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Summary

Many xenobiotic compounds elicit changes in gene expression through activation of ligand-

dependent transcription factors.  This altered gene expression may be adaptive (e.g. induction of
xenobiotic-metabolizing enzymes) or may lead to toxicity.  Three families of transcription

factors have been shown to play important roles in mediating xenobiotic responses in mammals:

basic-helix-loop-helix/Per-ARNT-Sim (bHLH-PAS) proteins, nuclear receptors (NR), and the
Cap‘n’Collar basic leucine zipper (CnC-bZIP)  proteins.  The bHLH-PAS superfamily includes

the aryl hydrocarbon receptor (AHR), through which dioxins and dioxin-like compounds cause
altered gene expression and toxicity.  Xenobiotic receptors in the nuclear receptor superfamily

include the constitutive androstane receptor (CAR), pregnane-X-receptor (PXR), and several

others that can be activated or inhibited by environmental contaminants.  CnC-bZIP proteins
such as NRF2 (Nuclear factor E2-Related Factor 2) respond to oxidative stress by enhancing the

expression of genes encoding enzymes involved in the anti-oxidant response.  Each of these gene

families is found in fishes, where many of them have undergone lineage-specific gene
diversification and gene loss.  Here we review the current knowledge regarding the biochemistry

and molecular biology of these xenobiotic receptors in bony, cartilaginous, and jawless fishes.
We discuss how studies in fishes can contribute to a general understanding of xenobiotic

responses in vertebrate animals (fish as models) and how such studies can inform the assessment

of chemical effects in fish inhabiting contaminated environments (fish as targets).
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Abbreviations used:

3MC: 3-methylcholanthrene

AHH: aryl hydrocarbon hydroxylase

AHR: aryl hydrocarbon (Ah) receptor
AHRE: AHR-responsive enhancer (=DRE, XRE)

AHRR: AHR repressor

ANF: a-naphthoflavone

AR: androgen receptor
ARE: anti-oxidant response element (=EpRE)

ARNT: Ah receptor nuclear translocator
bHLH-PAS: basic helix-loop-helix Per-ARNT-SIM

BMAL: brain and muscle ARNT-like

BNF: b-naphthoflavone

bZIP:  basic-leucine zipper
CAR: constitutive androstane receptor

CNC: cap’n’collar
CYP1A1:  cytochrome P450 1A1

DRE: dioxin responsive enhancer (=AHRE, XRE)

ECOD: ethoxycoumarin O-deethylase
EpRE: electrophile response element (=ARE)

ER: estrogen receptor

EROD: ethoxyresorufin O-deethylase
FMO: flavin monooxygenase

g-GCS: g-glutamylcysteine synthase

GR: glucocorticoid receptor
GST: glutathione S-transferase

HIF: hypoxia-inducible factor

HO: heme oxygenase
Keap1: Kelch-like-ECH-associated protein

MET: methoprene-tolerant
MO: morpholino-modified oligonucleotide
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N3Br2DD: 2-azido-3-iodo-7,8-dibromodibenzo-p-dioxin

NCoA: nuclear receptor co-activator (= steroid receptor coactivator)
NF-E2: nuclear factor erythroid 2

NQO: NAD(P)H-quinone oxidoreductase
NR: nuclear receptor

NRF: NF-E2-related factor

OSR: oxidative stress response
PAH:  polynuclear aromatic hydrocarbons

PCB: polychlorinated biphenyl
PER: period

PHAH: planar halogenated aromatic hydrocarbons

PPAR:  peroxisome proliferator-activated receptor
PXR: pregnane X receptor

RT-PCR: reverse transcription-polymerase chain reaction

RXR: retinoid X receptor
SIM: single-minded

SOD: superoxide dismutase
tBHQ: tert-butylhydroquinone

TCB: tetrachlorobiphenyl

TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin
TCPOBOP: 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene

Trh: trachealess
UGT: uridine diphosphate glucuronosyltransferase

XRE: xenobiotic responsive enhancer (=DRE, AHRE)



Xenobiotic receptors in fish 5

I.  Introduction: Xenobiotic receptors

II.  Aryl Hydrocarbon Receptors (AHRs) and the bHLH-PAS superfamily

1. The bHLH-PAS superfamily and AHR-dependent signaling in mammals

2. AHR signaling in fishes: structural diversity

3. AHR signaling in fishes: functional diversity

3.1 Teleost fishes

3.2 Elasmobranch fishes

3.3 Jawless fishes

4.  Evolution of AHRs and the AHR signaling pathway

III.  Nuclear Receptor (NR) Superfamily

1. NR Superfamily in mammals

2. NR diversity in fishes

IV.  The Antioxidant Response (oxidative stress response)

1. The mammalian oxidative stress response

2. NRF homologs and the oxidative stress response in fish

V.  General Conclusions and Future Directions

1.  Receptor diversity in fishes versus mammals

2.  Future directions

VI. References



Xenobiotic receptors in fish 6

I.  Introduction: Xenobiotic receptors

Chemicals interact with biological systems through a variety of mechanisms that give rise to

physical, chemical, and biochemical modifications of biological macromolecules or changes in

gene expression.  Some of the most important—and interesting—mechanisms are those in which

the initial steps occur through chemical interactions with  intracellular receptor proteins that act

as ligand-dependent (or ligand-modified) transcription factors.  Many of these receptors appear

to have evolved as biological sensors to detect the presence of toxicants (xenobiotic or

endogenous) or changes in environmental conditions.  Consistent with that notion, these

receptors often regulate the expression of genes encoding biotransformation enzymes or small-

molecule transporters.  The former include phase I biotransformation enzymes such as

cytochromes P450 (CYPs) and flavin monooxygenases (FMOs) as well as phase II enzymes such

as glutathione S-transferases (GSTs) and uridine diphosphate glucuronosyltransferases (UGTs).

The induction of such genes can usually be considered an adaptive response.  However, in some

situations, such as with certain ligands or at specific developmental stages, stimulation of this

“adaptive” response can lead directly to toxicity, for example through generation of reactive

metabolites or interference with endogenous signaling pathways.

Most of the research on xenobiotic receptors has been conducted in mammalian systems.  These

studies have identified three families of proteins as having important roles in regulating the

response to xenobiotic chemicals (Table 1).  The aryl hydrocarbon receptor (AHR), a member of

the basic helix-loop-helix Per-ARNT-Sim (bHLH-PAS) family of transcription factors, is well

known for its role in the altered gene expression and toxicity elicited by chlorinated dioxins and

related planar halogenated aromatic hydrocarbons (PHAHs) as well as certain polynuclear

aromatic hydrocarbons (PAHs)114,188,244.  Several members of the nuclear/steroid receptor (NR)

superfamily regulate the expression of multiple CYP and transporter proteins that act on

xenobiotic substrates143,287.  Proteins in the Cap‘n’Collar basic leucine zipper (CnC-bZIP)

family, including NRF2 (Nuclear factor E2-Related Factor 2) and related proteins, respond to

oxidative stress by enhancing the expression of genes encoding enzymes involved in the anti-

oxidant response, including several Phase II biotransformation enzymes192. Although not
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pharmacological “receptors” (they have not been shown to exhibit high-affinity, specific binding

to ligands), CnC-bZIP proteins clearly are “sensors” of environmental chemicals and their

effects, and thus are rightly considered together with the bHLH-PAS and NR proteins as part of

transcriptional response to xenobiotic exposure.

All three of these protein families (bHLH-PAS, NR, CnC-bZIP) exist in fishes.  In each case,

there is strong evidence that the xenobiotic-related roles played by these proteins in fishes are

similar to those demonstrated in mammals.  At the same time, there are important differences in

the diversity and function of these proteins in fishes as compared to mammals.  Such differences

complicate attempts to extrapolate findings between these two groups of vertebrates.  They also

make fish a rich and fascinating group of animals with which to probe the function and evolution

of these important signaling pathways.  Given the importance of fishes both as targets for

environmental chemicals53,54,177 and as model systems for investigating the possible human health

impacts of xenobiotics18,97,254,268 (see Carvan chapter), understanding the structural and functional

diversity of xenobiotic receptors in fishes is essential.  In this chapter, we review recent progress

in this area and discuss the implications for environmental toxicology and the evolution of gene

regulatory pathways.

II.  Aryl Hydrocarbon Receptors and the bHLH-PAS superfamily

1. The bHLH-PAS superfamily and AHR-dependent signaling in mammals

The bHLH-PAS superfamily in vertebrates includes nearly two dozen PAS-domain containing

proteins that act as transcription factors to regulate gene expression.  Many PAS proteins have

important roles during development or act as part of signaling pathways that serve to sense

changing environmental conditions (including the internal environment) and initiate homeostatic

responses56,94,95,238. PAS proteins also occur in invertebrates, plants, bacteria, and archaea, where

they also serve functions related to environmental sensing264.  Metazoan PAS proteins mediate

the response to hypoxia (HIF, Trh), serve as co-activators for nuclear receptors (NCoA), form

the molecular cogs of circadian clocks (CLOCK, Per), and play important roles in neural

development (SIM)94.  Two PAS proteins interact directly with small molecule ligands:  the
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vertebrate AHR40 and arthropod MET16. Vertebrate bHLH-PAS proteins usually act as

heterodimers consisting of one general partner (ARNT or BMAL) and one specific partner (e.g.

AHR, HIF, SIM, or CLOCK).

The AHR signaling pathway has been characterized in greatest detail in mammalian (primarily

murine and human) systems, and detailed reviews are available84,95,98,114,186,188,244.  Here, we

highlight certain features of the mammalian AHR pathway as background and for comparison

with the fish-specific information that will follow (Fig. 1).

The AHR was first identified203 as a protein regulating the induction of cytochrome P450-

dependent benzo[a]pyrene hydroxylase activity—which is catalyzed primarily by CYP1A1—in

inbred mice.  Many genes are now known to be regulated by the mammalian AHR; those

involved in an autoregulatory loop involving the AHR and CYP1A1 have been classified as the

“Ah gene battery”187,188.  The AHR regulates gene expression by interacting with a specific DNA

sequence motif, referred to variously as a xenobiotic response element (XRE), dioxin-response

element (DRE), or AHR-response element (AHRE), in the promoter of target genes.  The AHR

binds to AHRE sequences as a dimer with the AHR nuclear translocator (ARNT) protein121,228.

Our current understanding of AHR-ARNT interactions is that they occur only (or primarily) after

activation of the AHR by a small molecule ligand153, although other activation mechanisms are

possible240.  In most cells, the unliganded AHR exists in the cytoplasm as an inactive complex

with chaperone proteins such as hsp90.  Ligand binding appears to alter the conformation of this

complex, facilitating its movement into the nucleus, the dissociation of the chaperones, and

formation of the transcriptionally active AHR-ARNT complex.  The AHR signal is terminated

when the AHR is exported from the nucleus and subjected to proteasomal degradation206.  AHR

signaling may be negatively regulated by several mechanisms, one of which involves the AHR

repressor (AHRR), an AHR-related protein that competes with the AHR for binding to ARNT

and AHREs but is transcriptionally inactive175.

The AHR is required for changes in gene expression (e.g. induction of CYP1A1) after exposure

to dioxins and related chemicals, as shown in studies employing mice in which the AHR gene

had been inactivated78,245.  Other studies in these AHR knock-out mice revealed that the AHR
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also is required for the toxicity of TCDD77,176,200 and carcinogenicity of benzo[a]pyrene250.  Thus,

the toxicity of TCDD and other PHAHs occurs as a result of their interactions with the AHR,

most likely through AHR-dependent changes in gene expression (induction or repression) that

occur subsequent to ligand binding39.  It is not yet known which AHR target genes play the most

important role in the toxicity of dioxin-like compounds.  Nevertheless, the essential role of the

AHR in the effects of these compounds has been established, even if the exact mechanisms are

not yet clear.  In addition to the fact that the AHR is required for toxicity to occur, quantitative

differences in the sensitivity of species or strains of animals to the toxicity of AHR ligands are in

part the result of differences in AHR functional characteristics such as ligand-binding

affinity96,205.

Although originally thought to exhibit a strict structure-activity relationship for ligand binding,

the AHR is now known to be extremely promiscuous in its ligand interactions.  In addition to the

“classical” synthetic AHR ligands, which tend to be planar, hydrophobic compounds such as

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and polynuclear aromatic hydrocarbons (PAHs),

the AHR exhibits moderate to high affinity for a variety of flavonoids, indole derivatives, and

other structures59,60. Some of the latter are candidates for the elusive, endogenous/physiological

AHR ligand34,201,248,251,253.

2. AHR signaling in fishes: structural diversity

In contrast to the vast literature on the mammalian AHR signaling pathway, there are just a

handful of reports describing AHRs and ARNTs in fishes.  However, those few studies have

revealed a surprising diversity in the structure and function of piscine AHR and ARNT proteins.

This diversity includes differences in the fish proteins as compared to their counterparts in

mammals, as well as variation among fish species.  It occurs through differences in the number

of genes, allelic polymorphism, and alternative splicing.  Some of the features of AHR signaling

in fishes have been reviewed previously95,97-99,263.

One of the most notable features of AHR signaling in fishes is the large number of AHR genes

that exist as compared to mammals.  While all mammalian species examined so far have only a
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single AHR gene, individual fish species possess from one to at least five AHRs, with two or

more AHRs in most species that have been studied (Table 2).  For example, two AHRs (AHR1

and AHR2) each have been identified in killifish Fundulus heteroclitus100,104,137 (Fig. 1) and

zebrafish Danio rerio10,261, whereas five AHRs (two AHR1 forms and three AHR2s) have been

identified in the completed genome of the pufferfish Fugu rubripes136.  This diversity of AHR

genes in fishes appears to have arisen by gene or genome duplications prior to the divergence of

the fish and tetrapod lineages as well as by lineage-specific duplications in specific groups of

fishes98,104,115,136.  The piscine AHR genes have been classified by phylogenetic analysis into three

clades, designated AHR1, AHR2, and AHR3.  AHR1 genes are orthologous# to mammalian

AHRs, whereas AHR2 and AHR3 are novel AHR forms first identified in fishes104,137,169.  AHR2

appears to be the predominant AHR form (i.e. most highly and widely expressed) in many teleost

fish2,31,115,137,237,261.  AHR3 proteins are phylogenetically distinct from those in the AHR1 and

AHR2 clades, and have been found so far only in elasmobranchs32,169.

Fish AHRs also display diversity reflected as polymorphisms.  This was first noted in the allelic

variants of AHR2 described in tomcod (Microgadus tomcod)237. Subsequently, it has been shown

that the killifish AHR1 gene is highly polymorphic, with numerous single-nucleotide

polymorphisms arranged in multiple haplotypes101,103.  The functional significance of these

variants is not yet understood.

AHR splice variants have also been identified in fishes (AHR1s)137,138, as in mammals48, but

again the functional significance of these is unknown.

Despite the diversity in AHR number and structure in fishes, all fish AHRs possess N-terminal

bHLH and PAS domains that are highly conserved as compared to mammalian AHRs (Fig. 2).

In contrast, the C-terminal halves of fish AHRs are quite variable, as seen also for mammalian

                                                  
# Several terms are used to describe the relationships of homologous genes within and among species.
Homologous genes in two different species are orthologous79 if they are descended from the same gene in
the most recent common ancestor of the two species; thus, the two genes are separated only by a
speciation event.  Paralogous genes79 are homologs that exist in the same species and resulted from a
gene duplication event in that species or an ancestral species.  For the case in which a gene duplication
has occurred in one lineage but not another, the term co-ortholog86,265 has been used to describe the
relationship between each of the two duplicated genes in one species and their single ortholog in the other
species.
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AHRs and some other PAS proteins48,137.  Fish AHR2s lack the glutamine-rich transactivation

domain found in mammalian AHRs (and killifish AHR1).  AHR2s also differ from AHR1 forms

in having a modified version (MYCAD) of the LXCXE motif that mediates interactions of the

mammalian AHR with pRB, the product of the retinoblastoma tumor suppressor gene87,137,221

(Fig. 2).  However, the functional consequences of such differences are not clear, because fish

AHR2s are transcriptionally active2,3,135,208,261.

Fish also possess a variety of ARNT forms (Table 2).  However, in contrast to AHRs, fish ARNT

diversity appears to be generated primarily through alternative splicing, which also occurs in

mammalian ARNTs121,147,222,283.  First identified in rainbow trout209, fish ARNT splice variants

have been seen also in zebrafish124,262,278 and killifish212,213.  Although mammals possess two

ARNT genes (ARNT1 and ARNT2)120, the number of ARNT genes in fishes is not yet certain.

Some of the fish ARNTs that have been characterized to date appear to be more like mammalian

ARNT1, whereas others are clearly orthologous to ARNT2211,213,262.   Tanguay262 suggested that

two ARNT forms may exist in zebrafish.  A search of the Fugu genome reveals the presence of

one ARNT1 and one ARNT2 (Karchner & Hahn, unpublished; see also Rowatt et al.231 and

Table 2).

The AHR repressor (AHRR; Table 2) is an AHR-regulated gene first identified in mice175 and

subsequently also in fishes74,135,233.  AHRR is closely related to AHRs in the primary sequence of

the bHLH and PAS-A domain (N-terminal half of the PAS domain), but it is highly divergent

from AHRs in the PAS-B domain (location of the AHR ligand-binding domain) and beyond.

Consistent with this, fish and mammalian AHRR proteins do not bind typical AHR ligands such

as TCDD135.  The AHRR protein inhibits AHR signaling by competing for binding to ARNT and

for AHR-ARNT binding to AHRE sites on target genes175.  Expression of the AHRR gene is

regulated (induced) by the AHR via AHRE sequences in the promoter of the mammalian17,175 and

fish135 AHRR genes.  AHRR is inducible by AHR agonists in fish, but its inducibility (like that

of CYP1A) is lost in dioxin-resistant fish from highly contaminated sites135,174.
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3. AHR signaling in fishes: functional diversity

3.1 Teleost fishes

The functional characteristics of the AHR pathway in teleost fishes are generally like those

described in mammals.  For example, most fish AHRs display high affinity for planar

halogenated aromatic hydrocarbons such as TCDD2,106,137,159,207,260, regulate expression of

CYP1A216,257, and exhibit ligand structure-activity relationships that are similar (though not

identical) to those of mammalian AHRs3,92,119,276.  However, fish AHRs also exhibit novel

features, related in part to the additional AHR diversity in fishes as compared to mammals.

3.1.1 AHR ligand-binding characteristics.  The set of compounds known to bind mammalian

AHRs is large and structurally diverse59,60 and thus it is of great interest to determine whether fish

AHRs exhibit similar promiscuity in their ligand-binding requirements. Such studies are

complicated by the fact that fish AHRs appear to be especially labile under the conditions of

several batch ligand-binding assays that have been used successfully with rodent AHRs,

including hydroxylapatite adsorption83, protamine sulfate precipitation58, and filter-binding

assays64.  (Interestingly, the human AHR also is unstable when assayed with these methods132,184.)

However, the more labor-intensive sucrose density gradient competitive binding assay271 works

well with fish AHRs117,137,159,281 and can be used to compare the structure-binding relationships of

fish and mammalian AHRs.  Using in vitro translated mammalian AHR(1) and fish AHR1 and

AHR2 forms, we found that the binding of [3H]TCDD could be displaced by planar halogenated

compounds (2,3,7,8-tetrachlorodibenzofuran, 3,3’,4,4’-tetrachlorobiphenyl), non-halogenated

aromatic hydrocarbon (benzo[a]pyrene), a flavonoid  (b-naphthoflavone), an indole (indigo), and

linear tetrapyrroles (bilirubin, biliverdin)102.  Although there were some relatively small

quantitative differences among receptors in the degree of competition, the overall structure-

binding relationships for this set of compounds appears to be similar among fish and mammalian

AHRs.

There are, however, some interesting differences in ligand-binding activities of mammalian

AHRs and fish AHRs, for certain ligands.  For example, fishes are less sensitive than mammals
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to AHR-dependent activation of transcription3,92 and toxicity276 caused by mono-ortho

polychlorinated biphenyls (PCBs) such as PCB-105 (2,3,3’,4,4’-pentachlorobiphenyl).  Studies

with in vitro-expressed proteins and fish cells119 show that this difference is due not to

differences in the relative affinity of AHR binding but rather to differences in intrinsic efficacy

for activation of the AHR. Another example of an intriguing difference between mammalian and

fish AHRs can be found in the zebrafish (Danio rerio).  This species possesses both an AHR1

and an AHR2, but zebrafish AHR1—the ortholog of the mammalian AHR—has lost the ability

to bind both halogenated and non-halogenated AHR ligands10.  Thus, zebrafish may be like

mammals in expressing a single functional AHR (see also below), but they have achieved this by

retaining different paralogs# (AHR2 versus AHR1).

3.1.2 AHR role in gene transcription.  The transactivation function of mammalian AHRs has

been found to reside in the C-terminal half of the protein, and three different structural motifs

have been implicated: glutamine (Q)-rich, acidic, and proline/serine/threonine (P/S/T)-rich

domains129,232,280.  Q-rich regions are missing or reduced in fish AHR2 forms2,137,237,261 but are

present in at least one fish AHR1137.  Nevertheless, isolated C-terminal fragments of trout AHR2s

exhibit strong transactivation function208 and most full-length fish AHR1 and AHR2 forms are

transcriptionally active in transient transfection assays in mammalian cells2,3,135,208,261.

Identification of specific amino acid residues of functional importance can be facilitated by a

comparison of closely related AHR proteins.  Such a comparison was performed for two rainbow

trout AHRs—AHR2a and AHR2b—that share 98% amino acid identity.  Despite the high degree

of relatedness, these two proteins were found to exhibit different, enhancer-specific

transactivation activities when transiently expressed in mammalian cells, with AHR2b having

reduced activity as compared to AHR2a2,3. This reduced activity is reflected in a 10-fold

difference in the EC50 for activation by TCDD3,208.  Subsequent studies12 identified amino acid

111 of AHR2b (corresponding to amino acid 110 of AHR2a) as the key difference between these

two proteins.

The complete set of AHR target genes is not yet known, even in the well studied mammalian

systems, and only a few have been identified in fish42,44,45,111,135.  Fish CYP1A genes, which are
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highly induced by AHR agonists, possess functional AHRE sequences in the 5’-flanking

regions29,44,45,157,194,214,236,282. AHRR genes in killifish and zebrafish are inducible by TCDD74,135 and

the killifish AHRR promoter includes AHREs that direct TCDD-dependent transactivation in the

presence of either AHR1 or AHR2135.  Interestingly, the expression of AHR2 also has been

shown to be inducible by TCDD and other AHR agonists2,11,174,261,269, but in a species-, tissue-,

and developmental stage-specific manner210,237. Thus, AHRs and AHRR form a complex

feedback loop involving both positive (AHR2 induction) and negative (AHRR induction)

components (Fig. 1).

3.1.3 AHR role in sensitivity and resistance to toxicity.  From a toxicological perspective, a

critical question concerns the role that each AHR plays in the toxicity of AHR agonists such as

TCDD.  In mice, biochemical and genetic experiments—including studies in AHR knock-out

mice—have shown that the AHR is necessary for most forms of TCDD toxicity77,78,148,176,200,245. In

a few fish studies, the AHR antagonist* and CYP1A inhibitor a-naphthoflavone (ANF) has been

used to block TCDD toxicity, providing suggestive evidence for a role of AHRs or CYP1A in

this process65,66,138.  The generation of AHR1- and AHR2-knock-out fish would be enormously

valuable in distinguishing the relative roles of these two proteins in the effects of AHR agonists

in fishes. However, knock-out technology is not yet applicable to fishes. Nevertheless, recent

studies have utilized the powerful approach of gene knock-down during development using

morpholino-modified oligonucleotides (MO)185 to examine the role of AHR2 and its target gene

CYP1A in the early life stage toxicity of TCDD to zebrafish216,270.  Because zebrafish AHR1

appears to be inactive10, AHR2 was predicted to control both CYP1A induction and toxicity in

this species.  Teraoka, Peterson, and colleagues216,270 found this to be the case.  A MO targeted to

AHR2 prevented the induction of CYP1A mRNA at 24 hr post fertilization in embryos exposed

to TCDD.  The AHR2 MO also reduced or prevented many of the typical signs21,118,269 associated

with early life stage toxicity of TCDD—pericardial and yolk sac edema, reduced blood flow,

craniofacial (jaw) deformities, and the inhibition of definitive erythropoiesis216,270.  Mortality

                                                  
* Strictly speaking, ANF is a partial agonist for the AHR. At high concentrations, it has AHR agonist
activity, as indicated by its ability to induce CYP1A1 expression. However, at low to moderate
concentrations, it antagonizes the ability of full agonists such as TCDD to activate the AHR85,241.
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caused by TCDD exposure of zebrafish embryos was delayed, but not eliminated, by AHR2 MO

injection; this could reflect the temporary nature (48-96 hr) of the translational block produced

by MO treatment68,185,216.

In zebrafish embryos, CYP1A is the gene most highly induced by TCDD110,111.  To assess the

role of the induced CYP1A in TCDD early life stage toxicity in zebrafish, Teraoka and

colleagues270 used a CYP1A-MO to block expression of CYP1A protein without (presumably)

affecting the expression of other TCDD-inducible genes.  Knock-down of CYP1A prevented the

edema and reduced blood flow caused by TCDD in developing embryos, providing evidence for

a direct role for the induced CYP1A in some of the toxic effects of TCDD.  However, this

finding has been questioned recently.  Heideman and co-workers43 performed similar

experiments using a CYP1A-MO to block the induction of CYP1A by TCDD in developing

zebrafish, but unlike the earlier study they found that the CYP1A-MO did not prevent the

pericardial edema and reduction in blood flow caused by TCDD. Thus, the role of CYP1A in

TCDD-induced embryotoxicity remains unresolved.

CYP1A may eventually be found to play an important role in certain aspects of TCDD toxicity.

However, it seems unlikely that any one AHR-regulated gene will be identified as responsible

for the entire spectrum of TCDD toxic effects. Rather, TCDD toxicity almost certainly involves a

complex web of altered gene expression and its sequelae.  In light of this, the suggestion by

Teraoka et al.270 that AHR2 may play only a “permissive” role in the mechanism of TCDD

toxicity is puzzling.  It was hypothesized more than 20 years ago204 that the role of the AHR in

TCDD toxicity occurred through the altered expression of AHR-regulated genes. Our

fundamental understanding of that role has not changed, and the search for the important AHR

target genes continues.  However, it appears clear from studies in AHR knock-out

mice77,78,148,176,200,245 and AHR2 knock-down zebrafish43,216,270 that the AHR plays a necessary and

active (not simply “permissive”) role in the toxicity of dioxin-like compounds.

The findings summarized above provide evidence that studies in fishes are contributing to our

understanding of the roles of AHRs and their target genes in the toxicity of AHR agonists.  In

addition, fish are serving as valuable models in efforts to understand how variations in AHR
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structure and function underlie the differential sensitivity to PHAHs and PAHs that is seen when

comparing individuals, populations, or species.  In at least two species of fishes, population-

specific differences in sensitivity to PHAHs or PAHs have been documented.  Atlantic tomcod

(Microgadus tomcod) obtained from the Hudson River have reduced sensitivity to CYP1A

induction by PHAHs (but not PAHs) as compared to fish from less contaminated reference

sites55,234,235,285,286.  Atlantic killifish inhabiting a variety of PHAH- or PAH-contaminated sites are

less sensitive to the biochemical and toxic effects of AHR agonists23,69,172,173,179-183,198,219,220,273.  This

acquired or evolved resistance to AHR agonists appears to involve multiple mechanisms.  For

example, the relative roles of genetic adaptation versus physiological acclimation vary between

the two species and even among populations of killifish.  The resistance is heritable in some

populations22,69,181,218, whereas it is physiological or mixed in others173,198,235.  The role of altered

AHR expression or function has been investigated in some of these populations; specific

hypotheses have included 1) down-regulation of AHR1 or AHR2 expression, 2) up-regulation

(genetic or physiological) of AHRR expression, and 3) selection for AHR forms with lower

ligand-binding affinity or other altered function.  An altered pattern of tissue-specific expression

of AHR1 was found in PHAH-resistant killifish from New Bedford Harbor, MA, as compared to

killifish from a reference site, but unlike the resistance itself, this altered expression pattern was

not heritable210.  Altered AHR expression (AHR1 and/or AHR2) was not seen in killifish from

the Elizabeth River174 or in Hudson River tomcod233,237.  In the populations of killifish135,174 and

tomcod233 that have been examined, constitutive expression of AHRR is not altered, suggesting

that up-regulation of this protein is not involved in the resistant phenotype.  In fact, AHRR

appears to be another AHR-regulated gene that—like CYP1A—is refractory to induction in the

resistant populations135,174. AHR2 polymorphisms, including one unique to Hudson River fish,

were identified in tomcod237; however, the functional significance of these is not known.

Similarly, the killifish AHR1 locus was found to be highly polymorphic, and certain haplotypes

(alleles) were under-represented in the PHAH-resistant New Bedford Harbor population101,103.

Whether the alleles remaining in New Bedford Harbor killifish encode AHR1 proteins with

altered functional characteristics is not yet clear.  An alternative possibility is that the killifish

AHR1 locus is in linkage disequilibrium with another locus—possibly AHR2—bearing alleles
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that confer reduced sensitivity to dioxin-like compounds.  Together, these studies suggest that

the mechanisms underlying PHAH and PAH resistance in fish from contaminated sites are

complex, likely involving the AHR pathway but possibly other genetic and epigenetic factors as

well.

3.1.4  ARNT function.  Fish ARNTs are interesting because of the degree of structural diversity,

largely generated by alternative splicing.  Pollenz and coworkers have provided a detailed

structural and functional characterization of two alternatively spliced rainbow trout ARNT

forms, designated rtARNTa and rtARNTb.  These two variants are identical over the first 533

amino acids, including the bHLH and PAS domains, but they diverge in the C-terminal portion

of the protein209. Both forms are able to form dimers with AHR, but they differ in their ability to

support transactivation.  rtARNTb is transcriptionally active when complexed with AHR, whereas

the AHR-rtARNTa dimer is inactive due to its poor ability to bind DNA.  Moreover, rtARNTa

acts as a dominant negative factor, blocking transcriptional activation mediated by the AHR-

rtARNTb complex209.  The dominant negative activity of rtARNTa results from a hydrophobic

domain in its C-terminus that blocks DNA binding, not only of the AHR-ARNT complex but of

heterologous DNA-binding domains as well189,190.  Patterns of expression suggest that the two

trout ARNT splice variants exhibit distinct functions in vivo.  rtARNTb mRNA and protein are

widely expressed in a variety of tissues and developmental stages, whereas the expression of

rtARNTa is lower and more restricted209,252.

Alternatively spliced ARNTs have been described also in zebrafish and killifish.  In zebrafish,

Tanguay et al.262 identified three such variants.  zfARNT2a is a truncated protein resulting from

alternative splicing in the C-terminal half of the protein as compared to forms 2b and 2c;  the

latter two differ only in the lack of an exon just upstream of the basic region of zfARNT2c.

Interestingly, only the 2b form is active as a dimerization partner for zfAHR2 in supporting

TCDD-dependent transactivation of gene expression from AHREs, whereas all three ARNT

variants can support HIF2-dependent transcription from a hypoxia response element (HRE).  A

zebrafish ARNT2 identical to Tanguay’s zfARNT2a was identified by Hu and coworkers277,278,

who showed that this variant, as well as another ARNT splice variant (ARNT2x) could repress
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TCDD-inducible CYP1A expression in a zebrafish liver cell line124,278.  Furthermore,

microinjection of ARNT2x expression constructs into zebrafish embryos disrupted the

development of several organs, presumably through inhibition of processes dependent on full-

length ARNT124.

Killifish express an ARNT2 variant that includes an additional 16 amino acids just upstream of

the basic region, as in zfARNT2b212,213; this insertion corresponds to a similar region of

mammalian ARNT1 forms, encompassing exon 5212.  The two killifish ARNT2 variants did not

differ in their ability to form HRE-binding complexes with killifish HIF-2a212.

These studies of fish ARNTs have confirmed and extended results in mammalian

systems121,147,222,283 indicating that ARNT genes display considerable transcript diversity, leading

to protein variants with distinct functional properties.

3.2.  Elasmobranch fishes

The first evidence for a functional AHR signaling pathway in elasmobranchs came from studies

of cytochrome P450 inducibility by PAHs and TCDD24,25,27,130,202. For example, benzo(a)pyrene

(BaP) hydroxylase (also known as aryl hydrocarbon hydroxylase or AHH) and 7-

ethoxycoumarin O-deethylase (ECOD) activities—both of which are now known to be catalyzed

at least in part by CYP1A forms—were significantly increased in Atlantic stingray (Dasyatis

sabina) injected with 3-methylcholanthrene (3MC) and little skate (Raja erinacea) injected with

3MC or 1,2,3,4-dibenzanthracene26,28,130,202. Similarly, AHH activity was induced in little skate

treated with TCDD26,202.  Immunochemical confirmation that the induced P450 is a CYP1A was

obtained in little skate and spiny dogfish (Squalus acanthias) treated with b-naphthoflavone

(BNF)108,255 and smooth dogfish (Mustelus canis) captured near a PCB-contaminated site108.

Recently, a skate CYP1A cDNA has been cloned168; it shares 59-61% and 56% identity in

deduced amino acid sequence with teleost and human CYP1As, respectively. Thus,

elasmobranch fishes possess a CYP1A gene that is inducible by typical AHR agonists.
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Following the demonstration of an inducible CYP1A, studies showed that cartilaginous fishes

possess a high-affinity AHR.  The first direct evidence for this came from the observation that 2-

azido-3-[125I]iodo-7,8-dibromodibenzo-p-dioxin ([125I]N3Br2DD) exhibited specific binding to

proteins in cytosol prepared from spiny dogfish and smooth dogfish livers105,106.  Subsequent

cloning efforts using RT-PCR with degenerate primers yielded AHR cDNAs from smooth

dogfish and little skate104.  Two divergent AHR cDNAs were amplified from smooth dogfish;

phylogenetic analyses supported the conclusion that these sequences were orthologous to the two

bony fish AHRs (AHR1 and AHR2)104.  Two AHR cDNAs were also obtained from spiny

dogfish32.  One of these is now known to represent a third form of AHR, which has been found

only in cartilaginous fishes169 (Table 2).  This third AHR paralog is distinct from the AHR

repressor identified in bony fishes.  None of the elasmobranch AHRs has yet been characterized

functionally.

3.3  Jawless fishes

In bony and cartilaginous fishes, there is compelling evidence for an AHR-CYP1A pathway that

functions like that in mammals.  In contrast, the situation in jawless fishes is much less clear.  At

present, the data suggest that in jawless fishes the AHR is a low-affinity, transcriptionally

competent receptor, but the presence of CYP1 genes and the involvement of the AHR in their

regulation is uncertain.  Initial studies on the AHR in the jawless fishes sea lamprey (Petromyzon

marinus) and Atlantic hagfish (Myxine glutinosa) did not detect specific binding of the

photoaffinity ligand [125I]N3Br2DD to hepatic cytosol from adult animals105,106.  Subsequently, an

AHR cDNA was cloned from lamprey ammocetes104.  The lamprey AHR, like other vertebrate

AHRs, is highly conserved in the N-terminal half of the protein (bHLH and PAS domains).  In

radioligand binding experiments, in vitro-expressed lamprey AHR has a low affinity for 2,3,7,8-

TCDD107.  When transiently transfected into mammalian cells, the lamprey AHR is able to

support TCDD-dependent expression of a luciferase reporter construct driven by AHREs107.

Immunochemical and enzyme activity data provide suggestive evidence for a CYP1A-like

protein in lamprey and the early craniate, hagfish (Myxine glutinosa), but to date typical AHR
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agonists have failed to induce this protein.  In hagfish, hepatic 7-ethoxyresorufin O-deethylase

(EROD) activity is low and not induced by treatment with b-naphthoflavone (BNF)90 or

3,3’,4,4’-tetrachlorobiphenyl (TCB)108.  EROD activity is not detectable in control or TCB-

treated sea lamprey108.  Similarly, in the river lamprey, Lampetra fluviatilis, basal levels of

hepatic EROD activity are low and not induced by benzo[a]pyrene230.  Immunoblots using

polyclonal antibodies against fish CYP1A forms show cross-reactivity with hepatic proteins with

sizes expected for a CYP1 homolog, but there is no difference in band intensity with BNF or

TCB treatment in hagfish or lamprey.  The monoclonal antibody MAb 1-12-3, known for its

specificity for CYP1A, did not recognize hepatic proteins from control or treated hagfish or

lamprey90,108.

The many remaining questions concerning the function of AHRs in jawless fishes make this a

fertile area of future research.  It is too soon to know whether studies on AHR pathways in

lamprey and hagfish will reveal features of ancestral (ligand-independent?) AHR functions,

developmental changes in AHR signaling, or unique modifications of AHR function in these

highly specialized fishes.

4.  Evolution of AHRs and the AHR signaling pathway

The findings summarized above clearly indicate that there are differences in the diversity and

function of AHRs in fishes as compared to mammals. How did these differences arise? The

presence of AHR homologs in several invertebrate lineages41,67,104,215 demonstrates that an AHR

existed early in metazoan evolution.  We suggest that the diversity of AHR genes in various

vertebrate lineages has been shaped by whole genome duplications as well as lineage-specific

gene duplications and gene losses (Fig. 3).  Along the way the AHR has acquired (and in some

cases lost) the ability to bind and be activated by planar aromatic hydrocarbons.

A single AHR existed prior to emergence of the chordates. AHR homologs from arthropods,

molluscs, and nematodes do not exhibit specific binding to typical AHR ligands41,215 and

inducible CYP1 homologs do not exist in these groups, suggesting that the original functions of

the AHR may not have involved ligand-dependent regulation of biotransformation enzymes.  We
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cannot at this time, however, rule out a role for invertebrate AHRs in regulation of other CYPs or

other xenobiotic-metabolizing enzymes.

Early in the evolution of the chordate lineage, evidence suggests that there were two whole

genome duplications (or periods of extensive gene duplication)82.  One of these might have

resulted in the formation of a pair of AHR paralogs that subsequently diverged to form AHR and

AHR repressor.  Later, another genome duplication may have resulted in two AHRs, which we

see today as AHR1 and AHR3 in sharks, with the AHR3 form lost in the bony fish lineage.  The

presence of two sets of tandem AHR1-AHR2 pairs in the Fugu genome suggests that AHR2

originated by a tandem duplication of AHR1.  AHR1 and AHR2 both were retained in bony and

cartilaginous fishes, and possibly also in early tetrapods, up through the bird lineage; however,

AHR2 appears to have been lost in mammals98.  In the bony fish lineage, a fish-specific genome

duplication is thought to have occurred, and this could have led to the multiple AHR1 and AHR2

genes that we see today in medaka and Fugu.  In addition, salmonids have undergone an

additional, more recent genome duplication, which has resulted in up to four AHR2s in this fish

family2,115.

At some point, perhaps early in chordate evolution, CYP1 genes emerged and their regulation

became linked to the AHR.  This may have coincided with the acquisition of the AHR’s ability

to bind planar aromatic hydrocarbons with high affinity.  A search of the genome of the

urochordate Ciona intestinalis57 yields sequences homologous to AHR (Hahn, unpublished) and

CYP1109.  Thus Ciona might be used as a model to further understand the evolution of AHR

function in early chordates.  Additional studies in Ciona, lamprey, and other early diverging

chordates should improve our understanding of the evolution of the AHR signaling pathway and

its role in PHAH toxicity.

III.  Nuclear Receptor Superfamily

Another group of transcription factors with important roles in the response to xenobiotic

chemicals is the nuclear receptor superfamily, which includes receptors for steroid and thyroid

hormones, sterols, retinoids, fatty acids, and many other endogenous, low molecular weight
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signaling molecules75,197. Nuclear receptors regulate diverse physiological and developmental

processes. Some NRs serve as receptors for known ligands, whereas others are ligand-

independent or have ligands that have not yet been identified (“orphan receptors”)143,287.

1.  NR signaling in mammals

1.1 CAR and PXR

One of the most exciting developments in pharmacology and toxicology in recent years has been

the identification of nuclear receptors controlling the induction of CYPs in families 2, 3, 4, and

7123,142,143,242,279.  The mechanisms by which these CYPs are induced by structurally diverse

xenobiotics has long been of great interest, but until recently had proven elusive.

Research on the mechanism by which xenobiotics induce CYP2 and CYP3 genes in mammals

led to the identification of the pregnane X receptor (PXR) and constitutive androstane receptor

(CAR) as the ligand-activated transcription factors responsible for induction of these CYPs
93,123,145,223,242,279,287.  PXR, CAR, and their dimerization partners, the retinoid X receptors (RXR),

which also are members of the nuclear receptor superfamily164,227, have been characterized in

several mammalian species30,38,134,144,154,243,289.  PXR and CAR exhibit reciprocal activation of

CYP2B and CYP3A gene expression, and share certain ligands (Table 1).  Ortho-PCBs and

organochlorine pesticides have been shown to activate the mammalian PXR leading to CYP3A

induction154,246,247.  In addition, the mammalian CYP2Bs can be induced by ortho-PCBs and

chlorinated pesticides via the CAR35,258.

1.2 PPARs

PPARs (peroxisome proliferator-activated receptors) comprise another subfamily of nuclear

receptors whose members regulate the transcription of genes controlling fatty acid oxidation,

including CYP4A (lauric acid hydroxylases).  PPAR a, b (also known as d), and g homologs

bind as heterodimers with RXR to peroxisome proliferator response elements (PPRE) in target

genes5,199. Fatty acids are the main natural ligands of the PPARs, but these receptors are also

activated by synthetic ligands, including fibrate drugs, phthalate ester plasticizers, and
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herbicides226.  PPARs have been well characterized in mammalian model systems, especially in

the course of hypolipidemic and antidiabetic drug development126,155.

2.  NR diversity in fishes

It has long been known that the regulation of CYP2 genes in fishes differs from that in

mammals257.  Although fishes possess CYP2-family genes196,288, they have been considered “non-

responsive” to typical inducers of CYP2B such as phenobarbital and ortho-substituted

PCBs4,13,70,131,141.  Thus, there has been great interest in understanding the presence and function in

fishes of receptors that in mammals are involved in regulating CYP2B induction.

 The diversity and function of CAR- and PXR-related nuclear receptors in fishes are not yet well

understood.  Studies in other non-mammalian species suggest that there are substantial

differences among vertebrate classes in the structure and function of PXR and CAR.  For

example, a chicken nuclear receptor designated “CXR” appears to be equally related to both

mammalian PXR and CAR in its sequence and ligand activation properties112,113.  Similarly, BXR

(benzoate X receptor) is a nuclear receptor identified in the frog Xenopus laevis that is activated

by endogenous embryonic benzoates and thus has pharmacological properties distinct from those

of CAR and PXR37,178; its exact relationship to the mammalian PXR and CAR is not clear.  A

partial cDNA sequence (ligand-binding domain) has been reported for the zebrafish PXR

(AF454673)178.  Ligand-binding assays employing a zebrafish PXR/Gal4 chimeric protein

revealed that the fish PXR was activated by a number of xenobiotics, showing a profile similar to

that of the chicken CXR.  Bainy and Stegeman have cloned and sequenced a full-length zebrafish

PXR homolog19. A fish protein with immunochemical properties of CAR has been detected in

the marine fish scup using anti-human CAR antibodies128.  Upon treatment with 1,4-bis[2-(3,5-

dichloropyridyloxy)]benzene (TCPOBOP, a potent inducer of CYP2B forms in some mammals),

no nuclear accumulation of this putative fish CAR was observed, consistent with the idea that

there are vertebrate class-specific differences in CAR activation mechanisms128.  However,

despite this immunochemical evidence for a fish CAR, there is not yet definitive evidence that a

CAR ortholog exists in fishes.  An exhaustive search for CAR in the completely sequenced Fugu
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rubripes (pufferfish) genome15 did not yield a candidate, whereas Fugu orthologs for several

other members of the nuclear receptor family were identified, including PXR  and multiple forms

of the PPAR (Karchner and Hahn, unpublished) (Fig. 4).  Similarly, Maglich et al.162 surveyed

the Fugu genome for nuclear receptors and identified a PXR homolog but no CAR.  One

possibility is that the CAR gene has been lost from some, but not all, species of fishes.

There are several reports of fish PPARs.  A full-length PPARg was cloned from the Atlantic

salmon (Salmo salar)9.  Multiple variants of PPARg are expressed in the salmon liver.  PPAR

ligands caused increased expression of PPARg and acyl-CoA oxidase in cultured salmon

hepatocytes, pointing to similarities in the response to peroxisome proliferators in fishes and

mammals239.  A full-length plaice (Pleuronectes platessa) PPAR gene has been isolated which

likely represents the g form152.  All three forms of PPAR have been detected in zebrafish (Danio

rerio) tissues via immunoblotting125.  The tissue distribution pattern of the zebrafish PPARs

generally matched that of mammalian forms.  Partial cDNA sequences for several fish PPARs

have been deposited in GenBank; these include PPARs from zebrafish, goldfish, Japanese

medaka, and fathead minnow. Partial PPAR cDNAs from shark, lamprey, hagfish, and

amphioxus have also been reported72,73.

There is evidence that some fish species possess additional PPAR forms as compared to

mammals.  Laudet and colleagues229 reported evidence for a duplicate PPARb (also called

PPARd) in several (unnamed) species; they also referred to two PPARa and two PPARb

sequences in zebrafish72.  In independent surveys of the Fugu genome, four PPAR homologs,

including two most closely related to mammalian PPARa, have been identified162 (Karchner and

Hahn, unpublished; see Fig. 4A).

Additional members of the nuclear receptor superfamily, such as the steroid receptors (estrogen

receptor (ER), androgen receptor (AR), and glucocorticoid receptor (GR)), are involved in the

xenobiotic response or are known to be targets for environmental chemicals. Other NRs have not

yet been shown to interact with xenobiotics, but could potentially be targets, based on functional

and structural similarities with PXR, CAR, ER, and AR (e.g. LXR, FXR, VDR, RXRs, RARs,

ERRs).  All of these have been identified in fishes, and for some there are more forms in fishes
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than in mammals162 (Karchner and Hahn, unpublished; see Fig. 4). The estrogen receptors, in

particular, have been well characterized in fishes.  Significantly, there are three ER genes in most

fish, as compared to two (ERa and ERb) in mammals (Fig. 4C).  The additional fish ER gene,

originally designated ERg116, is now known to have originated through a duplication of ERb, and

is thus called ERbb or ERb2
20,149,167.  These and other nuclear receptors are discussed elsewhere in

this volume.

IV.  The Antioxidant Response

1.  The mammalian oxidative stress response.

Research over the past 15 years has shown that mammals possess an inducible enzymatic

defense system that acts to detoxify reactive species and replenish small anti-oxidants such as

glutathione.  Oxidants, electrophiles, and some so-called anti-oxidant chemicals activate this

“antioxidant response” or oxidative stress response (OSR) via a family of related, cap’n’collar

(CnC)-basic-leucine zipper (bZIP) transcription factors that interact with an anti-oxidant

response element (ARE; also called the electrophile response element or EpRE) in the promoter

region of target genes81,192,267. Known target genes in mammals include glutathione S-transferases

(GSTs), NAD(P)H-quinone oxidoreductase (NQO1), g-glutamylcysteine synthase (g-GCS),

superoxide dismutase (SOD), and other genes192.

The best characterized CnC-bZIP protein is nuclear factor erythroid-2 (NF-E2)-related factor 2

(NRF2).  NRF2 is normally found in the cytosol as an inactive complex with Kelch-like-ECH-

associated protein (Keap1, also called iNRF2). Keap1 both retains NRF2 in the cytoplasm and

enhances its proteasomal degradation61,127,165,191. Oxidative stress disrupts the interaction between

NRF2 and Keap1 through an unknown mechanism that may involve phosphorylation or

disruption of sulfhydryl interactions36,63,192.  Once free of the repressor Keap1, NRF2 protein

accumulates in the cell, enters the nucleus and forms a heterodimer with one of several small

Maf proteins (MafF, MafG, MafK), which also contain bZIP motifs133,163.  The NRF2-Maf dimer
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binds to AREs and activates transcription.  A similar mechanism is thought to operate for other

NRF isoforms.

The oxidative stress response includes induction of genes encoding Phase II biotransformation

enzymes (GSTA, NQO1), enzymes involved in glutathione synthesis (g-glutamylcysteine

synthase catalytic and regulatory subunits (g-GCS-c and g-GCS-r, respectively)), heme

oxygenase (HO-1), ferritin, and other genes.  Together, these genes have been referred to as the

“ARE gene battery”192 in analogy to the “[Ah] gene battery” that is regulated through the XRE as

part of an autoregulatory loop involving the AHR and CYP1A1188.

An oxidative stress response involving CNC proteins appears to be conserved in animals.  CNC

and CNC-bZIP proteins are found in Drosophila melanogaster274 and Caenorhabditis

elegans8,275, where they regulate genes encoding Phase II enzymes.  However, most of our

current understanding of the OSR has been obtained from studies of the four mammalian CNC-

bZIP proteins: NF-E2, NRF1, NRF2, and NRF3.  NRF proteins are important during

development49,76,156 and in protection against toxicity and carcinogenicity of chemicals that cause

oxidative stress14,50,51,71,224,225.

2.   NRF homologs and the oxidative stress response in fish

Several laboratories have reported the induction of oxidative stress in fishes exposed to TCDD,

PCBs, PAHs, and other chemicals, both in the laboratory and in the field; these studies have been

reviewed62,139,284 and will not be discussed in detail here.  A common finding in these studies is

the induction in fishes of catalytic activities or proteins of the same Phase II enzymes that are

part of the oxidative stress response in mammals88,256.   Typically, however, the magnitude of

induction of these enzymes is much less than that seen for the induction of CYP1A by AHR

agonists88.  The molecular mechanisms underlying induction of phase II enzymes in fishes are

just beginning to be uncovered89,150,151.  Recently, Carvan and colleagues46,47 demonstrated that

reporter gene constructs containing a luciferase gene under control of mammalian ARE
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sequences, when transfected into fish cells (ZEM2S), could be induced by exposure to tert-

butylhydroquinone (tBHQ), suggesting that fish oxidant-responsive transcription factors are able

to recognize mammalian ARE sequences.

The most direct evidence for an oxidative stress response in fishes—and its mechanistic

similarity to that in mammals—comes from the work of Kobayashi et al.146, who cloned the

cDNAs for zebrafish NRF2 and Keap1 and showed that these proteins mediated the induction of

GSTP, NQO1, g-GCS by tBHQ in zebrafish embryos.  Exposure of zebrafish larvae to tBHQ (30

µM) for 6 hr at 4- or 7-days post fertilization (dpf) caused the induction of GSTp, NQO1, and g-

GCS. However, exposure of 24-hpf embryos to tBHQ for 6 hr was not effective at inducing

GSTp, suggesting that 24-hr old zebrafish embryos are incapable of mounting an oxidative stress

response.  These authors also showed that treatment of embryos with a morpholino anti-sense

oligonucleotide directed against NRF2 abolished the response to tBHQ at 4 dpf.  Additional

studies demonstrated the ability of NRF2 to activate reporter gene constructs containing

mammalian ARE sequences controlling expression of luciferase, when a NRF2 expression vector

and reporter construct were co-injected into early embryos. Thus, the function and target genes

of NRF2 appear to be conserved in mammals and fishes.

Although four CNC-bZIP members exist in mice and humans (NF-E2, NRF1, NRF2, and

NRF3), to date only two of these--NF-E2 and NRF2--have been reported in fish (zebrafish)146,217.

However, database searches of the zebrafish genome (still incomplete) and the complete

assembly of the pufferfish (Fugu rubripes) genome15 revealed a predicted zebrafish protein that

appears to be an ortholog of mammalian NRF1 (Dr2543) (Fig. 5).  The Fugu genome contains

evidence for greater NRF diversity in fishes as compared to mammals.  Thus, Fugu appear to

possess one NRF1 form, one NRF2, and three NRF3 forms (Karchner & Hahn, unpublished)

(Fig. 5).  It will be important to determine the relative roles of these NRF-family proteins in the

oxidative stress response of fishes.



Xenobiotic receptors in fish 28

V.  General Conclusions and Future Directions

1.  Receptor diversity in fishes versus mammals: implications for investigation of fish as targets

and models in toxicology

The study of fish both as targets of environmental contaminants and as models in biomedical

toxicology requires careful consideration of the similarities and differences between fishes and

mammals in the proteins involved in toxicological mechanisms.  Although as vertebrates, fishes

share with mammals most features of key biochemical pathways (including signaling pathways),

important differences have emerged in recent years.  Most notable is the finding that there was a

large-scale gene duplication event (probably a genome duplication) in the fish lineage shortly

after its divergence from the lineage that would become tetrapods7,265.  The result of this is that

many fish species have retained extra copies (paralogs#) of genes for some transcription factors

and other genes, as compared to mammals.  Examples of genes involved in toxicological

mechanisms include those cited in this chapter as well as CYP19140,266 and ER20,116.  For other

genes, such as AHRs, fishes may possess an extra copy (AHR2) as the result of gene loss in the

mammalian lineage.  Regardless of the evolutionary origin, such differences raise important

questions about the extrapolation of findings between animal groups that differ in such a

fundamental way.  This remains an open question, and one that will only be resolved by

obtaining a detailed understanding of signaling pathways in a variety of fish species, especially

those proposed as models in toxicology (e.g. zebrafish, medaka, killifish, fathead minnow). The

difference in paralog number between fishes and mammals also provides an opportunity, because

duplicated fish genes might be exploited to obtain new information about the function of their

single mammalian counterpart7,80,160,265.  For example, the duplication, degeneration,

complementation model of gene evolution80,160 predicts that the multiple functions of a

mammalian gene may be partitioned between its fish “co-orthologs.”  Thus, mechanistic research

in fishes may reveal novel functions of vertebrate transcription factors, including xenobiotic

receptors.

2.  Future directions
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Over the next five years, research on xenobiotic receptors in fishes will be driven primarily by

conceptual and technological advances.  For example, the emergence of whole genome

sequences from several fish species—including representative elasmobranch and agnathan

fishes—will permit a more complete understanding of xenobiotic receptor diversity in various

fish groups.  Advances in genomic technologies, including sequencing efficiencies and large-

scale gene expression analyses, will provide the tools to better understand the gene targets of

these ligand-activated transcription factors.  The rapidly expanding toolbox of genetic and

genomic techniques for use in fish—especially zebrafish—will foster increasing sophistication in

the approaches employed by comparative biologists and toxicologists.  For example, the

development and application of embryonal stem cells and homologous recombination to generate

knock-out fish161,259 will increase the power of fish models.  Adaptation of methods for RNA

interference (RNAi)1,166,249 to modulate gene expression in vivo and in vitro will be enormously

useful.  Increased development of transgenic technologies in fishes91,158,272 will provide improved

methods for in vivo functional analysis of regulatory elements and lead to more sensitive in vivo

bioassays for the presence and effects of xenobiotics.  Finally, recent and continuing advances in

theoretical and computational biology122 will permit more powerful and accurate inferences

concerning the evolution and evolutionary relationships of xenobiotic receptors in fishes.
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Table 1. Receptors/sensors involved in regulation of xenobiotic-metabolizing enzymes.

Transcription
factor

Dimerization
partner

Examples of ligands Genes
Regulated

AHR ARNT Dioxins, non-ortho PCBs, some PAHs,
bilirubin, etc.

CYP1A, CYP1B
GST, UGT, NQO

CAR RXR Phenobarbital (PB), TCPOBOP,
chlorinated pesticides, ortho-PCBs,
androstanol/ androstenol (inhibits)

CYP2B, CYP3A
GST, ABC transporters

PXR
(SXR)

RXR PB, ortho-PCBs, organochlorine
pesticides, dexamethasone, pregnenalone,
corticosterone, bile acids (lithocholic acid)

CYP3A, CYP2B,
CYP7A (repression)
GST, ABC transporters

PPAR RXR Fibrate drugs, phthalate esters, linoleic
acid, arachidonic acid

CYP4A, CYP7A
(repression), CYP8B,
LXR

LXR RXR Cholesterol; (24 S)- hydroxycholesterol CYP7A, ABC
transporters, LXR

FXR RXR Bile acids, chenodeoxycholic acid Represses CYP7A,
CYP8B, CYP27A

ER ER Structurally diverse xenoestrogens CYP19

NRF Small Maf
proteins

Activated by electrophiles, quinones GST, gGCS, NQO

For details and references, see text and 52.
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Table 2.  AHR, AHRR, and ARNT diversity in fishes.
Species AHR1 AHR2 AHR3 AHRR ARNT1 ARNT2 References

Bony Fishes
Atlantic killifish (F. heteroclitus) 1 1 1 1 100,104,135,137,213

rainbow trout (Oncorhynchus mykiss) ? 3 1 2,115,209

Atlantic salmon (Salmo salar) 1 4 115

zebrafish (Danio rerio) 1 1 1 ? 1 10,74,261,262

medaka (Oryzias latipes) 2 2 98,138

pufferfish (Fugu rubripes) 2 3 1 1 1 136

Atlantic tomcod (Microgadus tomcod) 1 1 1 233,236,237

European flounder (Platichthys flesus) 1 31

topminnow (Poeciliopsis lucida) 1 95

Cartilaginous Fishes
smooth dogfish (Mustelus canis) 1 1 104

spiny dogfish (Squalus acanthias) 1 1 1 32,169

Greenland shark (Somniosus microcephalus) 1 1 169

sandbar shark (Carcharhinus plumbeus) 1 1 169

skate (Raja erinacea) 1 104

Jawless Fishes
lamprey (Petromyzon marinus) 1* 1* 104

Table 2 Legend:

Identification as AHR1, AHR2, or AHR3 was by phylogenetic analyses using maximum parsimony (MP) and neighbor-joining (NJ)
methods.  Identity of some sequences as AHR1, AHR2, or AHR3 could not be determined or the genes predate the duplications; these
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are listed under AHR1 and indicated by an asterisk(*).  Similarly, ARNT genes not identifiable as ARNT1 or ARNT2 are listed under
ARNT1 and indicated by an asterisk(*).  A question mark (?) indicates a partial sequence that cannot yet be classified.


