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The aryl hydrocarbon receptor (AhR) is a cytosolic, ligand activated transcription factor
commonly known for its role in environmental toxicant metabolism. However, the generation of
AhR knockout (AhR-KO) mice has shown physiological roles for the AhR in normal liver
growth and development, insulin homeostasis, glucose homeostasis, and lipid metabolism. The
liver is a major regulator of energy and glucose homeostasis and recent data have also shown that
reduced AhR activity results in increased energy expenditure and susceptibility to weight gain
and hepatic steatosis on an obesogenic diet. To date, no one has conclusively shown how AhR
activity in the liver affects overall mouse lipid energy and glucose metabolism. To investigate
how AhR activity in the mouse liver affects glucose and lipid metabolism, we utilized liver
specific, AhR conditional knockout (AhR-CKO) mice. We discovered a novel phenotype
wherein, AhR-CKO mice exhibited reduced body weight with age, reduced adiposity and
increased expression of thermogenic gene, uncoupling protein 1 (UCP1) or the browning of the
white adipose tissue (WAT) vs. controls. Next generation RNA sequencing of AhR-CKO vs.
control mice liver transcriptomes revealed significantly increased expression of fibroblast growth
factor (FGF) 21, a known hepatokine and activator of thermogenesis in mice WAT. We
hypothesized that hepatic AhR activity alters the thermogenic gene program in white adipocytes
by driving beige adipocyte recruitment through direct regulation of the metabolic hormone,
FGF21. Using ChIP analyses and a luciferase reporter system we demonstrated that AhR directly
regulates FGF21 at the gene level. The generation and utilization of AhR/FGF21 double
conditional knockout mice demonstrated that FGF21 is responsible for the browning of white fat
seen after hepatic loss of AhR as evident by no increased UCP1 expressions in the white fat
taken from mice after hepatic loss of AhR and FGF21.	
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Chapter 1 Introduction
	


The liver is the largest internal organ in our body, and, therefore, performs a myriad of

essential functions that culminate into providing our bodies with vital nutrients and energy
needed for our survival. Due to the liver playing a central role in the synthesis and storage of
sugars and fats it is known as an important metabolic regulator of overall energy homeostasis
(van den Berghe 1991). The liver also acts a metabolic hub connecting extra-hepatic tissues such
as the adipose tissue by transporting triglycerides made de-novo in the liver (lipogenesis) to the
adipose tissue to be stored in the fed state (Nguyen, Leray et al. 2008). However, during
starvation, fats from the adipose tissue are transported to the liver to be oxidized into ketone
bodies for energy (Rui 2014). The liver accomplishes many of its metabolic functions by
receiving cues from extra-hepatic hormones such as insulin and glucagon that necessarily result
in an anabolic or catabolic response within the liver respectively (Sherwin 1980, Roden and
Bernroider 2003). The liver has also been implicated in metabolic diseases such as obesity and
diabetes as impaired hepatic insulin signaling has been observed in both conditions (Roden and
Bernroider 2003). More recently, the liver has been shown to perform important endocrine
functions, whereby, it secretes factors that are predominantly or exclusively made in the liver,
thus termed hepatokines, into circulation which affects the functions of extra-hepatic tissues such
as the pancreas and adipose tissues (Stefan and Haring 2013). Altered hepatokine signaling has
also been linked to diseases such diabetes and obesity. The aryl hydrocarbon receptor (AhR) is
highly expressed in the liver and has been shown to play significant roles in regulating hepatic
energy homeostasis (Tanos, Murray et al. 2012, Angrish, Dominici et al. 2013), overall/extrahepatic energy homeostasis (Kerley-Hamilton, Trask et al. 2012, Linden, Lensu et al. 2014, Xu,
Wang et al. 2015), insulin regulation and responsiveness (Thackaberry, Bedrick et al. 2003,
Wang, Xu et al. 2011), and hepatokine regulation (Cheng, Vispute et al. 2014, Lu, Yan et al.
!1

!

!
2015). However, the physiological role of hepatic AhR in the regulation of overall/extra-hepatic
energy homeostasis is still poorly understood. Utilizing liver specific AhR knockout mice, we
have demonstrated a novel role of hepatic AhR in modulating extra hepatic energy homeostasis,
thereby, resulting in mice that are resistant to weight gain while on a regular or obesigenic diet.	

THE ARYL HYDROCARBON RECEPTOR
Aryl Hydrocarbon Receptor Gene Location and Protein Functional Domains
	


There are seven classes of Helix-Loop-Helix (HLH) proteins, and the AhR is a member

of the class-VII HLH or basic-Helix-Loop-Helix (bHLH) Per-Arnt-Sim (PAS) family of
transcriptional factors (Massari and Murre 2000). Both the murine AhR gene located on
chromosome 12 (Schmidt, Carver et al. 1993) and the human AhR gene located on chromosome
7 (Bennett, Ramsden et al. 1996) have 11 exons (Schmidt, Carver et al. 1993, Bennett, Ramsden
et al. 1996). Their amino acid sequences display 86% sequence similarity in their N-termini
regions and 58% sequence similarity in their C-termini regions (Flaveny and Perdew 2009).

Figure 1.1. Functional domains within the murine AhR.
Modified from Jackson et al. 2015

!2
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!
However, both the human and mouse AhR proteins share the same functional domains (Flaveny
and Perdew 2009) as depicted in Figure 1.1, displaying the functional domains necessary for
AhR function within the murine AhR protein (Fukunaga, Probst et al. 1995). As seen in Figure
1.1 the AhR contains a nuclear localization sequence (NLS) and a nuclear export sequence
(NES) for getting into and out of the nucleus respectively (Ikuta, Eguchi et al. 1998). The AhR
also contains a crucial basic region for DNA binding at its N-terminus (Fukunaga, Probst et al.
1995). The HLH domain confers protein-protein interactions between the AhR and the aryl

hydrocarbon nuclear translocator (ARNT). Following the bHLH region, AhR contains a PAS-A
domain and a PAS-B domain, which together facilitates dimerization between AhR and ARNT in
the nucleus (Fukunaga, Probst et al. 1995). The PAS-B domain also functions as a site for ligand
binding (Fukunaga, Probst et al. 1995), chaperonin binding such as heat shock protein 90
(Hsp90) (Coumailleau, Poellinger et al. 1995) and the immunophilin-like AhR-interacting
protein (AIP: also known as Ara9 and XAP2) (Gu, Hogenesch et al. 2000). The C-terminus of
the AhR contains a glutamine-rich transactivational domain (TAD) (Jain, Dolwick et al. 1994).	

Exogenous Aryl Hydrocarbon Receptor Agonists
	


The AhR is responsible for the transcriptional regulation of many xenobiotic

metabolizing enzymes as an adaptive response to xenobiotic exposure. This adaptive response
often results in the production of toxic metabolites, which are associated with several phenotypic
manifestations due to acute toxicity. Over the span of 30+ years, the AhR has been seen to be
activated by a large number of xenobiotics, termed exogenous agonists. Therefore, AhR agonists
are broken into two classes based on affinity. The high-affinity exogenous agonists for the AhR
include planar, hydrophobic, and halogenated aromatic hydrocarbons (HAHs) such as the
halogenated dibenzo-p-dioxins, dibenzofurans, and biphenyls (Denison and Nagy 2003).
Prototypical AhR agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most widely used
!3
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!
HAH in AhR studies because it is very potent and poorly metabolized in the body and is thus
highly toxic (Kociba and Schwetz 1982, Poland and Knutson 1982). Toxicities associated with
HAH exposure include tumor promotion, teratogenicity, immuno- and hepatotoxicity, and
alteration in endocrine homeostasis (Pohjanvirta and Tuomista 1994, Denison, Soshilov et al.
2011). HAHs such as TCDD are often produced as byproducts of industrial processes or after
incomplete waste incineration (Poland and Knutson 1982). Unfortunately, these compounds are
metabolically and environmentally stable, resulting in long half-lives and high toxicity profiles
when compared to other classes of AhR agonists. In addition to being metabolically and
environmentally stable, HAHs can activate the AhR at concentrations as low as in the picomolar
range (Poland and Glover 1974). AhR is also activated by the lower affinity, less metabolically
stable, potent and toxic agonists know as polycyclic aromatic hydrocarbons (PAHs). These
include 3-methylcholanthrene, benzo(a)pyrene, benzanthracene, and benzoflavone, most of
which are produced through combustion processes in cigarette smoke, car exhaust, and
charbroiled foods (Guo, Wu et al. 2011). As a consequence of PAHs being highly metabolized in
the body and having less affinity for the AhR, they are less toxic than HAHs (Poland and Glover
1974). As for potency, PAHs activate the AhR in the nanomolar to micromolar concentration
ranges.

Nonetheless, PAHs and HAHs are both classes of widely recognized AhR agonists

responsible for the toxicities associated with AhR activation.	

Endogenous Aryl Hydrocarbon Receptor Agonists
	


The highly conserved nature of the AhR signaling pathway has prompted the search for

additional natural agonists that can be directly linked to physiological functions and established
as true endogenous agonists for the AhR. Numerous studies have suggested the existence of
endogenous or physiological AhR agonists due to AhR signaling in the absence of exogenous
AhR agonist perturbation. The identification of nuclear AhR-ARNT complexes in cells that were
!4
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not exposed to exogenous AhR agonists had demonstrated that there is constitutive activation of
the AhR by potential endogenous agonists (Singh, Hord et al. 1996, Chang and Puga 1998).
Additionally, cells lacking AhR displayed effects on cell cycle progression (Ma and Whitlock
1996, Weiss, Kolluri et al. 1996), and AhR-knockout (AhR-null) mice displayed numerous
physiological changes and developmental abnormalities (Schmidt, Su et al. 1996, Lahvis, Lindell
et al. 2000) suggesting that AhR has physiological fates beyond its role in the adaptive response
to xenobiotic exposure. A variety of endogenously produced chemicals have been identified as
AhR agonists that can bind to the AhR and activate AhR-dependent gene expression with
relatively low affinities when compared to TCDD. The potential endogenous AhR ligands
included arachidonic acid metabolites (Schaldach, Riby et al. 1999), indigoids (Adachi, Mori et
al. 2001) and heme metabolites (Kapitulnik and Gonzalez 1993). Although the role of these
chemicals in AhR signaling in-vivo remains to be confirmed, their ability to activate the AhR in

cells in culture suggests that they may also play a role in regulating AhR function in-vivo. More
recently, tryptophan and or its catabolites were speculated to be endogenous agonists due to their
aromaticity. To date, several catabolites of tryptophan have been identified as endogenous AhR
agonists such as 2-(1ʹ′H-indole-3ʹ′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE),
tryptamine, indirubin, 6-formylindolo[3,2-b]carbazole (FICZ), and kynurenic acid (Denison,
Soshilov et al. 2011, DiNatale, Schroeder et al. 2011). Most recently, L-kynurenine, a proximal
downstream product of the enzyme indole 2,3-dioxygenase (IDO) metabolism was show to
activate the AhR (Opitz, Litzenburger et al. 2011). Directly downstream of L-kynurenine in the
tryptophan catabolism pathway is cinnabarinic acid (CA) which was recently identified as an
AhR agonist (Lowe, Mold et al. 2014). However, unlike previously identified endogenous
agonists, CA was not able to induce the expression of the prototypical AhR target gene,
cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1) but instead a novel AhR
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target gene, Stanniocalcin 2 (STC2), which cannot be induced via prototypical AhR activation by
TCDD (Joshi, Carter et al. 2015). The AhR has been shown to have a physiological anti-

apoptotic role in the liver (Wu, Zhang et al. 2007) and AhR activation via endogenous ligand CA
shows a parallel anti-apoptotic role in the liver (Joshi, Carter et al. 2015), thus indicating that CA
is a true endogenous AhR agonist capable of separating physiologically important AhR mediated
processes from pathophysiological and adaptive response to xenobiotics.	

Traditional Aryl Hydrocarbon Receptor Activation
	


TraditionalAhR activation and gene regulation involving the agonist-AhR-ARNT

complex is well described and is shown to regulate the transcript expressions of several phase I
and II xenobiotic metabolizing enzyme in response to exogenous ligand activation, such as
TCDD (Okey, Riddick et al. 1994,Schmidt and Bradfield 1996, Beischlag, Luis Morales et al.
2008). In the absence of agonists, AhR remains in its inactive state in the cytoplasm,sequestered
by chaperones: the prostaglandin E synthase 3 (cytosolic), also called p23; heat shock protein 90
(HSP90); (iii) the AhR-interacting protein(AIP) (Perdew 1988, Kazlauskas, Poellinger et al.
1999, Petrulis and Perdew 2002). Exogenous agonists such as TCDD are lipophilic by nature

AHRR

Figure 1.2. Traditional AhR signaling
pathway. AhR activation by an
exogenous ligand results in translocation
of AhR into the nucleus where it
dissociates from the chaperones and
hetero-dimerizes with ARNT to bind to
XRE’s within the promoters of target
genes, thereby resulting in their
transcriptional regulation. Modified from
Murray et al. 2014.
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and, therefore, diffuse through the plasma membrane and bind to AhR causing a conformational
change, which exposes the NLS of the AhR allowing it to translocate to the nucleus. The
chaperones are rapidly released from the AhRand the AhR-agonist complex forms a heterodimer
with the AhR nuclear translocator (ARNT) another member of the bHLH-PAS family of
transcription factors (Probst, Reisz-Porszasz etal. 1993). The new[AhR-agonist-ARNT] complex
binds to consensus sequences called xenobiotic response elements (XRE’s), found in the
promoters of various genes involved in phase I and II xenobiotic metabolism such as cytochrome
peroxidase 450 1 family, polypeptide A1 (CYP1A1) and UDP glucuronosyltransferase 1
family,polypeptide A1 (UGT1A1) enzymes respectively (Probst, Reisz-Porszasz et al. 1993,
Hankinson 1994, Lees and Whitelaw 1999). AhR:agonist:ARNT:XRE complex also induces the
expression of the AhR repressor (AHRR), which down-regulates AhR signaling by competing
for dimerization with ARNT (Mimura, Ema et al. 1999) (Figure 1.2). Another group has
demonstrated that the AhR:agonist: Arnt: XRE complex is also capable of suppressing gene
expression (Safe, Wang et al. 1998). AhR-mediated gene expression is terminated by the nuclear
export of the AhR:agonist back into the cytosol where it is degraded via ubiquitin-mediated 26S
proteasome (Pollenz 2002). As a consequence the cooperative regulation of both Phases I and
Phase II xenobiotic metabolizing enzymes provides protective effects after AhR activation by the
metabolically labile PAHs. On the other hand, the metabolically stable HAHs cause persistent
AhR activation resulting in increased AhR-dependent toxicity.	

Aryl Hydrocarbon Receptor Antagonists
	


Due to the AhR being a ligand activated transcription factor, many groups have designed

compounds that can occupy the AhR ligand binding pocket and not lead to AhR activation.
Although these compounds have lower binding affinities for the AhR when compared to
exogenous ligands such as TCDD, they can competitively inhibit exogenous and possibly
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endogenous agonists from binding to the AhR resulting in diminished AhR signaling and are
therefore termed AhR antagonists. Initially thought to be an exogenous ligand for the AhR, a
mixture of PCBs known as Aroclor 1254 was shown to induce the cytochrome P-450 dependent
monooxygenases, aryl hydrocarbon hydroxylase (AHH) and ethoxyresorufin O-deethylase
(EROD) in rat hepatoma H-4-II E cells and C57BL/6J mice as was previously demonstrated with
treatments of TCDD. However, Aroclor 1254 was not nearly as potent as TCDD. When used in a
co-treatment of rat hepatoma H-4-II E cells with TCDD and Aroclor 1254, the resultant induction
of AHH was diminished by ~25 % suggesting that the relationship between the ligands were
antagonistic rather than summative or synergistic (Bannister, Davis et al. 1987). This same group
also identified other PCBs such as 2,2',4,4',5,5'-hexachlorobiphenyl (HCBP) as an AhR
antagonist capable of reducing TCDD-mediated hepatic microsomal EROD induction and
immunotoxicity in-vivo (Biegel, Harris et al. 1989). One report has shown that a component
found in wine made from red grapes, resveratrol (3,5,4'-trihydroxystilbene), was a competitive
antagonist of TCDD and other AhR agonists (Casper, Quesne et al. 1999). With respect to the
potency of AhR antagonists, the most potent include two flavonoid compounds, 3ʹ′-methoxy-4ʹ′nitroflavone (MNF) (Gasiewicz, Kende et al. 1996, Lu, Yan et al. 2015) and 6,2ʹ′,4ʹ′trimethoxyflavone (TMF) (Murray, Flaveny et al. 2010), and 2-methyl-2H-pyrazole-3-carboxylic
acid (2-methyl-4-o-tolylazo-phenyl)-amide (CH223191) (Kim, Henry et al. 2006). However, the
aforementioned flavonoids (MNF and TNF) also displayed agonistic effects in vivo. Therefore, to
date CH223191 appears to be the only pure potent AhR antagonist, capable of competitively
binding to the AhR, thereby inhibiting AhR activity without exhibiting AhR agonistic activities.	

Aryl Hydrocarbon Receptor Allelic Variations
	


Compared to human AhR (hAhR), certain strains of mice such as the C57BL6/J/ wildtype

mice (mAhRb) display an approximately 10 fold higher sensitivity to prototypic exogenous AhR
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agonist, TCDD (Okey, Vella et al.1989). The reason for this phenomenon was later identified as
allelic differences between the hAhR and mAhR. Humans possess the AhR (d)allele that has a
lower affinity for exogenous ligand binding than C57BL6/J / wildtype mice, which possess a
higher ligand binding affinity, AhR (b) allele.There are inbred mouse strains that express the
lower ligand binding affinityAhR(d) allele (mAHRd), for example, the Dilute Brown NonAgouti mice(DBA) (Ema et al., 1994; Poland and Glover, 1990; Poland et al., 1994; Weber et al.,
1995). The resistance to TCDD toxicity displayed by mice expressing the mAHRd allele vs. the
mAHRb allele is due to an amino acid substitution of alanine to valine (A375V) in the ligandbinding domain of the mAHRd that sterically hinders the binding of prototypical AhR ligands,
such as TCDD (Ema et al., 1994; Poland et al., 1994). Interestingly, in humans there is a V381 in
the ligand-binding domain of the human aryl hydrocarbon receptor (hAHR) that corresponds
with the low-affinity mAHRd, V375 is conserved, giving the hAHR a 10-fold lower relative
affinity for TCDD when compared to the mAHRb (Ema et al., 1994; Ramadoss and Perdew,
2004). However, it is important to note that the hAhR has a higher affinity for endogenous
agonists’ indirubin and quercetin than mice expressing the mAhRb allele (Flaveny and Perdew
2009). 	

Non-Traditional Aryl Hydrocarbon Receptor Activities
	


Traditional AhR activity mediates an adaptive response to xenobiotic exposure through

the transcriptional regulation of xenobiotic metabolizing enzymes. However, AhR activation via
an exogenous ligand such as TCDD is also able to elicit AhR-mediated transcriptional induction
genes of outside of the prototypical AH gene battery associated with exogenous ligand activation
. For example AhR has been shown to regulate genes related to cell cycle, cell growth,
differentiation, and apoptosis (Tijet, Boutros et al. 2006). Likewise, another study identified
changes in gene expression after TCDD treatment associated with differentiation, apoptosis,
!9

!

!
gluconeogenesis, and fatty acid uptake in a temporal and dose-dependent manner (Boverhof,
Burgoon et al. 2005). ChIP on ChIP analysis performed using liver tissue from vehicle and
TCDD treated mice identified 625 differentially expressed genes as a direct result of AhR
activation and binding to an XRE (Dere, Lo et al. 2011). Functional annotation clustering of gene
ontology terms for genes associated with significant AhR enrichment included processes related
to fatty acid and lipid metabolism in addition to xenobiotic metabolism (Dere, Lo et al. 2011). In
addition to modulating gene expression through dimerization with ARNT, the AhR also
influences many biochemical and intracellular pathways following activation by an exogenous
ligand through interactions with other transcriptional factors and co-factors. The AhR is capable
of binding RelA (p65), an NF-kappaB subunit. The RelA and AhR proteins functionally
cooperate to bind to NF-kappaB elements to induce c-myc gene expression (Kim, Gazourian et
al. 2000). AhR signaling can also cross-talk with Estrogen receptor alpha (ESR1) and Epidermal
growth factor receptor (EGFR), two receptors that are up-regulated in overweight individuals
(Moral, Solanas et al. 2003, Lorincz and Sukumar 2006). Our laboratory has also reported that
the AhR binds directly to the retinoblastoma tumor suppressor protein (pRb) resulting in an AhRmediated cell cycle arrest following TCDD exposure both in-vivo and in-vitro (Ge and Elferink
1998). Furthermore, our laboratory has recently reported that the AhR is capable of binding a
sequence termed the non-consensus XRE (NC-XRE), in the plasminogen activator inhibitor-1
(PAI-1) gene after TCDD treatment in-vivo providing evidence that the transcriptional activity of
the AhR is not dependent on the presence of an XRE or ARNT binding (Huang and Elferink
2012). The AhR-NC-XRE activity is also involved the recruitment of two novel transcriptional
co-factors, Kruppel-Like Factor 6 (KLF6) and Carbamoyl-Phosphate Synthase 1 (CPS1)
(Wilson, Joshi et al. 2013) and (Joshi, Mustafa et al. 2015) which were recently identified in our
lab. These findings illustrate the complexity of AhR signaling after activation by an exogenous
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ligand such as TCDD. To further complicate the story, AhR activation and function has proven to
be tissue, species, and ligand specific (Chen, McDougal et al. 1998, Boutros, Bielefeld et al.
2009, Flaveny, Murray et al. 2010)	

POSSIBLE ROLES

FOR

THE ARYL HYDROCARBON RECEPTOR

IN THE

ABSENCE

OF AN

EXOGENOUS LIGANDS.
Aryl Hydrocarbon Receptor Knockout Mice
	


The AhR is historically known for its role in the adaptive metabolism of xenobiotics.

However, AhR is strongly conserved through out evolution where it serves as a transcription
factor that mediates development and homeostasis thereby suggesting possible physiological
roles for the AhR. To determine possible physiological roles for the AhR in the absence of
exogenous agonist perturbation, the AhR-KO or AhR-null mice were generated by three separate
and independent laboratories (Fernandez-Salguero, Pineau et al. 1995, Schmidt, Su et al. 1996,
Mimura, Yamashita et al.1997). Utilizing gene targeting to knockout the AhR, these laboratories
were able to convincingly demonstrate distinct physiological roles for the AhR.Cumulatively,
AhR-null mice displayed hepatic defects including decreased liver size, hepatic portal fibrosis,
hyper-proliferation of blood vessels in the portal areas of the liver, and exhibited a predisposition
to tumor formation (Fernandez-Salguero, Pineau et al. 1995, Schmidt, Su et al. 1996). AhR-null
mice also exhibited peripheral immune system deficiency, heart hypertrophy, tumors in the lung,
dermal fibrosis, hyperplasia in the gastric pylorus, reduced postnatal growth, abnormal ovarian
folliculogenesis, and extensive calcifications in the uterus (Fernandez-Salguero, Pineau et al.
1995, Schmidt, Su et al. 1996).

Using AhR-null mice generated in the laboratory of Fujii-

Kuriyama another group was able to show a unique phenotype wherein, AhR-null mice exhibited
elevated uric acid in their urine and the formation of urate stones in their bladders (Butler,
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Inzunza et al. 2012). In addition, all three AhR-knockout strains were resistant to the acute
toxicities (hepatic toxicity and thymic atrophy)associated with exposure to AhR agonist, TCDD
(Fernandez-Salguero, Hilbert et al. 1996), Gupta et al. 1973, Pohjanvirta et al. 1989, Pohjanvirta,
Sankari et al. 1990, De Waal et al. 1992, Pohjanvirta and Tuomisto 1994). It's also important to
note that rats with mutated AhR transactivation domains exhibited a larger resistance to lethality
from TCDD exposure (Okey, Franc et al. 2005). Generation of the AhR knockout mice has
revealed phenotypic changes that implicate the AhR in many aspects of growth and development,
differentiation, and physiology, independent of exposure to toxic environmental chemicals. More
recently, AhR heterozygotes andAhR-null mice were utilized to demonstrate the role for AhR
signaling in regulating lipid/energy homeostasis and insulin signaling (Xu, Wang et al. 2015) and
(Thackaberry, Bedrick et al. 2003).	

METABOLIC DISEASES
Diabetes
	


Diabetes mellitus comprises of a group of metabolic diseases characterized by chronic

high blood glucose levels also known as hyperglycemia. Chronic hyperglycemia persists due to
the body's inability to produce or respond to the pancreatic hormone insulin, which mediates the
disposal of excessive circulating glucose concentrations (Waldhausl 1978, Sonksen and Sonksen
2000). To date,chronic hyperglycemia imposes damage (glucose toxicity) in some cell types and
is strongly correlated with the myriad of diabetes-related complications that are often related to
effects on the micro vasculature such as retinopathy, nephropathy, and neuropathy. Although less
characterized, diabetics may also suffer from extreme thirst, lethargy, frequent urination, weight
loss and increased appetite. Diabetes is divided into two major subtypes: type 1 diabetes, which
is characterized by absolute insulin deficiency (Cnop, Welsh et al. 2005) and type 2 diabetes,
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which is characterized by relative insulin deficiency in the context of insulin resistance (Kahn
2003). Insulin is produced by the pancreatic β-cells found in the pancreatic islets of Langerhans.
In type 1 diabetes, the β-cells within the islets of Langerhans of the pancreas are destroyed or
damaged sufficiently due to an autoimmune response which reduces and eventually eliminates
insulin production due to loss of β-cell mass (Kawasaki and Akazawa 2000, Szablewski
2014).Type 2 diabetes is a heterogeneous disorder characterized by two inter related and possibly
interconnected metabolic defects: insulin resistance coupled with impaired insulin secretion by
the β-cells in the pancreas (Kahn 2003, Campos 2012). Early on in the development of type 2
diabetes, the pancreatic β-cells secrete excess insulin to compensate for the reduced insulin
signaling in order to regulate blood glucose levels. However, if insulin cannot dispose of the
glucose and prolonged hyperglycemia occurs (diabetes), this can lead to pancreatic β-cells
dysfunction and subsequent loss in β-cell mass (Weir and Bonner-Weir 2004, Guillausseau, Meas
et al.2008). Although type 2 diabetes has been widely studied, the exact molecular etiologies
resulting in insulin resistance are yet to be discovered.	

Obesity
	


	


Obesity is defined as a metabolic disease involving an excess white adipose tissue (WAT).

WAT is comprised of adipocytes that have a single large lipid vacuole (unilocular) used to store
triglycerides and free fatty acids (FFA) with very little mitochondrial activity (Trayhurn and
Beattie 2001). In obesity, white adipocytes rupture due to excessive fat storage which leads to
inflammation (Tsuchida, Yamauchi et al. 2005). Obesity doesn't merely comprise the physical
attributes of the adipocytes. In recent years, the fat cell has been redefined as not only a fat/
energy storing cell but an endocrine cell, whereby, the adipose tissue is now considered an
endocrine organ. Adipose tissue secretes a number of factors into circulation, including
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metabolites,cytokines, lipids, and coagulation factors. Adipose tissue releases fat specific
signaling molecules and hormones termed adipokines such as leptin and adiponectin, which
regulate satiety through interaction with the brain and insulin sensitivity and beta-oxidation in
the liver respectively (Ding, Saxena et al. 2005). The aforementioned adipokines display altered
signalingin obesity (Kershaw. 2004) which makes the disease systemic and not merely isolated
the adipose tissues. In 2012, obesity was reported to affect more than one-third of the U.S. adult
population (approximately 78.6 million Americans)and also 1 in 5 children are also affected by
the disease. Obesity is also a risk factor for more than 30 chronic health conditions. These
include: high cholesterol, type 2 diabetes, hypertension, gallstones, heart disease, sleep apnea,
fatty liver disease, gastro esophageal reflux disease (GERD), heart failure, stress incontinence,
degenerative joint disease, birth defects,miscarriages, asthma and other respiratory conditions,
and several types of cancers. The healthcare costs of American adults with obesity amount to
approximately $190 billion per year. Obesity and its related complications account for an
estimated 300,000+ deaths per year, making it the second leading cause of preventable death in
the U.S (Ogden, Carroll et al. 2014). For individuals with obesity, it would seem as though
weight loss through lifestyle changes is sufficient. However, these changes can be very difficult
to achieve and even more challenging to maintain. Therefore, supporting strategies, such as
obesity medications, can be important tools for effectively treating obesity in some individuals.
However, given the complex nature of the disease, no single drug is likely to fix the epidemic.
Thus, the need for additional research in ways to make our bodies burn fat instead of storing it
may be the answer. Located at various positions on our bodies, we have brown adipose tissue
(BAT), which evolved to allow infants and hibernating animals a means of thermoregulation by
adaptive or non-shivering thermogenesis (Cypess, Lehman etal. 2009). In stark contrast to WAT,
which has unilocular lipid vacuoles (single lipid vacuole per adipocyte), BAT has multilocular
!14

!

!
lipid vacuoles (multiple lipid vacuoles per adipocyte) and is rich in mitochondria and the
mitochondrial protein uncoupling protein 1 (UCP1). In BAT mitochondria,UCP1 utilizes FFA to
dissociate oxidative phosphorylation from adenosine triphosphate (ATP) production to release
energy as heat (Nicholls, Bernson et al. 1978, Fedorenko, Lishko et al.2012). Most recently
scientists have discovered that under certain conditions such as cold exposure and betaadrenergic agonist stimulation, there are populations of adipose tissue mixed in with WAT that
are similar in morphology and function to BAT. However,it is important to note that BAT and
beige cells are not from the same developmental lineages. These brown in white adipocytes are
referred to as brite (brown in white) or beige adipocytes. Therefore, increased thermogenesis in
the excessively large white adipose tissue depots seen in the case of obesity will an important
defense against the disease.	

THE ROLE OF THE LIVER IN THE MAINTENANCE OF NORMAL GLUCOSE AND LIPID/ENERGY
HOMEOSTASIS.
The Role of the Liver in Glucose Metabolism
	


To demonstrate the vital role of the liver in glucose homeostasis scientists completely

removed the liver in a dog, which resulted in death after a few hours from hypoglycemia (Mann
1922). Although the later experiment was very drastic, it underlined the importance of the liver
in maintaining normoglycemia. The maintenance of normoglycemia is a problem observed in
patients diagnosed with both type 1 and 2 diabetes. Under postprandial conditions, insulin
produced by the β-cells in the pancreas promotes uptake of glucose into the liver where it is
either oxidized to produce energy (glycolysis) or stored as glycogen (Postic and Magnuson 1999,
Postic, Dentin et al. 2004). When glucose concentrations exceed storage limits, the liver can
synthesize lipids de novo via the lipogenic pathway. When glucose levels fall in response to
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starvation or response to insulin treatment, glucagon produced by the alpha cells in the
pancreatic islets stimulates glycogenolysis (breakdown of glycogen) in liver (Postic, Dentin et al.
2004). In severe cases of hypoglycemia or strenuous exercise, glucagon can promote
gluconeogenesis (synthesis of glucose) from non-carbohydrate precursors (Postic, Dentin et al.
2004). Fasting hyperglycemia observed in type 2 diabetic patients is mainly due to insulin
resistance by peripheral tissues such as the liver (Consoli, Nurjhan et al. 1989). Also, insulin has
a potent inhibitory effect on hepatic gluconeogenesis and if the liver is resistant to insulin
signaling
resulting in

as observed in patients with type 2 diabetes, increased gluconeogenesis ensues
a perpetuation of increased glycemic (Consoli, Nurjhan et al. 1989). Chronic

hyperglycemia observed in type 1 diabetes is usually associated with autoimmune β-cells
dysfunction resulting in a diminished capacity to produce insulin (Cnop, Welsh et al. 2005).
Recent studies have demonstrated that the liver secretes factors into circulation that are
specifically or predominantly made by the liver, termed hepatokines (Stefan and Haring 2013),
that are capable of affecting pancreatic islet size and endocrine function, thus making the liver an
excellent therapeutic organ against both type 1 and type 2 diabetes (Yi, Park et al. 2013). The
exact causes of type 1 and 2 diabetes remain unknown; therefore, it is conceivable that targeting
the pancreas alone without consideration of the livers potential contribution may not be the best
approach to fully understanding diseases such as diabetes.	

The Role of The liver In Lipid/Energy Metabolism
	


The liver plays significant roles in lipid metabolism because it is a major hub of fatty acid

synthesis and lipoprotein-mediated circulating lipids. There are two primary tissues that produce
fatty acids in the body: the liver and the adipose tissue. However, the liver is the major source of
de novo lipogenesis that encompasses the synthesis of fatty acids and subsequent triglyceride
synthesis, while the adipose tissue is the major site of lipid storage. De novo lipogenesis is a key
!16

!

!
metabolic pathway in regulating energy homeostasis in higher animals (Nguyen, Leray et al.
2008) and is tightly regulated by hormonal and nutritional conditions. Diets high in
carbohydrates induce lipogenesis, whereas, fasting or fat feeding tend to inhibit lipogenesis.
These effects are largely mediated by hormones, which inhibit (leptin) or stimulate (insulin)
lipogenesis (Bai, Zhang et al. 1996, Wang, Lee et al. 1999, Nguyen, Leray et al. 2008). Also,
hormonal action hinges upon on circulating concentrations, and how sensitive tissues are to these
hormones. Excess fatty acids synthesized in the liver are exported as lipoprotein particles to be
stored in the white adipose tissue. However, recently studies have demonstrated that the liver
through the release of heptokines can directly mediate overall energy homeostasis by affecting
the morphology and thermogenic properties of white adipose tissue (Oike, Akao et al. 2005,
Fisher, Kleiner et al. 2012). 	

The Role of Hepatokines in the Regulation of Glucose and Lipid/Energy Homeostasis
Hepatokines are secreted factors that are predominantly made by and secreted from the
liver. Previously, hepatokines have been shown to directly affect glucose and lipid metabolism as
seen in Table. 1.0, which displays the reported roles of previously characterized hepatokines in
obesity, regulation of insulin resistance, and energy homeostasis.	


!
!
!
!
!
!
!
!
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Table. 1.0. The reported roles of previously characterized hepatokines in obesity, insulin resistance,
and energy expenditure. Modified from Stefan and Haring. 2013

THE ROLE

OF

THE ARYL HYDROCARBON

RECEPTOR IN THE

MAINTENANCE

OF

NORMAL

GLUCOSE AND LIPID/ENERGY HOMEOSTASIS.
The Role of the Aryl Hydrocarbon Receptor in Glucose and Insulin Regulation
During the Vietnam War, a herbicide known as Agent Orange, which contained TCDD as a
contaminant was widely used to clear vegetation throughout parts of Vietnam from 1962 to 1971.
Members of the unit who sprayed Agent Orange, had high levels of TCDD found in the blood
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serum and also possessed glucose and insulin abnormalities compared to veterans from the war
that were not exposed to Agent Orange (Henriksen, Ketchum et al. 1997). In the last few
decades, a considerable body of epidemiological evidence has been accumulated, whose
conclusions strongly suggest that exposure to TCDD and other exogenous activators of the AhR
are considered risk factors for the development of diabetes in humans. A number of studies have
indicated that pancreatic beta cells can be considered a relevant and sensitive target of dioxin
cytotoxicity, thereby, illuminating the possible underlying biological mechanisms behind TCDD
exposure and the occurrence of type 2 diabetes (Novelli, Piaggi et al. 2005, Kim, Shim et al.
2009, Kurita, Yoshioka et al. 2009). The AhR has also been shown to play a role in TCDDmediated diabetes through decreases in glucose transport in-vitro and in-vivo (Enan and
Matsumura 1994, Enan, Lasley et al. 1996). However, recent studies have demonstrated that
TCDD plays a paradoxically beneficial role in diabetes by reducing serum glucose levels in
rodents that had induced type 2 diabetes (Fried, Guo et al. 2010). However, to date, the
mechanisms by which long-term AhR activation causes diabetes are currently unknown. It is
also important to note that these studies did not take into consideration that persistent activation
of the AhR may lead to high turnover of the receptor which essentially represents AhR
knockdown or a state of reduced AhR signaling. In a recent study where TCDD sensitive rats
were treated with a single large dosage of TCDD (100 ug/kg BW) for up to 10 days, western blot
analysis revealed significantly lower AhR protein expressions in the rat livers from 1 to 10 days
after a single treatment when compared to controls (Linden, Lensu et al. 2014). These rats also
displayed significantly reduced serum insulin along with significantly increased glucose
concentrations (Linden, Lensu et al. 2014). Previous studies utilizing AhR-null mice have
demonstrated that pregnant null mice exhibited altered insulin signaling and responsiveness
along with low fasting C-peptide levels (Thackaberry, Bedrick et al. 2003). The same group also
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reported that a percentage of the non-pregnant seven-month-old AhR-null and AhR heterozygous
mice also exhibited decreased insulin sensitivity after glucose stimulation (Thackaberry, Bedrick
et al. 2003). More recently, another group revealed contradictory results in male AhR knockout
mice, which appeared to have enhanced insulin sensitivity and improved glucose tolerance
(Wang, Xu et al. 2011). These data demonstrate a link between AhR signaling and normal
glucose and insulin homeostasis and that sexual dimorphism may also play a role in how the
AhR may affect the pathogenesis of altered glucose and insulin regulation seen in diabetes.	

The Role of the Aryl Hydrocarbon Receptor in the Regulation of Lipid/Energy
Homeostasis
Obesity is a disease with a growing worldwide concern due to its high incidence of fatty liver
disease, diabetes, and cardiovascular disease. It was previously determined that the underlying
cause of obesity is largely gene-based (Stunkard, Foch et al. 1986, Cardon, Carmelli et al. 1994).
In rodents, TCDD has been shown to cause increased fat mobilization (Pohjanvirta, Sankari et al.
1990), decreased de novo fat synthesis (Lakshman, Campbell et al. 1988) and increased hepatic
steatosis due to increased hepatic lipid transport (Lee, Wada et al. 2010). TCDD has also been
shown to cause wasting syndrome, which is characterized by marked involuntary weight loss in
rats (Tuomisto, Pohjanvirta et al. 1999). Rats kept on a high fat diet (HFD) then treated with
TCDD exhibited reduced body weights after TCDD treatment compared to rats fed a HFD alone
(Tuomisto, Pohjanvirta et al. 1999). While TCDD causes wasting syndrome, another dioxin-like
AhR agonist belonging to the PCB family of agonists (PCB-77) was found to contradict this
observation by promoting weight gain (Arsenescu, Arsenescu et al. 2008). These data revealed
that obesity is likely to be mediated by environmental cues; however, the roles of the precise
roles of AhR in obesity remain unknown. In more recent studies, AhR signaling activity was
shown to play a major role in maintaining body weight while on a HFD (Kerley-Hamilton, Trask
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et al. 2012). Mice expressing the low affinity AhR(d) allele were more resistant to weight gain,
exhibited significantly reduced liver mass and hepatic lipid vacuole areas, less liver injury and
less liver cholesterol content than mice expressing the high affinity AhR(b) allele while on a
HFD (Kerley-Hamilton, Trask et al. 2012). Utilizing AhR-null and AhR heterozygous mice,
another group was able to demonstrate that AhR deficiency is protective against obesity, insulin

resistance, and hepatic steatosis while on a HFD through increased metabolic activity of BAT
and muscle, thereby, resulting in a lean phenotype (Xu, Wang et al. 2015). This group also
reported that AhR-null mice were not as protected against obesity as the AhR heterozygotes,
possibly due to the lack of developmental liver defects seen in AhR-null mice which may “alter
systemic metabolism” (Xu, Wang et al. 2015). These data demonstrated that AhR may be a good
therapeutic target against obesity; however, it is also important to know the impact of hepatic
AhR signaling in modulating extra-hepatic energy homeostasis.	

THE CRE-LOX SYSTEM AND AHR FLOXED MICE
Hepatic Aryl Hydrocarbon Receptor Conditional Knockout
The Cre-lox recombination system is a significant molecular tool used to generate site-specific
conditional somatic mutations. The Cre-lox technology utilizes the Cre recombinase enzyme
endogenous to P1 bacteriophages that are capable of efficiently catalyzing recombination
between two 34 base pair DNA recognition sites, which are also endogenous to the P1
bacteriophage known as locus of crossing [x-ing]-over of bacteriophage P1 site (loxP site)
(Hamilton and Abremski 1984). The positioning of the loxP sites flanking a sequence of DNA
will target the intervening sequence for excision (Nagy 2000). To attain tissue-specific (spatial)
knockout of a gene, Cre recombinase expression must be driven by a tissue specific promoter.
Accordingly a Cre recombinase expressed under the control of the albumin promoter will be
specifically expressed in the hepatocytes within the liver (Postic and Magnuson 2000). Our
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Figure 1.3. Schematic of Constitutive
Hepatic AhR Conditional Knockout.
Albumin expression drives hepatocyte
specific Cre recombinase expression
resulting in cleavage of the loxP sites
flanking exon 2 in the AhR gene
which results in AhR knockout
within the liver parenchyma.

laboratory utilizes mice that express Cre recombinase under the control of the albumin promoter
(CreAlb/+) and harbor loxP elements flanking exon 2 in the AhR gene (AhRfx/fx/floxed) which
contains the translation start site for the AhR (Walisser, Glover et al. 2005) seen in Figure 1.3. In
keeping with albumin promotor activation, Cre recombinase expression occurs in the hepatic
primordia around embryonic day 10.5 (Meehan, Barlow et al. 1984, Murakami, Yasuda et al.
A

B

Figure 1.4. AhR Expression in Constitutive AhRCKO mice livers. A) RT-PCR analysis of AhR
transcript expression reveals liver specific AhR-CKO
(shorter band). B) Western blot analysis reveals AhR
protein knockdown in 1.5,12, and 15 months old
AhR-CKO mice livers.

AhR-CKO
1.5

12

15

AhRfx/fx
1.5

12

15

Age (months)
AhR
Actin

1987). Concomitant excision of exon 2 within the AhR gene results in a the formation of
truncated mRNA lacking exon 2 sequences and subsequent loss of AhR protein expression in the
mouse liver, shown in Figure 1.4. Since this CKO model loses AhR expression gestationally, we
also adopted an inducible Cre-lox model (Tam-AhR-CKO) where excision of the loxP sites could
be regulated temporally. The tamoxifen inducible system relies on a Cre recombinase fusion
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Figure 1. 5. Schematic of Tamoxifen
Inducible Hepatic AhR Conditional
Knockout. Albumin expression
drives hepatocyte specific expression
of CRE-ERT2 which remains inactive
in the cytoplasm until tamoxifen
treatment which results in the
translocation of the CRE-ER chimera
into the nucleus, where CRE
recombinase cleaves the loxP sites
flanking exon 2 in the AhR gene,
thereby resulting in AhR knockout
within the liver parenchyma.

protein that contains the estrogen receptor (ER) ligand binding domain. The resultant chimera,
Cre-ERT2 remains inactive in the cytoplasm until activated by ER ligand, 4-hydroxytamoxifen

Figure 1.6. AhR Expression in Tamoxifen
Inducible AhR-CKO mice livers. A) RTPCR analysis of AhR transcript expression
reveals liver specific AhR-CKO (shorter
band) after 1 week tamoxifen treatment. B)
Western blot analysis reveals liver specific
AhR protein knockout in 8 weeks old female
Tam-AhR-CKO mice livers after 1 week
tamoxifen treatment.

(OHT) which causes the tamoxifen-bound Cre-ERT2 to translocate into the nucleus (Metzger,
Clifford et al. 1995, Feil, Brocard et al. 1996, Feil, Wagner et al. 1997). Our laboratory has
crossed mice that express homozygous Cre-ERT2 with AhRfx/fx resulting in the spatial and
temporal conditional knockout of AhR in mice liver parenchyma after tamoxifen treatment as
demonstrated in Figure 1.5. The data show that tamoxifen treatment results in truncation of the
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AhR transcript using RT-PCR analysis and subsequent knockout of the AhR protein expression
by western blot analysis seen in Figure 1.6. 	

Hypothesis
Previously, the loss of AhR using AhR-null or AhR heterozygous mice have been shown to play
a role in the regulation of insulin responsiveness and regulation and also energy expenditure
(Thackaberry, Bedrick et al. 2003) and (Xu, Wang et al. 2015). However, the phenotypes
observed after the loss of AhR were consistently seen in the AhR heterozygotes vs. the AhR-null
mice which suggest that the total loss of AhR may affect the proper function of organs such as
the liver that may be involved the pathogenesis of the phenotypes observed in AhR deficient
mice vs. AhR-null mice. In previous reports of AhR deficiency which resulted in altered insulin
responsiveness and regulation and also altered energy expenditure, there were no reported
morphological changes to the pancreas or adipose tissues respectively, which suggest that
another organ capable of influencing the functions of the pancreas or adipose tissue such as the
liver may be orchestrating the observed changes in metabolism. As suggested by Xu et al. 2015,
the phenotypes seen in the AhR heterozygous mice may be more pronounced than the
phenotypes seen in the AhR-null mice due to the lack of hepatic fibrosis and hyper-proliferation
of the blood vessels within the portal areas of the liver observed in the AhR-null mice (Xu, Wang
et al. 2015). Recently, AhR has been shown to play a role in the regulation of key hepatokines
such as fibroblast growth factor 21 (FGF21) (Cheng, Vispute et al. 2014) and insulin like growth
factor binding protein 1 (IGFBP1) (Minami, Nakajima et al. 2008), which have been shown to
play a role in altering adipose tissue function and the insulin/glucose axis respectively (Fisher,
Kleiner et al. 2012) and (Rajkumar, Barron et al. 1995, Rajaram, Baylink et al. 1997). Therefore,
we hypothesized that the loss of the aryl hydrocarbon receptor in the liver parenchyma will alter
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adipose tissue function and insulin responsiveness through altered expressions of key
hepatokines. 	
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Chapter 2: Characterization of The Aryl Hydrocarbon Receptor Conditional
Knockout Mice.
INTRODUCTION
	


The Aryl Hydrocarbon Receptor (AhR) is an evolutionarily conserved ligand-activated

transcription factor that mediates the effects of environmental pollutants (Gonzalez and
Fernandez-Salguero 1998). AhR is a member of the basic region helix-loop-helix (bHLH), period
(PER), AhR nuclear translocator (ARNT), single-minded (SIM), family of heterodimeric
transcriptional factors (Abbott, Birnbaum et al. 1995, Abbott and Probst 1995). AhR is activated
by numerous exogenous ligands such as polycyclic and halogenated aromatic hydrocarbons and
polychlorinated biphenyls (Abbott, Birnbaum et al. 1995). Prior to ligand activation, AhR
remains bound to a chaperone complex in the cytoplasm. AhR activation via exogenous or
endogenous ligands in the cytosol results in translocation of the AhR-chaperone complex into the
nucleus where ligand bound AhR dissociates from its chaperones and forms a heterodimer with
ARNT (Lees and Whitelaw 1999, Joshi, Carter et al. 2015). This heterodimeric complex then
binds to specific repeats known as xenobiotic response elements (XRE’s) found in the promoters
of many phase I and ll xenobiotic metabolizing enzymes such as cytochrome P450s (Petrulis,
Kusnadi et al. 2003). AhR knockout (AhR-null) mice provided evidence of possible
physiological roles for the AhR in the absence of exogenous ligands. AhR-null mice exhibited
cardiovascular complications, reduced liver size, hyper proliferation of the sinusoids within the
portal areas of the liver, splenic T-cell deficiency; hepatic and dermal fibrosis, hepatic retinoid
buildup, predisposed to forming hepatocellular carcinomas and attenuation of life span (Schmidt,
Su et al. 1996, Barouki, Coumoul et al. 2007). These findings confirmed that the AhR has several
physiological roles beyond its extensively studied role in xenobiotic metabolism. However, the
developmental defects observed in the AhR-null mouse livers were attributable to AhR activites
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in certain hepatic non-parenchymal (stellate and endothelial) cells dysfunction. To assess the
physiological role of AhR within the liver parenchyma, our lab utilized the AhR conditional
knockout (AhR-CKO) mouse which represents targeted loss of AhR gene function and
subsequent loss of AhR protein expression specifically in the liver parenchyma. We discovered
for the first time that the loss of AhR in the liver parenchyma results in a novel sex-specific
phenotype wherein, female AhR-CKO mice exhibit a reduced rate of body weight increase,
reduced amounts of subcutaneous and visceral adipose tissue, significantly lowered circulating
insulin and increased basal glucose levels. These data were confirmed by histological and
morphometrical analyses, which revealed reduced adipocyte and pancreatic islets of Langerhans
sizes. We also report that AhR-CKO female mice exhibited decreased glucose tolerance and
increased insulin sensitivity compared to AhRfx/fx mice (controls). These data suggest that AhR
activity in the liver communicates with extra-hepatic tissues such as the pancreas and adipose
tissues to alter their function. Histological analysis of the liver also revealed less hepatic lipid
accumulation in the female AhR-CKO mouse livers. These findings suggest that the conditional
knockout of AhR in the liver parenchyma induces a type 1 diabetic condition, in which low
insulin results in increased glycemic (Barthel and Schmoll 2003). Low circulating insulin is,
therefore, unable to inhibit lipolysis of adipose tissue and resulting in the metabolism of lipids
observed during prolonged starvation (Cherrington, Moore et al. 2007). To rule out the possible
developmental impact of the pre-natal loss of hepatic AhR on phenotype, we utilized the
tamoxifen-inducible AhR conditional knockout mice (Tam-AhR-CKO). Similar to the female
constitutive AhR-CKO mice, adult inducible female AhR-CKO mice (8 – 10 weeks old) treated
with tamoxifen exhibited a reduced rate of body weight gain and reduced white adipocyte sizes.
These results indicated that the loss of hepatic AhR at any time can affect the extra-hepatic
adipose tissue morphology and possibly overall/extra-hepatic energy homeostasis. Additionally,
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we observed that the initial loss of hepatic AhR in adult mice causes a transient rise in circulating
insulin levels, which coincide with a corresponding temporary rise in circulating glucose levels
over a 10 week period following loss of hepatic AhR expression. These data suggest novel roles
for the AhR, whereby hepatic AhR activity is capable of mediating overall glucose, insulin, and
energy homeostasis in the mouse.	

MATERIAL AND METHODS
Materials
Corn oil (Sigma-Aldrich Corp #C8267, St. Louis, MO) was sterilized using a vacuum-assisted
filter unit (Millipore). Tamoxifen (Tam, Sigma-Aldrich Corp #T5648, St. Louis, MO) was
dissolved in filter-sterilized corn oil to make solutions of 10 mg/ml or 20 mg/ml, which were
subsequently protected from light. 1-Methyl-N-[2-methyl-4-[2-(2-methylphenyl) diazenyl]phen
yl-1H-pyrazole-5-carboxamide,

2-Methyl-2H-pyrazole-3-carboxylic

acid

(2-methyl-4-o-

tolylazo-phenyl)-amide (CH223191, Sigma-Aldrich Corp #C8124, St. Louis, MO), glucose
(Sigma-Aldrich Corp #G8270, St. Louis, MO), insulin (humalin R, Lilly USA). Immobilized
trypsin (Applied Biosystems, CA, USA). Sequencing-grade trypsin (Promega, WI, USA). SepPak columns, zip tips, and HPLC-grade water (Milford, MA,USA). Dimethylformamide,
iodoacetamide, glycerol, acetonitrile (ACN), DTT, TFA, acrylamide, Bis-acrylamide,
bromphenol blue, CHAPS, glycine, sodium dodecyl sulfate (SDS), urea, agarose, ammonium
persulfate, ammonium bicarbonate, TEMED, Tris base, methanol, and ethanol (Sigma Aldrich,
MA, USA). Low-retention tubes and tips (Fisher, USA). All buffers were prepared with Milli-Q
water (Millipore, Bedford, MA). Molecular weight markers (Invitrogen, USA).	

Animals, Treatments and Sample Collection.
All experimental procedures were approved by the Animal Care and Use Committee of the
University of Texas Medical branch and all animals were treated humanely. Animals were either
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fed a regular rodent diet #7912 chow diet (Harlan Teklad, Madison, WI) or 41 Kcal % high fat
diet (HFD) # D12079B (Research Diets, New Brunswick, NJ). Female AhRfx/fx (controls) and
AhRfx/fx/CreAlb (AhR-CKO) ages 10 - 16 weeks, 12 months and 15 months old and AhRfx/fx/CreERTAlb (Tam-AhR-CKO) ages 8 - 10 weeks old were used in all histological, metabolic, and
RNA sequencing analysis studies and were given ad libitum access to food and water while

being housed in sterile environment. CreAlb and AhRfx/fx mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and were used to establish a colony of AhR-CKO mice as previously
described (Mitchell et al., 2010). Inducible Cre-ERTAlb mice were obtained from Dr. Ben Stangers
lab at UPenn with the permission of Dr. Pierre Chambon (Pasteur Institute, France). Prior to blood
tissue collection, mice were fasted for 6 hours then anesthetized with an intraperitoneal injection of
sodium pentobarbital (40-80 mg/kg). Control and Tam-AhR-CKO mice were treated with 75ug/
kg BW tamoxifen for 3 consecutive days then sacrificed 1 day, 3 days, 1 week, 5 weeks or 10
weeks after first tamoxifen treatment. Resection of vital organs at the end of study was conducted
to ensure euthanization of the animal.	

Western blot analysis of AhR. 	

Frozen liver samples (-80°C) were homogenized in RIPA buffer in Brinkman polytron
homogenizer (Kinematica AG, Lucerne, Switzerland). Protein concentration was measured using
a modified Lowry assay. The samples were boiled and loaded onto a 10% SDS-polyacrylamide
gel for AhR blot or 12% SDS-polyacrylamide gel for FGF21 blot following dilution in 2x SDS
loading buffer. The protein was then transferred to a Polyvinylidene Fluoride (PVDF) membrane.
Protein was fractionated by SDS-PAGE, transferred to Amersham HybondTM-P membranes
(Amersham Biosciences Inc., Piscataway, NJ) and blocked with Tris-buffered saline containing
0.1% (v/v) Tween 20 and 5% (w/v) nonfat dry milk. Membranes were incubated with AhR
primary antibody, BML-SA210 (Enzo Life Sciences, Inc., Farmingdale, NY) overnight at 4°C
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followed by an incubation with fluorescent secondary antibodies (Abcam, Cambridge, MA) for 1
hour at room temperature.

Fluorescent secondaries were imaged using the Typhoon Trio

Variable Mode Imager (GE Healthcare). Quantification of western analysis was performed using
ImageQuant TL software (Version 7.0, GE Healthcare). Actin was used as a loading control. 	

Food and Water Consumption Measurements.
Female mice AhRfx/fx (controls), n = 3 and AhRfx/fx/CreAlb (AhR-CKO), n = 3 ages 10 - 12 weeks
were housed in separate metabolic cages (Lab Products, Seaford, DE), and their body weights
were determined daily for a period of 4 weeks. Regular chow (powdered) or 41 Kcal % fat HFD
was weighed and placed in the food hoppers daily. Food intake and water consumption was
measured daily for 30 days during the mid-portion of the light cycle (standard 12 hour light/dark
cycle. Female AhRfx/fx/Cre-ERTAlb (Tam-AhR-CKO) mice, ages 10 weeks old (n = 4 per group)
were placed in CLAMS on a weekly basis for a total of 10 weeks. The CLAMS measured
accumulated food and water consumption ammounts over a 24 hour period.	

Blood Glucose, Insulin, Glucagon, Adiponectin, Free fatty acids (FFA), and Leptin
Measurements.
Animals were fasted in the morning for 6 hours then anesthetized with an intraperitoneal
injection of sodium pentobarbital (40-80 mg/kg body weight). Blood was collected via heart
puncture. Samples were aliquoted into EDTA treated tubes, mixed, then centrifuged at 2,000 x g
for 15 minutes at 4°C. Plasma was collected and immediately stored at -80°C.

All blood

parameters were analyzed at the Baylor College of Medicine, Mouse Metabolism Core, Houston,
TX. Adiponectin, leptin and insulin and Glucagon assays were conducted using mouse Elisa
assays (EMD Millipore Corporation, Billerica, MA). Free fatty acids were assayed using HR
Series NEFA-HR (2) (Wako Chemicals USA, Inc., Richmond, VA). Glucose was assayed using a
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glucose (GO) assay kit (Sigma-Aldrich Corp St. Louis, MO) and also via tail vein using an Aviva
Accuchek glucose meter (Accuchek Aviva, Roche Diagnostics Corporation, Indianapolis, IN).	

Histology, Immuno-histochemistry and Morphometric Analysis.
Mice were fasted for 6 hours then euthanized via 3% isofluorane followed by cervical
dislocation. Mice tissues were resected, fixed in 10% formalin in PBS, routinely embedded in
paraffin or OCT compound (Sakura Finetek, Torrance, CA) for obtaining frozen sections,
sectioned and stained with hematoxylin and eosin. Liver tissue was also stained with Oil-red-O
for lipid assessment with assistance from the Histo-pathology core facility, UTMB. Immunohistochemical analysis of insulin and glucagon content in pancreatic tissues were conducted
using a mouse insulin antibody, #4590 and glucagon antibody, #2760 (Cell Signaling Tech,
Danvers, MA) as previously described (Straub and Sharp 2002). Morphometric analysis of the
pancreatic islet areas were calculated in um2 using the using MetaMorph image analysis software
(Molecular Devices, Sunnyvale, CA) as described previously (Elayat, el-Naggar et al. 1995) after
imaging insulin stained pancreatic islets at 100X magnification on a Zeiss Axiovert 200 inverted
microscope (Zeiss Microscopy, Thornwood, NY). The β-cells positive for insulin in the pancreas
were dark brown.	

Oral Glucose Tolerance Test (OGTT).
Studies were performed as described previously (Andrikopoulos, Blair et al. 2008). AhR-CKO,
Tam-AhR-CKO and AhRfx/fx mice (n= 3-5 each group) were fasted in the morning for 6 hours
before blood glucose was assayed from tail bleed at the indicated time points using a handheld
blood glucose meter (Accuchek Aviva, Roche Diagnostics Corporation, Indianapolis, IN). Mice
were administered 50 mg D-glucose via oral gavage and tail vein blood glucose levels were
assayed using the Accuchek blood glucose meter at the 0, 15, 30, 60 and 120 minutes time
points. 	
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Intraperitoneal Administered Insulin Tolerance Test (ITT).
Studies were performed as described previously (Andrikopoulos, Blair et al. 2008). AhR-CKO,
Tam-AhR-CKO and AhRfx/fx mice (n=3 each group) were fasted for 5 hours before tail vein
blood glucose was assayed from tail bleed at the indicated time points using a handheld blood
glucose meter (Accuchek Aviva, Roche Diagnostics Corporation, Indianapolis, IN). Mice then
received intraperitoneal (IP) injections of humalin R insulin (0.75 U/Kg body weight) to assess
insulin response on blood glucose from the tail vein using an accuchek blood glucose meter at
the 0, 15, 30, 45, 60 and 120 minutes time points.	

RNA Isolation and Next Generation RNA Sequencing.
The livers of8 - 10 weeks old female AhRfx/fx (n=3) with and with tamoxifen treatment (3 each
per group) vs. AhR-CKO mice (n=3) and Tam-AhR-CKO (n=2) treated with tamoxifen for three
days then sacrificed at 1 week after first tamoxifen treatment was homogenized in a Brinkman
polytron homogenizer (Kinematica AG, Lucerne, Switzerland) and the total RNA was extracted
using the trizol reagent (Invitrogen, catalog no. 15596-026) method as previously described (Van
Dessel, Van Mellaertet al. 2004). Resamples were reverse transcribed into cDNA per the
manufacturer’s protocol, fragmented and amplified using paired-end primers on an Illumina
HiSeq 1000 sequencing system at the UTMB genomics core facility (University of TexasMedical

Branch, Galveston, TX) to evaluate differences in liver transcriptomes of AhRfx/fx vs. AhR-CKO
mice. Illumina next generation RNA sequencing technology utilizes adapter-ligated templates
molecules that are amplified to create template clusters. The technology then uses reversible
fluorescent tagged terminator nucleotides to sequence the templates. After incorporation and
image analysis, the fluorescent tagged terminators are removed and the next round of nucleotide
incorporation is performed. The HiSeq1000 has the capacity to create over 1.5 billion clusters
across each lane in an 8-channel flow cell as previously described (Wang et al.
!32

!

!
2009).Differentially expressed gene transcripts that were considered significant from the dataset
had P-values < 0.05, which was calculated using the tophat-cufflink-cuffdiff suite of analysis
programs (UTMB genomics core facility, Galveston, TX). 	

Reverse-Transcription Polymerase Chain Reaction (RT-PCR) Analysis.
Total RNA was isolated from mouse primary hepatocytes or mouse liver tissues using Trizol
(Invitrogen, catalog no. 15596-026) as per the manufacturer’s protocol.The concentrations of
RNA was measured using a Nanodrop ND-100 (Thermo-Scientific, San Diego, CA). First-strand
cDNA was prepared from 1 µg ofRNA using oligo (dT) primer (New England Biolabs, Ipswich,
MA) and superscript II reverse transcriptase (Life Technologies, CA). Polymerase chain
reaction(PCR) was performed using Taq polymerase (Fisher Scientific, Pittsburg, PA) and
oligonucleotide primers seen in Appendix. 1. PCR products were run on an 0.8%agarose gel with
ethidium bromide (EtBr) added then imaged on Typhoon Trio scanner,and band intensity was
measured using ImageQuant (GE Healthcare Life Sciences).	

Serum FGF21 Measurements.
Animals were fasted in the morning for 6 hours then anesthetized with an intraperitoneal
injection of sodium pentobarbital (40-80 mg/kg body weight). Blood was collected via heart
puncture (0.5 - 1 ml). Samples were aliquoted into EDTA treated tubes for plasma collection, or
non-treated tubes for serum collection mixed, then centrifuged at 2,000 x g for 15 minutes at
4°C. Plasma and serum were collected (250ul - 400ul) and aliqoted into 50ul aliquotes and
immediately stored at -80°C. Serum samples were prepared by leaving whole blood at room
temperature for 30 minutes then centrifuging at 1500 x g for 15 minutes at 4°C. FGF21 levels
was assayed using a Mouse/Rat FGF21 ELISA kit (Biovendor, Asheville, NC) from serum taken
from control mice treated with tamoxifen vs. Tam-AhR-CKO mice treated with tamoxifen for 1
week.	
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Tryptic digest and Selected Reaction Monitoring (SRM) method development for FGF21.
As previously described (Mustafa, Larry et al. 2015), 250ug of protein (Serum) was aliquoted
and brought to a total volume of 100ul by adding 50mM ammonium bicarbonate buffer. 10ul of
8M GdmCl was added to samples which were mixed well and incubated for 30mins at room
temperature. 10ul of 0.1M DTT was added to each tube, mixed well and incubated for an
additional 30 mins at room temp. 11ul of 0.3M iodoacetamide was added to the tubes which
were incubate for 2hrs at 37oC. Samples were spun down to collect water and trypsin was added
at a 1:50, trypsin: protein ratio. 889ul of 50mM ammonium bicarbonate was added to sample and
incubated at 37oC on a shaker for 24hrs. Tryptic digest was deactivated by incubating samples
for 10 minutes at 95oC on heating block. Finally, 12.1ul of 0.1% trifluoroacetic acid (TFA) was
added to samples before desalting using Sep Pak C-18 columns (Waters, Taunton,
Massachusetts). Using a syringe and adapter to push solution through the column resin, columns
were sequentially washed with 500ul of 100% Acitonitrile (ACN) + 0.1% TFA, 500ul 50% ACN

+ 0.1% TFA and 500ul 100% H2O + 0.1% TFA. 10% TFA was added to sample to a final
concentration of 0.1% TFA. Samples were passed through column a total of 5 times. Columns
were finally washed with 5ml of 100% H2O + 0.1% TFA. Each sample was slowly eluted from
their respected columns 200ul 80% ACN without TFA x 3 to a final volume of 600ul. Eluted
samples were dried overnight in a speed vacuum and stored at 40C prior to further analysis. To
develop the SRM/MRM/dMRM method, we first selected a protein (FGF21) then found unique
peptides using a BLAST search of mouse FGF21 sequence on ExPasy server. We chose the
unique peptides and cross validated for their uniqueness using the Skyline software (http://
proteome.gs.washington.edu/software/skyline/). Once the unique peptides are selected, we
identified precursors and product ions and their respective charge states and transitions using
Skyline. Once the SRM/MRM method is developed and the retention times of precursor and
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product ions were identified for a particular peptide, we conducted dMRM to optimize the dwell
time and cycle time.	

Liquid Chromatography (LC)-SRM and Data Analysis.
LC-SRM was performed using a triple quadrupole mass spectrometer as previously described
(Mustafa, Petersen et al.2013, Mustafa,Larry et al. 2015). The raw data were processed using the
Skyline program visually inspect the traces of the SRM data and to calculate the peak heights of
transitions. One quality transition per peptide was chosen to be used for further analysis.
Proteotypic peptides (FGF21 has 3 proteotypic peptides) peak heights were normalized (peak
height of proteotypic peptide /peak height of internal standard) and the median peak heights of
the internal standards were used to compare the relative abundance of each peptide across the
samples. For the generation of area under the curve (AUC) calculations,published R scripts were
used. Other statistical analyses were performed using GenStat (ver.15, VSN International, Hemel
Hempstead, UK). 	

Surgical Implantation of Mouse Temperature Telemetry Probes and Treatments.
Prior to surgical implantation of temperature telemetry probes (Columbia instruments, Ohio,

USA), AhRfx/fx and Tam-AhR-CKO mice were anesthetized via IP injection of 1mg/kg BW
buprenorphine SR (ZooPharm, Laramie, WY, USA). The mice were then further anesthetized
using 3% isofluorane, while their abdominal fur was being shaved with an electrical shaver
(Andis, Wisconsin, USA). 7.5% povidone-iodine (Betadine, Stamford, CT, USA) and
70%ethanol solution was used to disinfect the abdominal skin for surgery. A small vertical
incision (1.0 cm in length) was made in the abdominal skin and abdominal muscle of the mice at
least 1cm below the sternum.

Telemetry probes that were previously disinfected with 2.4%

glutaraldehyde (CIDEX), (Ethicon, Irvine, CA), then rinsed with 0.9% saline were inserted into
the mice abdominal cavities. The abdominal muscle was sutured using biodegradable sutures and
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the abdominal skin was then stapled shut. Three days after surgery, the mice were given another
round of 1mg/kg BW buprenorphine SR via IP injection. The following day the mice were
placed into Comprehensive Lab Animal Monitoring Systems (CLAMS) to collect basal
measurements then treated with 75ug/kg BW tamoxifen for three consecutive days.	

Comprehensive Lab Animal Monitoring Systems (CLAMS) Analysis.
Control vs. Tam-AhR-CKO both treated with tamoxifen was placed into Comprehensive Lab
Animal Monitoring Systems (CLAMS), (Columbia instruments, Ohio, USA) cages for 24 hours,
1 week after surgery. After the first 24hr (basal) reading was taken, both groups of mice were
removed from CLAMS cages and treated with 75ug/kg BW tamoxifen for three consecutive
days. The following week mice were placed into CLAMS cages to collect data for 24 hours. This
process was repeated for 10 consecutive weeks. All measurements except for body weight were
collected every 18 minutes for a period of 24 hours. Data on body weight were collected weekly.
The CLAMS recorded food consumption, water, consumption, temperature via abdominally
inserted telemetry probes, energy expenditure (kcal/hr), activity (wheel counts/complete wheel
revolutions), and respiratory exchange ratio (RER=VCO2/VO2). Energy expenditure is calutaed
using the equation , Heat = caloric value (3.815+(1.232 X RER)) X VO2 subject. Please refer to
Columbus instruments/equations for energy expenditure for deatils (www.colinst.com).	

Statistical Analysis.
Results are reported as mean ± SEM. Statistical analysis of the data was performed with a
Student t test (two tailed) on the Graphpad Prism software, Inc., Version 5.0. (GraphPad
Software, San Diego, CA) which was used to calculate statistical significance (* p ≤ 0.05, ** p ≤
0.01, *** p ≤ 0.001). 	

RESULTS
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AhR Conditional Knockout (AhR-CKO) in The Liver Alters Weight Gain and Adiposity in
Mice.
	


To assess if the loss of AhR in the liver parenchyma affects body weight and adiposity,

we confirmed liver knockout of AhR conducted body weight experiments. Whole-liver samples
from 1.5 , 12 and 15 months old female AhR-CKO and AhRfx/fx mice were used to assess AhR
conditional knockout in the liver (Fig. 1.4). Female AhR-CKO mice exhibited a reduced
postnatal rate of body weight gain with age compared to controls (Fig. 2.1.A). Average female
body weights were; 1.5 months (6 weeks) old AhR-CKO 17.3 ± 0.5g (n=6) vs. AhRfx/fx 18.26 ±
0.4615g (n=6), 2.5 months (10 weeks) old AhR-CKO 18.7 ± 0.3g (n =8) vs. AhRfx/fx 20.0 ± 0.5g
B
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Figure 2.1. AhR Conditional Knockout (AhR-CKO)
in The Liver Alters Weight Gain and Adiposity in
Mice.
A) Female AhR-CKO mice exhibited a reduced rate of
weight gain vs. control mice. n=4-8 mice/control group,
n=5-8 mice/CKO group. B) Removal of the mice skins
revealed smaller subcutaneous fat pads sizes (indicated
by the red arrows) in 15 months old female AhR-CKO
mice vs. control mice at the same age. C) 15 months old
female AhR-CKO mice exhibited reduced gonadal fat
pad sizes (indicated by the red arrows) when compared
to age match control mice. Error bars represent mean
values ± S.E.M. *p  <  0.05, **p  <  0.01.
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(n=8), 4 month old AhR-CKO 22.0 ± 0.2g (n=6) vs. AhRfx/fx 26.8 ± 0.5g (n=6), 12 month old

AhR-CKO 24.1 ± 0.7g (n=5) vs. AhRfx/fx 31.8 ± 0.6g (n=5) and 15 month old AhR-CKO 25.13 ±
0.9804g (n=5) vs. AhRfx/fx 33.13 ± 1.123g (n=4). Female 15 months old AhR-CKO mice also
exhibited reduced subcutaneous adiposity (Fig.2.1.B ) and visceral adiposity (Fig.2.1.C) when
compared to age matched AhRfx/fx mice. Significant differences in female mice body weights
were observed in as early as 2.5 months (10 weeks) old mice (Fig. 2.1.A). Female AhR-CKO
mice also appear to exhibit a kyphotic posture, which was not attributed to subcutaneous fat
deposition in the upper thoracic vertebrae region (Figure 2.1.B).	

AhR Conditional Knockout (AhR-CKO) in the Liver Alters Lipid Homeostasis. 	

	


To assess how the loss of hepatic AhR affected hepatic energy and extra-hepatic energy

homeostasis, we conducted histological analysis of 10 weeks old livers using Oil-red-O staining
revealed reduced lipid droplet sizes in the AhR-CKO livers compared to controls (Fig. 2.2.A).
H&E stained sections of visceral and subcutaneous adipose tissue in 10 weeks old AhRfx/fx and
AhR-CKO mice show reduced adipocyte sizes (Fig. 2.2.B) in the AhR-CKO mice. 10 weeks old
AhR-CKO mice also exhibited significantly reduced circulating leptin (AhRfx/fx 3.3 ± 0.2ng/ml
(n=3) vs. CKO 1.0 ± 0.1ng/ml (n=3) (Fig. 2.2.C), and adiponectin levels (AhRfx/fx 20420 ±
4811ng/ml (n=3) vs. CKO 13450 ± 2052 (n=3) (Fig. 2.2.D). AhR-CKO mice exhibited elevated
levels free fatty acid (FFA) levels (AhRfx/fx 0.27 ± 0.05 milliequivalents per litre (mE/L) (n=5)
vs. CKO 0.60 ± 0.12mE/L (n=5) (Fig. 2.2.E). 	
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Figure 2.2. AhR Conditional Knockout (AhR-CKO) in the Liver Alters Lipid Homeostasis.
A) Oil red O staining of 10 weeks old mice livers revealed smaller lipid droplet sizes (indicated by the
white arrows) in AhR-CKO vs. control mice. B) 10 weeks old AhR-CKO mice exhibit reduced adipocyte
sizes when compared to controls. 10 weeks old AhR-CKO mice exhibit significantly reduced C) Leptin.
n=3 mice/group and reduced D) Adiponectin levels. n=3 mice/group, which correlate with adipocyte sizes.
E) 10 weeks old AhR-CKO mice also exhibited significantly increased circulating FFA levels. n=3 mice/
group. Error bars represent mean values ± S.E.M. *p  <  0.05.

AhR Conditional Knockout (AhR-CKO) in The Liver is Protective Against Diet Induced
Obesity and Hepatic Steatosis.
	


Previously, total AhR deficiency was shown be protective against obesity and hepatic

steatosis while on a HFD (Xu, Wang et al. 2015). Therefore, to assess if the loss of AhR in the
mouse liver protects against diet induced obesity and hepatic steatosis, we placed 10 weeks old
control and AhR-CKO mice on a high fat diet (HFD) for 3+ months (15 weeks) period. AhR!39
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Figure 2.3. AhR Conditional Knockout (AhR-CKO) in The Liver is Protective Against Diet Induced
Obesity and Hepatic Steatosis. A) Female AhR-CKO mice were resistant to weight gain while on a HFD
for 3 months as represented by a fold change in body weight vs control mice. n=3 mice/group B) AhRCKO mice exhibited reduced gonadal white adiposity (indicated by red arrows) vs controls. C) AhR-CKO
mice exhibited reduced adipocyte sizes and reduced hepatic lipid content (indicated by arrows) while on
the HFD vs. controls. Error bars represent mean values ± S.E.M. *p  <  0.05.

CKO mice vs. controls displayed significantly reduced body weight gains (Fig. 2.3.A) and
reduced adiposity (Fig.2.3.B) while on a HFD. AhR-CKO mice also revealed reduced lipid
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content in their livers (Figure 2.3.C) and smaller white adipocyte sizes when compared to
controls on the HFD (Fig. 2.3.C).	

Food and Water Consumption in AhR-CKO Mice.
	


To evaluate food and water consumption in AhR-CKO mice vs. control fed a regular

chow and HFD. We conducted metabolic cage testing with regular chow and a HFD. AhR-CKO
(n=3) vs. control (n=3) mice consumed similar average daily volumes of water and amounts of
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Figure 2.4. Food and Water Consumption in AhR-CKO Mice.
AhR-CKO mice ate and drank similar amounts of food and water (normalized to BW)
while on a A) regular chow diet for 30 days. n=3 mice/group, and B) a HFD for 24
days. n=1 mouse/group.

food when normalized to body weights as seen in Figure 2.4.A. AhR-CKO (n=1) vs. control
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(n=1) mice fed a HFD for 24 days exhibited similar average daily food and water consumptions
when normalized to body weights as observed in Figure 2.4.B. 	

AhR Conditional Knockout (AhR-CKO) in The Liver Affects Pancreatic Islets of
Langerhans Morphology and Endocrine Function.	

	


To assess if the conditional loss of AhR in the liver affected the function and morphology

of the mice pancreata, we conducted immuno-histochemical analysis of insulin and glucagon
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Figure 2.5. AhR Conditional Knockout (AhR-CKO) in The Liver Affects Pancreatic Islets of
Langerhans Morphology and Endocrine Function. A) Immunistochemical analysis of insulin and
glucagon content in 10 weeks old AhR-CKO mice revealed smaller pancreatic islet sizes vs. controls.
B) Morphometric analysis of pancreatic islet sizes revealed a larger % distribution of smaller islets in
AhR-CKO mice and consequently, C) Significantly reduced average pancreatic islet sizes in AhRCKO mice vs. controls. n=8 mice/group, 97 islets/control group, 133 islets/CKO group. D) To confirm
reduced pancreatic islets sizes we measured circulating insulin and glucagon levels in controls vs.
AhR-CKO mice, which revealed significantly reduced insulin levels. n=3 mice/group. and glucagon
levels. n=6 mice/group. in AhR-CKO mice vs. controls. Error bars represent mean values ± S.E.M. *p
  <  0.05, **p  <  0.01.
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content in the pancreas islets of Langerhans as well as measured circulating insulin and glucagon
levels. Conditional knockout of AhR in the liver revealed reduced pancreatic islet sizes (Fig.
2.5.A), which were observed in 10 weeks old AhR-CKO vs. control mice. Morphometric
analysis of various pancreatic islet areas exhibited a larger percentage distribution of smaller
islets in AhR-CKO (134 islets measured) vs. AhRfx/fx mice (102 islets measured) (Fig. 2.5.B) and
thus significantly smaller average islet sizes (Fig. 2.5.C). AhR-CKO mice exhibited reduced

circulating insulin levels (Fig. 2.5.D) of 0.27 ± 0.02ng/ml (n=3) vs. AhRfx/fx 0.52 ± 0.03 ng/ml
(n=3), decreased circulating glucagon levels (Fig. 2.5.D) of 0.1538 ± 0.01584 (n=5) vs. AhRfx/fx
0.1990 ±0.006364 (n=5).	

AhR Conditional Knockout (AhR-CKO) in The Liver Affects Glucose and Insulin
Response and Regulation.	

	


After seeing altered islet sizes and reduced circulating insulin levels in AhR-CKO, we

assessed glucose and insulin responsiveness and regulation. 10 weeks old AhR-CKO mice
exhibited increased basal blood glucose levels (Fig. 2.6.A) of 218.0 ± 19.7mg/dL (n=5) vs.
AhRfx/fx 125.4 ± 6.7mg/dL (n=5). Glucose and insulin tolerance tests (OGTT & ITT) were
conducted on 10 weeks old AhR-CKO vs. AhRfx/fx mice after a 6 hour fast. AhR-CKO mice were
significantly more glucose intolerant at the 15 and 30 minutes time points after 2mg/kg BW dglucose via gavage (Fig. 2.6.B) and exhibited a significantly larger insulin reaction (Fig. 2.6.C) at
the 45 and 120 minute time points after 0.75 U/Kg body weight intraperitoneal (IP) insulin
administration compared to AhRfx/fx mice. The area under the OGTT curve (AUC) shows that
AhR-CKO mice were overall significantly more glucose intolerant than AhRfx/fx mice (Fig.
2.6.D) and the AUC for the ITT demonstrates that AhR-CKO mice exhibited a significantly
larger insulin response compared to AhRfx/fx mice (Fig.2.6.E). AhR-CKO went into
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Figure 2.6. AhR Conditional Knockout (AhR-CKO) in The Liver Affects Glucose and Insulin
Response and Regulation.
A) 6 hour fasted, 10 weeks old AhR-CKO vs. control mice revealed that they are hyperglycemic
compared to control mice. n=5 mice/group B) After receiving a 2 g/kg BW bolus of glucose, AhRCKO mice exhibited glucose intolerance between 15 to 30 minutes after glucose administration
possible due to starting with a high basal blood glucose level. However, there glucose levels return to
control mice basal glucose levels at 120 minutes after the bolus of glucose. n=5 mice/group. To assess
if AhR-CKO were more sensitive insulin, than controls, we treated mice with insulin via IP injection,
which revealed C) increased insulin sensitivity in the AhR-CKO vs controls. n=3 mice/group. The
observed glucose intolerance and insulin sensitivity was deemed significant as the areas under the D)
OGTT curve. n=5 mice/group. and the E) ITT curve were both significant. n=3 mice/group. Error bars
represent mean values ± S.E.M. *p  <  0.05, **p  <  0.01.

hypoglycemic shock at around 60 minutes after IP and persisted past the 120 minute time point
(data not shown).	

AhR Conditional Knockout (AhR-CKO) in The Liver Alters The Expressions of Insulin
Responsive Genes Involved in Gluconeogenesis and Fatty acid Synthesis in The Liver.	

To evaluate if altered insulin signaling affected the liver transcriptome after loss AhR in
the liver parenchyma, we compared gene expression patterns in the livers of 12 weeks old female
controls vs. AhR-CKO mice using next generation whole transcriptome RNA sequencing
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Insulin responsive/ gluconeogenic genes

Gene ID

Gene Name

Control

AhR-CKO

Fold Change

p_value

q_value

Gluconeogenic genes
G6PC

Glucose 6
Phosphatase

142.166

476.363

3.351

5.00E-00
5

0.000912724

PEPCK

Phosphoenolpyruvat
e carboxykinase

840.208

1335.09

1.589

0.0004

0.00550093

PDK4

Pyruvate
dehydrogenase
kinase

1.46312

3.67384

2.511

5.00E-00
5

0.000912724

Gpd1

Glycerol-3phosphate
dehydrogenase 1

57.7086

88.2081

1.529

5.00E-00
5

0.000912724

SREBF1

Sterol regulatory
element-binding
transcription factor 1

142.815

85.8043

-1.664

5.00E-00
5

0.000912724

INSIG1

insulin-induced gene
1

233.587

141.529

-1.650

5.00E-00
5

0.000912724

0.00045
0.00035

0.00605674
0.0049048

Lipogenic genes

Fatty acid synthesis, storage and transport

FAT/CD36 Fatty acid translocase
FASN

Fatty acid synthase

36.2118
191.981

26.7667
119.744

-1.353
-1.603

Table. 2.1. AhR conditional knockout (AhR-CKO) in the liver alters expression of insulin responsive
genes involved in gluconeogenesis and fatty acid synthesis and transport in the liver. n=3 mice/group.

(UTMB genomics core facility, Galveston, TX). 847 gene transcripts displayed significantly
altered expressions after the conditional knockout of AhR in the liver parenchyma. There were
349 genes transcriptionally up-regulated vs. 498 transcriptionally down-regulated after AhRCKO in the liver. These genes were cross referenced with insulin responsive genes from micro
array studies conducted by (Meisler and Howard 1989) and Wu et al., 2007 (Wu, Wang et al.
2007) and we found several insulin responsive genes (Table. 2.1) such as the insulin induced
gene 1 (INSIG-1), sterol regulatory element-binding transcription factor 1 (SREBF1), and fatty
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acid synthase (FASN), which is positively regulated by insulin and therefore down regulated
under hypoinsulinemic conditions. Insulin like growth factor binding protein 1 (IGFBP-1),
glucose 6 phosphatase (G6PC), fatty acid translocase (FAT/CD36), phosphoenol pyruvate
carboxy kinase (PEPCK), pyruvate dehydrogenase kinase (PDK4), and glycerol-3-phosphate
dehydrogenase 1(GPD1) are negatively regulated by insulin and therefore upregulated under
hypoinsulinemic conditions (Barthel and Schmoll 2003, Kubota, Kubota et al. 2008, Kamagate,
Kim et al. 2010, Chabowski et al. 2004). There are three major regulatory enzymes in the

gluconeogenic pathway, glucose-6-phosphatase (G6PC), fructose-1,6-bisphosphatase, and PEP
carboxykinase (PEPCK) (Barthel and Schmoll 2003). We identified an up regulated 2 of the 3
major enzymes (G6PC and PEPCK) in the gluconeogenic pathway.	

Conditional Knockout of AhR in the Adult Mouse Liver Alters Adipose Tissue Morphology.	

	


To evaluate if the loss AhR in Adult (Tam-AhR-CKO) mice livers was comparable to the

prenatal AhR-CKO mice adipose tissue morphologies, we treated 8 weeks old AhRfx/fx and TamAhR-CKO mouse with tamoxifen for 10 weeks then assessed adipose tissue phenotypes. AhRfx/fx
mice treated with tamoxifen were used as controls to control for effects caused by tamoxifen.
The knockout of AhR in the livers of Tam-AhR-CKO mice was confirmed at the mRNA and
protein levels using RT-PCR and western blot analysis respectively (Figure 2.7.A). Tam-AhRCKO mice exhibited a reduced rate of body weight gain with age compared to controls (Figure
2.7.B). The morphology of the WAT taken from Tam-AhR-CKO mice treated with tamoxifen for
3 days then sacrificed the mice at 10 weeks after 1st tamoxifen treatment was very similar to the
morphology of the WAT taken from 10 weeks old prenatal AhR-CKO mice as seen in (Figure
2.7.C). 	
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Figure 2.7. Conditional Knockout of AhR in the Adult Mouse Liver Alters Adipose Tissue Morphology.
A) Confirmation of AhR conditional knockout in the mouse liver after tamoxifen treatment. B) Loss of AhR in
the adult liver has similar effects on body weight gain as previously seen in AhR-CKO mice, whereby mice
exhibit a slower rate of weight gain. n=3 mice/control group, n=2 mice/Tam-CKO group C) Loss of AhR in the
adult liver is consistent with changes in the adipose tissue morphology observed in the constitutive AhR-CKO
mice. Error bars represent mean values ± S.E.M. *p  <  0.05, **p  <  0.01.

Conditional Knockout of AhR in The Adult Mouse Liver Alters Glucose and Insulin
Signaling.	

	


To assess the effects of initial hepatic AhR knockout on glucose and insulin signaling, we

used the Tam-AhR-CKO to conduct time course experiments over a period of 10 weeks after
tamoxifen treatment. We observed significant increases in circulating insulin levels at 1 week and
5 weeks then dropped down to similar levels as controls at 10 weeks after loss of AhR in the
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Figure 2.8. Conditional Knockout of AhR in The Adult Mouse Liver Alters Glucose and
Insulin Signaling. A) The initial loss of AhR in the mouse liver results in a transient increase in
circulating insulin. n=3-4 mice/group. and B) Glucose, which drops down to normal control levels
after 5 weeks. n=3-6 mice/ control group, n=2-6 mice/Tam-CKO group. However, after 10 weeks
loss of AhR in the adult liver we observed a drop in circulating insulin and a concomitant
resurgence in increased glycemia. C) Glucose tolerance tests at 1 week. n=2 mice/group. and 3
weeks. n=3 mice/ control group, n=2 mice/Tam-CKO group. after tamoxifen indicate that the AhRCKO mice are initially intolerant after a bolus of glucose but can ultimately regulate their glucose
levels over a 2 hour period. Error bars represent mean values ± S.E.M. *,p  <  0.05.

liver (Figure 2.8.A). We also observed an increase in fasting blood glucose levels in Tam-AhRCKO after 1 week loss of AhR in the liver which persisted for 4 weeks then dropped down to
normal levels as seen in controls at 6 weeks and 8 weeks, only to resurge at 10 weeks after loss
of AhR in the mouse liver when compared to controls (Figure 2.8.B). Glucose tolerance tests
conducted on Tam-AhR-CKO mice at 1 and 3 weeks after loss of AhR in the liver also revealed a
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muted initial insulin response but glucose levels are restored to fasting levels by 120 mins after
glucose gavage (Figure 2.8.C).	

Conditional Knockout of AhR in The Adult Liver is Protective Against Diet Induced
Obesity and Hepatic Steatosis.	

	


To assess if the loss of AhR in the adult livers were resistant to weight gain and hepatic

steatosis while on an obesogenic diet, we placed 8 – 10 weeks old Tam-AhR-CKO mice vs.
AhRfx/fx mice on a HFD for a period of 3+ months (14 weeks) after tamoxifen treatment bring
them to an age of 22- 24 weeks. Tam-AhR-CKO mice vs. controls displayed significantly smaller
body weights (Figure 2.9.A) and less visceral adiposity (Figure 2.9.B) while on a HFD. TmAhR-CKO mice also displayed reduced lipid content in their livers (Figure 2.9.C) when
compared to controls on a HFD. 	
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Figure 2.9. Conditional Knockout of AhR in Adult Mice Livers is Protective Against Diet Induced
Obesity and Hepatic Steatosis. A) Female Tam-AhR-CKO mice were resistant to weight gain

while on a HFD for 3 months as represented by a fold change in body weight vs control mice.
n=4 mice/ control group, n=3 mice/Tam-CKO group. B) Tam-AhR-CKO mice exhibited reduced
gonadal white adiposity (indicated by red arrows) vs controls. C) Tam-AhR-CKO mice
exhibited reduced adipocyte sizes and reduced hepatic lipid content (indicated by arrows)
while on the HFD vs. controls. Error bars represent mean values ± S.E.M. *p  <  0.05.
Conditional Knockout of AhR in The Adult Mouse Liver is Protective Against Insulin
Resistance on a HFD.	

	


We observed that loss of AhR in adult mice liver is protective against weight gain and
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Figure 2.10. Conditional Knockout of AhR in The Adult Mouse Liver is protective
against insulin resistance on a HFD. After 2 months on a HFD, Tam-AhR-CKO mice
appear to become more tolerant to glucose due to increased sensitivity. n=3 mice/ control
group, n=4 mice/Tam-CKO group. Error bars represent mean values ± S.E.M. *,✝p  <  0.05,
**p  <  0.01, ***p  <  0.001.

fatty liver on an obesogenic diet, therefore, we hypothesized that the loss of AhR in the adult
mice liver will also protect mice from developing insulin resistance. To assess if the loss of
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hepatic AhR adult mouse is protective against insulin resistance, we placed Tam-AhR-CKO vs.
control mice, both treated with tamoxifen on a HFD and challenged them with a bolus of glucose
and insulin at 1 month, 2 months, and 3 months time points while on the HFD. Glucose and
insulin were administered a week apart each time. Glucose and insulin tolerance tests revealed
better glucose tolerance and insulin sensitivity in Tam-AhR-CKO mice after 1 month on the
HFD when compared to controls as seen in Figures. 2.10.	


Characterization of the Conditional knockout of AhR in the Adult Liver Using
Comprehensive Lab Animal Monitoring Systems (CLAMS).	

	


To gain a comprehensive understanding of the changes to mouse physiology after

conditional loss AhR in the adult mice livers, we placed tamoxifen treated Tam-AhR-CKO vs.
tamoxifen treated control mice into CLAMS for 1 day/week for a period of 10 weeks. 3 weeks
after tamoxifen treatments, Tam-AhR-CKO mice exhibited a decrease in weight gain when
compared to controls (Figure 2.11.A). Tam-AhR-CKO mice trended towards greater food and
water consumption (Figure 2.11.B and 2.11.C). Tam-AhR-CKO mice also exhibited significantly
higher average respiratory exchange ratios (RER) during the dark cycle (6PM to 6AM) for up to
5 weeks after tamoxifen treatments then dropped down to similar levels as controls after 5 weeks
(Figure 2.11.D) as seen with glucose in Figure 2.8.B. An RER of 1.0 is indicative of 100%
carbohydrate and 0% fat diet vs. an RER of 0.7 which is indicative of a 100% fat and 0%
carbohydrate diet. RER’s between 0.7 and 1.0 are indicative of a mixed diet of fat and
carbohydrates. However, the average RER’s during the light cycle (6AM to 6PM) were quite
similar between Tam-AhR-CKO and control mice (Figure 2.11.E). After tamoxifen treatment,
Tam-AhR-CKO mice exhibited less activity based on wheel counts (full revolution of the wheel)
for up to 4 weeks after loss of hepatic AhR vs. control mice. Between 4 to 10 weeks there is a
transient rise and fall in Tam-AhR-CKO mice activity compared to control which appear to
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Figure 2.11. Comprehensive Lab Animal Monitoring System (CLAMS) Analyses. A) Tam-AhRCKO mice exhibited a reduced rate of body weight gain when compared to control mice over a 10 week
period after hepatic loss of AhR. n=4 mice/ group. B) Increased fold changes in average daily food. n=3
mice/ control group, n=4 mice/Tam-CKO group. and C) water consumption. n=3 mice/ control group,
n=4 mice/Tam-CKO group. in Tam-AhR-CKO mice vs. controls when normalised to baseline (week 0).
Average daily respiratory exchange ratio (RER) in Tam-AhR-CKO vs controls during D) the dark cycle
(6PM - 6AM). n=4 mice/ group. and E) The light cycle (6AM - 6PM). n=4 mice/ group. F) Average
total daily wheel counts (complete revolutions) in Tam-AhR-CKO mice vs controls. n=3 mice/ control
group, n=4 mice/Tam-CKO group. G) Energy expenditures experiments revealed increased energy
expenditure in Tam-AhR-CKO mice after hepatic loss of AhR when compared to controls. n=4 mice/
group. H) Average body temperatures in Tam-AhR-CKO mice vs. controls revealed increased in body
temperatures in Tam-AhR-CKO mice after hepatic loss of AhR when compared to controls. n=4 mice/
control group, n=3 mice/Tam-CKO group. Error bars represent mean values ± S.E.M. *p  <  0.05, **p  <  
0.01.

display increased activity throughout the experiment (Figure 2.11.F). Tam-AhR-CKO mice also
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exhibited increased energy expenditure per kg body weight from baseline levels during the dark
when compared to controls after tamoxifen treatment (Figure 2.11.G). Tam-AhR-CKO mice also
exhibited thermo-regulation from baseline levels during the dark cycle when compared to
controls after tamoxifen treatment (Figure 2.11.H). 	

Loss of Hepatic Aryl Hydrocarbon Receptor in Adult Mice Alters Hepatokine Expressions.	

To assess if AhR regulates the transcription of previously indentified hepatokines, we
conducted next generation RNA sequencing on the liver transcriptomes of Tam-AhR-CKO vs.
control mice treated with tamoxifen for 1 week. As seen in Table 2.2, which shows the altered
expressions of seven previously characterized hepatokines.	


Table. 2.2. Loss of AhR in adult mice livers alters hepatokine expressions. n=3 mice/group
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Validation of increased FGF21 Expression in The Liver and Serum After Conditional
Knockout of AhR in Adult Mice Livers.
	


To confirm increases in FGF21 expression in mice livers and serum, we conducted qRT-

PCR analysis of FGF21 liver transcripts in AhRfx/fx vs. Tam-AhR-CKO mice after 1 week
treatment with tamoxifen, which revealed significantly increased FGF21 message in Tam-AhRCKO mice livers 2.004 ± 0.2018 (n=2) vs. control mice livers 0.9920 ± 0.1693 (n=3) as seen in
Figure 2.12.A. We also confirmed increased FGF21 protein expression in the serum using a
mouse FGF21 ELISA assay which revealed significantly increased FGF21 expressions in TamAhR-CKO mice serum 0.3387 ± 0.07593 (n=3) vs. control mice livers 0.1105 ± 0.03081 N=4
(n=4)(Figure 2.12.B) by Selected Reaction Monitoring (SRM), which measures the levels of
parent and fragment ions for selected tryptic peptides of FGF21 (Tam-AhR-CKO mice livers
97516 ± 4508 AUC, n=3 vs. control mice livers 48559 ± 14568 AUC, n=3) in crude serum
(Figure 2.12.C). 	
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Figure 2.12. FGF21 expression in Tam-AhR-CKO Mice Livers and Serum.
A) qRT-PCR confirmed the increased expression of FGF21 message in Tam-AhR-CKO livers
compared to controls. n=3 mice/ control group, n=2 mice/Tam-CKO group B) Using an FGF21
ELISA assay, we confirmed increased FGF21 expression at 1 week after tamoxifen treatment. n=4
mice/ control group, n=3 mice/Tam-CKO group C) Using a mass spectrometry technique known as
selected reaction monitoring (SRM), we also confirmed increased FGF21 expression after 1 week
tamoxifen treatment. n=3 mice/group. Error bars represent mean values ± S.E.M. *p  <  0.05.

Comparison of White Adipose Tissue Morphologies to Brown Adipose Tissue Morphology
After Conditional Knockout of AhR in the Adult Liver.
	


To assess if the white adipose tissue morphology in the inducible AhR-CKO mice treated

with tamoxifen resembled brown adipose tissue morphology, we compared white adipose tissue
in Tam-AhR-CKO mice treated with tamoxifen to white and the brown adipose tissue from
control animals treated with tamoxifen (Figure 2.13).	
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Figure 2.13. Comparison of White Adipose Tissue Morphologies to Brown Adipose Tissue
Morphology After Conditional Knockout of AhR in the Adult Liver. H&E sections from control mice
(top left) display typical white adipose tissue morphologies with a single large lipid vacuole per adipocyte
(unilocular) as indicated by arrows vs. brown fat from the same mice (top right) which has multiple
smaller lipid vacuoles per adipocyte (multilocular) as indicated by arrows. However, the white adipose
tissue taken from Tam-AhR-CKO mice (bottom left) after tamoxifen treatment resembles brown fat
morphology by displaying multilocular adipocytes as indicated by arrows.
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DISCUSSION
The AhR was initially characterized and studied as a mediator of xenobiotic metabolism
(Denison, Fisher et al. 1988). However, in recent years, development of AhR-null mice has
shown that disruption of AhR signaling pathways has physiological roles, for example, cardiac
development, liver development, reproductive capacity, and T-cell deficiency (FernandezSalguero, Pineau et al. 1995, Schmidt, Su et al. 1996, Gonzalez and Fernandez-Salguero 1998).
In recent studies conducted on male AhR-null mice livers, AhR has also been shown to play a
role in glucose homeostasis (Sato, Shirakawa et al. 2008, Wang, Xu et al. 2011). Previous studies
utilizing seven-month-old pregnant and non-pregnant AhR deficient (AhR-/- & +/-) female mice
also revealed decreased fasting c-peptide/insulin levels, glucose intolerance, and altered insulin
responsiveness and regulation (Thackaberry, Bedrick et al. 2003). AhR has also been previously
implicated in mediating obesity as mice expressing the low affinity AhR(d) allele (B6.D2R)
displayed significantly lower body weights while on a high-fat Western diet when compared to
age-matched mice expressing the high affinity AhR(b) allele (B6W) on the same diet (KerleyHamilton, Trask et al. 2012). Most recently, AhR null and heterozygous mice were utilized to
show that AhR deficiency results in increased energy expenditure in brown fat that is protective
against weight gain on a HFD (Xu, Wang et al. 2015). Given these data and knowing that the
liver has been shown to regulate systemic glucose, insulin, and energy homeostasis, we decided
to investigate the possible physiological roles of the hepatic parenchymal AhR activity in
mediating systemic glucose and insulin homeostasis in the liver by utilizing AhR-CKO mice.
Previous studies on AhR-null mice also demonstrated decreased postnatal body weights
(Schmidt, Su et al. 1996), which was also observed in our female AhR-CKO mice and to a lesser
extent the younger male AhR-CKO mice (data not shown). Utilizing female AhR-CKO mice, we
observed reduced hepatic lipid droplet sizes when compared to age match controls, which were
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again only observed in the female AhR-CKO mice (Fig. 2.2). Therefore, the AhR-CKO
phenotype is gender dependent with female mice being more affected than male mice. Sexual
dimorphism in glucose and lipid metabolism, growth, and even gene expression profiles are not
uncommon in mice and are also observed in humans (Weiss, Pan et al. 2006, Rune, Salehzadeh
et al. 2009). The differences observed in AhR-CKO phenotypes between the sexes may also be
due to sexual dimorphism. These data demonstrate that postnatal body weight gain can be
mediated by AhR dependent mechanisms in the mouse liver and that the AhR-CKO phenotype is
sex dependent. We also report for the first time that AhR activity in the liver crosstalk's with
extra-hepatic tissues such as the pancreas and adipose tissues to alter their functions. Conditional
knockout of AhR in the female mouse livers as early as 10 weeks old results in a novel reduction
of pancreatic islet and adipocyte sizes when compared to age-matched control mice (Figure 2.5
and 2.2 respectively). These findings were supported by the lower circulating levels of insulin
and reduced body weight seen in the AhR-CKO mice (Figures 2.5 and 2.1 respectively).
Furthermore, female AhR-CKO mice are hyperglycemic which, suggests a type 1 diabetic
condition, wherein, the mice do not produce enough insulin to maintain normoglycemia
(Atkinson, Bluestone et al. 2011). We also observed that AhR-CKO mice paradoxically had a
larger insulin reaction than controls, which suggests that they are more sensitive to insulin and
yet remain hyperglycemic, possibly due to increased hepatic production glucose as we observed
significantly increased expressions of gluconeogenic enzymes in the AhR-CKO livers shown in
Table. 2.1. Although AhR-CKO mice displayed a type 1 diabetic condition of increased
glycaemia with low circulating insulin levels, we did not observe any reported symptoms of type
1 diabetes such as extreme thirst or hunger (Irvine 1977) as seen in food and water consumption
analyses conducted on AhR-CKO vs. control mice placed in metabolic cages (Figure2.4.A).
However, the expression of insulin responsive and gluconeogenic genes in the female AhR-CKO
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mice livers (Table. 2.1) corroborates the lower circulating insulin levels and suggests that these
mice are in a type 1 diabetic fasting state, which is permissive to hyperglycemia, reduced
adiposity and increased circulating free fatty acids (FFA) (Figure 2.2) observed in the AhR-CKO
mice (DiMarco, Beitz et al. 1981). AhR-CKO mice also exhibited a significant reduction in
circulating glucagon that was corroborated by the smaller pancreatic islets sizes seen in AhRCKO mice vs. control (Figure 2.5). This decrease in circulating glucagon did not alter glucagon
signaling in the absence of insulin because we observed increased expression of gluconeogenic
genes after next generation RNA sequencing analysis of AhR-CKO vs. control mice liver
transcriptomes. It is reported that an extremely low amount of pancreatic alpha cells (2 - 4%) is
sufficient to prevent alterations in blood glucose status under physiologic and diabetic conditions
(Thorel, Damond et al. 2011). Loss of alpha cell mass can also result in an increase in glucagon
sensitivity which is permissive to increased gluconeogenesis in the liver (Thorel, Damond et al.
2011). Both fasting and diabetes are characterized by reduced insulin levels (Felig, Marliss et al.
1969, Matveyenko and Butler 2008). In diabetes, this is usually due to an absolute (type 1
diabetes) or a relative (type 2 diabetes) decrease in insulin concentration. Insulin is the main
inhibitor of gluconeogenesis, which is a process in the liver that mobilizes and converts noncarbohydrate sources into glucose to maintain normal brain activity and to also prevent
hypoglycemia (Barthel and Schmoll 2003). Thus, gluconeogenesis is observed in both fasting
and diabetes. However, type 1 diabetes is considered “runaway” fasting because gluconeogenesis
cannot be inhibited by insulin when glucose levels become too high, which results in chronic
hyperglycemia. 	

Even in the presence of high blood glucose, energy homeostasis is short-circuited because
insulin can no longer inhibit the lipolysis of adipose tissue. Because insulin is the driving force
behind de novo lipid synthesis (lipogenesis) in the liver, therefore, genes involved in fatty acid
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synthesis will display lower expressions, thus reduced lipid content in the liver (Table. 2.1) under

hypoinsulinemic conditions (Cherrington, Moore et al. 2007) as seen in our AhR-CKO mouse
livers after next generation RNA sequencing. We did not see an increase in insulin sensitivity in
the pre-natal AhR-CKO placed on a HFD which possible due to differences in insulin signaling
between the pre and post natal AhR-CKO.	

Both type 1 and 2 diabetes is characterized by impaired pancreatic β-cell function
(insulin secretion) and gradual loss of β-cell mass through apoptosis (Matveyenko and Butler
2008). Glucose toxicity has been shown to accelerate pancreatic β-cell apoptosis because glucose
is the physiological regulator of insulin secretion from pancreatic β-cells (Wajchenberg 2007). βcell mass is also affected by the inability of the cells to regenerate efficiently after apoptosis or
damage. Recent studies have shown that insulin-like growth factor 1 (IGF-I) mediates growth
and regeneration of the endocrine pancreas by increasing β-cell replication in mice (Agudo,
Ayuso et al. 2008). The bioavailability of IGF-1 in serum is diminished by increased
concentrations of insulin-like growth factor binding proteins (IGFBPs) (Rajaram, Baylink et al.
1997), which are known hepatokines reported for playing a role in mediating insulin resistance
or sensitivity and are also seen to be transcriptionally up-regulated in AhR-CKO mice livers
when compared to controls. Additionally, high circulating levels of FFAs as seen in the female
AhR-CKO mice have been associated with β-cell dysfunction and apoptosis resulting in lower
levels of insulin secretion (Giacca, Xiao et al. 2011). Morphometric analysis of various
pancreatic islet sizes revealed significantly smaller islet sizes in female AhR-CKO mice
compared to controls of the same age (Figure 2.5). These findings suggest that the loss of AhR in
the liver parenchyma potentially creates a systemic environment that promotes islet cell
apoptosis and inhibits islet cell regeneration, thereby resulting in the smaller pancreatic islet
sizes. 	
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The liver functions normally with moderate fat deposits because it is the major tissue of
de novo lipogenesis. However, a fatty liver (hepatic steatosis) can develop as a result of
excessive lipid synthesis in the liver, increased free fatty acids (FFAs) transport into the liver and
or decreased triglyceride (TG) export from the liver and reduced beta-oxidation of FFAs in the
liver (Lockman and Nyirenda 2010). The nonalcoholic fatty liver disease (NAFLD) spectrum
often begins with hepatic steatosis, which combined with hepatic inflammation and cell death
results in nonalcoholic steatohepatitis (NASH) and finally cirrhosis of the liver, which is
characterized by excessive scar tissue (reviewed in (van Hoek 2004)). Recent studies have shown
that the activated AhR induces increased FFA transport into the liver and subsequent lipid
accumulation (hepatic steatosis) via the up-regulation of a class B scavenger receptor known as
fatty acid translocase (FAT/CD36) (Lee, Wada et al. 2010). Next-generation RNA sequencing of
female control vs. AhR-CKO mice liver transcriptomes revealed a significantly down-regulated
CD36 transcript in the AhR-CKO livers (Table. 2.1), which along with the decreased stimulation
of lipid synthesis in the liver due to reduced insulin signaling explains the lower lipid content
seen in the AhR-CKO mice livers when compared to controls. 	

To assess if the loss of AhR at any time during mouse development is protective against
an obesogenic diet (41 Kcal % fat), we challenged control mice vs. AhR-CKO and control mice
vs. Tam-AhR-CKO mice both treated with tamoxifen for 3 months on a high-fat diet (HFD).
Both AhR-CKO and Tam-AhR-CKO mice were resistant to weight gain when compared to
controls on the HFD. Both hepatic AhR knockouts also revealed less hepatic steatosis and
smaller white adipocyte sizes when compared to controls (Figure 2.3 and 2.9). Tam-AhR-CKO
mice were also more tolerant to glucose and more sensitive to insulin after 2 and 3months on the
HFD when compared to controls (Figures. 2.10). 	


!62

!

!
To gain an understanding of how hepatic AhR may play a role in regulating energy
expenditure and possibly body temperature, we placed Tam-AhR-CKO vs. control mice into
comprehensive lab animal monitoring systems. Tam-AhR-CKO mice exhibited increases in body
temperature, energy expenditure, water consumption, and food consumption levels after hepatic
loss (baseline) of AhR when compared to controls (Figure 2.11). Metabolic cage studies on
female AhR-CKO mice fed a regular chow diet revealed no differences in food and water
consumptions when compared to controls (Figure 2.4), however, the CLAMS cages revealed
increases in food and water consumption in Tam-AhR-CKO mice after hepatic loss of AhR.
These differences in the amount of food and water consumed between the AhR-CKO (pre-natal
AhR knockout) and Tam-AhR-CKO (post-natal AhR knockout) is possibly due to the AhR-CKO
representing a steady state after hepatic loss of AhR while the Tam-AhR-CKO represents
changes in metabolism after immediate loss of hepatic AhR. Another explanation for the
differences in food and water consumption amounts between the two AhR-CKO genotypes
may be due to the CLAMS being a much more accurate system to measure food and water than
the metabolic cages, which does not account loss of food and water in the waste collection
tubes. Additionally, Tam-AhR-CKO exhibited significantly higher RERs after hepatic loss when
compared to control mice treated with tamoxifen (Figure 2.11). It is important to note that TamAhR-CKO mice exhibited reduced activity (wheel counts) up to 4 weeks after tamoxifen
treatment, which was not seen in control mice treated with tamoxifen (Figure 2.11.F). Therefore,
changes observed in RER, energy expenditure, food and water consumption, and body
temperatures in Tam-AhR-CKO mice after hepatic loss of AhR appear to occur independent of
changes in mice activity. My results demonstrate that while Tam-AhR-CKO mice are not very
active compared to controls and ate more, they still exhibit reduced rate of weight gain possibly
due to increases in the rates of energy expenditure after hepatic loss of AhR. An RER of 1.0 is
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indicative of a 100% carbohydrate and 0% fat diet vs. an RER of 0.7 which is indicative of a
100% fat and 0% carbohydrate diet. RER’s between 0.7 and 1.0 are indicative of a mixed diet of
fat and carbohydrates often seen by during exercise. After hepatic loss of AhR, Tam-AhR-CKO
mice exhibited RERs of approximately 1.0 or >1.0 during the dark cycle (6PM to 6AM) when
compared to control mice, which exhibited RERs approximately in the 0.8 - 0.85 range. Both
groups of mice exhibited a drop in RER levels after the 6 weeks time point due to a change in
calibration in carbon dioxide at inlet in all CLAMS from 7 through 10 weeks time points.
However, while CLAMS calibration changes uniformly in all mice the Tam-AhR-CKO mice
exhibit significantly higher RERs after 8, 9, and 10 weeks after hepatic loss of AhR (Figure
2.11.D). This data indicated that the loss of AhR in the mice livers results in a change in
metabolism where Tam-AhR-CKO mice utilize carbohydrates as a main fuel source. Increases in
RER in the Tam-AhR-CKO correlates with the increases in glucose and insulin levels seen after
AhR knockout in the liver (Figure 2. 8). It is possible that Tam-AhR-CKO mice are being forced
to utilize glucose as there fuel source due to increased glycemia and insulin signaling. However,
the average RER’s during the light cycle (6AM to 6PM) were quite similar between Tam-AhRCKO and control mice (Figure 2.11.E). In the midst of less activity, AhR-CKO mice also
exhibited increased rates of energy expenditure from baseline levels while utilizing
carbohydrates as a main fuel source suggesting that their adipose tissue may be used by other
processes thereby causing the mice to rely on glucose. 	

Utilizing the tamoxifen-inducible AhR-CKO (Tam-AhR-CKO) mice, we conducted next
generation RNA sequencing of liver transcriptomes from control vs. Tam-AhR-CKO treated with
tamoxifen for 1 week which represented a more immediate loss of AhR in adult mice livers
versus the pre-natal loss of hepatic AhR (AhR-CKO). These results revealed significant changes
in the expressions of several previously characterized hepatokines shown in Table. 2.2. We paid
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particular attention to the increased transcript expression of fibroblast growth factor 21 (FGF21)
(Table. 2.2). FGF21 is a secreted factor that is predominantly made in the liver (Fon Tacer,
Bookout et al. 2010), thus termed hepatokine that modulates glucose and lipid homeostasis as
well as ameliorate insulin resistance and glucose disposal in obese diabetic mice (Kharitonenkov,
Shiyanova et al. 2005, Xu, Lloyd et al. 2009). FGF21 has also been shown to promote pancreatic
beta cell survival and insulin secretion (Wente, Efanov et al. 2006). We validated FGF21
expression in the liver using qRT-PCR, and in the blood using ELISA, and mass spectrometry
(LC/MS SRM) techniques as seen in Figure 2.12. The initial loss of AhR in the adult liver also
resulted in an increase in glycaemia (Figure 2.8) and thus an increase in insulin secretion as in
the case of insulin resistance (Ginsberg, Kimmerling et al. 1975) as observed using OGTTs after
1 to 3 weeks after tamoxifen treatment (Figure 2.8). This is possibly due to the promotion of beta
cell survival conferred by increased circulating levels of FGF21, which is known to ameliorate
increases in glycaemia (Wente, Efanov et al. 2006). Blood glucose levels appear to drop down to
normal levels between 5 and 10 weeks after loss of AhR in the liver (Figure 2.8) possibly due to
increased insulin production. We also presume that the observed drop in circulating insulin levels
promotes a resurgence in increased glycaemia after 10 weeks loss of AhR in the adult mice livers
(Figure 2.8). 	

Utilizing Tam-AhR-CKO mice to conduct time course experiments, we observed that the
loss of hepatic AhR revealed changes in the white adipocyte morphology from displaying
unilocular lipid vacuoles to exhibiting multilocular lipid vacuoles which is characteristic of

brown adipose tissue (Figure 2.13). This is a phenomenon known as the browning of white
adipose tissue into beige fat (reviewed in (Harms and Seale 2013)). In addition to the role of
FGF21 in modulating glucose disposal and insulin responsiveness in obese and diabetic mice,
FGF21 is also the only known secreted factor from the liver that can modulate the browning of
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white adipose tissue and stimulate increased thermogenesis in BAT (Fisher, Kleiner et al. 2012).
Therefore, we hypothesized that hepatic Aryl hydrocarbon receptor activity augments the
thermogenic gene program in white adipose tissue through direct regulation of FGF21.	


!
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Chapter 3: Hepatic Aryl Hydrocarbon Receptor Activity Augments The
Thermogenic Gene Program In White Adipocytes Through Direct Regulation
of Fibroblast Growth Factor (FGF) 21
INTRODUCTION
The Aryl Hydrocarbon Receptor (AhR) is a cytosolic, ligand-activated transcription factor that
mediates the effects of xenobiotics such as polycyclic and halogenated aromatic hydrocarbons
(Hogenesch, Chan et al. 1997). Additionally, studies using AhR-KO (AhR-null) mice have
demonstrated several possible physiological roles for the AhR in various organ systems
(Gonzalez and Fernandez-Salguero 1998). AhR activity has also been implicated in mediating
obesity as demonstrated in mice expressing the low affinity AhR(d) allele which, displayed
significantly smaller body weights while on a 60 kcal% HFD when compared to age matched
mice expressing the high affinity AhR(b) allele on the same diet (Kerley-Hamilton, Trask et al.
2012). Most recently, AhR null and heterozygous male mice were utilized to show that AhR
deficiency results in increased energy expenditure in brown fat that is protective against weight
gain on a HFD (Xu, Wang et al. 2015). These data provided clues of the importance of
physiological AhR activity in mediating lipid/energy homeostasis. These data also implicate the
AhR in the pathogenesis of obesity, which is defined by excessive amounts of body fat resulting
in a high body mass index (BMI). The liver has been identified as a major endocrine regulator of
obesity as recent evidence has shown that liver-derived proteins called hepatokines can affect
adipose tissue function and thus obesity (Stefan and Haring 2013). Based on this evidence, we
utilized inducible liver-specific tamoxifen inducible AhR-CKO (Tam-AhR-CKO) mice to assess
how AhR activity in the functional acinus (hepatocytes) of the liver affects overall lipid/energy
homeostasis. Hepatokines such as fibroblast growth factor (FGF) 21 was shown to ameliorate
fatty liver and insulin resistance in diet-induced obese mice, promote beta cell survival and also
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modulate insulin secretion in mice (Kharitonenkov, Shiyanova et al. 2005, Wente, Efanov et al.
2006, Xu, Lloyd et al. 2009). FGF21 was also shown to alter the thermogenic properties of white
adipose tissue (WAT) by increasing the expression of mitochondrial uncoupling protein 1
(UCP1) in mice (Fisher, Kleiner et al. 2012). UCP1 is a mitochondrial transmembrane protein
that uncouples the proton flux generated by oxidative phosphorylation from ATP synthesis to
instead produce heat (Nicholls, Bernson et al. 1978). UCP1 is activated by fatty acids, thereby
changing the function of WAT from fat storing into fat burning to produce heat, which is
essentially the function of brown adipose tissue (BAT) (Nicholls, Bernson et al. 1978, Gesta,
Tseng et al. 2007, Fedorenko, Lishko et al. 2012). It is important to note that BAT and brownlike white adipose tissue have different cell lineages. Thus, brown-like adipocytes mixed in with
white adipocytes are commonly known as beige or brown in white (brite) fat (Wu, Bostrom et al.
2012). Recently, FGF21 was identified as a novel AhR target (Cheng, Vispute et al. 2014)
suggesting that AhR activity in the liver may play a role in modulating the thermogenic
properties of adipose tissue. Brown adipose tissue functions differently from white adipose tissue
in that it modulates the production of energy in the form of heat through increased mitochondrial
expression of UCP1 (Fedorenko, Lishko et al. 2012), whereas, white adipose tissue stores energy
as fat (Trayhurn and Beattie 2001). Using next generation RNA sequencing, qRT-PCR
validation, Western Blot, Elisa, and mass spectrometry, we confirmed increased expression of
hepatic and circulating FGF21. Based on this evidence, we hypothesized that hepatic AhR
activity induces the browning of white adipose tissue through direct regulation FGF21. To test
this hypothesis we confirmed increases in the expression thermogenic mitochondrial protein,
UCP1, and increased uncoupled mitochondrial respiration rates in the gonadal white fat collected
from Tam-AhR-CKO mice vs. control mice treated with tamoxifen (Figure 3.2). Using primary
hepatocytes derived from AhRfx/fx vs. Tam-AhR-CKO mice, we also demonstrated that the loss
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of AhR in-vitro resulted in an increase in the FGF21 message within 24 hours after tamoxifen
treatment at various concentrations (Figure 3.4). When AhRfx/fx vs. Tam-AhR-CKO primary
hepatocytes were both treated with tamoxifen then co-cultured with differentiated 3T3L1 beige
like adipocytes (Asano, Kanamori et al. 2014) using transwell inserts, we were also able to
demonstrate increased expression of UCP1 in beige like adipocytes co-cultured with Tam-AhRCKO primary hepatocytes. 	

	


Utilizing AhRfx/fx mice, treated with vehicle (corn oil) or TCDD, we demonstrated that

AhR directly regulates FGF21 at the gene level. Using In Silco analysis, we were able to identify
3 putative xenobiotic response elements (XRE’s) within a -2kbp/+1 fragment of the FGF21
promoter. Using FGF21 promoter constructs in a dual luciferase reporter system, we were then
able to demonstrate that one of these XRE’s is capable of repressing FGF21 promoter activity. To
evaluate the role of hepatic FGF21signaling in the browning of white adipose tissue seen in the
Tam-AhR-CKO mice, our lab has generated tamoxifen inducible FGF21/AhR double conditional
knockout mice (AhR-FGF21-CKO). After tamoxifen treatment, which resulted in the knockout
of both hepatic AhR and FGF21 (Figure 3.4.A), we observed unilocular white adipocytes which
confirmed that FGF21 is responsible for the browning of white fat observed after the loss of
hepatic AhR. 	

MATERIALS AND METHODS
Materials
Insulin (humalin R, Lilly USA), 3,3’,5-Triodo-L-thryonine (T3) (Sigma-Aldrich Corp # T-2877
St. Louis, MO), Newborn calf serum (NBCS, Waltham, MA USA), Fetal bovine serum (FBS,
Waltham, MA USA), Rosiglitazone (Sigma-Aldrich Corp # R2408, St. Louis, MO),
Isoproterenol (Sigma-Aldrich Corp #I6504, St. Louis, MO) , mouse recombinant FGF21(Abcam
#63277, Cambridge, MA), Dexamethasone (Sigma-Aldrich Corp #D1756 St. Louis, MO), 3!69
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Isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich Corp #I5879 St. Louis, MO), Tamoxifen
(Sigma-Aldrich Corp #H7904) St. Louis, MO), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was
purchased from Cerilliant (Round Rock, TX).	

Animals, Treatments and Sample Collection.
All experimental procedures were approved by the Animal Care and Use Committee of the
University of Texas Medical branch and all animals were treated humanely. Animals were either
fed a regular rodent diet #7912 chow diet (Harlan Teklad, Madison, WI) or 41 Kcal % high fat
diet (HFD) # D12079B (Research Diets, New Brunswick, NJ). Female AhRfx/fx

(controls),

female AhRfx/fx/Cre-ERTAlb (Tam-AhR-CKO), and female AhRfx/fx/ FGF21fx/fx/Cre-ERTAlb (AhRFGF21-CKO) mice ages 8 - 12 weeks old were used in all histological, metabolic, and RNA
sequencing analysis studies and were given ad libitum access to food and water while being
housed in sterile environment. AhRfx/fx mice were purchased from the Jackson Laboratory (Bar
Harbor, ME) and mice expressing Cre-ERTAlb were gifted to our lab by Pierre Chambron via Dr.
Ben Stanger at the University of Pennsylvania. Prior to blood tissue collection, mice were fasted
for 6 hours then anesthetized with an intraperitoneal injection of sodium pentobarbital (40-80 mg/
kg). Control and Tam-AhR-CKO mice were treated with 75ug/kg BW tamoxifen for 3
consecutive days then sacrificed 1 day, 3 days, 1 week, 5 weeks or 10 weeks after first tamoxifen
treatment. Resection of vital organs at the end of study was conducted to ensure euthanization of
the animal.	

Histology, immuno-histochemistry and morphometric analysis of Uncoupling protein 1 (UCP1). 	

Mice were fasted for 6 hours then euthanized via 3% isofluorane. Mice tissues were resected, fixed in 10%
formalin in PBS, routinely embedded in paraffin or OCT compound (Sakura Finetek, Torrance, CA) for
obtaining frozen sections, sectioned and stained with hematoxylin and eosin. Immunohistochemical analysis of UCP1 was conducted using a mouse UCP1 antibody, #ab10983
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(Abcam, Cambridge, MA) as previously described (Fu, Seok et al. 2014). Adipose tissue was
imaged at 100X magnification on a Zeiss Axiovert 200 inverted microscope (Zeiss Microscopy,
Thornwood, NY). The UCP1positive adipocytes were stained brown.	

Genomic DNA Extraction and Constructs and Luciferase Report Assays.
Genomic DNA extraction was described previously (Laird, Zijderveld et al. 1991). The mouse
FGF21 promoter (−250/+1) and (-1000/+1) sequences was generated by PCR using Taq
polymerase, genomic DNA and primers 1 and 2 (Appendix. 1). The PCR products were subcloned into the KpnI and XhoI sites of the firefly dual luciferase PGL3-promoter vector
(Promega Corporation, San Luis Obispo, CA) to generate the resultant plasmid constructs
pFGF21/-250Luc and pFGF21/-1kbLuc and the DNA was sequence-verified. For transfection
experiments, primary hepatocytes were isolated and cultured in six-well plates and transiently
cotransfected with the firefly luciferase constructs and the Renilla reniformis luciferase-encoding
pRL-SV40 vector (Promega), which was used as an internal control. Cells were transfected using
Metafetene pro transfection reagent (Biontex, San Diego, CA). In brief, 500ul of transfection
medium containing 200 ng of luciferase reporter plasmid was added per well of 90% of
appropriate cells along with 20 ng of the pRL-SV40 plasmid and 10μl of metafectene pro
(Biontex). After 24 hours, cells were treated with TCDD for further 24-hours. Dual luciferase
assays (firefly and R. reniformis) were performed with a dual-luciferase reporter kit (Promega)
according to the manufacturer's instructions. 	

Chromatin Immunoprecipitation (ChIP) Assays.
Chromatin immunoprecipitation (ChIP) assays on whole mouse liver tissues were performed as
described previously (Wilson, Joshi et al. 2013). In brief, the livers from both 2 hours vehicle
(corn oil) treated controls (AhRfx/fx) and TCDD treated AhRfx/fx mice were resected, finely diced,
and chromatin was cross-linked to protein by incubating with 1% formaldehyde (Fisher
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Scientific, Houston, TX) in phosphate-buffered saline on a shaker for 10 minutes at room
temperature. The cross-linked chromatin was homogenized using a Pyrex dounce homogenizer
then centrifuged at 3200 x g for 5 minutes at4°Cto pellet nuclei. The pellet was resuspended in 4
ml of cell lysis buffer (5mM piperazine-N,Nʹ′-bis (2-ethanesulfonic acid) (PIPES) adjusted to pH
8.0, 0.5%NP40, 85mM KCl, , and 4 ul of protease inhibitor cocktail), and homogenized using a
pyrex Dounce homogenizer. Homogenized samples were placed on ice for 20 minutes,
centrifuged at 3200 x g for 5 minutes at 4°C,and the pellet was processed using ChIP-IT Express
Enzymatic Kit (Active Motif,Carlsbad, CA) according to the manufacturers protocol. We then
conducted enzymatic shearing of the chromatin using a micrococcal nuclease EnzymaticShearing
Cocktail (Active Motif) incubated in a water bath at 37°C for 15 minutes. The sheared chromatin
was then incubated overnight with magnetic protein G beads and the appropriate antibodies, AhR
(Abcam, Cambridge,MA), IgG (Cell Signaling Technology, Danvers, MA) as negative control,
and,histone H3 as positive control (Abcam, Cambridge, MA). Immuno-precipitated and input
DNA were PCR amplified using primers (Appendix. 1) designed around XREs (CACGC)
located at -72/+1, -862/+1, and -1744/+1 in the FGF21 promoter. The PCR products were
separated on 5% polyacrylamide gels previously stained with SYBR Green I (Life Technologies,
Grand Island, NY), and imaged on Typhoon Trio, and band intensity was measured using
ImageQuant (GE Healthcare Life Sciences).	

Mouse Primary Hepatocyte Isolation and Treatments.
Hepatocytes from AhR-fx/fx and Tam-AhR-CKO mice were isolated using collagenase perfusion
method as previously described (Park et al., 2005). Isolated primary hepatocytes were plated at a
density of either 500,000 or 1,000,000 cells/cm2 in Williams E medium containing 1% Penicillin
(100 U/ml), streptomycin (100 μg/ml) and 5% fetal bovine serum. To assess AhR knockout and
FGF21 message, AhR-floxed and Tam-AhR-CKO primary hepatocytes were treated with 1uM !72
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5uM tamoxifen for period of 24hours. For dual luciferase reporter experiments AhR-floxed
primary hepatocytes were plated overnight then transfected with PGL3/FGF21 promoter
plasmids for 24 hours then treated with DMSO or 6nM TCDD for 24 hours. For co-culture
experiments, AhR-floxed and Tam-AhR-CKO mice primary hepatocytes were isolated and
treated with 2uM tamoxifen for 24 hours. 	

3T3L1 Fibroblast Culture and Differentiation.
Mouse 3T3L1 fibroblasts purchased from American Type Culture Collection (ATCC, Manassas,
VA) were cultured to sub confluency (70 – 80%) in DMEM containing 1% Penicillin (100 U/ml),
streptomycin (100 μg/ml) and 10% newborn calf serum. 3T3L1 fibroblasts were then plated in 6
well plates (corning, Tewksbury, MA) and differentiated into white and beige-like adipocytes
over a period of 8 days using various concentrations of insulin, T3, rosiglitazone, dexamethasone
and as previously described (Asano, Kanamori et al. 2014). To induce UCP1 message in 3T3L1
beige-like adipocytes, cells were treated with beta adrenergic agonist, isoproterenol at a
concentration of 10 mM for four hours as previously described. UCP1 message expression was
also assessed in 3T3L1 beige-like adipocytes treated with mouse recombinant FGF21 at a
concentration of 0.1mM for four hours. For co-culture experiments, AhRfx/fx and Tam-AhRCKO primary hepatocytes were isolated and immediately treated with 2uM tamoxifen and plated
at a density of 500,000 cells in 24mm transwell inserts coated with collagen (Corning,
Tewksbury, MA) then placed into wells containing 3T3L1 beige-like adipocytes for a period of
24 hours, then UCP1 message expressions were analyzed.	

Oil red O staining of 3T3L1 Cells.
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3T3L1 cells were stained for lipids with Oil red O (ORO) as per the manufacturer’s protocol
(BioVision, Inc., CA, USA). Attached undifferentiated, and differentiated 3T3L1 fibroblasts had
all media removed and cells were washed 2X with PBS. Cells were fixed in 10% formalin for 1
hr at room temperature. Cells were then washed 2X with PBS and 60% isopropanol was added to
cells for 5 minutes. Isopropanol was removed and 60% ORO working solution from the kit was
added to cells for 20 minutes at room temperature. ORO solution was removed and cells were
washed with water until excess staining was washed away. Hematoxilin was added to cells for
one minute to stain nuclei, then removed and cells were washed with water until excess staining
was washed away. Cells were kept in water for imaging.	

High-Resolution Respirometry
Fat(gonadal white fat and brown fat) tissue was collected from mice and placed in mitobiops
buffer solution before conducting respirometry experiments. Within30-180 minutes after
resection of fat, approximately 20mg of white fat and 10mg of brown was blotted on filter paper
to remove excess water and weighed on a precision micro-balance (Mettler-Toledo, Zaventem,
Belgium). Fat was placed into an Oxygraph respirometer chamber (Oroboros Instruments,
Innsbruck,Austria) with approximately 2 ml of pH adjusted respiration buffer containing,3mM
MgCl2, 20mM taurine, 0.5mM EGTA 10mM KH2PO4,20mM HEPES, 60mM K-lactobionate,
110mM sucrose, 1mg/ml essential fatty acid free bovine serum albumin, and 2μM digitonin.
Oxygen levels were maintained at concentrations ranging from 200-400μM and temperature was
kept constant at37oC for the duration of all experiments. The rate of oxygen flux per mg of fat
tissue was recorded at 2 - 4 seconds intervals (DatLab, Oroboros Instruments, Innsbruck,
Austria). Respirometry states within the fat samples were determined sequentially over the
course of the experiment which typically lasts between 45-60 minutes. To assess the
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mitochondrial respiratory capacity and function we added the substrates 5mM pyruvate, 1.5mM
octanoyl-l-carnitine, 2mM malate, 10mM succinate, and 10mM glutamate. To ensure instrument
stability, a background calibration was conducted on polygraphic oxygen sensors at air
saturation.	

Statistical analysis.
Results are reported as mean ± SEM. Statistical analysis of the data was performed with a
Student t test (two tailed) on the Graphpad Prism software, Inc., Version 5.0. (GraphPad
Software, San Diego, CA) which was used to calculate statistical significance (* p ≤ 0.05, ** p ≤
0.01, *** p ≤ 0.001). 	

RESULTS
AhR Directly Regulates The Gene Expression of FGF21 in The Mouse Liver.
	


To confirm the role of AhR in the direct regulation of FGF21, we utilized the livers of

Tam-AhR-CKO mice after 1 week tamoxifen treatment vs. controls to conduct next generation
RNA sequencing on the liver transcriptomes. RNA sequencing revealed an ~ 2 fold induction of
FGF21 transcript after a 1 week loss of AhR in the liver (Table. 2.2), which was confirmed using
qRT-PCR (Figure 2.12.A). We conducted a similar experiment in Tam-AhR-CKO primary
hepatocytes treated with tamoxifen for 24 hours, which also revealed an increase in FGF21
transcripts after loss of AhR in the hepatocyte (Figure 3.4.C). We then confirmed FGF21 protein
expression in the serum using an FGF21 ELISA asassy (Figure 2.12.B) and Selected Reaction
(SRM) of FGF21 (Figure 2.12.C), which revealed significant increases in FGF21 protein
expression in the serum. Previously, FGF21 was reported to be induced in wildtype mouse livers
after treatment with 40 ug/kg/day TCDD for 4 consecutive days (Cheng, Vispute et al. 2014).
Therefore, we conducted time course experiments, where mice were treated with a single lower
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Figure 3.1. AhR directly regulates the gene expression of FGF21 in the mouse liver. A) qRT-PCR
analysis reveals transient induction of hepatic FGF21 message in vivo after a single dose of TCDD (20ug/
kg). n=1. B) Insilico analysis of a -2kb fragment of the FGF21 promoter revealed 3 putative XRE’s
located at -72 bp (proximal), -862 bp (mid range), and -1744 bp (distal). C) ChIP pulldown of AhR to the
3 putative Xre’s in the absence of exogenous ligand TCDD revealed constitutive binding of AhR at each
XRE location. However, a 2 hour TCDD treatment revealed an increase in AhR pulldown at the proximal
XRE, no change in AhR pulldown at the mid range XRE, and a decrease in AhR pulldown at the distal
XRE. D) Using Insilico analysis of the FGF21 promoter, we located a region that had no putative XRE’s
and demonstrated no AhR pull down to this location in the presence or absence of TCDD. E) Using
fragments of FGF21 promoter containing the proximal XRE (250 bp) and both proximal and mid range
(-1 kb) in a dual luciferase reporter system, we were able to demonstrate increased FGF21 promoter
activity after primary AhRfx/fx mice hepatocytes were transfected with both the 250 bp and the 1kb
fragments of the FGF21 promoter then treated with TCDD. However, the 1 kb fragment revealed a
significant reduction in luciferase/promoter activity after TCDD treatment when compared to the 250 bp
fragment of the FGF21 promoter. n=3 separate mice/hepatocyte prep and treatment experiments/group.
Error bars represent mean values ± S.E.M. *,✝p  <  0.05, **p  <  0.01.

!76

!

!
dose of TCDD (20ug/kg BW) for up to 2 and 24 hours to monitor FGF21 message expressions
(Figure 3.1.A). We also conducted chromatin immuno-precipitation (ChIP) on AhR binding to
the xenobiotic response elements (XRE’s) located at -72/+1 bp, -864/+1 bp, and -1744/+1 bp in
the FGF21 promoter (Figure 3.1.B). ChIP revealed constitutive binding of AhR to all three
XRE’s located within the first 2kb of the FGF21 promoter in the absence of exogenous AhR
agonist (Figure 3.1.C). However, after 2 hours AhR activation with TCDD (in-vivo), we observed
increased AhR binding at the -72 bp XRE in the FGF21 promoter. No observed increase of AhR
binding at the -864 bp XRE, and decreased AhR binding was observed at the -1744 bp XRE
(Figure 3.1.C) suggesting that although all three XRE’s confers AhR binding to the FGF21
promoter in-vivo, they function differently in response to exogenous AhR activation. As a
control, we utilized in silco analysis to identify a region within the FGF21 promoter located at
approximately -2600/+1 bp, which contained no putative XRE’s. ChIP analysis of this region of
the FGF21 promoter revealed no AhR pulldown to the FGF21 promoter (Figure 3.1.D). We also
confirmed the role of AhR in the transcriptional regulation of the FGF21 promoter activity by
sub-cloning a 250 bp fragment containing the -72 bp XRE and another 1kb fragment containing
both the -72 bp and -864 bp XRE’s of the FGF21 promoter into a dual luciferase reporter system
(Figure 3.1.E). Isolated primary hepatocytes from AhRfx/fx mice livers were plated overnight
then transiently transfected with these constructs for 24 hours then treated with DMSO or TCDD
for another 24 hours as previously described Huang and Elferink 2012. After the 24 hours TCDD
treatment, we observed significant increases in luciferase activity of TCDD treated cells vs.
DMSO for both transfected constructs, however, the 1 kb construct containing the -72 bp and
-864 bp XRE’s displayed a significantly smaller increase in luciferase activity when compared
the construct containing only the -72 bp XRE (Figure 3.1.E).	
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Loss of AhR Activity In The Liver Alters The Thermogenic Properties of White Fat In-vivo.	

	


To assess the effects of increased circulating FGF21 after loss of AhR in the mouse liver

on adipose tissue we conducted immuno-histochemical analysis of mitochondrial UCP1 in the
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Figure 3.2. Loss of AhR Activity In The Liver Regulates The Thermogenic Properties of White
Fat In-vivo. A) The loss of AhR in the adult mice livers results in increased mitochondrial expression
of uncoupling protein 1 (UCP1) in the gonadal white fat (GWAT) taken from Tam-AhR-CKO vs.
AhRfx/fx as early as 3 days to 10 weeks after tamoxifen treatment as indicated by the black arrows. B)
Measurement of uncoupled mitochondrial respiration rates in the GWAT taken from mice treated with
tamoxifen for 5 weeks revealed a significant increased state 2 mitochondrial respiration rates in TamAhR-CKO mice WAT. n=6 mice/group. and C) and also Tam-AhR-CKO brown adipose tissue (BAT).
n=6 mice/group. when compared to control mice WAT and BAT state 2 mitochondrial respiration rates.
Error bars represent mean values ± S.E.M. *,p  <  0.05.
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gonadal white adipose tissues removed from Tam-AhR-CKO mice vs. control mice at various
time points. We observed increased expressions of UCP1 in the gonadal white fat taken from
Tam-AhR-CKO mice treated with tamoxifen for 1 day or up to 3 days then sacrificed at the 1
day, 3 days, 1 week, 5 weeks and 10 weeks after the first tamoxifen treatment. Control mice were
200X

treated with tamoxifen for 1 day or up to 3 days then sacrificed at the 1 day, 3 days, 1 week, 5
weeks and 10 weeks after the first tamoxifen treatment (Figure 3.2.A). To assess the functionality
of the increased expressions of mitochondrial UCP1 seen in the white fat removed from TamAhR-CKO mice, we measured mitochondrial respiration rates in the mice white adipose tissues,
which revealed significantly higher mitochondrial respiration rates in the Tam-AhR-CKO white
fat treated with tamoxifen for 5 weeks (Figure 3.2.B). We also measured the uncoupled
mitochondrial respiration rates in the brown fat removed from Tam-AhR-CKO mice treated with
tamoxifen for 5 weeks, which also revealed significantly higher uncoupled mitochondrial
respiration rates (Figure 3.2.B). 	

Pharmacological Inhibition of AhR Alters The Thermogenic Properties of White Fat Invivo.	

To evaluate if the global inhibition of AhR in the mouse results in changes in the thermogenic
gene properties of white adipose tissues, we treated AhRfx/fx mice with a specific and potent AhR
antagonist,

2-methyl-2H-pyrazole-3-carboxylic

acid

(2-methyl-4-o-tolylazo-phenyl)-amide

(CH223191). Mice were treated daily with vehicle (corn oil) and CH223191 (10 mg/kg) for 1
day and 1 which revealed changes in the white fat morphology after 1 day and 1 week treatment
with CH223191 (Figure 3.3.A). However, we did not observe increases in UCP1 expression in
the white fat collected from animals treated with the AhR antagonist after 1 day treatment but
rather after 1 week treatment when compared to the white fat collected from control mice (Figure
3.3.A). Additionally, we observed an increase in the circulating insulin and glucose levels in
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Figure 3.3. Pharmacological Inhibition of AhR Alters The Thermogenic Properties of White Fat Invivo. A). Pharmacological inhibition of AhR in AhRfx/fx mice using AhR antagonist, CH223191 results in
increased uncoupling protein 1 (UCP1) expression in white fat after 1 week compared to vehicle treated
AhRfx/fx mice. B) AhRfx/fx mice treated with Ch223191 after 1 week display increased glycemia. n=3 mice/
group and C) increased circulating insulin levels. n=3 mice/group. Error bars represent mean values ±
S.E.M. *,p  <  0.05.

mice treated with the AhR antagonist for 1 week when compared to controls (Figure3.3.B). 	

Loss of AhR Activity In The Liver Alters The Thermogenic Properties of White Fat Invitro.	

To assess if the loss of AhR in isolated primary hepatocytes can affect the expressions of
genes associated with the browning of white fat in adipocyte cultures, we co-cultured AhRfx/fx
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Figure 3.4. Loss of AhR Activity In The
Liver Regulates The Thermogenic
Properties of White Fat In-vitro. A) 3T3L1
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and Tam-AhR-CKO primary hepatocytes treated with 2uM tamoxifen with differentiated 3T3L1
beige-like adipocytes (Figure 3.4.A) for a period of 24 hours, which revealed an increase in the
UCP1 message expression in 3T3L1 beige-like adipocytes co-cultured with Tam-AhR-CKO vs.
AhRfx/fx primary hepatocytes treated with tamoxifen (Figure 3.4.C). We also confirmed increased
expression of FGF21 message in Tam-AhR-CKO primary hepatocytes treated with 1-5uM
tamoxifen for 24 hours (Figure 3.3.D). We then confirmed significant increases in UCP1 message
expression in 3T3L1 beige-like adipocytes treated with mouse recombinant FGF21 (Figure
3.4.E). All experiments involving beige-like 3T3L1 adipocytes were controlled with
isoproterenol treatment to ensure that the differentiated adipocytes can induce UCP1 expression
(Figure 3.4.B).	

White Adipose Tissue Morphologies After Loss of hepatic FGF21 and AhR in Adult Mice.	

To evaluate the role of FGF21 in the browning of the white fat seen in AhR-CKO mice after
treatment our lab has generated AhR-FGF21-double-CKO mice. As controls we utilized non
tamoxifen treated AhR-FGF21-CKO mice. 1 week and 10 weeks post tamoxifen treatment of
AhR-FGF21-CKO mice resulted in recombination of the AhR gene and resultant expression of a
truncated transcript and also loss of FGF21 transcript as the loxP sites flank the entire FGF21
ORF (Figure 3.5.A). Immuno-histochemical analysis revealed unilocular gonadal white
adipocytes and no positive UCP1 staining in the 1 and 10 weeks tamoxifen treated mice groups
(Figure 3.5.B). Similar observations were made in the non tamoxifen treated AhR-FGF21-CKO
mice (controls) (Figure 3.5.B). These data confirmed that FGF21 is solely responsible for the
browning of white fat seen in AhR-CKO mice.	
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Figure 3.5. White Adipose Tissue Morphology After the loss of hepatic AhR and FGF21 in
Adult Mice. A) RT-PCR analysis of AhR and FGF21 transcript expressions in AhR-FGF21-CKO
mice livers after tamoxifen treatment for 1 and 10 weeks. Tamoxifen treatment resulted in the smaller
AhR-CKO band and loss of FGF21 message when compared to non tamoxifen treated mice. B)
Treated or non tamoxifen treated AhR-FGF21-CKO mice displayed unilocular gonadal white
adipocytes and were also negative for UCP1. Images of 1 week and 10 weeks AhR-FGF21-doubleCKO are representative images.
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DISCUSSION
Obesity affects millions of people throughout the U.S. and the world and yet the
underlying genetic causes of the disease remain unclear (Association 2013, Zimmet, Magliano et
al. 2014, Ard 2015, Krzysztoszek, Wierzejska et al. 2015). The AhR has been previously
implicated in mediating obesity as mice expressing a low affinity AhR allele (B6.D2R) displayed
significantly reduced body weight gain while on a high fat western diet when compared to age
matched mice expressing the high affinity AhR allele (B6W) on the same diet (Kerley-Hamilton,
Trask et al. 2012). Most recently, AhR null and heterozygous mice were utilized to show that
AhR deficiency results in increased energy expenditure in brown fat which is protective against

weight gain and hepatic steatosis on a HFD (Xu. C-X., et al 2015). Here, we show for the first
time, a link between physiologic hepatic AhR activity and obesity. We also provide evidence that
the liver specific activity of AhR communicates with the adipose tissue to alter its morphology
and function, which represents critical issues towards the understanding the etiology of obesity. 	

We report the novel finding that loss of AhR activity in the liver parenchyma augments
mice body weights through possibly altered white adipose tissue function (Figure 3.2). The
hepatocyte specific loss of AhR in female AhR-CKO mice livers was also protective against
weight gain and hepatic steatosis on a high-fat diet (Figure 2.9). Time course experiments on
Tam-AhR-CKO mice revealed the multilocular appearance of white adipose tissue, a
phenomenon known as browning of white adipose tissue into beige fat (Petrovic, Walden et al.
2010) as early as 3 days after loss of AhR in the adult liver (Figure 3.2). These results confirmed
that the loss of AhR in the liver at any time during mouse development affects the morphology of
the adipose tissue (Figure 2.7). This implies that adipocyte physiology is influenced by
continuous AhR signaling from the liver. We confirmed increases in the expression of the
thermogenic mitochondrial protein, UCP1 and also increased mitochondrial respiration rates in
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Tam-AhR-CKO mouse adipocytes (Figure 3.2), which may explain why these mice exhibited a
slower rate of weight gain when compared to controls after tamoxifen treatment. Using a specific
and potent AhR antagonist, 2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazophenyl)-amide (CH223191), we were able to phenocopy increased expression of UCP1 in the
white fat taken from AhRfx/fx mice treated with the AhR antagonist for 1 week (Figure 3.3). We
also reported similar increases in glycemia and circulating insulin levels (Figure 3.3) as was seen
after the immediate (1 week) loss of AhR in adult female mice as seen in Figure 2.8. These
results demonstrate that we can pharmacologically phenocopy the effects of hepatic loss of AhR
in adult female mice on the browning of white fat, and increases in glycemia and circulating
insulin.	

Next generation RNA sequencing of liver transcriptomes after the initial loss of AhR in
the liver parenchyma exhibited a significant increase in the transcript expression of fibroblast
growth factor 21 (FGF21) (Table. 2.2). FGF21 is a secreted factor that is predominantly made in
the liver (Tacer, Bookout et al. 2010), thus termed hepatokine that modulates glucose and lipid
homeostasis as well as ameliorate insulin resistance and thus glucose disposal in obese, diabetic
mice (Kharitonenkov, Shiyanova et al. 2005, Xu, Lloyd et al. 2009). Using in silco analyses of
the FGF21 promoter, we were able to identify various AhR binding sites (XRE’s) that facilitated
constitutive AhR binding in the absence of exogenous AhR agonist, TCDD (Figure 3.1). Using
chromatin immunoprecipitation (ChIP) we were able to demonstrate direct AhR binding to the
FGF21 promoter in the absence of exogenous AhR agonist perturbation. However, when mice
are treated with TCDD for 2 hours, we observed both an increase in AhR binding at one XRE
and reduced AhR binding to another XRE within a -2kbp/+1 fragment of the FGF21 promoter
(Figure 3.1). Using a dual luciferase reporter expression system, FGF21 promoter constructs and
TCDD, we were able to demonstrate that the FGF21 promoter has both AhR inducer and
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repressor elements, which confirms that AhR can repress FGF21 expression, and may explain the
tight and transient regulation of FGF21 message expression in-vivo after a single dose TCDD
(20ug/kg) treatment (Figure 3.1). 	

FGF21 has also been shown to promote pancreatic beta cell survival and insulin secretion
(Wente, Efanov et al. 2006). In addition to its role in modulating glucose disposal and insulin
responsiveness, FGF21 is also the only known secreted factor from the liver that can modulate
the browning of white adipose tissue and increased thermogenesis in BAT (Fisher, Kleiner et al.
2012). Brown adipose tissue functions differently from white adipose tissue in that it modulates
the production of energy in the form of heat through increased expression of UCP1 in their
mitochondrial (Fedorenko, Lishko et al. 2012), whereas white adipose tissue stores energy as fat
(Trayhurn and Beattie 2001). We confirmed significant increases in circulating FGF21 (Figure
2.12) and increased expression of UCP1 along with increased uncoupled mitochondrial
respiration rates in WAT and BAT after the loss AhR in the adult liver (Figure 3.2), which
confirms that the beige fat observed after the hepatic loss of AhR is functional. 	

To assess the role of FGF21 in the development of the beige fat observed in AhR-CKO
mice, we generated inducible AhR-FGF21-CKO mice. After tamoxifen treatment, these mice
revealed unilocular gonadal white adipocytes and were negative for UCP1 expression. This
experiment confirmed that the AhR mediated regulation of FGF21 in the liver is responsible for
regulating the thermogenic gene properties in the gonadal white adipose tissues AhR-CKO mice.	

Our results demonstrate that disrupted AhR activity in the liver contributes to the
pathogenesis of metabolic diseases such as diabetes and obesity and may provide new avenues
for prevention and treatment of such metabolic disorders.	


!
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Chapter 4: Conclusions and Future Goals
CONCLUSIONS
	


The aryl hydrocarbon receptor (AhR) is a cytosolic ligand activated transcription factor

that is widely studied for its role in mediating xenobiotic metabolism. Over the past 30+ years,
AhR signaling has been studied using high affinity exogenous ligands such as dioxin (TCDD)
and other dioxin-like compounds (Denison and Nagy 2003). These compounds represent recent
man made agonists that may obscure physiological AhR signaling cascades in the absence of
exogenous ligands. To expose these physiological roles of AhR in the mouse, embryonic AhR
knockout (AhR-KO) or AhR-null mice were generated. AhR-null mice exhibited a large number
of phenotypic abnormalities ranging from hepatic portal fibrosis, hyperproliferation of blood
vessels in the portal areas of the liver, predisposition to hepatocellular carcinoma formation,
peripheral immune system deficiency, heart hypertrophy, tumors in the lung, dermal fibrosis,
hyperplasia in the gastric pylorus reduced postnatal growth, abnormal ovarian folliculogenesis
and extensive calcifications in the uterus (Fernandez-Salguero, Pineau et al. 1995, Schmidt, Su et
al. 1996). Using AhR-null mice generated in the laboratory of Fujii-Kuriyama, another group
was able to show a unique phenotype wherein, AhR-null mice exhibited elevated uric acid in
their urine and the formation of urate stones in their bladders (Butler, Inzunza et al. 2012). In
addition, all three independently derived knockout strains were resistant to the toxicities such as
hepatic toxicity, thymic atrophy, and cleft palate formation associated with AhR activation after
exposure to an exogenous agonist such as TCDD (Fernandez-Salguero, Pineau et al. 1995,
Schmidt, Su et al. 1996, Mimura, Yamashita et al. 1997, Bunger, Moran et al. 2003). These
global knockout mouse models clearly attest to physiological roles for the AhR in the absence of
exogenous ligands. However, the ubiquitous loss of AhR in the mouse risks concealing more
subtle organ or tissue specific AhR roles.	
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The AhR is ubiquitously expressed in mouse mice tissues and cells; predominantly in the

liver, lungs, kidneys, and thymus. Our lab is interested in AhR signaling in the liver parenchyma.
The liver is comprised of parenchymal cells (hepatocytes) which makes up 80% of the livers
mass and non-parenchymal cells (endothelial cells, kupffer cells, and hepatic stellate cells),
which make up the remaining 20% of the livers mass. The phenotypes observed in the AhR-null
livers such as hepatic portal fibrosis, hyperproliferation of blood vessels in the portal areas of the
liver is due to the loss of AhR in the endothelial cells lining the sinusoids (Schmidt, Su et al.
1996). Hepatic fibrosis was also seen in AhR-null mice livers due to the activation of hepatic
stellate cells, which deposited extracellular matrix. Lastly, AhR-null mouse livers were
susceptible to tumor formation when exogenously induced (Schmidt, Su et al. 1996). These
phenotypes, however, do not tell us about the physiological roles of the AhR in the hepatocytes
in the absence exogenous agonist perturbation. Therefore, our lab has utilized the hepatocyte
specific AhR knockout mice or AhR conditional knockout (AhR-CKO) mice. This knockout was
accomplished using transgenic mice that utilize the Cre recombinase and loxP system. Cre
recombinase expression is driven by the albumin promoter, which is specifically expressed in the
hepatocytes and the loxP sites flanking exon-2 within the AhR gene. Due to the expression of the
translation start codon being located within exon-2 of the AhR gene, the resultant recombination
and subsequent loss of exon-2 within the AhR gene after Cre recombinase expression results in
the loss of functional AhR protein expression in the liver parenchyma.	

Previously hepatic AhR-CKO representing an XRE binding AhR mutant (AhR-A78D) in
female mice have been shown to exhibit repression of cholesterol biosynthetic genes such as 3hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), the rate-controlling enzyme of the
metabolic pathway that produces cholesterol, along with squalene epoxidase (SQLE), Lanosterol
synthase (LSS), and Farnesyl-Diphosphate Farnesyltransferase 1 (FDFT1) (Tanos, Patel et al.
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2012). Next generation RNA sequencing has also revealed a downregulation of HMGCR
message in our AhR-CKO mice livers. However, other genes seen downregulated in the AhRCKO representing an XRE binding AhR mutant were not seen in our AhR-CKO which was

possibly due to total loss of AhR protein expression in the hepatocytes vs. loss of AhR:DNA
binding in the liver parenchyma. AhR has been implicated in the regulation of hepatic lipid
content through the regulation of hepatic fatty acid translocase, CD36. Our AhR-CKO mice
exhibited diminished lipid content with increased circulating FFA. As seen in Table. 2.1, CD36 is
also downregulated in the AhR-CKO liver along with other genes such as sterol regulatory
element-binding transcription factor 1 (SREBF1) and fatty acid synthase (FASN) responsible for
de novo lipid synthesis (lipogenesis) in the liver, as seen in Table. 2.1. Genes such as SREBF1
and FASN are also insulin responsive genes as de novo lipogenesis is tightly regulated by insulin
signaling (Eberle, Hegarty et al. 2004) and (Sul, Latasa et al. 2000). This result prompted us to
look and hormonal signaling and other blood parameters beyond the liver. Blood parameter
analyses revealed decreased circulating insulin along with increased circulating glucose levels,
which indicated that the loss of AhR in the liver was somehow affecting the pancreatic insulin
secretion, therefore, resulting in hyperglycemia that is similarly observed in type 1 diabetes
patients. Blood parameter analyses also revealed decreased circulating adipokine levels such as
leptin and adiponectin. Leptin levels are directly correlated to adipocyte sizes, which were
revealed to be morphologically smaller in the AhR-CKO white adipocytes. These results,
suggested that the loss of AhR in the liver parenchyma can communicate with extra-hepatic
tissues such as the pancreas and adipose tissues.	

Female 7 months-old and pregnant AhR-null were previously shown to display altered
insulin regulation and responsiveness (Thackaberry, Bedrick et al. 2003). Our AhR-CKO mice
was shown to be less tolerant of glucose at earlier time points after glucose administration,
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however, glucose levels were brought down to basal levels as seen in control mice 2 hours
following glucose gavage. Insulin tolerance tests revealed increased insulin sensitivity in the
AhR-CKO mice, which explains why the mice were able to regulate their blood glucose levels
after a bolus of glucose. The insulin signaling in our female AhR-CKO mice appeared similar to
the insulin signaling in female 7 months-old AhR heterozygous mice (Thackaberry, Bedrick et al.
2003), which may not exhibit vascular pathologies obscured in the livers of global AhR-null
mice. These vascular defects may confound normal liver biology, including the AhR-mediated
signaling processes that are responsible for fat cell and islet cell homeostasis. These data
suggests that the liver is possible playing a major role in insulin regulation and responsiveness.	

The AhR-CKO mice represent and embryonic loss of AhR in the hepatic primordial
(Meehan, Barlow et al. 1984, Murakami, Yasuda et al. 1987), therefore, to rule out the impact of
hepatic knockout of AhR during embryonic development on the phenotypes seen, our lab has
utilized the tamoxifen inducible AhR-CKO mice. These mice allow us to knockout AhR spatially
within the hepatocytes once fully development, thus eliminating concerns associated with AhR
loss affecting normal development. Tamoxifen time course experiments conducted on adult
(post-pubertal) female mice revealed changes in the white adipose tissue morphologies as early
as 3 days after tamoxifen treatment. These experiments proved that the loss of hepatic AhR at
any time alters the adipose tissue morphology and speaks to a substantial role for the AhR. The
white adipocytes in AhR-CKO mice appeared to resemble the morphology of brown adipocytes
by exhibiting multiple lipid vacuoles (multilocular) within a single adipocyte instead of the
single lipid vacuole (unilocular) seen in white adipocytes. Due to brown adipocytes increased
expression of mitochondria and mitochondrial protein, uncoupling protein-1 (UCP1) which,
dissociates oxidative phosphorylation from ATP synthesis in the mitochondria to instead produce
heat for adaptive thermogenesis, they are morphologically and functionally different to white
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adipocytes. Immuno-histochemical analysis of UCP1 expression in the white fat taken from
AhR-CKO mice treated with tamoxifen revealed increased UCP1 expression and therefore the
browning of the white fat in AhR-CKO mice vs. AhRfx/fx mice treated with tamoxifen.	


Next generation RNA sequencing of RNA isolated from the livers of AhRfx/fx vs. AhRCKO mice treated with tamoxifen for 1 week revealed significant changes in a number of key
metabolic hepatokines shown in Table. 2.2. From the list of hepatokines, we decided to focus our
attention on increased fibroblast growth factor 21 (FGF21) expressions because FGF21 has been
previously characterized as the only known hepatokine that can facilitate the browning of white
fat. We confirmed our next generation RNA sequencing expression of hepatic FGF21 by
conducting qRT-PCR and western blot analysis, both of which confirmed increased expressions
of FGF21. Using ELISA and a mass spectrometry analysis (selected reaction monitoring (SRM)),
we also confirmed increased FGF21 protein in the circulation. Previous characterization of
FGF21 showed that FGF21 signaling was able to protect mice from weight gain and insulin
resistance on a high fat diet (Emanuelli, Vienberg et al. 2014). AhR-CKO mice treated with
tamoxifen were resistant to weight gain while on a high fat diet as well as protected from
developing hepatic steatosis. AhR-CKO mice were also more sensitive to insulin and tolerant of
glucose while on the high fat diet when compared to controls. We then hypothesized that hepatic
Aryl hydrocarbon receptor activity augments the thermogenic gene program in white adipose
tissue through direct regulation of FGF21.	

Previously, others have shown that FGF21 is a novel AhR target gene after exogenous
ligand activation of the AhR (Cheng, Vispute et al. 2014). In the absence of exogenous ligands,
we were able to use chromatin immunoprecipitation to demonstrate constitutive AhR binding to
three separate XRE’s located within the first 2kb of the FGF21 gene promoter. However, when
mice were treated with TCDD, we observed increased AhR DNA binding at one (proximal)
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XRE, no change at another (mid-range) XRE, and a decrease in AhR DNA binding at a third
(distal) XRE when compared to chromatin from non-treated mice on these various XRE’s. To
assess the role of these XRE’s in driving FGF21 promoter activity, we sub-cloned fragments of
the FGF21 promoter into a dual luciferase expression system. When AhRfx/fx primary
hepatocytes were transfected with constructs containing only the proximal XRE within the
FGF21 promoter then treated with TCDD, we observed significant increases in luciferase
activity. However, when AhRfx/fx mice primary hepatocytes were transfected with constructs
containing both the proximal and mid-range XRE’s then treated with TCDD, we observed
significantly attenuated luciferase expressions, confirming that the AhR is capable of repressing
FGF21 promoter activity by utilizing AhR repressor elements. 	

Finally, to assess the role of FGF21 in the browning of white fat seen in the AhR-CKO
mice, we utilized AhR-FGF21-CKO mice which revealed unilocular white adipocytes and no
expression of UCP1. These results confirms that hepatic regulation of FGF21 by the AhR is
responsible for the browning of white fat seen in AhR-CKO mice.	

FUTURE GOALS
Further Characterization of Tamoxifen Inducible AhR Conditional Mice.
Preliminary data confirmed that the initial loss of AhR in the mice livers results in an
increase in insulin production at 1 week and 5 weeks then drops down the similar levels as
control mice at 10 weeks after AhR conditional knockout. Following up on these data,we have
conducted morphometric analysis of pancreatic islet sizes, which show that AhR-CKO islets may
grow in size in a very similar fashion to insulin secretion (Figure 4.1.A). Pancreatic islet sizes
appear to grow larger at 1 week and 5 weeks after tamoxifen treatment then shrink to similar
sizes as control mice pancreatic islets at 10 weeks after tamoxifen treatment. In order to confirm
this phenomenon, we will need to obtain more sections of pancreatic islets stained for insulin to
!92

!

!
increase to number of sections counted for morphometric analysis. We will also conduct
proliferation analyses on the pancreatic islet cells at the 3 days, 1 week , and 5 weeks time points
after tamoxifen treatment to confirm that the pancreatic islets are undergoing hyperplasia . At the
10 time point we will conduct apoptosis assays to evaluate what role apoptosis may be playing in
the possible atrophy of the pancreatic islets in the Tam-AhR-CKO mice.	

Recent studies have shown that a secreted factor from the liver known as Betatrophin is
able to directly affect pancreatic islet size (Raghow 2013). Our next generation RNA sequencing
of Tam-AhR-CKO livers after 1 week of tamoxifen treatment has shown that Betatrophin in
significantly increased by approximately 1.75 fold (Table. 2.2). We have conducted in silco
analysis of the a 5Kb region of the mouse Betatrophin promoter upstream of the translation start
site and identified 4 putative XRE’s as seen in Figure 4.1.B. This gene may be a direct AhR
target and its expression may contribute to the increases in pancreatic islets in AhR-CKO after
initiation loss of hepatic AhR thereby linking hepatic AhR activity to changes in pancreatic islet
sizes. To assess direct AhR regulation of Betatrophin, we will conduct ChIP analysis of AhR
pulldown to the Betatrophin promoter by designing primers that would PCR amplify 250 bp to
350 bp fragments of DNA that contain the various putative XRE’s located within the 5 kbp
fragment of the Betatrophin promoter. To assess if the loss of hepatic AhR results in an increase
in circulating Betatrophin, we will have to conduct an ELISA assay of Betatrophin in mouse
serum or plasma after 1 week, 5 weeks, and 10 weeks after tamoxifen treatment vs. controls
treated with tamoxifen. 	


	


The initial loss of AhR in mouse livers also results in increased blood glucose levels from
1 week to 5 weeks after tamoxifen treatment then drops down to normal levels as compared to
controls. These changes are glucose levels may be due to improper storage of glucose in the liver
or over production of glucose by the liver. The liver plays a major role in maintaining glucose
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Figure 4.1. Morphometric analysis of pancreatic islet sizes in control vs. Tam-AhRCKO treat with tamoxifen. As seen in the figure, Tam-AhR-CKO mice pancreatic islets
appear to be undergoing hyperplasia as early as 3 days. n=21 islets/ control group vs. 17
islets counted per/Tam-CKO group. after tamoxifen treatment. Islets continue to remain
large hyperplased at 1 week. n=16 islets/ control group vs. 25 islets counted per/Tam-CKO
group. and 5weeks. n=67 islets/ control group vs. 40 islets counted per/Tam-CKO group
after tamoxifen treatment then undergo atrophy at 10 weeks. n=20 islets/ control group vs.
54 islets counted per/Tam-CKO group after tamoxifen treatment. n=2-5 mice/group. Error
bars represent mean values ± S.E.M.**p  <  0.01.

homeostasis by storing glucose as glycogen (glycogenesis), breaking down glycogen
(glycogenolysis) or making glucose from non-carbohydrate sources (gluconeogenesis). To
evaluate the livers contribution to increases in blood glucose levels after the initial loss of AhR,
we will treat inducible AhR-CKO mice with tamoxifen at various time points (6 hrs. – 24 hrs.) to
assess changes in the AhR-CKO mice liver transcriptomes using next generation RNA
sequencing that would indicate changes in glucose homeostasis. Using this data, we will then
formulate hypothesis driven questions aimed at demonstrating the possible roles hepatic AhR
plays in the changes to glucose homeostasis.	
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Further Characterization of the AhR-FGF21 Double Conditional Knockout Mice
The AhR-FGF21 double conditional knockout mice (AhR-FGF21-CKO) have
demonstrated that FGF21 signaling is responsible for the browning of the white fat seen in AhRCKO mice after tamoxifen treatment. Previously, FGF21 has also been shown to play a role in
mediating insulin production from the pancreatic β-cells in diabetic mice (Wente, Efanov et al.
2006). However, recent studies have shown that the embryonic loss of FGF21 paradoxically
results in increased pancreatic islet hyperpasia and insulin production (So, Cheng et al. 2015).
Based on these data, we will assess the circulating insulin levels in AhR-FGF21-CKO mice after
tamoxifen treatment using an insulin ELISA kit. We will also assess the pancreatic islet sizes in
AhR-FGF21-CKO after tamoxifen treatment to evaluate whether or not FGF21 was playing a
role in modulating pancreatic islet sizes. These data will give us an understanding of the role of
hepatic AhR and FGF21 in the maintenance of pancreatic islet biology. Our lab is still in the
process of raising the colony of the FGF21fx/fx/AhRfx/fx CRE-/- mice, which are the control mice
for our FGF21-AhR-double-CKO mice. 	

Further Analysis of The Role of AhR in The Regulation of the FGF21 Promoter.
	


Our preliminary data have revealed three different and distinct DNA binding activities for

the AhR within the first 2kb of the FGF21 promoter after TCDD treatment in vivo. Our data has
shown that after 2 hours TCDD treatment in vivo, AhR displays increased DNA binding to a
proximal XRE, no change in DNA binding at a mid range XRE, and decreased DNA binding at
the most distal XRE within the first 2kb of the FGF21 promoter when compared to constitutive
AhR DNA binding to the FGF21 promoter in vehicle treated mice. Using a dual luciferase
reporter assay, we have demonstrated that the proximal XRE can drive a substantial increase in
FGF21 promoter activity after 2 hours TCDD treatment in mouse primary hepatocytes
transiently transfected with the proximal XRE; however, when the mid-range XRE is added in
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conjunction with the proximal XRE and transiently transfected into mouse primary hepatocytes
the FGF21 promoter activity is significantly reduced after a 2 hour TCDD treatment. This
revealed that the mid-range XRE acts an AhR mediated repressor element in the the FGF21
promoter. This leaves in question, what would happen to the FGF21 promoter activity if we
transiently transfected mouse primary hepatocytes with FGF21 promoter constructs containing
all three XREs, the distal XRE by itself and a combination of the distal and proximal XREs? It is
also interesting that the AhR binds constitutively to the FGF21 promoter in the absence of
exogenous AhR ligand activation. We hypothesize that the removal of this constitutive AhR
DNA binding on the FGF21 promoter will result in increased FGF21 promoter activity. To test
this hypothesis we will use a dual luciferase reporter system to monitor FGF21 promoter activity
in primary hepatocytes isolated from Tam-AhR-CKO mice livers treated with tamoxifen for 24
hours. 	

SUMMARY OF FEMALE AHR CONDITIONAL KNOCKOUT MICE PHENOTYPES 	

Both the pre-natal (AhR-CKO) and post-natal (Tam-AhR-CKO) mice exhibited reduced rates of
body weight gain, reduced adipocyte sizes, and reduced liver lipid content on a regular or
obesogenic diet after hepatic loss of AhR. In both AhR-CKO models, loss of hepatic AhR alters
insulin and glucose signaling. 10 weeks old pre-natal AhR-CKO mice exhibit reduced circulating
insulin, therefore, increased glycemia. However, the post-natal loss of hepatic AhR in 10 weeks
old mice revealed a transient increase in insulin signaling at 1 and 5 weeks after loss of hepatic
AhR then drops down to normal (control mice) levels at 10 weeks after loss of hepatic AhR. At
the same time, the post-natal loss of hepatic AhR in 10 weeks old mice revealed a transient
increase in glycemia up to 4 weeks after loss of hepatic AhR after which appears to be corrected
to normal control levels until 10 weeks after loss of hepatic AhR where we observed a
resurgence in increased glycemia. Preliminary data using morphometric analysis revealed
!96

!

!
smaller pancreatic islet sizes in AhR-CKO mice and thus reduced circulating Insulin levels.
Preliminary data on islets sizes in Tam-AhR-CKO mice revealed a transient increase in
pancreatic islet sizes at 1 and 5 weeks only to return to normal sizes at 10 weeks after hepatic
loss of AhR when compared to control mice pancreatic islet sizes. The pancreatic islet sizes in
the Tam-AhR-CKO mice directly correlates with the circulating insulin levels. Comprehensive
lab animal monitoring systems (CLAMS) analyses revealed that the post-natal loss of hepatic
AhR in adult mice results in a change in there fuel metabolism, whereby, Tam-AhR-CKO mice
consume 100% carbohydrates as there fuel source due to significant increases in their average
respiratory exchange ratios (RER) at or greater than 1.0 when compared to control mice which
exhibit average RERs ranging between 0.80 – 0.85, which indicates a normal mixture of fats and
carbohydrates as there fuel sources. These RER data correlates closely with the glucose signaling
seen after the post-natal loss of hepatic AhR, whereby, we observed a transient increase in RER
1.0 up to 4 weeks after hepatic loss of AhR then briefly drops only to resurge again at 8-10 weeks
after hepatic loss of AhR. Tam-AhR-CKO mice exhibited increased pronounced glucose
tolerance and insulin sensitivity after 2 months on an obesogenic diet after hepatic loss of AhR;
however, the pre-natal AhR-CKO mice did not exhibit a similar glucose tolerance or increased
insulin sensitivity while on a obesogenic diet. These differences in glucose and insulin signaling
between the pre-natal and post-natal AhR-CKO mice on an obesogenic diet may be due to their
observed differences in insulin signaling. Assessment of food and water consumption rates in the
pre-natal AhR-CKO using metabolic cages revealed no significant differences between controls
and AhR-CKO mice. However, CLAMS analyses revealed increased weekly consumption of
food and water following loss of hepatic AhR in adult mice. The differences in food and water
consumptions rates in the pre-natal AhR-CKO mice vs. post-natal AhR-CKO mice may be due to
differences in the metabolic demands between the genotypes, or the increased accuracy of the
!97

!

!
measurements in the CLAM system vs. the metabolic cages, which are not equipped to account
for food or water loss into waste collectors. 	

SUMMARY
Utilizing AhR-KO (AhR-null) mice, AhR has been shown to regulate insulin response
and regulation in older female mice resulted (Thackaberry, Bedrick et al. 2003). AhR has also
been implicated in mediating obesity as mice expressing the low affinity AhR(d) allele (B6.D2R)
displayed significantly smaller body weight gains while on a high fat western diet when
compared to age matched mice expressing the high affinity AhR(b) allele (B6W) on the same
diet (Kerley-Hamilton, Trask et al. 2012). Most recently, AhR null and heterozygous mice were
utilized to show that AhR deficiency results in increased energy expenditure in brown fat which
is protective against weight gain on a HFD (Xu. C-X., et al 2015). Here, we show for the first
time, a link between physiologic hepatic AhR activity and clinically relevant diseases such as
diabetes and obesity. We also provide evidence that the liver specific activity of the AhR
communicates with the pancreas to alter its endocrine function and also communicates with the
adipose tissue via modulation of hepatic FGF21 expression to alter its morphology and function
by recruiting brown in white fat. The concept that “hepatokine” mediated mechanisms
contributes to the pathogenesis of metabolic diseases such as diabetes and obesity may provide
new avenues for prevention treatment of these diseases. Thus, the roles of AhR within the liver
may represent critical pieces of the puzzle for understanding the etiologies of both diabetes and
obesity. 	
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Oligonucleotide

Sequence (5’ - 3’)

ChIP assay PCR primers (FGF21 promoter)
-72 bp Forward

AGCATCTGGAGAGCACCTGT

-72 bp Reverse

CAACTGAGCTGGTGTGGTTC

-862 bp Forward

TCCAGATTTAGGAGTGCAGACC

-862 bp Reverse

GGTGAACGCAGAAATACCAGA

-1744 bp Forward

ATCTCCAGTGCCGTGACTTC

-1744 bp Reverse

CCGGACTTTAGGATCACCAC

Negative control Forward

ACCCCAGAAATCCAGGAGAC

Negative control Reverse

TCAACTTGCTGGAAATGCTG

Cloning PCR primers (FGF21 promoter fragments)
Construct 1 (~250bp) Forward

CGGGTACCCTCCTCCAGATTTAGGAGT

Construct 1 (~250bp) Reverse

CCGCTCGAGGGTGAACGCAGAAAT

Construct 2 (1kb) Forward

CGGGGTACCACAAGGCCCGAATG

Construct 2 (1kb) Reverse

CCGCTCGAGGGTGAACGCAGAAAT
RT-PCR primers

AhR Forward

CGCAAGCCGGTGCAGAAAAC

AhR Reverse

ATGGAGGGTGGCTGAAGTGGAGTA

FGF21 Forward

GGGGATTCAACACAGGAGAA

FGF21 Reverse

AGGGCCTCAGGATCAAAGTGA

GAPDH Forward

ACGGCAAATTCAACGGCACAGTCA

GAPDH Reverse

CATTGGGGGTAGGAACAGGAAGG
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