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2,3,7,8-Tetrachlorodibenzo-ρ-dioxin (TCDD) increases fatty 
acid (FA) transport and FA levels resulting in hepatic steatosis in 
mice. Diet as a source of lipids was investigated using customized 
diets, stearoyl-CoA desaturase 1 (Scd1) null mice, and 14C-oleate 
(18:1n9) uptake studies. C57BL/6 mice fed with 5, 10, or 15% fat 
or 50, 60 or 70% carbohydrate diets exhibited increased relative 
liver weight following gavage with 30 µg/kg TCDD for 168 h. He-
patic lipid extract analysis from mice fed with 5, 10, and 15% fat 
diets identified a dose-dependent increase in total FAs induced 
by TCDD. Mice fed with fat diet also exhibited a dose-dependent 
increase in the dietary essential linoleic (18:2n6) and α-linolenic 
(18:3n3) acids. No dose-dependent FA increase was detected on 
carbohydrate diets, suggesting dietary fat as a source of lipids 
in TCDD-induced steatosis as opposed to de novo lipogenesis. 
TCDD also induced oleate levels threefold in Scd1 null mice that 
are incapable of desaturating stearate (18:0). This is consistent 
with oleate representing > 90% of all monounsaturated FAs in 
rodent chow. Moreover, TCDD increased hepatic 14C-oleate lev-
els twofold in wild type and 2.4-fold in Scd1 null mice concurrent 
with the induction of intestinal and hepatic lipid transport genes 
(Slc27a, Fabp, Ldlr, Cd36, and Apob). In addition, computational 
scanning identified putative dioxin response elements and in vivo 
ChIP-chip analysis revealed regions of aryl hydrocarbon receptor 
(AhR) enrichment in lipid transport genes differentially regulated 
by TCDD. Collectively, these results suggest the AhR mediates in-
creased uptake of dietary fats that contribute to TCDD-elicited 
hepatic steatosis.
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Activation of the aryl hydrocarbon receptor (AhR), a basic 
helix-loop-helix Per-AhR nuclear translocator (ARNT)-Sim 
transcription factor, elicits a broad spectrum of species-specific 
effects (Denison et  al., 2011). Epidemiological and rodent 
studies have linked exposure to 2,3,7,8-tetrachlorodibenzo-
ρ-dioxin (TCDD) and related compounds to dyslipidemia 
and disrupted energy balance (Lee et al., 2006; Swedenborg 

et al., 2009). Briefly, ligands bind to the cytosolic AhR, causing 
a conformational change, dissociation of chaperone proteins, 
and translocation to the nucleus where it heterodimerizes 
with ARNT (Hankinson 1995; Pollenz et  al., 1994). The 
complex binds dioxin response elements (DREs) to modu-
late gene transcription, although DRE-independent binding 
to DNA has also been reported (Dere et al., 2011b; Murray 
et al., 2010).

The role of the AhR in hepatotoxicity and lipid metabo-
lism has not been fully elucidated. TCDD-induced hepatic 
steatosis is characterized by increases in total fatty acids 
(TFAs), triglycerides (TAGs), vacuolization, inflammatory 
cell infiltration, and serum alanine aminotransferase levels in 
C57BL/6 mice (Boverhof et  al., 2006; Kopec et  al., 2010) 
that are absent in AhR null mice. AhR also mediates mobili-
zation of peripheral fat (Albro et al., 1978; Lakshman et al., 
1991; Pohjanvirta and Tuomisto, 1990), inhibition of FA oxi-
dation (Lakshman et al., 1991; Lee et al., 2010), repression 
of very low-density lipoprotein (VLDL) secretion (Lee et al., 
2010), and alterations in hepatic lipid composition (Angrish 
et al., 2011).

In this report, we examine diet as a lipid source in TCDD-
elicited hepatic steatosis. Dose-dependent increases in hepatic 
fat accumulation, including essential dietary FAs, suggest 
dietary fat rather than carbohydrate is an important lipid source in 
TCDD-elicited steatosis. Increases in hepatic monounsaturated 
fatty acid (MUFA) levels in Scd1 null mice and hepatic 14C 
levels provide further evidence that AhR activation increases 
dietary fat processing that contributes to TCDD-elicited hepatic 
steatosis. Complementary gene expression analysis integrated 
with computational DRE search (Dere et al., 2011a) and ChIP-
chip (Dere et al., 2011b) data indicate the AhR mediates intestinal 
and hepatic responses that enhanced dietary fat processing and 
transport, resulting in hepatic steatosis. Collectively, these 
results suggest continuous AhR activation may contribute to 
diseases associated with hepatic steatosis.
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MATERIALS AND METHODS

Animal handling. C57BL/6 ovariectomized (ovx) female mice were 
obtained from Charles Rivers Laboratories (Portage, MI) on postnatal day 
(PND) 25 with body weights within 10% of the mean body weight upon ar-
rival. B6.129-Scd1tm1Myz/J heterozygous mice (Miyazaki et al., 2001) (Jackson 
Laboratory, Ben Harbor, ME) had free access to chow or custom diets and 
water upon arrival and throughout the study. On PND 21, mice were genotyped 
and weaned. Mice were maintained on a 12-h light/dark cycle and housed in 
standard cages containing Aspen woodchips. B6.129-Scd1tm1Myz/J heterozygous 
mice were fed Harlan Teklad 7964 F6 Rodent diet (chow). All procedures were 
carried out with All-University Committee on Animal Use and Care approval.

Diet compositions. Custom diets consisted (by weight) of 19.6% pro-
tein, 5, 10, and 15% fat with decreasing carbohydrate (68, 56, and 44%) for 
an isocaloric intake of 3.7 kcal/g (Table 1). Carbohydrate-adjusted diets con-
sisted (by weight) of constant fat and protein (6.6 and 19.6%, respectively) 
with increasing total carbohydrate content of 50, 60, and 70% for total caloric 
intakes of 3.3, 3.7, and 4.1 kcal/g, respectively (Table 1). Custom diets use 
different ingredients compared with standard chow, which confounds com-
parisons to other studies. Specifically, custom diet formulations use purified 
ingredients. In contrast, chow (31% protein, 19% fat, and 50% carbohydrate 
calories by weight) consists of a proprietary blend of soybean meal, ground 
corn, wheat, fishmeal, soybean oil, whey, brewer’s yeast, and other vitamins 
and minerals.

Diet study in vivo treatment. On PND 28, mice fed with custom diets 
(n = 5) were gavaged with 0.1 ml of sesame oil (vehicle control) or 30 µg TCDD 
(Dow Chemical Company, Midland, MI) per kg body weight. Immature ovx 
mice were used to facilitate comparisons with other data sets, as well as to 
minimize potential interactions with estrogens from maturing ovaries. The 
dose was chosen to elicit moderate hepatic effects while avoiding overt tox-
icity. Animals were sacrificed at 24 and 168 h postdose, weighed, and blood 
was collected via submandibular vein puncture before sacrifice. Tissue samples 
were removed, weighed, flash frozen in liquid nitrogen, and stored at −80°C.

Gas chromatography mass spectrometry fatty acid methyl ester hepatic 
lipid profiling. Hepatic lipid analysis was performed as previously described 
(Angrish et al., 2011) and as described in Supplementary data. Briefly, liver 
lipids were extracted by Folch method, dried down under nitrogen, converted 
to methyl esters and resuspended in hexane. Samples were separated and ana-
lyzed by gas chromatography mass spectrometry (GC-MS). 19:1n9 free FA 
(FFA) and 19:0 TAG were added as extraction efficiency controls, and 17:1n1 
FAME (Nu-chek, Elysian, MN) was spiked in as a loading control. Data were 
analyzed with QuanLynx software and reported as µmol/g liver tissue. FA levels 
are based on peak areas from total ion chromatograms and µmol/g is obtained 
from a linear calculation of a calibration curve normalized to sample weight.

14C-Oleate studies. On PND 28, Scd1 wild type and null mice (n = 5) were 
gavaged with sesame oil or 30 µg/kg TCDD. 4 h before sacrifice at 120 h, mice 

were gavaged with 2 µCi 14C-oleate (0.1 ml of 20 µCi/ml in sesame oil; ARC 
0297; American Radiolabeled Chemicals, St Louis, MO). Blood was collected 
from the saphenous vein at 0.5, 1, and 2 h after 14C-oleate gavage or the sub-
mandibular vein at 4 h. Tissues were harvested, weighed, flash frozen in liquid 
nitrogen, and stored at −80°C. Duodenum (~3.5 cm) and jejunum (~6 cm) sec-
tions were collected, flushed with phosphate buffered saline, and cut longi-
tudinally. Intestinal epithelium were scraped into vials containing ~1.0 ml of 
TRIzol (Invitrogen, Carlsbad, CA), snap-frozen in liquid nitrogen, and stored 
at −80°C. For fecal pellet analysis, mice were gavaged with 2 µCi 14C-oleate 
120 h post-TCDD dose, and all fecal matter was collected until 48 h after 
14C-oleate gavage.

Liver, parametrial adipose, and muscle samples were homogenized in Folch 
solution (2:1 chloroform:methanol), 0.2 ml 40% methanol was added, vor-
texed, and centrifuged at 10,000 × g for 5 min. The organic phase was dried 
under nitrogen and resuspended in hexane. Samples were directly added to 
10 ml liquid scintillation fluid (Safety-Solve, RPI, Mount Prospect, IL), and 14C 
levels counted on a Packard Tri Carb Liquid Scintillation Counter (PerkinElm-
er; Waltham, MA). Each sample was spiked with 17:1n1 FAME (Nu-chek; Ely-
sian, MN) to control for extraction efficiency and quantified by GC-MS. Liver 
and adipose samples were normalized to sample weight × whole organ weight. 
Muscle samples were normalized to sample weight. For 14C levels in fecal pel-
lets, ~30 µg dried pellets were ground to a fine powder with mortar and pestle 
and added to 10 ml liquid scintillation fluid. Fecal samples were normalized to 
total dry fecal pellet weight. For 14C levels in serum, 5 µl of serum was added 
directly to scintillation cocktail. Samples were normalized to the average body 
weight of each mouse.

Quantitative real-time PCR. RNA was isolated from frozen liver samples 
and intestinal scrapings, and quantitative real-time PCR (QRTPCR) expres-
sion was performed as previously described (Boverhof et al., 2006). The copy 
number of each sample was standardized to the geometric mean of glyceral-
dehyde-3-phosphate dehydrogenase (Gapdh), hypoxanthine guanine phospho-
ribosyl transferase (Hprt), and beta actin (Actb) to control for differences in 
RNA loading, quality, and cDNA synthesis (Vandesompele et al., 2002). Data 
are reported as the fold change of standardized treated over standardized vehi-
cle values (Supplementary table 5 provides a complete list of gene names and 
abbreviations).

Statistical analysis. Data were analyzed by analysis of variance (ANOVA) 
followed by Tukey’s post hoc test in SAS V9.2 (SAS Institute, Cary, NC). 
Differences between treatment groups were considered significant when p < 0.05.

RESULTS

Body and Liver Weights

Mice fed with fat-adjusted diets had increased relative liver 
weights (RLWs) (see Supplementary table 1) at 24 and 168 h 

TABLE 1
Nutrient and Energy Composition of Custom Diets

 
 
 

Chow

Isocaloric, fat-adjusted diets Constant fat, carbohydrate-adjusted diets

% Fat % Carbohydrate

5% 10% 15% 50% 60% 70%

Metabolizable energy (kcal/g)  3.1  3.7  3.7  3.7  3.3  3.7  4.1

% by weight
 Fat  6.4 5 10 15  6.6  6.6  6.6
 Protein 24.3 18.3 18.3 18.3 18.3 18.3 18.3
 Carbohydrate 38.7 63.6 52.4 41.1 48.6 59 68.6
 Fiber 11.3 3 10.5 18 18 7 —
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following a single oral gavage of 30 µg/kg TCDD. In contrast, 
mice fed with carbohydrate-adjusted diets exhibited increased 
RLW at 168 h only. There were no significant alterations in 
body weight or body weight gain throughout the study, suggest-
ing treatment had no effect on feed consumption.

Hepatic Lipid Content in Mice Fed With an Isocaloric, 
Fat-Adjusted Diet

Vehicle-treated mice exhibited a dose-dependent decrease in 
TFAs primarily due to decreases in MUFAs (Table 2A). How-
ever, TCDD increased TFAs 1.4-, 1.7-, and 2.0-fold in mice fed 
with 5, 10, and 15% fat diets, respectively (Fig. 1A), compared 
with diet-matched vehicles. More specifically, absolute levels of 
saturated FA (SFA), MUFA, and polyunsaturated FA (PUFA) in-
creased with palmitic (16:0) and oleic (18:1n9) acids represent-
ing 80–90% of all hepatic SFAs and MUFAs, respectively (Sup-
plementary table 2). Note that palmitic and oleic acids represent 
> 66 and > 98% of dietary SFAs and MUFAs, respectively, in 
the fat-adjusted diets (Supplementary table 3A), with absorption 
efficiencies of > 90% (Labonte et al., 2008).

Hepatic PUFAs also exhibited a dose-dependent increase in 
dietary fat (Table  2A) primarily due to linoleic acid (18:2n6) 
accumulation (Fig. 1B). 18:2n6, which represents ~65% of all 
hepatic PUFAs, is an essential FA that can only be acquired from 
the diet with a reported absorption efficiency of > 95% (Labonte 
et al., 2008). α-Linolenic acid (18:3n3), another dietary essential 
FA, exhibited similar hepatic increases with increasing dietary 

fat content that was further induced by TCDD (Fig. 1C). 18:2n6 
and 18:3n3 represent > 99% of the PUFA content in isocaloric, 
fat-adjusted diets (Supplementary table  3A). These results 
suggest that AhR activation enhances dietary fat processing 
and/or transport that contributes to TCDD-elicited hepatic 
steatosis.

Hepatic Lipid Content in Mice Fed With a Constant Fat, 
Carbohydrate-Adjusted Diet

Mice fed with 50, 60, or 70% carbohydrate diets did not 
exhibit a dose-dependent increase in hepatic TFA following 
TCDD treatment. TCDD induced TFAs ~1.4-fold across all 
carbohydrate-adjusted diets (Fig. 1D). Absolute SFA and MUFA 
levels increased 1.3- and 1.6-fold, respectively, in mice fed with 
70% carbohydrate diet compared with controls (Table 2B). 16:0, 
18:1n9, and 18:2n6 were the predominant hepatic SFA, MUFA, 
and PUFA species, respectively, similar to the composition 
in mice fed with fat-adjusted diets (Supplementary table  4). 
However, 18:2n6 and 18:3n3 levels, the essential dietary FAs, 
remained constant across TCDD-treated mice on carbohydrate 
diets (Figs. 1E and 1F), suggesting dietary carbohydrate is not 
a significant contributor to AhR-mediated steatosis.

14C-Oleate Studies

Lipid accumulation in the liver was investigated in Scd1 
wild type and null mice gavaged with 2 µCi 14C-oleate 5 days 

TABLE 2
Hepatic Lipid Levels in Mice Fed With Fat- or Carbohydrate-Adjusted Diets 168 h Post 30 µg/kg TCDD Dose

 
 
A. Fat-adjusted diet

 
 
Treatment

% Fat

5% 10% 15%

Total FA Vehicle 135.6 ± 16.7 113.5 ± 9.5    96.3 ± 7.1****
TCDD  195.0 ± 14.0*  194.3 ± 16.4* 188.0 ± 15.6*

Total SFA Vehicle 40.9 ± 3.3 41.9 ± 3.8 36.6 ± 2.0
TCDD     53.9 ± 3.3*,**  53.8 ± 1.4* 47.7 ± 3.8*

Total MUFA Vehicle  54.1 ± 12.1    31.0 ± 4.8***    18.2 ± 2.8****
TCDD      92.6 ± 12.0*,**   66.0 ± 11.0* 54.8 ± 7.3*

Total PUFA Vehicle 33.2 ± 2.7 40.6 ± 2.6 41.5 ± 2.9
TCDD        47.7 ± 2.8*,**,***    74.4 ± 4.4*,** 85.5 ± 7.2*

 
 
B. Carbohydrate-adjusted diet

 
 
Treatment

% Carbohydrate

50% 60% 70%

Total FA Vehicle 108.8 ± 24.6 113.0 ± 4.7 135.9 ± 9.8
TCDD 156.8 ± 7.6*   148.6 ± 22.3** 193.0 ± 34.8*

Total SFA Vehicle  45.1 ± 7.74 46.7 ± 3.2 49.7 ± 4.9
TCDD 54.3 ± 2.7   51.0 ± 5.4** 64.5 ± 8.7*

Total MUFA Vehicle  28.4 ± 11.6 31.0 ± 2.6 51.2 ± 6.1
TCDD   50.7 ± 5.5**  51.3 ± 12.8  79.8 ± 26.0*

Total PUFA Vehicle 35.4 ± 5.6 35.3 ± 3.3 35.0 ± 2.4
TCDD  51.8 ± 2.5* 46.3 ± 4.9* 48.7 ± 5.0*

Note. A. Fat-adjusted diet: *p < 0.05 for TCDD compared with vehicle within a diet, **p < 0.05 for TCDD 15% fat compared with TCDD 5 or 10%,  
***p < 0.05 for TCDD 5% fat compared with TCDD 10%, ****p < 0.05 for vehicle 5% compared with vehicle 10% or 15%, n = 5.

B. Carbohydrate-adjusted diet: *p < 0.05 for TCDD compared with vehicle within a diet, **p < 0.05 for TCDD 70% carbohydrate compared with TCDD 50 
or 60% carbohydrate, n = 5.
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postdose with 30  µg/kg TCDD. Scd1 performs the rate-
limiting step in MUFA synthesis. Therefore, null mice are 
incapable of desaturating 18:0 to 18:1n9, yet 18:1n9 is still 
available via the diet (Supplementary table  3). 14C-levels in 
hepatic lipid extracts increased twofold and 2.4-fold in TCDD-
treated wild type and Scd1 null mice, respectively (Fig. 2A). 
This increase is consistent with the approximately twofold 
oleate increase in mice fed with fat- or carbohydrate-adjusted 
diets (Supplementary tables 2 and 4), and the approximately 
threefold increase in 18:1n9 levels in TCDD-treated Scd1 
wild type and null mice (Fig. 2B) (Angrish et  al., 2011). 
The absorption efficiency of oleate is reported to be > 95%  
(Labonte et al., 2008). Furthermore, oleate represents > 90% of 

total MUFAs in treated mouse livers (Fig. 2C) (Angrish et al., 
2011). TCDD increased serum (1.4-fold) and muscle (1.2-
fold) and decreased adipose (–1.3-fold) and stool (–1.5-fold) 
14C levels, although statistical significance was not achieved 
(Supplementary figs. 1A–D).

Differential Intestinal and Hepatic Gene Expression

To further examine the effect of AhR activation on dietary li-
pid uptake, intestinal and hepatic gene expression was examined. 
Of the genes examined, > 80% contained a putative, functional 
DRE (matrix similarity score > 0.847) and/or had hepatic AhR 
enrichment in ChIP-chip analysis (Table 3) (Dere et al., 2011a,b).
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FIG. 1.  Hepatic absolute and essential FA levels in mice fed with increasing fat or carbohydrate diets treated with sesame oil vehicle (V) or 30 µg/kg TCDD 
(T) for 168 h. (A–C) Mice fed with 5, 10, and 15% fat diet, (A) total fatty acids (TFA), (B) α-linoleic acid (18:2n6), and (C) α-linolenic acid (18:3n3) levels.  
*p < 0.05 for TCDD compared with vehicle within a diet, **p < 0.05 for TCDD 15% fat or 10% fat compared with TCDD 5% fat. (D–F) Mice fed with 50, 60, and 
70% carbohydrate diet, (D) TFAs, (E) 18:2n6, and (F) 18:3n3. *p < 0.05 for TCDD compared with vehicle within a diet; **p < 0.05 for TCDD 70% carbohydrate 
compared with TCDD 50% carbohydrate. (A–F) Bars represent mean ± standard error of the mean (SEM), n = 5.
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Dietary FAs (> 16C) hydrolyzed from TAG by gastric and 
pancreatic lipases in the intestinal lumen are actively transport-
ed into enterocytes before export into the lymphatic and sys-
temic circulation (Iqbal and Hussain, 2009). In the duodenum, 
TCDD induced low-density lipoprotein receptor (Ldlr, 2.3-

fold), Cd36 antigen (Cd36, 2.7-fold), and solute carrier family 
27 (FA transporter), member 4 (Slc27a4, 1.4-fold), as well as 
FA binding protein 1, liver (Fabp1, 1.4-fold), and FA binding 
protein 4, adipocyte (Fabp4, 1.4-fold) (Table 3). Although im-
plicated in mitochondrial β-oxidation (Hardwick et al., 2009; 

TABLE 3
DREsa and Regions of AhR Enrichmentb in TCDD Responsive Genes Associated With 

Lipid and Carbohydrate Transport and Metabolism

Gene ID Gene symbol Liver Duodenum Jejunum ** of DREsa ChIP peaks 2 hb Functionc Regulated byc

Xenobiotic metabolism
13076 Cyp1a1 5799* 222* 22.7* 7 4 Xenobiotic metabolism AhR

Fatty acid and triglyceride synthesis
14104 Fasn −2.8* NC NC 4 1 Fatty acid synthesis SREBP, TR, 

LXR, cAMP, 
AMPK

153674 Acly −2.6*** nd nd 0 0 Citrate metabolism Oxaloacetate, 
ATP

107476 Acaca −1.4*** nd nd 3 5 Malonyl CoA acylation glucagon
68393 Mogat1 3.6* NC NC 1 0 Triglyceride synthesis PPAR, CEBP
233549 Mogat2 3.0* NC 1.4* 4 3
13350 Dgat1 2.0 1.4 1.6* 4 0
67800 Dgat2 1.3 1.4 1.6 2 7

Fatty acid transport
238055 Apob 2.5* NC 1.8* 2 0 VLDL and chylomicron assembly APOBEC-1
16835 Ldlr 3.2* 2.3* NC 2 4 Lipoprotein uptake LXR
12491 Cd36 4.4* 2.7* NC 0 1 Fatty acid uptake PPAR, CEBPα, 

AMPK
26457 Slc27a1 −2.9* 2.3* −5.8** 2 0 Mitochondrial β-oxidation PPARα, PPARγ
26568 Slc27a3 2.7* NC NC 1 0 Unknown
26569 Slc27a4 3.0* 1.4** 1.4** 0 0 Peroxisomal β-oxidation,  

CHOL-ester synthesis
PPARγ, 
SREBP1c

14080 Fabp1 2.9* 1.4* 1.7* 2 4 TAG synthesis, β-oxidation PPARα, HNF4α
11770 Fabp4 1.4** 1.5 2.5 0 0 Chylomicron assembly cJun, PPARγ
117147 Acsm1 −2.0*** nd nd 3 0 Medium-chain fatty acid trans-

port (mitochondrial β-oxidation)
Acetyl-CoA, 
malonyl-CoA, 
NADPH, NADH

233799 Acsm2 −1.5*** nd nd 0 0
20216 Acsm3 −1.6*** nd nd 2 0
233801 Acsm4 −1.2*** nd nd 0 0
14081 Acsl1 −1.4*** nd nd 6 5 Long-chain fatty acid transport 

(mitochondrial β-oxidation)74205 Acsl3 −2.3*** nd nd 0 0
50790 Acsl4 −1.3*** nd nd 0 2

Fatty acid metabolism
16956 Lpl 3.2*** nd nd 2 0 TAG metabolism of lipoproteins 

and chylomicrons
Insulin, gluca-
gon, epinephrine109791 Clps 2.6*** nd nd 0 0

18946 Pnliprp1 3.7*** nd nd 0 0
11343 Mgll 1.4*** nd nd 9 0 Monoglyceride metabolism PPARα
116939 Pnpla3 −3.3*** nd nd 0 1 TAG metabolism

Glycolysis/Gluconeogenesis/Glycogen synthesis
18534 Pck1 −2.0*** nd nd 0 1 Gluconeogenesis Insulin, gluca-

gon, cAMP
14377 G6pc −2.7*** nd nd 1 5 Insulin, glucose
18563 Pcx −1.3*** nd nd 5 4 ATP
103988 Gck −1.5*** nd nd 3 2 Glucose metabolism G6P, insulin, 

glucagon212032 Hk3 2.2*** nd nd 1 0
232493 Gys2 −1.5*** nd nd 2 4

Note. NC, no change; nd, not detected.
aDRE distributions were previously determined (Dere et al., 2011a). Only DREs satisfying a matrix similarity score of ≥ 0.85 were included.
bAhR enrichment was previously determined (Dere et al., 2011b).
cData from Boron and Boulpaep (2008), Hardwick et al. (2009), and Watkins (2008).
*p < 0.05 or **p < 0.01 for TCDD compared with vehicle, QRTPCR data at 24 h postdose. QRTPCR data were analyzed by Dunnett’s t-test, n = −5. *** for  

P
1
(t) ≥ 0.999 for microarray data at 168 h postdose (Dere et al., 2011a).
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Watkins, 2008) and insulin sensing (Wu et  al., 2006), solute 
carrier family 27 (FA transporter), member 1 (Slc27a1) expres-
sion (2.3-fold in duodenum, −5.8-fold in jejunum) occurs pri-
marily in muscle and adipose tissue making its role in other 
tissues uncertain.

Endothelial lipases hydrolyze serum lipids absorbed by the 
intestine. The resulting products are taken up by the liver via 
facilitated transport or receptor-mediated endocytosis. TCDD 
induced hepatic long-chain FA uptake of family members Cd36 
(4.4-fold), solute carrier family 27 (FA transporter), member 
3 (Slc27a3, 2.7-fold), Slc27a4 (3.0-fold), and Ldlr (3.2-fold) 
(Table  3). Hydrolytic cleavage of TAG by cytosolic lipases 
further adds FAs to the hepatic pool. TCDD induced lipopro-
tein lipase (Lpl, 3.2-fold), pancreatic colipase (Clps, 2.6-fold), 
pancreatic lipase-related protein 1 (Pnliprp1, 3.7-fold), and 
monoglyceride lipase (Mgll, 1.4-fold), but repressed patatin-
like phospholipase domain containing 3 (Pnpla3, 3.3-fold) 
(Table 3). Interestingly, sequence variations in PNPLA3 are as-
sociated with hepatic TAG content and nonalcoholic fatty liver 
disease (NAFLD) in humans (Romeo et al., 2008).

Intracellular FAs are directed to TAG biosynthetic and 
β-oxidation pathways by Fabps. Fabp1 and 4 were induced 
2.9- and 1.4-fold, respectively. However, TCDD repressed 
hepatic mitochondrial medium- and long-chain acyl-CoA 
synthetase genes (Acsm1-4 and Acsl1, 3-4, repressed 1.3 to 
2.3-fold) that activate FAs for transport into the inner mem-
brane space for subsequent β-oxidation (Table  3). These 
gene expression changes are consistent with the reported in-
hibition of mitochondrial β-oxidation by TCDD (Lakshman 
et al., 1991; Lee et al., 2010). Furthermore, TCDD induced 
the expression of hepatic TAG biosynthesis genes (monoacyl-
glycerol O-acyltransferase 1 and 2 [Mogat1 and Mogat2] and 
diacylglycerol O-acyltransferase 1 and 2 [Dgat1 and Dgat2] 
induced 3.6-, 3.0-, 1.6-, and 1.3-fold, respectively), consistent 
with hepatic TAG accumulation (Angrish et al., 2011; Kopec 
et al., 2010).

Hepatic differential gene expression is also consistent with 
TCDD-elicited disruption of carbohydrate catabolism (Table 3). 
TCDD induced hexokinase 3 (Hk3) 2.2-fold, which catalyzes 
the irreversible phosphorylation of glucose to glucose-6-phos-
phate (G6P). In contrast, genes involved in gluconeogenesis 
(pyruvate carboxylase [Pcx] −1.3-fold, phosphoenolpyruvate 
carboxykinase 1, cytosolic [Pck1] −2.0-fold, and glucose-
6-phosphatase, catalytic [G6pc] −2.7-fold) and glycogen syn-
thesis (glucokinase [Gck] −1.5-fold and glycogen synthase 2 
[Gys2] −1.5-fold) were repressed. Similarly, genes that provide 
FA synthesis substrates, such as ATP-citrate lyase (Acly −2.6-
fold) and acetyl-CoA carboxylase (Acaca −1.4-fold), and fatty 
acid synthetase (Fasn, −2.8-fold) were repressed (Table  3). 
These changes are consistent with the lack of a dose-dependent 
increase in hepatic TFAs through de novo lipogenesis in mice 
fed with carbohydrate-adjusted diets. Furthermore, reported 
changes in hepatic gene expression are consistent with hepatic 
TCDD reported in the same model (Boverhof et al., 2006).

DISCUSSION

Hepatic steatosis can result from the disruption of multiple 
processes involved in lipid and carbohydrate uptake, metabo-
lism, and efflux. Our studies provided evidence that dietary fat, 
rather than carbohydrate, is an important lipid source in TCDD-
elicited steatosis in mice. Computational DRE search, ChIP-
chip, and gene expression (Dere et  al., 2011b) data indicate 
AhR activation results in a coordinated response involving the 
digestive, circulatory, and hepatic systems (Fig. 3). This sug-
gests any ligand (e.g., chemical, drug, endogenous substance, 
and natural product) capable of activating the AhR may en-
hance dietary fat processing and transport, although continuous 
exposure may be required.

Increases in hepatic 14C levels clearly demonstrated diet as 
a source of lipids in TCDD-elicited hepatic steatosis. Previous 
studies have implicated the mobilization of peripheral adipose 
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tissue based on increased serum 16:0, 18:1, 18:2, and 18:3 FFA 
levels and their abundance in adipose tissue (Albro et al., 1978; 
Lakshman et al., 1991; Pohjanvirta et al., 1990). However, these 
FAs also represent the primary lipids in chow (Supplementary 
table 3). Furthermore, increases in oleate, the primary MUFA in 
rodent chow, and hepatic 14C levels in Scd1 null mice provide fur-
ther evidence of a role for dietary fat in AhR-mediated steatosis.

Complementary gene expression analysis is consistent with a 
role for the AhR in mediating hepatic accumulation of dietary 
lipids (Fig. 3). FFAs hydrolyzed by pancreatic and gastric li-
pases, colipases, and bile salts passively diffuse (FA < 16C) and 
are actively transported (FA > 16C) into enterocytes by Cd36 
and Slc27a4 that were induced by TCDD (steps 1–3). A role for 
Cd36 in intestinal lipid clearance and FFA uptake has been dem-
onstrated in null mice (Drover et al., 2005), whereas Slc27a4 
(Fatp4) is associated with obesity in humans (Gertow et  al., 
2004). Once intracellular, FA binding proteins (Fabps) seques-
ter FAs to prevent their transport back into the intestinal lumen 

and target them to specific organelles (Smathers and Petersen, 
2011). TCDD inducible Fabp1, unlike other family members, 
binds two rather than one FA, as well as other small  hydro-
phobic ligands (Storch and Thumser, 2010), and is involved in 
intestinal FA processing and chylomicron maturation (step 4) 
(Neeli et al., 2007; Storch and McDermott, 2009). Although in-
testinal lipid absorption is highly efficient (Labonte et al., 2008; 
Simon et al., 2011,), AhR activation may enhance intestinal li-
pid processing and efflux, consistent with TCDD-induced in-
creases in serum FFAs and TAGs (Boverhof et al., 2006).

The concurrent induction of several hepatic genes associated 
with lipid transport, processing, and metabolism further pro-
motes steatosis (Fig. 3). Ldlr, Cd36, and Slc27a actively trans-
port increased circulating FFAs, chylomicrons, and lipoprotein 
remnants into the liver (step 5). TCDD also induced Lpl, mono-
glyceride lipase Mgll, Pnliprp1, and pancreatic colipase (Clps) 
that hydrolyze intracellular lipoprotein remnants to further in-
crease the intracellular FA pool (step 6). Induced Fabp1 binds 
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and sequesters intracellular FAs and targets them for TAG syn-
thesis (Atshaves et al., 2010). Mogat1/2 and Dgat1/2, induced 
by TCDD, then facilitate hepatic TAG biosynthesis (steps 7 and 
8). TAGs are stored in lipid droplets (step 9), or incorporated 
into VLDLs (step 10). However, TCDD inhibits VLDL secretion 
(step 10) (Lee et al., 2010), consistent with AhR-mediated in-
creases in hepatic TAG and vacuolization (Angrish et al., 2011; 
Miyazaki et al., 2000).

Fabp1 also targets FAs for mitochondrial β-oxidation (At-
shaves et al., 2010). TCDD inhibits FA oxidation (Lakshman 
et al., 1991; Lee et al., 2010) possibly by inhibiting transport 
into mitochondria, further adding to hepatic FA accumulation. 
More specifically, TCDD inhibits medium- and long-chain FA 
mitochondrial acyl-CoA synthetase gene expression (Acsm1-4, 
Ascl1, and 3-4) (step 11) that is required for transport across the 
mitochondrial matrix via carnitine for subsequent β-oxidation. 
Yet, TCDD induced ketone body accumulation in vitro (Lak-
shman et  al., 1991), suggesting an intact carnitine pathway. 
Nonetheless, plasma ketones do not increase in response to 
TCDD exposure in vivo (Pohjanvirta and Tuomisto, 1994) and 
requires additional investigation.

The inability of carbohydrate diets to enhance hepatic steatosis 
appears to involve TCDD dysregulation of carbohydrate metabo-
lism gene expression (step 12). For example, anabolic pathways 
typically dominate in fed animals, yet TCDD decreased glu-
cokinase (Gck) and glycogen synthase (Gys2), suggesting sup-
pression of hepatic glycogen synthesis (step 13). Glucokinase is 
the predominant enzyme regulating hepatic glucose metabolism 
in response to nutritional states such as refeeding and insulin 
stimulation (Agius, 2008). Although TCDD induced hexokinase 
(Hk3), this enzyme is expressed at low levels in hepatocytes, yet 
exhibits compensatory induction following glucokinase repres-
sion, as found in liver cirrhosis (Lowes et al., 1998). TCDD also 
inhibited mitochondrial pyruvate carboxylase (Pcx) that converts 
pyruvate into oxaloacetate, suggesting flux toward glycerol pro-
duction to support hepatic TAG production leading to greater 
sequestration of hepatic FA. Metabolomic studies also report 
TCDD increases hepatic glycerol levels (Forgacs et  al., 2012) 
and that TCDD treatment prevents glycerol ketogenesis without 
affecting esterification to TAG (Lakshman et al., 1991).

TCDD suppressed phosphoenolpyruvate carboxykinase 
(Pck1) and glucose-6 phosphatase (G6pc) expression, key 
regulators of gluconeogenesis (steps 14 and 16). These genes 
are commonly regulated by peroxisome proliferator-activated 
receptor γ (PPARγ) coactivator 1α (PGC-1α) (Burgess et al., 
2006) that is functionally impaired by AhR-mediated induction 
of TCDD-inducible poly(ADP-ribose) polymerase 7, PARP7 
(TiPARP) (Diani-Moore et  al., 2010). TCDD also repressed 
ATP-citrate lyase (Acly), which converts citrate to oxaloacetate 
and acetyl-CoA (step 15). Acetyl CoA is critical for de novo 
FA synthesis by Fasn (step 17), which was dose dependently 
repressed by TCDD, TCDF, and PCB126 (Kopec et al., 2011).

These gene expression changes are consistent with TCDD-
mediated inhibition of gluconeogenesis (Viluksela et al., 1999), 

de novo lipogenesis (Lakshman et  al., 1988), and FA oxida-
tion, but roughly concordant with DRE distributions and AhR 
ChIP-chip peaks (Table 3). This may be partially explained by 
AhR interactions with other signaling pathways involved in he-
patic glucose and FA metabolism regulation including PPARs 
(Table 3), Pgc1α (Diani-Moore et al., 2010), Forkhead box O1 
(Foxo1) (Matsumoto et al., 2007), and hepatocyte nuclear factor 
4, alpha (HNF4α) (Hardwick et al., 2009). Evidence suggests 
AhR and PPAR signaling pathways interact (Alexander et al., 
1998; Liu and Matsumura, 1995; Remillard and Bunce, 2002) to 
alter PPAR expression (Wang et al., 2011). Other studies iden-
tified overrepresentation of PPAR and HNF4α binding motifs 
in ChIP-chip regions of AhR enrichment that lack DRE cores, 
suggesting AhR binding to DNA independent of DREs (Dere 
et al., 2011b; Murray et al., 2010). For example, AhR interacts 
with chicken ovalbumin upstream promoter transcription factor 
(COUP-TF) (Klinge et al., 2000), and COUP-TF is reported to 
antagonize HNF4α-mediated responses by binding to HNF4α 
response elements (Mietus-Snyder et al., 1992). Consequently, 
AhR-COUP-TF complexes binding to HNF4α response ele-
ments may inhibit HNF4α-regulated lipid transport, metabo-
lism, and gene expression and contribute to TCDD-elicited 
steatosis (Dere et al., 2011b). Interestingly, hepatic steatosis has 
been reported in HNF4α null mice (Hayhurst et al., 2001).

Collectively, our data indicate that TCDD-mediated hepatic 
steatosis involves enhanced uptake of dietary fat suggesting a 
novel endogenous role for the AhR. Other ligands including 
endogenous metabolites (indoles, tetrapyrroles, and arachi-
donic acid metabolites), and natural products (e.g., vegetable-, 
fruit-, and tea-derived indole and flavonoid metabolites) (Deni-
son and Nagy, 2003; Nguyen and Bradfield, 2008) also activate 
the AhR providing a possible selective evolutionary advantage 
that optimizes fat absorption to maximize energy intake. Inter-
actions with other nuclear receptors and transcription factors 
can further impact energy homeostasis and lipid metabolism, 
transport, and deposition. However, persistent AhR activation 
in combination with the consumption of a high-fat diet may 
also have adverse health implications for fatty liver and its as-
sociated diseases including NAFLD, metabolic syndrome, and 
diabetes. Preliminary studies indicate AhR activation increases 
TFA levels in human primary hepatocytes (data not shown), al-
though further studies are needed to elucidate species-specific 
differences in AhR-mediated effects including steatosis.
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