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ABSTRACT: The prevalence of metabolic syndrome, a clustering of three or more risk factors that include abdominal obesity, increased blood pressure,
and high levels of glucose, triglycerides, and high-density lipoproteins, has reached dangerous and costly levels worldwide. Increases in morbidity and
mortality result from a combination of factors that promote altered glucose metabolism, insulin resistance, and metabolic dysfunction. Although diet and
exercise are commonly touted as important determinants in the development of metabolic dysfunction, other environmental factors, including circadian
clock disruption and activation of the aryl hydrocarbon receptor (AhR) by dietary or other environmental sources, must also be considered. AhR binds a
range of ligands, which prompts protein—protein interactions with other Per-Arnt-Sim (PAS)-domain-containing proteins and subsequent transcriptional
activity. This review focuses on the reciprocal crosstalk between the activated AhR and the molecular circadian clock. AhR exhibits a rhythmic expression
and time-dependent sensitivity to activation by AhR agonists. Conversely, AhR activation influences the amplitude and phase of expression of circadian
clock genes, hormones, and the behavioral responses of the clock system to changes in environmental illumination. Both the clock and AhR status and
activation play significant and underappreciated roles in metabolic homeostasis. This review highlights the state of knowledge regarding how AhR may act

together with the circadian clock to influence energy metabolism. Understanding the variety of AhR-dependent mechanisms, including its interactions with

the circadian timing system that promote metabolic dysfunction, reveals new targets of interest for maintenance of healthy metabolism.
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AhR Ligands
The aryl hydrocarbon receptor (AhR) is an evolutionarily
ancient protein, which first appeared within the vertebrate
class ~450 million years ago. Although historically most fre-
quently studied in the context of regulating responsiveness
to environmental toxicants, both the existence of AhR prior
to industrialization and the presence of naturally occurring
ligands provide evidence for its integral importance to animal
physiology.> AhR can be activated through binding an array
of diverse ligands that can be endogenous, naturally occur-
ring, and/or anthropogenic.3~

AhR activation by environmental pollutants, leading to
its dimerization with aryl hydrocarbon nuclear transporter
(ARNT) and subsequent activation of xenobiotic metabolizing
enzymes such as cytochrome P4501A1 (CyplA1l), has been a
primary focus of toxicology studies for decades. Industrially
produced AhR ligands include halogenated aromatic hydro-
carbons, which are toxic chemical contaminants of the global
ecosystem produced as byproducts of pesticide production,
bleaching, and combustion processes. Dioxins are members of
the polyhalogenated aromatic hydrocarbon family, consisting
of two benzene rings connected by two oxygen atoms, with
four to eight chlorine atoms added. Contamination with

dioxin and dioxin-like compounds is widespread throughout
the biosphere, including air, water, fish, and mammals.® The
entire human population, especially those living in industrial-
ized countries, is exposed to these toxicants that act as potent,
long-acting agonists for AhR.” Although the most toxic of
these man-made compounds can enter through the skin or
lungs, food is the most common source, and, once internal-
ized, these fat-soluble compounds bioaccumulate in the food
chain.®% AhR is highly expressed in tissues that are exposed
to the environment, including the gut, lungs, and skin. As
a biological sensor, AhR is structured to respond to chemi-
cal changes in the environment. The ubiquitous presence of
ligands suggests a long-standing role in responding to the
components of foreign materials, including substances that
are inhaled, ingested, or in contact with skin. Thus, it seems a
logical candidate not only to regulate responses to toxic sub-
stances but also to act as an integrator of energy metabolism.
Other exogenous AhR ligands are naturally occurring
components of food and herbal medicines, including indole

and flavonoids. 113

metabolites, stilbenes, carotenoids,
The indole derivatives indole-3-carbinol (I3C) and it metabo-
lite 3,3™-diindolylmethane (DIM) are components of crucifer-

ous vegetables, including broccoli and cabbage. The stilbene
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resveratrol is found in red wine. Carotenoids, the yellow,
orange, and red pigments produced by plants, are present in
a variety of vegetables. Flavonoids and curcumin are other
dietary polyphenols that activate AhR. Although considered
less toxic, these lower affinity ligands are capable of activat-
ing AhR-dependent signaling. The array of potential dietary
ligands suggests that AhR activation may be commonplace
and physiological.

Phenotypic characteristics of mice that lack AhR pro-
vide further evidence of its physiological relevance. Germline
AhR knockouts produced by three separate laboratories have
demonstrated the importance of AhR for the physiological
regulation of growth, fertility, and liver and cardiovascular
development, as well as the expected decreased sensitivity
to dioxin exposure.* More recently, tissue-specific deletion
models indicate that AhR is an important regulator of hepatic
energy homeostasis, adipocyte and dendritic cell func-
tion, and cerebellar granule cell development.’>?7 Although
knockout studies are frequently cited as evidence for the acti-
vation of AhR in the absence of exogenous ligands, the range
of molecules derived from food sources outlined above calls
this idea into question. Nevertheless, knockout studies also
prompted the search for endogenous ligands, and several have
been identified. For example, ultraviolet light exposure pro-
duces tryptophan derivatives in the skin and liver in rodents
and humans that bind AhR with high affinity.!®? Activa-
tion of AhR by these compounds, although transient due to
their rapid metabolism, potentially links AhR activity to daily
oscillations in environmental illumination and to regulation
of the circadian clock.2°22 A cocktail of tryptophan photo-
products or the specific photoproduct 6-formylindolo[3,2-b]
carbazole (FICZ) activates AhR and alters expression pat-
terns of circadian clock genes in vivo in the liver, as well as in a
cell line derived from the rat suprachiasmatic nucleus (SCN),
the brain’s master clock.!* These data highlight the potential
physiological functions of endogenous agonists, and demon-
strate that AhR can interact with the circadian clock.

AhR Activation and Signaling

In the absence of a ligand, the inactive AhR is bound by a
group of chaperone proteins that include heat shock protein 90
(HSP-90) and the AhR-interacting protein comprised PAS-A
and prostaglandin E synthase (p23), and localizes within the
cellular cytoplasm. PAS-B regions act as interactive surfaces
for heterodimer and homodimer formation and function as
the ligand-binding surface. Lipophilic AhR agonists enter
the cell and bind specifically to the PAS-B region of the
cytoplasmic AhR. Ligand binding causes a conformational
change that exposes a nuclear localization sequence, and after
phosphorylation by protein kinase C, the ligand-bound AhR

complex subsequently translocates into the nucleus.?32° In

the nucleus, the PAS-A domain of AhR dimerizes with the
aryl hydrocarbon receptor nuclear translocator (4rn#) through
its PAS domain, and this heterodimer binds specific DNA

sequences, identified as xenobiotic response elements within
the promoters of target genes. Classical AhR target genes
include phase I metabolizing enzymes, cytochrome P450,
family 1, member 1A (Cyp1A41), cytochrome P450, family 1,
member 2A (Cyp1A42), cytochrome P450, family 1, subfamily B
(Cyp1BI), phase II metabolizing enzymes, and AhR repres-
sor, although many other genes may also be regulated
by AhR/Arnt.?

Classical AhR signaling does not, however, account for
all the cellular effects attributed to the activated AhR. AhR
signaling may be influenced by the affinity of the ligand for
the AhR, as well as by cell-type-specific properties and other
environmental factors. Non-canonical signaling through
AhR includes crosstalk with other nuclear receptors, regu-
lation of cell cycle and MAP kinase cascades, modulation
of the immune system, activation of immediate early genes,
and interaction with the molecular circadian clock. Crosstalk
between AhR and estrogen receptor (ER) signaling is per-
haps the most well studied among the nuclear receptor inter-
actions. Molecular processes that underlie these interactions
remain under investigation, but are likely multifactorial. Pro-
posed mechanisms include direct binding of liganded AhR
to ER, competition between AhR and ER for the same tran-
scriptional co-activators and co-repressors, enhanced estrogen
metabolism resulting from inductions of phase I metabolizing
enzymes, and proteosomal targeting of ER for degradation
(reviewed in the studies by Shanle and Xu?” and Swedenborg
and Pongratz?®). Although AhR activation is most commonly
anti-estrogenic, some AhR ligands are weakly estrogenic and
the effects are context-dependent.?’

AhR crosstalk with signaling pathways critical to cell-cycle
progression highlights the involvement of AhR in tumorigen-
esis. The complex interface with the cell cycle is not completely
delineated, but is dependent on protein—protein interactions
with the retinoblastoma tumor suppressor protein (RB). This
heterodimer acts transcriptionally to regulate both co-activation
and co-repression during the G1 phase of the cell cycle. AhR
also induces the p27 Kipl cyclin/cdk inhibitor and the cyclin-
dependent kinase inhibitor p21. Similarly, AhR is also an
important regulator of immune cell compartments, especially
in inflammation and autoimmunity.?? Clearly, AhR is a ver-
satile receptor with a unique ability to sense chemical change
in the environment. How it relates that chemical change into
physiological adaptation remains a major topic for discovery.

AhR and the Circadian Clock

The perpetual existence of daily oscillations of the 24-hour
light/dark cycle hasled to an integration of environmental diur-
nality with physiological function. The endogenous circadian
clock that drives internal timing synchronizes with the cyclic
changes of the external environment to regulate processes
such as the sleep—wake cycle, locomotion, feeding, and tem-
perature such that they coordinately function at the appropri-
ate time of day.3%%! In mammals, the central oscillator resides
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in a region of the basal hypothalamus called SCN and receives
and relays information from the external environment.* Cir-
cadian rhythms are generated by core clock genes that form
transcriptional and translational feedback loops, controlling
their own mRNA and protein levels. Specifically, the PAS-
containing proteins Clock and Bmall form a heterodimer and
bind to enhancer-box (Ebox) regions upstream of the PAS
domain containing clock genes, most notably the Period and
Cryptochrome (Cry) families.3?:33 Increased levels of Per and
Cry form heterodimers that feed back to inhibit Clock and
Bmall directed transcription. Posttranslational mechanisms
of casein kinase 1 delta and 1 epsilon phosphorylate Per pro-
teins and target them for polyubiquitination and degradation,
releasing the inhibition of Clock and Bmall, thereby maintain-
ing the 24-hour cycle of clock genes.* Although the circadian
clock is self-regulating, it is capable of sensing and adapting
to change. Similar to AhR-dependent mechanisms that sense
xenobiotics through PAS regions, the circadian clock uses
Clock, Bmall, and Per, PAS domain-containing proteins to
regulate the circadian period. PAS domains, comprised of two
70 amino acid repeats identified as PAS A and PAS B, allow
these proteins to function as environmental sensors and com-
municate downstream signals through gene transcription.>*
AhR and Arnt are members of the same protein family, both
containing basic helix-loop—helix (PHLH) domains, com-
posed of two o helices with an inner loop sequence, and PAS
structural motifs. The bBHLH-PAS proteins are a subfamily of
the bHLH family.3

The PAS domain facilitates heterodimer and homodi-
mer formation among family members.’~ PAS-domain-
containing proteins are promiscuous in both their ligand
binding and the formation of heterodimers, which allows for
varied combinations of protein—protein interactions and cross-
talk among intracellular signaling pathways. This promiscuity
suggests that AhR can interact with other PAS-containing
proteins outside its established canonical pathway, enhancing
the possibility of activation of myriad signaling pathways.3¢

Following agonist-induced activation, AhR forms a
heterodimer with the protein Arnt, which has a sequence
homology similar to the clock protein Bmall, including simi-
lar intron/exon splice patterns and conservation of five exons
that compose the PAS domain.?” After ligand binding, the
activated AhR enters the nucleus, where it can also form a
heterodimer with Bmall in cultured hepatoma cells as well as
in the ovary.3$% This AhR/Bmall heterodimer disrupts the
normal Clock/Bmall activation of Perl on the Perl promoter,
resulting in the inhibition of Perl transcription and damp-
ened Perl rhythm in liver (Fig. 1).3%° Furthermore, Perl and
Bmall rhythms are altered in the SCN of mice exposed to
2,3,7,8-tetrachlorodibenzodioxin (TCDD).*t AhR is widely
expressed in the central nervous system, including the hypo-
thalamic SCN, the central circadian clock.*? Following intra-
venous injection of TCDD in rats, low levels of the dioxin are
distributed in the brain, and the AhR target genes are upregu-

lated.*** AhR activation in mice and hamsters alters rhythms
of feeding and activity, gene expression, and the hormones pro-
lactin, corticosterone, and melatonin.*-! Human exposure to
pesticides, which contain potent AhR agonists, increases the
risk for idiopathic rapid eye movement sleep behavior disorder,
further establishing a link between AhR, sleep, and circadian
rhythms.>? Since AhR and Arnt are expressed within hypo-
thalamic nuclei that regulate circadian rhythmicity, feeding
behavior, and hormone secretion, and AhR activation alters
gene expression in the hypothalamus, AhR-dependent mech-
anisms should be further explored.#:42:48,50

Activation of AhR alters the expression patterns of cir-
cadian clock genes and suppresses circadian rhythms. Recip-
rocally, genetic alteration of the circadian clock influences
AhR signaling and sensitivity to agonist-induced activation
of AhR and AhR target genes.*>*=55 Rhythmic expression
of AhR mRNA and protein levels is regulated by an Ebox
DNA-binding region within the AhR promoter, influencing
rhythmic control of AhR expression through Clock/Bmall-
induced transcription.*™ AhR is rhythmically expressed in
the SCN and peripheral tissues.* AhR target gene expression
of CyplAl, CyplB1, and ARNT, although expressed at low
levels under basal conditions, has a diurnal expression pattern
with a peak that occurs during the day.*"°%:° In response to
agonist exposure, CyplAl, a key target gene and indicator of
AhR activation, has a rhythmic sensitivity that peaks during
the night. However, in Perl/2 mutant mice, rhythmic sen-
sitivity to agonist-induced CyplA1l expression is abolished,
and overall CyplA1l levels are enhanced.>>® Additionally,
rhythmic oscillation of AhR mRNA and time-dependent
sensitivity of target gene upregulation are absent in CLOCK
mutant mice.®! Rhythmic expression of AhR and AhR tar-
get genes under basal conditions and time-dependent varia-
tions in sensitivity of AhR activation imply that the circadian
system influences both physiological and exogenous AhR
mechanisms. Overall, the circadian clock acts as a check on
AR sensitivity to ligands. Without an intact circadian clock,
rhythmic expression of AhR is abolished, and, not surpris-
ingly, the rhythm in sensitivity of the AhR to ligand-induced
activation is also suppressed. However, without Perl, overall
levels of CyplA1l are enhanced in response to agonist treat-
ment. An examination of rhythmic expression patterns sug-
gests that highest levels of AhR, with likely highest levels
of sensitivity to agonist activation, occur when Per levels are
near their trough. Thus, Per may act to suppress AhR protein,
likely through an influence on CLOCK:BMALL1 transcrip-
tional activity (Fig. 2). An influence of Perl on CyplA1 stabi-
lity must also be considered.

Conversely, AhR also influences circadian integrity.
Under control conditions, mice exposed to a 30-minute light
pulse early during the lights-off period perceive this noctur-
nal light exposure as an extension of the lights-on period.
In response, the circadian clock is delayed on subsequent
days, which can be observed as an activity onset that occurs
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Figure 1. AhR-induced circadian clock disruption. PAS-domain-containing family members are organized into class 1 and class 2 proteins. Class 1
proteins (white) can form either homodimers or heterodimers and bind to promoter sites to regulate transcription. Class 2 proteins (gray) cannot form
homodimers but heterodimerize with other proteins. In the circadian system, the class 1 protein Clock binds to the class 2 protein Bmal1 and through
Enhancer-box (Ebox) regions regulates circadian gene expression. AhR is a class 1 protein that binds the class 2 protein Arnt, regulating xenobiotic
metabolism through DREs. PAS-domain-containing proteins can bind a variety of ligands and form diverse heterodimers, allowing for varied combinations
of protein—protein interactions with other PAS-domain-containing proteins and crosstalk among signaling pathways.® AhR and Bmal1 heterodimer
formation disrupts downstream circadian signaling, promoting metabolic disorder.

later than predicted on the following days. However, this
light-induced phase delay in activity onset is severely attenu-
ated in mice treated with either TCDD or B-napthoflavone
(BNF), both AhR agonists.*! This effect holds when AhR
agonists are applied to SCN-containing brain slices in vitro.
Application of the neurotransmitter glutamate to SCN-
containing brain slices mimics the effects of light, causing
the same phase delay described above. Pretreatment of SCN
slices with the AhR agonist FICZ blocks glutamate-induced
phase resetting of the SCN electrical activity rhythm.??
These data suggest that AhR activation directly within the
SCN impacts the ability of the clock to respond to phase-
resetting stimuli. In addition to behavioral and electrical
activity changes, circadian clock genes Perl and Bmall in
liver and SCN are altered in response to AhR agonists.*0-41:62
AhR activation with BNF attenuates light-induced induc-
tion of Perl in the SCN, providing an essential mechanism
for the effects of AhR activation on light-induced changes in
behavioral rhythmicity.

Furthermore, activation of the AhR by FICZ in the SCN
cell line SCN2.2 alters the expression of the clock genes Perl,
Cryl and Cry2.%2 Collectively, the data suggest that AhR
expression, even under basal conditions, influences circadian

rhythm strength. Overall, AhR expression and activation
dampens the response of the circadian clock to perturbations
in light and dampens the rhythmicity of clock gene rhythms.
In contrast, when AhR is deleted, there is a tendency for the
clock to have enhanced responsiveness to light at night and for
increased amplitude of the Perl rhythm.3%#:63 Further experi-
mentation in AhR-null mice is needed for confirmation. Gen-
erally, the aggregate data suggest that AhR may act as a gain
control on the circadian clock; activation of AhR suppresses
thythm amplitude, whereas inhibition of AhR strengthens
rhythm amplitude (Fig. 2).

AhR and the Circadian Clock in Metabolic
Disruption

Obesity and type 2 diabetes continue to burden society as
a result of lifestyle choices, chemical exposures, genetics,
and other contributing factors. In 2011, The World Health
Organization predicted that 347 million people sufter from
type 2 diabetes.®* Both circadian disruption and dioxin
exposure promote metabolic dysfunction through paral-
lel and overlapping mechanisms. Epidemiological evidence
links circadian disruption, by shift work, to higher body mass
index, increased triglycerides, glucose dysregulation, obesity,
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Physiological, normal chow diet
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Figure 2. Working model of AhR regulation of the clock. Under physiological conditions (top), some level of AhR activation may occur by endogenous
ligands, exposure to UV light, or the presence of ligands in the diet. AhR is regulated by the clock, and its expression pattern shows diurnal rhythmicity.
AhR acts as a brake on the clock, inhibiting the ability of Clock and Bmal1 to drive transcription. When AhR is reduced (lower left), in animals with genetic
deletion of one or both alleles, the brake is removed and the amplitude of clock oscillations is enhanced. When AhR is overactivated (lower right) by the
presence of toxicants, or a HFD, the inhibitory actions are increased, which contributes to the dampening of the circadian oscillation. Dampened circadian

oscillations are strongly associated with systemic metabolic dysfunction.

and higher incidence of metabolic syndrome, defined by the
National Cholesterol Education Program as the presence of
three or more of the following criteria: high waist circumfer-
ence, blood pressure, fasting triglyceride levels, fasting high-
density lipoprotein, or high fasting glucose levels.®>~%8 Mouse
models of circadian disruption produce altered rhythms in
core circadian genes as well as clock-controlled genes to
include numerous rate-limiting metabolic genes, disrupted
thythms in lipid and glucose metabolism, and hepatic ste-
atosis.®»’® AhR status influences circadian rhythm strength,
even under controlled conditions. Rhythms of the clock
genes Perl and Bmall are significantly enhanced in the
liver of AhR™~ mice compared to wild-type mice.* Genetic
manipulation to reduce AhR expression in mice enhances
the ability of mice to adjust their behavior in response to an
alteration in the timing of the light/dark cycle (Jaeger and
Tischkau, unpublished results, April 2016). Together, these
data suggest that the circadian timing system is more robust,
both in terms of amplitude of oscillation and in adaptabil-
ity to environmental change, when the AhR is inhibited
or reduced.

Toxic responses to dioxins are mediated through the
ligand-activated transcription factor AhR and upregulation of
target genes that regulate xenobiotic metabolism.®®7! Chronic
low-level exposure to dioxins is linked to insulin resistance and
development of type 2 diabetes. Activation of AhR alters glucose
metabolism, glucose tolerance, and insulin levels, and increases

the risk of diabetes mellitus.”>7® AhR activation specifically
within adipose tissue promotes inflammation and impairs glu-
cose and insulin tolerance.!®”""? Additionally, signaling down-
stream of tumor necrosis factor o—nuclear factor-kf, which
decreases glucose transporter type 4 expression and contributes
to insulin resistance, is increased in adipose tissue of Vietnam
veterans exposed to dioxins.®*81 AhR activation alters hepatic
genes involved in fatty acid, lipid, and cholesterol metabolism
pathways, including the peroxisome proliferator-activated
receptor (PPAR) pathway, all of which mediate glucose and lipid
homeostasis.®>828% Additionally, AhR activation induces an
inflammatory response, which is implicated in the pathogenesis
of metabolic disorders.”®#* This evidence points to a clear inter-
action between activated AhR and systemic energy metabolism.
It seems likely that AhR plays a role in maintaining physiologi-
cal balance in energy metabolism and that constant pathologi-
cal activation of AhR upsets this balance, thereby contributing
to metabolic disease. Perhaps most importantly, mechanisms
that underlie physiological regulation of metabolism by AhR
provide an opportunity to increase our understanding of how
the body reacts to environmental stimulation.

Around 90% of human exposure to dioxins occurs through
our diet, primarily through animal fat consumption.® Besides
TCDD and toxic pollutants, many compounds that influence
AhR activity exist as natural components of fruits and veg-
etables.!1$58¢ Additionally, the arachidonic acid metabolite,
lipoxin A4, prostaglandins, specifically prostaglandin G2,
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and an arachidonic acid metabolite produced in inflammatory
disease conditions, namely, 12(R)-hydroxy-5(Z2),8(Z),10E,
14(Z)-dicosatetraenoic acid (12(R)-HETE), can act as AhR
agonists.’% Lipid and lipid derivatives, such as oxidized
low-density lipoproteins (OxLDL), have been identified as
AhR agonists.” OxLDL and saturated fatty acids contained
in a Western diet activate AhR and contribute to obesity
and inflammation in C57B1/6 J mice.”! AhR activation also
occurs through exposure to flavonoids and metabolites from
fruits and vegetables, indole-3-carbinol, and herbal supple-
ments including ginseng.!»92% Additionally, the consump-
tion of fish and shrimp, which bioaccumulate organohalogens,
increases potential dietary exposure.”* With a wide variety of
AhR agonists present within food, or present due to secondary
effects of diets that increase inflammatory mediators, expo-
sure to AhR activation and its consequences are prevalent.
Rather than focusing on the contribution of a single AhR
ligand to AhR activation and downstream sequelae, it may be
more important to consider the overall activation of AhR in
response to the constellation of ligands, in terms of the overall
metabolic consequences.

Mice lacking AhR expression have enhanced insulin
sensitivity and improved glucose tolerance, although improved
metabolism may differ depending on age, sex, housing, diet,
and possible genetic drift.*>~%7 Mice with a low-affinity AhR
allele fed a high-fat diet (HFD) are less susceptible to obesity,
exhibiting differences in fat mass, liver physiology, and liver
gene expression compared to mice with high-affinity AhR.%®
AhR™ and AhR*" mice are resistant to the harmful effects
of diet-induced obesity through protection against hepatic
steatosis, insulin resistance, and inflammation. AhR-deficient
mice fed an HFD have enhanced energy expenditure result-
ing from increased brown adipose tissue activity compared to
AhR** mice fed an HFD.”

HFD consumption disrupts circadian rhythms by alter-
ing circadian regulation of gene expression through inhibi-
tion of Clock/Bmall recruitment to chromatin, resulting in
lost oscillation or phase advances of genes. A large number of
metabolites in carbohydrate, lipid, metabolic, and xenobiotic
pathways are regulated by Clock/Bmall binding to their pro-
moter regions.’%»1%! Genes that lose rhythmic expression fol-
lowing HFD consumption often peak during the time period
when Clock/Bmall is recruited to chromatin, which also
coincides with peak the expression of AhR.#192103 Persistent
activation of AhR alters circadian rhythm, primarily through
inhibition of Clock/Bmall-mediated target genes.>~*! There-
tore, AhR-induced disruption of Clock/Bmall activity may
play a role in HFD-induced disruption of metabolic rhythms.
Furthermore, even deletion of a single AhR allele (AhR*")
protects mice against diet-induced changes in transcriptional
oscillations and also against glucose and metabolic gene rhythm
disruption (Jaeger and Tischkau, unpublished results, April
2016). The persistence of the phenotype in the AhR heterozy-
gote mice suggests a dosage effect. These studies highlight the

involvement of AhR and the clock in the regulation of energy
metabolism and provide interesting opportunities to explore
novel therapies to combat poor metabolic health.

Summary and Future Studies

AhR is widely expressed throughout the body.1041% Periph-
eral AhR activation and interaction with circadian signaling
in metabolic tissues such as liver, adipose, and muscle has the
potential to alter metabolism, but further studies are required
to elucidate their detailed mechanisms. To study AhR sig-
naling in vitro, use of the mouse Hepa-1clc7 cell line (high
AhR expression) and the Hepa-1clc7-derived Hepa-1clcl2
(low AhR expression) allows comparison between varied lev-
els of AhR expression.*’ In addition to liver-derived Hepa-
1c1c7 cells, cell lines derived from lung epithelia, keratinocytes,
and fibroblasts can be used to study AhR signaling.’% In dis-
persed cells, however, the circadian clock frequently becomes
desynchronized because of the lack of synchronizing signals
provided in vivo by the SCN, the endocrine and autonomic
nervous systems, and diet. Short exposure to high concen-
trations of serum (serum shock) can provide a synchronizing
stimulus for circadian gene expression in mammalian tissue
cultures. The mechanism of serum shock is hypothesized to
mimic light-induced immediate early genes and synchronize
circadian cycles, inherent within individual cells, to the popu-
lation of cells in the dish.!%” Thus, knowledge of the circadian
system and its behavior in cultured cells, together with cell
lines that differentially express the AhR, provide unique, yet
underutilized opportunities to study the interaction between
circadian rhythms and AhR signaling.

AhR and circadian signaling pathways regulate meta-
bolic homeostasis through lateral and superimposed path-
ways. In addition to sharing PAS domain structure with
circadian proteins, AhR demonstrates a rhythmic expression
of transcription and sensitivity to activation by the AhR ago-
nist TCDD.*7%8 Reciprocally, AhR activation influences
rhythmic strength of circadian clock genes, hormones, and
behavioral responses to light-induced phase shifts.*47°% Cor-
relations between AhR variants in mouse models and humans
allow us to study how altered AhR affinity affects downstream
signaling pathways.!®® Epidemiological studies that explore
the link between AhR polymorphisms and obesity may pro-
vide important information regarding the influence of AhR
on physiological metabolism.

Decreasing AhR levels in mice by either knocking it
out completely (AhR™") or knocking it down by at least 50%
(AhR") seems to enhance rhythms and bolster metabolism.
In addition, the broad ligand-binding capacity of AhR suggests
that manipulation of the receptor by an antagonist may promote
healthier metabolism. The dietary component curcumin, a nat-
ural phenol found in spices, and resveratrol, a natural phenol
found in red wine, along with synthetic compounds CH-223191,
6,2,4-trimethoxyflavone, and GNF351, have been reported

109-114

as AhR antagonists. Given its importance in xenobiotic
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metabolism, complete blockade of AhR may not be desirable.
'Thus, partial inhibition of AhR, or specific inhibition of AhR-
induced effects on Clock/Bmall and nuclear receptors PPARo
and PPARy and their downstream target genes that regulate
glucose metabolism, may provide benefits while minimizing
undesirable effects. It is becoming more evident that mul-
tiple mechanisms of AhR activation and downstream interac-
tion with circadian rhythms and metabolism exist, but not all
AhR-dependent consequences can be explained through dioxin
response element (DRE)-dependent mechanisms. Understand-
ing the variety of mechanisms by which AhR exerts its effects
on metabolism may reveal new targets of interest for the conser-
vation of homeostasis and reinforces the significance of AhR in
clock disruption and metabolic disorder.
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