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Halogenated aromatic hydrocarbons (HAHS), such as polychlorinated-dibenzo-p-
dioxins (PCDDs), biphenyls (PCBs) and dibenzofurans (PCDFs), and related
compounds represent a diverse group of widespread environmental contaminants.
PCDD and PCDF formation has been demonstrated to occur during synthesis of
various organochlorine products (such as the herbicide 2,4,5-T), as a result of
chlorine bleaching of wood pulp, during municipal, hospita and industria waste
incineration, metal production and fossil fuel or wood burning and other sources
(Safe 1990; Devito and Birnbaum 1994). PCBs, on the other hand, were produced
commercially in extremely large quantities for use in transformers, capacitors, heat
transfer and hydraulic fluids and other applications. HAHSs represent a class of
toxic environmental chemicals which, because of their ubiquitous distribution, fat
solubility, resistance to biological and chemical degradation and potential for
bioaccumulation and biomagnification, can persist for long periods of time and thus
can have a significant impact on the hedth and well being of humans and animals
(Safe 1990; Devito and Birnbaum 1994; Giesy et al. 1994).

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, dioxin), the prototypical and most
potent HAH, has gained widespread attention in recent years as one of the most
toxic chemicals known. The long biologica half-life of TCDD (up to 10 years in
humans) and other HAHSs, combined with their extremely high toxicity in animals
has made them the focus of intensive research for more than 20 years. As
presented in Table 1, exposure to TCDD and related HAHS produces a wide variety
of gpecies and tissue-specific toxic and biological effects (Safe 1990; Devito and
Birnbaum 1994; Giesy et a. 1994; Hankinson 1995; Safe 1995; Hardell et a.
1994; Brouwer et a. 1994). Although all of these effects have been documented to
occur in various animal species, chloracne is the best characterized response to
TCDD and related HAHs in humans. More recently, an increase in human cancers
and the occurrence of some developmental learning defects in children exposed to
HAHs in utero has been reported (Hardell et a. 1994; Brouwer et al. 1994).
Although the toxicological and biological effects of HAHs in humans are till a
matter of intense debate, ongoing epidemiological studies in HAH exposed human
populations exposed to HAHs should provide more definitive information as to the
human heslth effects of these chemicals.
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In order to dissect the molecular mechanism of TCDD/HAH action, investigators
have focused their efforts on biochemical responses that are consistently observed
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in al species exposed to these chemicals, namely the induction of gene expression.
Although these chemicals induce expression of a battery of genes (Table 1), the
induction of CYP1A1 and its gene product cytochrome P4501A1 has been used as
a model system to define the mechanism of action of HAHs. Biochemical and
genetic evidence has indicated that the biochemica mechanism of action of TCDD
and related chemicas (HAHs and PAHs (polycyclic aromatic hydrocarbons)) is
mediated by the aryl hydrocarbon (Ah) receptor (AhR), an intracellular receptor to
which these chemicals bind with high affinity (Figure 1). Mechanistically, the
inducing chemical diffuses across the plasma membrane and binds to the AhR
complex present in the cytoplasmic compartment. Following ligand binding, the
AhR complex undergoes transformation, during which it is released from proteins
to which it is associated (including at least two molecules of a heat shock protein of
90 kDa (hsp90) and an additional 37 kDa AhR interacting protein (AIP) (Ma and
Whitlock 1997). Liganded AhR complexes subsequently translocate into the
nucleus and following their association with the nuclear Arnt (AhR nuclear
trandocator) protein, and possibly other factors, the AhR complex is converted into
its high affinity DNA binding form. The binding of the transformed heteromeric
TCDD:AhR complex to its specific DNA recognition sequence, the dioxin
responsive element (DRE), upstream of the CYP1A1l gene (as well as other
responsive genes), leads to DNA bending, chromatin and nucleosome disruption,
increased promoter accessibility and increased CYP1A1 gene transcription
(Hankinson 1995; Denison and Whitlock 1995; Whitlock 1996).

Table 1. Species and Tissue-Specific Toxic and Biological Effects Produced by
TCDD*®

- Immunotoxicity - Induction of Gene Expression
Thymic Involution Cytochrome P4501A1/2
Immune Suppression Cytochrome P4501B1
- Dermal Toxicity Glutathione S-Transferase Ya
Hyperkeratosis Quinone Reductase
Chloracne Aldehyde Dehydrogenase 3
- Lethality UDP-Glucuronosyl Transferase 1*06
- Tumor Promotion g-Aminolevulinic Acid Synthase
- Porphyria Prostaglandin Endoperoxide H Synthase 2
- Wasting  Syndrome Interleukin 1b
- Hepatotoxicity - Endocrine Disruption
- Teratogenicity Alterations in Endocrine Homeostasis
Cleft Palate Reduction in Steroid -Dependent
Responses
Hydronephrosis - Modulation of Cell Growth,
Pericardial Edema Proliferation and Differentiation
Embryotoxicity - Modulation of Gap Junction

a Safe 1990, 1995; Devito and Birnbaum 1994; Hankinson 1995.

Lcolodi ions. of

In addition to its role in modulating the induction of gene expression, numerous
studies also support a role for the AhR in mediating HAH toxicity. Structure-
activity relationship studies using a variety of inbred strains of mice which differ in
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their AhR functiondity and HAH responsiveness have reveded that the ability of
PCDDs, PCBs, PCDFs and other HAHs to bind to the AhR not only correlates
well with their ability to induce gene expression but also their ability to produce
toxicity (Safe 1990; Safe 1995). These data combined with the apparent lack of
TCDD-inducible biochemical and toxic effects in AhR-knockout mice (Fernandez-
Salguero et al. 1996), strongly support the hypothesis that TCDD-like HAHs exert
both their biological and toxic effects via AhR. The presence of an AhR complex in
a wide variety of species and tissues (Bank et a. 1992; Hahn et a. 1994, Denison
et a. 1991) and its ability to act as a ligand-dependent DNA-binding transactivator
of gene expression suggests that many of the toxic and biological effects these
chemicals result from differential alteration of gene expression in susceptible cells.

The toxic and biological responses mediated by AhR are not only speciess and
tissue- specific, but they are also ligand-specific. Although al of the high affinity
AhR ligands identified to date (HAHs and PAHS) are planar hydrophobic molecules
and are able to induce gene expression in an AhR-dependent manner, PAHs are
unable to produce the spectrum of toxic effects observed following exposure to
TCDD/HAHSs. This difference in toxic potency is likely due to a combination of the
higher AhR binding affinity of HAHSs (in the pM to nM range for HAHs, compared
to nM to mM for PAHS) and the increased resistance of HAHs to metabolic
degradation, which results in sustained AhR occupancy by HAHs and persistent
activation of gene expression. Given that many of the toxic effects of TCDD/HAHS
(wasting and thymic involution) are not observed until several days to weeks
following chemical exposure (Devito and Birnbaum 1994), the adverse effects of
these chemicals likely result from the continuous and inappropriate expression of
specific genes in responsive cells which ultimately results in the delayed toxic
responses. Implicit in this hypothesis is the concept that if the concentrations of a
PAH AhR ligand are maintained at appropriately high levels within an organism
then toxic effects similar to that produced by TCDD should be observed. Consistent
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Figure 1. Molecular mechanism of induction of gene expression by Ah receptor
ligands. See text for details.
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with this hypothesis, a recent study reported that juvenile catfish continually
exposed for 90 days to high dietary levels of b-naphthoflavone, a prototypica PAH
AhR ligand, exhibited a variety of morphological and toxicological effects similar to
those produced by exposure to TCDD (Grady 1992). Although significant
advances in the field over the past 10 years have clearly defined the role of AhR in
the toxic and biological effects of HAHs and PAHS, the exact biochemical events
which lead to the spectrum of species- and tissue-specific toxic responses to these
chemicals still remain to be elucidated.

"Classical" AhR Ligands and Ah Inducers

Extensive quantitative structure-activity relationship studies examining the binding
of "classica" ligands (primarily HAHs and PAHS) to AhR (Safe 1990; Gillner et
al. 1993; Waller and McKinney 1995; Kafafi et a. 1993) and these studies have
allowed limited modeling of the AhR ligand binding site. Three dimensional
molecular volume mapping and physiochemical characterization studies using a
large number of HAH and PAH ligands not only su%&st that planar, aromatic and
hydrophobic ligands with maximal dimensions of 14 A x 12 A x 5 A can fit into the
ligand binding pocket, but that high affinity binding of chemicals to the AhR is aso
critically dependent upon their electronic and thermodynamic properties (Waller and
McKinney 1995; Kafafi et a. 1993). Because of the extensive analysis that has
been carried out on the “classica” AhR ligands, it is commonly believed that AhR
ligands must share many of the common physiochemical characteristics of these
chemicals. Although the results of these AhR modeling studies have provided
some information useful for the identification of new AhR ligands, the constraints
of the currently defined model are too simplistic, especialy given that only HAHs
and PAHs were used in these studies, the recent identification and characterization
of “nonclassical” AhR ligands and Ah inducers (inducers of AhR regulated genes)
and the fact that the majority of the binding data for the modeling studies were
derived primarily from a single species. Significant species differences in the
ligand binding affinity and rank order potency of binding of a given chemica to the
AhR, combined with the recent identification of species-specific differences in the
specificity of ligand binding (Denison et al. 1986; Aarts et a. 1996; Kikuchi et a.
1996), raise concerns about the similarities of the AhR ligand binding site across
Species.

“Non-Classical” AhR Ligands And Inducers

The physiochemical and structural information derived from analysis of HAH/PAH
AhR ligands has provided valuable insights on AhR ligand structure, however,
these structural preconceptions have also hampered the search for novel classes of
exogenous and endogenous ligands which may deviate greatly from the planar,
aromatic and hydrophobic nature of “classica” AhR ligands. A significant amount
of information has become available in recent years which suggests that the above
“dogma’ is not entirely correct and that the AhR can be bound and/or activated by
“novel” chemicals whose structural and physiochemical properties are inconsistent
with currently defined structural requirements for AhR ligands (Table 2 and
Figure 2). Although the majority of these chemicals are relatively weak inducers or
AhR ligands, when compared with TCDD, their striking structural diversity is
clearly evidenced by comparison of the structure of TCDD to that of several
inducers in this category (Figure 2). Interestingly some of the synthetic
“nonclassical” chemicals, such as the methylenedioxybenzenes, benzimidazole
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Table 2. AhR Ligands and/or Inducers of Gene Products Regulated by the AhR.

Chemicals References

'Classica" AhR i Abh In
Dibenzo-p-dioxins Safe, 1990, Waller and McKinney, 1995
Dibenzofuran Safe, 1990; Waller and McKinney, 1995
Biphenyls Safe, 1990; Waller and McKinney, 1995
Diphenyl Ethers Becker et al., 1991
Substituted PAHs Gillner et a., 1993
Substituted Flavones Gasiewicz et d., 1996

"Non-Classical” AhR ligands and Ah Inducers

Synthetic

M ethylenedioxybenzenes Marcus et ., 1990
Imidazoles and Pyridines Quattrochi and Tukey, 1993; Kobayashi

et a., 1993; Lesca et a. 1995
2-(4'-Chlorophenyl)-

benzothiazole Karenlampi et a., 1989
1,3-Diaryltriazenes Sweatlock and Gasiewicz, 1986
Thiazolium Compound YH439 Leeet a., 1996
2,3-Diaminotoluene Cheung et al., 1996

"Natural"
Indoles
Indole 3-Carbinol Gillner et al, 1993; Bjeldanes et a., 1991
Indolo-[3,2]-Carbazole Gillner et al, 1993; Bjeldanes et a., 1991

Tryptophan-derived  Products Perdew and Babbs, 1991; Helferich and
Denison, 1991, 1997; Rannug et d.,

1995
Oxidized Carotinoids Gradelet et al., 1996
Heterocyclic Amines Kleman et al., 1992
Brevetoxin (PbTX-6) Washburn et a., 1997

drugs and the pesticide Carbaryl, induce CYP1A1 gene expression but do not
appear to bind to AhR in competitive assays (Marcus et a. 1990; Lesca et al. 1995;
Ledirac et a. 1997). This is difficult to reconcile, especialy given what is known
about the AhR-dependent nature of the induction of CYP1Al. From a technica
standpoint, demonstration of the ability of weak ligands to competitively bind to
AhR has been difficult, especialy given the extremely high AhR binding affinity of
TCDD. In fact, modification of the AhR ligand binding assay to allow direct
measurement of competitive binding by lower affinity ligands (i.e. by reducing the
concentration of ['H]TCDD and increasing competitor concentrations) has direct
competitive AhR binding of various methylenedioxybenzenes, benzimidazole drugs
and Carbaryl (Denison et al., unpublished observations). Thus, consistent with
what we know about other CYP1A1l inducers, these “non-classical” synthetic
chemicals are AhR ligands (albeit weak inducerg/ligands) and they activate gene
expression in an AhR-dependent manner.
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Figure 2. Structures of selected AhR ligands and/or inducers of AhR-dependent
gene products.

In addition to the above synthetic “non-classical” ligands, several classes of
“natural” chemicals which can bind to the AhR, activate AhR transformation and
DNA binding and/or induce AhR-dependent gene expression have also been
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identified (Table 2 and Figure 2). Like the "nonclassical" synthetic ligands, these
chemicals are aso relatively wesk ligands and inducers, compared to TCDD. The
ability of several dietary plant compounds such as indole-3-carbazole (13C)
(Bjeldanes et al. 1991), other indoles and flavones, the oxidized carotinoids,
canthaxanthin and astaxanthin (Gradelet et al. 1996) and heterocyclic amines
(formed during cooking of meat) to bind to AhR and/or induce AhR-dependent
gene expression have been reported. Conversion of dietary indoles (including 13C
and tryptophan) in the mammalian digestive tract to significantly more potent AhR
ligands (Bjeldanes et al. 1991; Perdew and Babbs 1991), as well as conversion of
tryptophan by UV light into several products which bind to AhR with high affinity
(Helferich and Denison 1991; Rannug et al. 1995) have also recently been
described. Indolo-[3,2-b]-carbazole (ICZ), an acidic condensation product formed
from 13C (itself a weak AhR ligand), has perhaps the highest affinity of any
"natural" AhR ligand identified to date (~0.2-3.6 nM) and it is a potent inducer of
AhR-dependent gene expression in humans and animals (Bjeldanes et al. 1991).
More recently, we have determined that endogenous water soluble metabolites of
tryptophan, namely tryptamine and indole acetic acid, can not only bind to AhR but
also exhibit full AhR agonist activity (Denison et a. 1997). Thus, indoles and
indole-derived products represent a major class of “natural” AhR ligands.

Overall, the ability of a wide range of structurally diverse "nonclassical" chemicals
to bind to AhR, activate AhR dependent DNA binding and/or induce CYP1A1 gene
expression, clearly demonstrates that a greater spectrum of chemicals can interact
with and activate this receptor than previously thought. In addition to a variety of
synthetic chemicals, there exists at least two classes of "natural" AhR ligands, those
of which are endogenous physiological compounds and those of which are dietary
in nature. Because most of these “non-classica” chemical structures do not tit the
established structural characteristics for known AhR ligands, their identification as
ligands supports a reevaluation of the currently accepted views of AhR ligand
structure.

Evidence for the Existence of Endogenous Physiologid
Ah Receptor Ligands

Severd "naturaly-occurring” AhR ligands have recently been identified, however,
no high affinity physiologica endogenous ligand has yet been reported. Activation
of AhR-dependent processes in animals and cells in culture in the absence of
exogenously added ligand has been observed (Sadek and Allen-Hoffman 1994; Ma
and Whitlock 1996; Weiss et a. 1996), and if we assume that AhR activation
requires ligand, these observations can be interpreted as indirect evidence for the
existence of an endogenous AhR ligand(s). Interestingly, these studies not only
suggest the existence of an endogenous AhR activator(s) and support its
involvement in the induction of xenobiotic metabolism, but they indicate a role for
the AhR in cel proliferation and differentiation and in cell cycle programming.
Perhaps the best evidence for an endogenous AhR ligand in animals comes from
studies using AhR knockout mice (Fernandez-Salguero et a. 1995; Schmidt et al.
1996). The presence of a spectrum of hepatic defects as well as subtle changes in
immune function and effects in other tissues in these AhR(-/-) animals, strongly
support a role for the AhR in normal developmental processes. It is presumed that
this activation must be mediated by an endogenous physiological ligand present in
these specific tissues.
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Structural diversity in AhR Ligand Binding: Implications for
AhR-Dependent Biomarkers and Bioassays

Numerous aspects of the AhR-dependent mechanism of action (gene expression,
keratinization, porphyrin accumulation and AhR ligand/DNA binding) have been
developed for use as biomarkers in wildlife (as an indirect indicator of exposure of
an organism to HAHY/PAHS) as well as in cels in culture (as a mechanism for
rapid detection and characterization of putative AhR ligands). The induction of
cytochrome P4501A1-dependent ethoxymsorufm-O-deethylase (EROD) activity in
the tissues of laboratory or sentinel animals or in cells in culture is the AhR-specific
response that has been used most extensively (Safe 1990; Giesy et al. 1994).
Although measurement of the induction of AhR-dependent gene expression in these
systems is generally a good indicator of whether a biological system has been
exposed to HAHS/PAHs-type chemicals, the promiscuous nature of AhR ligand
binding, raises some concerns as to its absolute specificity for use as a biomarker of
HAH/PAH exposure/effect. One can envision a situation in which elevated levels
of EROD activity observed in an sentinel or test species could be due to chemicals
other than HAHS/PAHs (such as exposure to significant levels of dietary AhR
ligands). On the other hand, knowledge about the spectrum of chemicals which can
interact with AhR could provide some insight into some of the discrepancies
commonly found between levels of HAHYPAHs and EROD activities in test
species from environmental exposure studies. The relative contribution of these
“non-classical” AhR ligands to the overall level of gene expression and/or other
AhR-dependent effects in animals and humans remains to be examined.

Conclusions

In most biological systems, ligand binding to receptors are generaly of high affinity
and high chemical specificity. While it has been generally accepted that ligands for
AhR are planar, aromatic and hydrophobic molecules which conform to defined
structural and electronic characteristics, AhR actualy contains a rather “doppy” or
promiscuous ligand binding site. Although at first this might seem to be
incompatible with its role as a selective ligand-dependent receptor, a case can be
made that this actually confers some adaptive advantage to the organism. If one
considers that exposure to AhR ligands induces expression of a variety of distinct
detoxification enzymes, each of which exhibits its own broad substrate specificity,
the existence of a specific regulatory protein that can recognise and be activated by a
spectrum of structurally-diverse chemicals could greatly increase the rate a which
these chemicas could be metabolized/detoxified. This would ultimately provide the
organism with a greater range of protection from toxic xenobiotics. In fact, many
of the AhR ligands identified here are known substrates for P4501A1 and/or other
AhR induced genes.

In addition to xenobiotic-mediated induction, the promiscuous nature of AhR ligand
binding could also increase the spectrum of endogenous chemicals that could
activate AhR. One can imagine that distinct endogenous ligands present in
different cell types could activate AhR to a similar degree and thus induce
expression of gene products important for a desired biological activity in a cell-
specific manner. We envision that the endogenous physiological AhR ligands have
relatively weak affinity, compared to TCDD, and are rapidly degraded by the
coordinately induced detoxification enzymes and as such, they would act as
transient inducers. In fact, experiments suggesting that inhibition of CYP1A1
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activity results in accumulation of an endogenous AhR ligand (Weiss et a. 1996)
are compatible with this hypothesis. Application of AhR-based screening
techniques for the identification and characterization of new AhR ligands will not
only provide us with greater insight into the spectrum of chemicals which can bind
to AhR, but structure-activity analysis should provide clues pertaining to the
identification of endogenous AhR ligands. Knowledge about the endogenous
ligands of AhR and the specific genes which are regulated by this protein in
different tissues will not only provide insights into the biochemical and molecular
mechanism by which TCDD and related chemicals produce their diverse species and
tissue-specific effects, but they will also define the importance of this receptor
system in relationship to human health.
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