANOVA followed by one-way ANOVA (a), or one-way ANOVA with Turkey’s post hoc comparison (b, d).
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increase was significantly suppressed in AhR− /− and AhR+/− mice
fed HFD (Figure 2c, data shown as HFD/NCD). In addition, all mice
had increased serum triglyceride levels on the HFD compared with
the NCD; there were no differences in triglycerides among the
genotypes on the same diet (Table 1). These data suggest that the

protective effects of AhR deficiency on HFD-induced hepatic
steatosis may be primarily due to impaired entry of fat into the
liver (lower CD36 levels), but also to decreased synthesis of fat and
glucose (lower FAS, ACC, PEPCK and G6Pase), accompanied by
lower fat and glucose oxidation (lower CPT-1, ACO and PDK4).
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Figure 2. AhR deficiency protects against HFD-induced hepatic steatosis. WT, AhR− /− and AhR+/− mice were killed after NCD or HFD feeding
for 14 weeks. (a) Livers were sectioned and stained with H&E, and representative sections are presented for each group, Scale bar: 200 μm
(NCD, n= 6–8; HFD, WT, n= 13, AhR− /−, n= 8, AhR+/− , n= 12). (b, c) Total RNA was isolated from liver and mRNA levels of CD36, sterol
regulatory element-binding protein 1c (SREBP1c), FAS, ACC, PPARα, CPT1b, PEPCK, G6Pase and PDK4 genes were examined by real-time PCR.
Each gene was normalized against the amount of B2M in each sample (n= 8–12 for each group). Data are expressed as the ratio of levels in
HFD animals to NCD animals to accentuate changes associated with HFD feeding. *Po0.05, by one-way ANOVA with Tukey’s post hoc
comparison.

Table 1. Serum measurements from NCD- or HFD-fed mice

NCD HFD

WT AhR− /− AhR+/− WT AhR− /− AhR+/−

Triglycerides 52.17± 5.37 63.92± 9.89 64.28± 4.10 83.50± 2.49 90.93± 7.01 81.51± 3.36
(mg dl−1) (n= 7) (n= 5) (n= 8) (n= 15) (n= 8) (n= 15)
Insulin 0.69± 0.16 0.38± 0.17 0.79± 0.27 1.97± 0.15** 1.1± 0.16 1.39± 0.17
(ngml−1) (n= 7) (n= 5) (n= 6) (n= 8) (n= 7) (n= 6)
Leptin 0.81 ± 0.44 0.91± 0.4 1.34± 0.21 45.23± 1.3** 36.56± 3.14 16.99± 4.64
(ngml−1) (n= 7) (n= 6) (n= 8) (n= 15) (n= 9) (n= 17)
Adiponectin 81.21 ± 5.43 94.67± 8.9 101.65± 6.78 99.1± 7.23* 123.24± 9.3 133.37± 13.5
(mgml−1) (n= 7) (n= 6) (n= 8) (n= 15) (n= 9) (n= 17)

Abbreviations: AhR, aryl hydrocarbon receptor; HFD, high-fat diet; NCD, normal chow diet; WT, wild type. *Po0.05 and **Po0.001 compared with AhR− /− and
AhR+/− mice with HFD. Blood was collected from overnight (16 h) fasted mice at week 13 of NCD or HFD. Serum triglycerides, insulin, leptin and adiponectin
were measured by ELISA or commercial kits (NCD, n= 6–14; HFD, WT, n= 15–17, AhR− /−, n= 9–13, AhR+/− , n= 13–17). *Po0.05, **Po0.001 by one-way
ANOVA with Turkey’s post hoc comparison.
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AhR deficiency improves HFD-induced insulin resistance,
hyperglycemia and hyperinsulinemia
Obesity can induce insulin resistance, metabolic syndrome and
type 2 diabetes. To explore whether the decreased adiposity and
hepatic steatosis in AhR− /− or AhR+/− mice are concurrent with
improved metabolic function, such as improved insulin sensitivity
and reduced hyperglycemia, GTT (week 10) and ITT (week 12) were
performed (see Supplementary Figure 1). GTT and ITT revealed that
both AhR− /− and AhR+/− mice exhibited significantly improved
glucose tolerance and insulin sensitivity compared with WT mice
on HFD (Figures 3a and b). Moreover, although fasting glucose was
not changed, fed blood glucose and fasting serum insulin were
significantly lower in AhR− /− and AhR+/− mice compared with WT
mice fed the HFD (Figure 3c and Table 1).
Insulin signaling is a determinant of insulin sensitivity, and

obese subjects commonly have compromised insulin signaling. An
acute insulin response assay was performed at week 14 to assess
insulin signaling; insulin signaling in liver, skeletal muscle and
eWAT was substantially better in AhR− /− and AhR+/− mice, as
revealed by increased insulin-stimulated phospho-Akt (both
Ser473 and Thr308; Figure 3d). These data support the findings
of systemically improved insulin sensitivity demonstrated by GTT
and ITT (Figures 3a and b).

AhR deficiency alters chronic inflammation and adipokine levels
Obesity is commonly associated with chronic low-grade inflam-
mation. Chronic excesses in nutrient availability activate inhibitor
κB kinase and JNK through toll-like receptor, leading to increased
expression of inflammatory mediators, and ultimately to disrup-
tion of the insulin signaling pathway.18,19 Consequently, inflam-
matory markers were examined after 14 weeks of HFD feeding.
Real-time PCR revealed no changes in eWAT transcript levels of
the cytokines IL1β and IL6 in any of the mice after HFD feeding
and no differences due to genotype (Figure 4a, data shown as
HFD/NCD). However, the macrophage markers CD68 and F4/80, as
well as the proinflammatory cytokine, TNFα, were significantly
elevated by HFD feeding in the eWAT of WT mice; these same genes
increased to a much lower extent in the eWAT of HFD-fed AhR− /−

and AhR+/− mice (Figure 4a), suggesting that AhR deficiency
reduced HFD-induced inflammation in eWAT to levels approaching
those in NCD fed mice (Figure 4a, HFD/NCD ratios approach 1).
In the liver, transcripts for CD68, TNFα, IL1β and IL6 were

increased by HFD in all genotypes (Figure 4b, data shown as HFD/
NCD). However, the increase in CD68, TNFα and IL1β was
attenuated in the liver of AhR− /− and AhR+/− mice compared
with WT when all animals were on the HFD (Figure 4b). F4/80
levels were only increased by HFD in the liver of WT mice. The
anti-inflammatory cytokine, IL10, was actually suppressed by HFD
feeding in the liver of WT mice, but not in AhR-deficient mice fed
HFD (Figure 4b).
JNK phosphorylation was largely reduced in eWAT and slightly

decreased in the liver of AhR− /− mice (Figures 4c and d). Inhibitor
κB kinase can phosphorylate and degrade its inhibitor, IκBα,
leading to activation of nuclear factor κB. AhR− /− mice had much
higher IκBα expression in eWAT and liver (Figures 4c and d).
Increased IκBα may stabilize nuclear factor κB and lead to the
subsequent decreased synthesis of cytokines and inflammation in
AhR− /− mice.
HFD increased leptin transcripts, as well as serum leptin, in all

three genotypes when compared with mice fed the NCD
(Figure 4e and Table 1). Although overall serum leptin concentra-
tions were significantly lower in NCD than in HFD for all groups,
the increase in serum leptin following HFD feeding was
significantly less for AhR− /− and AhR+/− mice compared with
WT after HFD feeding (Table 1). This difference likely results from
the substantially reduced amount of eWAT in the AhR-
deficient mice.

HFD decreased adiponectin transcript levels only in WT mice
(Figure 4f). However, serum adiponectin was not lower in HFD-fed
WT mice (Table 1), perhaps because of the increase in eWAT. HFD
did not change adiponectin transcript levels in the AhR− /− and
AhR+/− mice compared with genotype-matched NCD controls.
However, AhR− /− and AhR+/− mice exhibited higher serum
adiponectin (Table 1) and higher adiponectin transcript levels
(Figure 4f) compared with WT mice after 14 weeks on the HFD.
Decreased inflammation and increased adiponectin in AhR− /− and
AhR+/− mice may be a cause of the observed decrease in HFD-
induced insulin resistance. Adiponectin can be anti-inflammatory
and contribute to insulin sensitization, as well as modulate energy
balance through effects on components of the mitochondrial
respiratory chain.20

AhR deficiency increases energy expenditure
To evaluate physiological mechanisms of decreased HFD-induced
obesity in the AhR-deficient mice, food intake and physical activity
were measured at 6–7 weeks after initiation of the experiment,
and indirect calorimetry was performed to measure energy
expenditure. These experiments were performed at weeks 6–7
to minimize the effects that might be caused by differences in
adiposity and body weight, which were not observed until week 8.
Differences in body weight among WT, AhR− /− and AhR+/− mice
were not significantly different at weeks 6–7 (Figure 1a). Because
AhR+/− and AhR− /− are not different, and we were limited by the
number of metabolic chambers available for these studies, we
used only AhR+/− mice for these experiments.
Energy expenditure for WT and AhR+/− mice was similar on

NCD (Figure 5a). However, AhR+/− mice fed HFD had higher VO2,
VCO2 (Table 2) and energy expenditure than WT mice on the same
diet (Figure 5b), although the RQ was not different between
genotypes on the same diet (Table 2). AhR+/− mice fed HFD had
higher energy expenditure per hour, normalized for weight, than
either WT animals fed the same diet or AhR+/− fed the NCD
(Figure 5c). Food intake and activity in WT and AhR+/− mice were
very similar to each other in both diet conditions (Figures 5d and
e). These data suggest that AhR deficiency may increase metabolic
rate under HFD conditions, and thereby protect against diet-
induced adiposity.

AhR deficiency increases levels of thermogenic genes in BAT and
β-oxidation genes in skeletal muscle
BAT dissipates energy expenditure though production of heat,
and skeletal muscle specializes in energy expenditure through
regulation of fatty acid β-oxidation. The thermogenic gene, Ucp1,
was significantly higher in BAT of AhR+/− mice compared with WT
mice after 7 weeks of HFD feeding; moreover, key upstream
regulators of Ucp1, PPARγ coactivator 1α (PGC1α) and PR domain
containing 16 (PRDM16), were also increased in the BAT of AhR+/−

mice (Figure 6a, data shown as HFD/NCD). Importantly, levels of
these genes were not different between WT and AhR+/− when
mice were fed the NCD. HFD feeding increased their levels only in
the BAT of AhR+/− mice and produced no effect on their levels in
WT mice (Figure 6a).
In skeletal muscle, the fatty acid β-oxidation genes Aco and

Cpt1b, and the mitochondrial uncoupling proteins Ucp2 and Ucp3
were significantly higher in AhR+/− mice, consistent with the
increase in levels of their transcriptional regulators, PPARδ and
PGC1α (Figure 6b, data shown as HFD/NCD). For the most part, this
difference resulted from a downregulation of these genes in the WT
mice fed the HFD. There were no differences in levels of these
genes between the genotypes in mice on the NCD (data not
shown). The one exception was Ucp2, which was upregulated
in skeletal muscle of both WT and AhR+/− on the HFD (Figure 6b).
Increased expression of thermogenic genes in BAT and
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mitochondrial β-oxidation genes in muscle is consistent with the
notion of increased energy expenditure in the AhR+/− mice.

DISCUSSION
AhR is important in the development of toxicant-induced obesity,
insulin resistance, hepatic steatosis, metabolic syndrome and type
2 diabetes.14,21,22 However, whether AhR contributes to HFD-
induced metabolic dysfunction remains unclear. The present
study, consistent with previous observations15,23 reveals a novel
role for AhR in fat metabolism and glucose homeostasis. The lean
phenotype in the AhR-deficient mice may primarily be due to
an increase in energy expenditure, resulting from increased

metabolism in BAT and skeletal muscle, independent of food
intake and activity that specifically occurs when these animals are
challenged with the HFD. The combination of increased BAT and
skeletal muscle metabolism and reduced transfer of lipids from
the blood to the liver in the AhR-deficient mice may offset, and
thus serum triglycerides were not different among the groups of
mice. Furthermore, AhR deficiency resulted in decreased fed
glucose and fasted insulin, and better insulin responsiveness
compared with WT controls. These results suggest that AhR
deficiency protects against HFD-induced obesity, insulin resistance
and hepatic steatosis.
Obesity can be characterized as a chronic low-grade inflamma-

tory disease. The chronic presence of excess nutrients such as fatty
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acids can stimulate an inflammatory response by activating toll-
like receptors, leading to activation of certain kinase pathways,
such as JNK and inhibitor κB kinase, to promote transcription
of inflammatory mediators and consequently induce chronic
inflammation.18,19 Immune cells, including macrophages, T cells,
B cells, neutrophils and mast cells, are involved in the HFD-
triggered pathogenesis of obesity, insulin resistance and
dyslipidemia.24–28 AhR, as an essential mediator of the innate
immune system, regulates mast cell differentiation, growth
and infiltration;29 genetic deficiency of mast cells or their
pharmacological stabilization reduces HFD-induced obesity and
diabetes in mice.26

To explore the effects of AhR deficiency on HFD-induced
inflammation and metabolic dysfunction, we examined several
important inflammatory genes. After 14 weeks of HFD feeding, the
two AhR-deficient mouse strains displayed prominent differences in
inflammatory genes compared with WT. AhR− /− and AhR+/− mice
developed reduced transcript levels of key pro-inflammatory genes,
yet elevated transcript levels of the anti-inflammatory gene, IL-10
under these conditions. However, the fact that the AhR− /− and
AhR+/− mice fed HFD were significantly leaner than WT suggests
that increased inflammation and the resulting insulin resistance and
hyperinsulinemia in HFD-fed WT may be secondary effects resulting
from a phenotype of increased abdominal adiposity.
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Table 2. Indirect calorimetry measurements

NCD HFD

WT AhR+/− WT AhR+/−

VO2 (ml kg−1 per hour) 3980± 157 3957± 118 3928± 242 4392± 177*
VCO2 (ml kg−1 per hour) 2895± 116 2905± 95 2652± 112 2985± 189*
RQ (VCO2/CO2) 0.7274± 0.08 0.7341± 0.04 0.6751± 0.06** 0.6797± 0.08**

Abbreviations: AhR, aryl hydrocarbon receptor; HFD, high-fat diet; NCD, normal chow diet; RQ, respiratory quotient; WT, wild type. *Po0.05 compared with all
other groups; **Po0.05 compared with NCD groups, by one-way ANOVA with Turkey’s post hoc comparison. VO2 and VCO2 were measured and used to
calculate RQ. 24 h indirect calorimetry was performed in AhR+/− and WT mice on NCD of HFD (n= 8 per group).
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PPARα, as a fat metabolism sensor, is central to the control of
mitochondrial fatty acid β-oxidation in the liver.30 PPARα
expression was increased in the liver of HFD-fed mice as an
adaptive response to attenuate fat accumulation in the liver.31 In a
previous study, we demonstrated that PPARα is regulated by
AhR.24 Thus, it is not surprising that AhR deficiency prevents HFD-
induced PPARα expression. It therefore seems logical that PPARα
target genes, including CPT1b and ACO, key enzymes in the
regulation of fatty acid β-oxidation, are also decreased after HFD
feeding in AhR-deficient animals compared with WT.
Fatty acid translocase/CD36, which is a target gene of both

PPARα and AhR,22 is also lower in AhR-deficient mice compared
with WT mice after 14 weeks of HFD feeding, which may provide
the primary explanation for protection against HFD-induced
hepatic steatosis; decreased levels of CD36 would reduce transfer
of fat from the blood into the liver. In addition, the regulators of
liver lipogenesis, FAS and ACC, were not increased by HFD in AhR-
deficient mice as they were in WT controls. This may be a
consequence of improved insulin sensitivity in the two strains of
AhR-deficient mice. These data suggest that the protection from
hepatic steatosis by AhR deficiency may result from decreased
uptake of fatty lipids, consistent with previous reports that
demonstrated increased mobilization of lipids from the blood is
a key for the development of hepatic steatosis, while the
increased de novo synthesis of fat is compensated for by increased
fatty acid β-oxidation.32

AhR-deficient mice fed HFD expend more energy, despite
unchanged activity and food intake, than WT mice under the same
dietary conditions. This increased energy consumption could
result from physiological differences in BAT and skeletal muscle in
AhR+/− mice fed HFD. BAT dissipates chemical energy in the form

of heat as a defense against obesity through activity of the gene
UCP1. Transcriptional regulators PGC1α and PRDM16 determine
brown adipocyte development and function.33,34 In this study, we
found that Ucp1 transcripts are higher in AhR+/− mice compared
with WT mice. In addition, the transcripts of Pgc1α and Prdm16
are higher in AhR+/− mice, suggesting that increased heat
production in AhR+/− mice may be at least partially explained
by increased activity of BAT. Additionally, AhR+/− mice also show
increased β-oxidation in skeletal muscle, the major site for using
free fatty acids as fuel source, which may also contribute to their
higher energy expenditure. β-Oxidation was assessed by examin-
ing levels of key enzymes, including CPT1b and ACO, as well as
mitochondrial uncoupling proteins UCP2 and UCP3. The results
indicate higher expression of all of these genes in AhR+/− mice, as
well as increased levels of related transcription factors, PPARδ and
PGC1α. Thus, although the mechanism by which AhR regulates
PRDM16, PPARδ and PGC1α remains a mystery, interaction of AhR
with other transcription factors may alter energy expenditure and
contribute to HFD-induced pathology including obesity, insulin
resistance and hepatic steatosis.
When considering weight gain and energy expenditure,

absorption of nutrients by the gut may also be an important
contributory factor. AhR is widely expressed including in the large
and small intestine. However, a previous study found that AhR
does not affect energy absorption by the intestine; absorption of
nutrients in animals that express a low affinity AhR is not different
from animals with a high affinity AhR.15 Therefore, this study did
not investigate absorption of nutrients by the gut. Gross
observation of feces produced by the various strains of mice
under NCD or HFD conditions did not reveal any obvious
differences among the genotypes. Further experimentation is
required to discern whether AhR deficiency might alter absorption
of nutrients by the gut.
Other physiological mechanisms contributing to the leanness

phenotype in AhR-deficient mice require further investigation.
Because AhR may be activated by dietary components including
fats and fat derivatives,35 components of HFD could activate AhR
leading to altered transcription of target genes related to energy
metabolism, resulting in decreased energy metabolism in the
HFD-fed WT mice. However, if this is the case, the downstream
effects of AhR activation are likely mediated by mechanisms that
are non-classical, as the prototypical AhR target genes, including
Cyp1a1, were not increased in HFD-fed WT mice in this study (data
not shown).
It is also intriguing that AhR+/− mice that express approximately

30% of the AhR levels compared with the WT seem better
protected than the AhR− /− mice. The reasons for this are not
entirely clear. However, AhR− /− mice have several developmental
defects including some liver abnormalities that might alter
systemic metabolism, especially as animals age. Whether these
effects might compromise the lean phenotype remians currently
unknown. Furthermore, there is ample evidence in the literature to
demonstrate that AhR can either protect from or contribute to
pathologies such as cancer and inflammatory disease.36–38 This
remains controversial. Thus, one might argue that the AhR+/−

mice are a better model for these studies; there may be a ‘dose
effect’ in the AhR heterozygote mice, where a lower level of
expression prevents the detrimental developmental effects and
preserves certain physiological functions, including the ability to
process xenobiotics. AhR underexpression then prevents the
effects of overactivation that may occur due to either excessive
nutrients or the presence of an AhR agonist in the HFD. Notably,
AhR− /− mice have improved insulin sensitivity when on NCD.23

Alternatively, AhR− /− and AhR+/− mice may develop higher
energy expenditure due to alteration of the sympathetic nervous
system, which was not explored in this investigation. To
distinguish these possible mechanisms, tetracycline-inducible,
Cre/loxp recombinase systems could be utilized to develop
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tissue-specific AhR-deficiency models to assess whether the lean
phenotype results from AhR redundancy itself or developmental
defects as a result of early AhR reduction. Also conditional
knockout mice can discern the relative contributions of various
tissues to the leanness phenotype.
Overall this study identifies AhR deficiency as a factor that can

protect from the detrimental metabolic effects of HFD feeding in
mice. AhR deficiency prevented weight gain and abdominal
obesity, most likely through increased activity of BAT and
increased β-oxidation in skeletal muscle, resulting in a lean
phenotype. Leanness was likely the cause for protection from
increased inflammation and insulin resistance. Reduced uptake of
fat into the liver in the AhR-deficient mice protected from HFD-
induced hepatic steatosis. Perhaps the most intriguing finding is
that AhR knockdown (AhR+/− ) was just as effective as AhR
ablation (AhR− /−) in providing metabolic protection. If suppres-
sing AhR activity, or at least preventing its overactivation, can
enhance metabolic function to prevent obesity and its sequelae,
then the AhR and its downstream signaling pathways may be
novel targets for the development of pharmaceuticals, indepen-
dent of food intake, to combat obesity and diabetes.
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