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14.1 INTRODUCTICN

For more than 40 years, scientists have been intrigued by the extreme bio-
logical potency of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and related
planar halogenated aromatic hydrocarbons (PHAHS), by the diversity of toxic
responses that resuit from TCDD exposure, and by the dramatic species differ-
ences in sensitivity and effects. It was realized early that TCDD must be inter-
fering with fundamental cellular processes and thus that this environmental
toxicant could be used as a molecular probe to study normal cell physiology.®
At the same time, it was recognized that understanding the mechanism and
consequences of TCDD toxicity would require elucidation of the physiological
pathways through which it acts.

Identification of mouse strain differences in sensitivity to polynuclear aro-
matic hydrocarbons (PAHs) and TCDD?3 and the elucidation of PHAH
structure—activity relationships*™® led to the prediction’ and then discovery® of
the aryl hydrocarbon receptor (AhR) as a key protein involved in PHAH
toxicity. The subsequent cloning of the AhR cDNA®*° and gene'? led to the
generation of AhR-null mice??!3 and the demonstration that the AhR is nec-
essary for most, if not all, of the effects of TCDD and (presumably) other
PHAHSs, 429 as well as certain effects of PAHs.2*23 Detailed descriptions of
the structure, function, and regulation of the mammalian AhR can be found in
several recent reviews?* 2% and elsewhere in this volume (see Chapter 12).

Despite the important advances in our understanding of the AhR and its
role in the mechanism of TCDD/PHAH toxicity, the normal physiological
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function of this protein has remained elusive, or at best incompletely under-
stood. Ultimately, a comprehensive view of AhR function and TCDD toxicity
will require 2 multidisciplinary approach, combining information from such
flelds as pharmacology, toxicology, pathology, molecular biology, genetics,
endocrinology, developmental biology, and evolutionary biology. Character-
ization of the AhR and its similarities and differences in diverse model systems
will be an integral part of this effort. Advances in comparative and genomic
biology over the past 10 years have spurred the realization that innumerable
molecular pathways involved in gene regulation and development are broadly
conserved over vast phylogenetic distances.?'~*® Even features thought not to
be homologous (e.g., eyes of mammals and insects) now have been shown—as
a result of comparative studies—to share underlying genes and genetic path-
ways.**72¢ Thus, studies of the AhR in diverse taxa will help illuminate
the unity and diversity of its physiological functions and the mechanisms by
which it mediates toxicity. In this chapter we summarize several approaches
to understanding the normal functions of the AhR and then describe recent
insights obtained through research using a comparative/evolutionary approach
with nontraditional species.

14.2 ADAPTIVE VERSUS PHYSIOLOGICAL FUNCTIONS OF
THE AhR

Much of the early research on TCDD action and AhR function focused on
the induction of xenobiotic-metabolizing enzymes such as cytochrome P450
1A1 (CYP1ALl). These efforts led to a detailed understanding of the AhR-
~ dependent transcriptional activation of this gene®” and to the identification of
the 4k gene battery, a set of xenobiotic-metabolizing enzymes that are coor-
dinately regulated through a regulatory loop involving the AhR and CYP1Al/
2.387*0 Induction of these enzymes by TCDD can have protective or deleteri-
ous consequences,*! but even 20 years ago it was evident that the toxicity of
TCDD was due, at least in part, to changes in gene expression beyond those
involved in drug metabolism.*2
In 1982, Poland and Knutson proposed that PHAHs evoke two distinct
pleiotropic responses: a Fmited pleiotropic response (induction of genes in the
Ah gene battery) and the restricted pleiotropic respomse (induction of genes
involved in the regulation of cell division and differentiation).***® This re-
mains the dominant paradigm concerning functions of the AhR.* Schmidt
and Bradfield, for example, define the AhR-mediated induction of xenobiotic-
metabolizing enzymes as the adaptive response pathway, equivalent to Poland’s
limited pleiotropic response.** They further divide Poland’s restricted pleiotropic
response into a toxic response puthway and an endogerous response pathway. -
Although these distinctions are no doubt an oversimplification of what are

*However, see Matsurnura and colleagues312-214 for a different perspective.
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probably extremely complex regulatory networks, such models provide a useful
conceptual framework within which to investigate dioxins and the AhR. Here,
in discussing the functions of the AhR, I will retain Poland’s dichotomy, com-
bined with some of Bradficld’s terminology, in classifying AhR functions as
either adaptive or physiological, as described below.

14.2.1 Adaptive Functions

Most animals are exposed daily to a multitude of chemicals in the air, water, or
food. Some of these are signaling molecules that carry valuable information
about the animal’s environment (e.g., the presence of food, conspecifics, or
predators); other chemicals are toxic, either by design or by accident. Animals
have evolved a vadety of mechanisms to detect these chemicals and respond
appropriately. Like the adaptive immune system, which is capable of recogniz-
ing and responding to a wide varicty of antigens, chemical surveillance systems
have evolved as mechanisms for recognizing a broad range of chemical struc-
tures and initiating appropriate responses. For example, vertebrate and inver-
tebrate animals possess large families of olfactory/chemosensory receptors for
detecting and interpreting chemicals in their environment**; chemicals recog-
mized through this system often elicit behavioral responses in the animal
exposed to them.

In addition to the immune and chemosensory systems, animals have evolved
inducible enzymatic defenses to facilitate the biotransformation and elimina-
tion of toxic environmental compounds or endogenous metabolites.**™*7
Monooxygenases in the cytochrome P450 superfamily are well-known compo-
nents of this inducible biotransformation system. The sensory component of
this system consists of soluble receptors that regulate certain P450s and other
enzymes in response to environmental chemicals. These receptors include sev-
eral members of the steroidf/thyroid/retinoid receptor (nuclear receptor) super-
family*®752 as well as the AhR, a member of the bHLH-PAS gene family.
Although originally thought to have a relatively narrow structural specificity,*>
the AhR is now known to recognize an impressive range of chemical structures,
including nonaromatic and nonhalogenated compounds.** Such promiscuity is
understandable in the context of this adaptive function.

14.2.2 Physiological Functions

Although it seems clear that the AhR has a sensory/adaptive function involving
xenobiotic chemicals, there is evidence that this protein may have additional
physiological roles, possibly involving the regulation of cell growth and differ-
entiation. This may occur indirectly, through its regulation of CYP expres-
sion,**35 as well as through more direct mechanisms. Not all of these mecha- -
nisms need involve changes in gene expression as a primary effect of the AhR;
some may involve protein—protein interactions that modulate other signaling
pathways.’63° The evidence for the proposed physiological functions of the
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