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THE PROBLEM

The presence of toxic chemicals in the marine environment has long
been recognized as a potential threat to human health and to the health of
the oceans. The oceans are the ultimate sink for many chemicals of an-
thropogenic origin but also are a source of naturally occurring toxins (and
pharmacological agents). Certain classes of marine pollutants—especially
persistent organic chemicals such as halogenated aromatic hydrocarbons
—are globally distributed, occurring even in the most remote areas such
as polar regions, the open ocean, and the deep sea (Ballschmiter and
others 1997; Muir and others 1988; Stegeman and others 1986). In many
coastal areas, the concentrations of chemicals in the environment are ex-
tremely high (e.g., Weaver 1984).

Marine pollutants have been classified primarily on the basis of their
chemical structure (e.g., polynuclear aromatic hydrocarbons [PAHs]) or
otiginal source or use (e.g., petroleum hydrocarbons or pesticides). In-
creasingly, however, chemicals are being grouped by functional charac-
teristics, i.e., properties related to shared effects or mechanisms of action
(e.g., “endocrine disruptors” [Limbird and Taylor 1998; McLachlan 1993;
NRC 1999]). The chemical nature and possible human health effects of
some marine pollutants have been considered in earlier reports (Ahmed
1991).
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The field of toxicology is concerned with the interactions of such
chemicals with biological systems, from molecules to ecosystems. Toxi-
cology truly is an integrative science (much like oceanography) and is
rooted in established, basic disciplines from molecular biology and bio-
chemistry, to physiology, and even to ecology. In many respects, an
organism’s response to chemicals in the environment is another facet of
biochemical adaptation (Hochahka and Somero 1984; Prosser 1986). Much
of the current effort in toxicology is aimed at understanding, at the most
fundamental level, the mechanisms underlying chemical effects, which
should bring the science from a descriptive to a predictive mode.

Research in marine toxicology ultimately seeks to understand, moni-
tor, and predict the effects of contaminants. These three objectives are
interrelated (Figure 1), and progress in meeting all three will be aided
substantially by the use of molecular and biotechnological approaches. In
turn, the understanding gained should help to shape the application of
biotechnology in practical approaches to monitoring.

Two features of toxicology, and biological sciences in general, seri-
ously aggravate the challenge to understanding and ultimately predicting
the nature and significance of the interaction of pollutants with marine
organisms. The first is the complexity of the problem. When one consid-
ers the number of chemicals that are of potential concern (10%-10%) and
marine species that exist as possible targets (106-107 [May 1988; Pimm and
others 1995]), it becomes obvious that achieving a satisfactory under-
standing will not be possible using a species-by-species or chemical-by-
chemical approach.

Other sources of complexity include the fact that organisms are usu-
ally exposed not to single chemicals but to chemical mixtures, the compo-
nents of which may interact in unexpected ways. We need to better
understand and predict additive, synergistic, or antagonistic interactions
between chemicals. We must also consider interactions between chemi-
cals and environmental variables such as salinity, temperature, light, and
pressure. Finally, we must consider chemical effects at multiple levels of
biological organization.

Understanding
A
M onitaring "~ Prediction

FIGURE 1. The three interrelated objects of marine toxicology research.
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The second feature that contributes to the challenge of marine toxicol-
ogy is variability. Marine systems are characterized by geographic and
temporal heterogeneity in the concentrations of chemicals and in the struc-
ture of communities and ecosystems. In addition, species differences in
sensitivity to contaminants and mechanistic variability across taxa com-
plicate the extrapolation of results from one species to another.

CHALLENGES/RESEARCH NEEDS

Progress toward assessing the impacts of contaminants in the marine
environment will require a more complete understanding of the interac-
tions of these chemicals with biological systems. Such an understanding
must occur at the level of molecular mechanisms as well as at higher
levels of organization, including populations and ecosystems. It will re-
quire basic research to determine the general principles (unity) as well as
the detailed differences (diversity) that affect our ability to extrapolate
across species or systems.

A mechanistic understanding will stimulate the development of tools
for monitoring marine organisms for exposure to and effects of chemical

contaminants. Such research must go beyond the current approach of

monitoring exposure by measurement of chemical residues in biota; the
volume of such data has outstripped our ability to interpret it in a biologi-
cally meaningful way. Itis necessary to move toward biologically based
monitoring, by using mechanism-based biomarkers and bioassays (Hahn
2000; Stegeman and others 1992). In addition, monitoring long-term
effects of contaminants at higher levels of biological organization will
become increasingly important. For example, changes in the population
structure or genetic diversity of exposed populations may reveal effects of
greater significance for the ecosystem than those measured in individual
animals within those populations (Guttman 1994; LeBlanc 1994).

A mechanistic understanding of chemical action and species differ-
ences in susceptibility, combined with appropriate monitoring tools, will
facilitate the prediction of chemical effects (including identification of the
most sensitive components of the ecosystem) and the consequences of
remediation efforts. Thus, the process of ecological risk assessment will
become more accurate, and therefore more useful and less controversial.

Thus, the challenge to marine toxicology, as in other areas of biology, is
to extract from the complexity/variability an understanding of the com-
mon themes that underlie the responses of the organisms, and conversely
to characterize and understand the diversity in organismal responses, and
to determine the mechanistic bases for both. Addressing these important
questions in marine toxicology can proceed only by basic research, taking
full advantage of the advances in molecular biology and biotechnology.
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APPROACHES AND EXAMPLES

In this section, we briefly describe some of molecular biotechnological
approaches that will be essential to progress in meeting the three objectives
outlined above; and in Figure 1, we illustrate their utility with examples
drawn from research on halogenated aromatic hydrocarbons (HAHs), a ma-
jor class of marine pollutants. Although we focus on HAHs, the approaches
described will be useful for research on other contaminants as well.

Molecules and Mechanisms

Achieving a mechanistic understanding of chemical effects is a pri-
mary goal of research in marine toxicology. Included in this goal is the
desire to understand, at a molecular level, the mechanistic basis for spe-
cies differences in sensitivity to specific contaminants. Much of this infor-
mation will come from the characterization of the genes—and their pro-
tein products—that are involved in toxicity.

An important area of inquiry in marine and aquatic toxicology has
emerged from the recognition that many chemicals are toxic by virtue of
their ability to interact with intracellular receptors, in some cases mimick-
ing or blocking the effects of natural hormones (Colborn and others 1993;
NRC 1999; Schmidt and Bradfield 1996). Toxicity occurs when the result-
ing changes in gene expression are spatially or temporally inappropriate.
The list of such receptors known from studies in laboratory mammals is
long, and growing (Table 1). In addition to receptors and other proteins
involved in signal transduction, a variety of enzymes modulate the re-
sponse of organisms to chemical exposure. This variety includes en-
zymes involved in biotransformation reactions (e.g., the cytochrome P450-
dependent monooxygenases) as well as enzymes involved in protective
functions (e.g.,, DNA repair). For each class of proteins, knowledge of
their diversity, structure, and function in marine organisms is woefully
inadequate relative to the need for such information to understand the
impact of chemicals in marine systems (Table 2). For example, although
the number of biotransformation enzymes known to exist in humans ex-
ceeds 100, fewer than two dozen of these have been studied in any marine
organism, and even the most well-studied of these enzymes have been
investigated in only a handful of species.

Two types of information will improve our understanding of recep-
tors and enzymes and their role in the toxicity of chemicals to marine
organisms. One type is knowledge of the comparative biochemistry and
molecular biology of these proteins. Although progress has been made
for some of these proteins (Hahn 1998a; Livingstone and Stegeman 1998;
Stegeman and Hahn 1994), there is still much to learn (Table 2).
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TABLE 1. Soluble Receptors Involved in Xenobiotic Effects

No. of
forms
(genes) Endogenous Xenobiotic

Receptor per species  ligand ligands

Aryl hydrocarbon 2 Unknown Dioxins, PCBs?, PAHs?

receptor (AHR)

Estrogen receptor (ER) 2 17-B-estradiol Organochlorine pesti-
cides; alkylphenols;
others

Androgen receptor (AR) 2 Androgens Organochlorine pesti-
cides; alkylphenols;
fungicides

Progesterone receptor (PR) 1 Progestins Organochlorine pesti-
cides; others

Glucocorticoid 1 Glucocorticoids

receptor (GR) N

Constitutive androstane 2 Androstanes Barbiturates; PCBs

receptor (CAR)

Peroxisome-proliferator- 3 Fatty acids and Fibrates, phthalates

activated receptor metabolites
(PPAR),

Pregnane X receptor (PXR) 1 Pregnanes, Organochlorine pesti-

corticosteroids cides; PCBs

Farnesoid X receptor (FXR) 1 Farnesol; bile acids Unknown

Retinoid receptors 7 Retinoids Methoprene

(RAR, RXR) ' ’
Ecdysone receptor (EcR) 1 Ecdysteroids Hydrazine insecticides
Thyroid hormone

receptor (TR) 2 Thyroid hormones  Unknown

4PAH, polynuclear aromatic hydrocarbon; PCB, polychlorinated biphenyl.

In investigating toxicologically relevant genes and proteins in marine
species, we can expect some surprises in comparison with existing knowl-
edge obtained in terrestrial mammals. Recent findings arising from stud-
ies on the mechanism of dioxin toxicity in marine organisms serve as an
example. It is well known that the toxicity of chlorinated dioxins and
related compounds occurs through activation of a transcription factor
known as the aryl hydrocarbon receptor (AHR), and a single AHR gene
has been identified in laboratory animals and humans (Schmidt and Brad-
field 1996). Recently, a second, novel AHR gene was identified in Fundu-
lus heteroclitus, an estuarine fish (Hahn and others 1997; Karchner and
others 1999). This second AHR (AHR2) has since been identified in a
variety of marine and freshwater fish, and differences in specific sequence
motifs and in patterns of expression suggest that the two AHR forms
could have distinct functions (Abnet and others 1999; Karchner and others
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TABLE 2. Diversity of Genes Involved in Mechanisms of Toxicity: Lack
of Information in Marine Species®

Number of Number of genes
genes per characterized
species in marine animals
Gene class (examples) (mammals) (# species)
Signal transduction (receptors) >100 10 (30)

bHLH-PASb/ Ah receptor"
Nuclear receptors
Neurotransmitter receptors
Biotransformation ~100 15-20 (30)
Cytochrome P450s
Flavin monooxygenases
Transferases
Repair/protection ~50 0
DNA repair '
Oxidoreductases
Peroxidases
Catalases

“The numbers listed are order-of-magnitude estimates of the numbers of genes and species
for which information is available. These estimates illustrate the diversity of genes in-
volved and the relative lack of information about these genes in marine organisms.
bbHLH-PAS, basic-helix-loop-helix-Per-~ARNT-sim; Ah, aryl hydrocarbon.

1999). The exact roles of these two AHRs are not yet known but could be
related to the sensitivity of fish to dioxin-like compounds. The multiplic-
ity of AHR forms in fish was not predicted from knowledge of mamma-
lian AHRSs, illustrating the value of comparative studies in marine organ-
isms, even for molecules that have been well characterized in laboratory
species.

The diversity of enzymes and receptors involved in toxicity can be
understood—and to a substantial extent predicted—from the evolution-
ary perspective gained by molecular phylogenetic analysis of genes and
gene families. The duplication and diversification of genes within multi-
gene families such as those listed in Tables 1 and 2 is a fascinating area of
basic research, which also contributes to a broader understanding of the
normal function of those genes and how chemicals might interfere with
that function. Recent efforts to determine the evolutionary history of
steroid receptors (Escriva and others 1997; Laudet 1997), aryl hydrocar-
bon receptors (Hahn and others 1997), and cytochrome P450s (Morrison
and others 1998; Nelson 1998, 1999) illustrate this approach.

The second type of mechanistic information needed in marine toxi-
cology concerns the in vivo expression of the receptors and enzymes
involved in toxicity, and of the genes that are under their control. Until
recently, most studies have of necessity focused on measuring expression
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of single genes, or at most a small number of genes. The emerging field of
genomics is changing the way in which we approach such questions.
Functional genomic approaches provide a way both to discover the iden-
tity of genes whose expression is altered by chemical exposure and to
measure those changes rapidly and simultaneously under various condi-
tions (DeRisi and Iyer 1999; Nuwaysir and others 1999). A functional
genomic approach to measuring genome-wide changes in gene expres-

sion will be a powerful tool for the identification and quantitation of -

genes whose altered expression leads to toxicity. Although such studies
will be restricted initially to model organisms in which extensive genome
sequence data exists, this approach will become increasingly applicable
and valuable with regard to marine species for which such data are not
currently available.

Monitoring: Biomarkers and Bioassays

. Analytical chemists have done a superb job of developing exquisitely
sensitive methods for detecting contaminants and of applying those meth-
ods to generate large databases on contaminant concentrations in a vari-
ety of environmental matrices, including marine organisms. Biologists
have not been nearly as successful at determining the biological signifi-
cance of these concentrations.

Monitoring methods based on biological effects and their underlying
mechanisms (biomarkers) can complement, and for some applications
could replace, the use of analytical chemistry in monitoring the marine
environment. The major advantages of such biologic, mechanism-based
methods are their toxicological specificity, rapidity, and low cost. Here,
“toxicological specificity” refers to the relationship between the assay
response and the toxic potential (rather than simply the contaminant con-
centrations) of the sample being analyzed. McLachlan (1993) called this
“functional toxicology.” Biological assays include in vivo biomarkers, in
vivo bioassays, and in vitro bioassays.

Biomarkers are biochemical, physiologic, or other types of biological
changes that indicate the presence or effects of xenobiotic compounds
(CBMNRC 1987; Decaprio 1997; Huggett 1992). In addition to the com-
monly used biomarkers of exposure and effect, which are especially use-
ful in biomonitoring, some biological characteristics can be used as bio-
markers of susceptibility (see below). Numerous studies have shown
strong relationships between in vivo biomarker responses and exposure
to specific classes-of marine contaminants (Huggett 1992; Stegeman and
others 1992).

Biological and technological advances have facilitated the measure-
ment of biomarkers in marine organisms, and continued improvements
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are certain. Early measurements of cytochrome P450 1A (CYP1A) induc-
tion, which is widely used as a biomarker of exposure to HAH and PAH,
relied on enzymatic assays (Payne 1976). The development of mono-
clonal antibody technology increased the specificity of assays and permit-
ted the analysis of samples obtained from remote regions or those in
which enzymatic activity might have been compromised (Stegeman and
others 1986; White and others 1994). Analysis of protected species such as
whales has been facilitated by recent advances in nondestructive sam-
pling techniques, such as the ability to obtain skin biopsies, and by the
identification of vascular endothelium in skin and elsewhere as a promi-
nent site of CYP1A expression (Moore and others 1998). Such nonlethal

. sampling for biomarkers can be used to establish, on a global scale, the

geographic variability in contaminants and their effects in marine mam-
mals or other marine organisms.

In vivo biomarkers rely on natural exposures and responses at the
level of the whole organism. Increasingly, mechanism-based bioassays
employing whole animals (including transgenic animals), cultured cells,
or cellular extracts are being developed and used to detect the presence of
contaminants in marine samples (Hahn 2000). Examples include assays
that measure receptor-binding, enzyme inhibition, or changes in gene
expression. The latter assay can involve native genes such as CYP1A or
reporter genes under control of defined enhancer elements that respond
to the chemical and receptor of concern. The features of in vivo and in
vitro bioassays and their potential for use in monitoring the marine envi-
ronment have been reviewed recently (Hahn 2000).

Ultimately, a true picture of the effects of contaminants on marine
systems will require long-term monitoring of these systems to evaluate
changes in community structure, population genetic diversity, and other
higher-level features. Evidence for such changes associated with con-
taminant exposure has been obtained (Guttman 1994), but the conse-
quences of these changes are more difficult to assess. One of the more
interesting phenomenon is the emergence of chemical resistance in ma-
rine animals after long-term exposure to organic or inorganic contami-
nants (reviewed by Hahn 1998a; Klerks and Weis 1987; Weis and Weis
1989). The mechanisms underlying such resistance in marine animals
remain largely unknown.

Predicting the Impact of Marine Pollutants

Information concerning the identity and concentrations of contami-
nants in marine biota, along with a detailed understanding of mecha-
nisms of toxicity and the molecular basis for species differences in sensi-
tivity, will allow us to move toward the practical goal of predicting the
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impact of specific chemicals and combinations of chemicals on marine
systems. How might this occur?

One approach to achieving predictive power is through use of bio-
markers of chemical effect, such as those described above. By selecting
molecular markers that are closely linked to effects of concern, we can
minimize the degree of uncertainty in making predictions from biomarker
data.

A second approach involves using the proteins involved in causing or
modulating toxicity as biomarkers of susceptibility. The development
of such biomarkers is a natural outgrowth of mechanistic studies. Thus,
for example, a receptor such as the AHR can serve as a biomarker of
susceptibility to its ligands, in this case the dioxin-like compounds. With
respect to human health, biomarkers of susceptibility are often based on
interindividual variability in protein function (polymorphisms) and are
linked to differences in susceptibility to disease or chemical effects (phar-
macogenetics) (Nebert and others 1999; Puga and others 1997). In the
context of a marine ecosystem, biomarkers of susceptibility would more
likely involve species differences in protein properties that underlie dif-
ferences in sensitivity. Thus, the sensitivity of marine animals might be
inferred by combining information on molecular mechanisms of chemical
action with data on the comparative biochemistry of proteins involved in
that mechanism.

Molecular and biotechnological methods will be extremely valuable
in such efforts. For example, one approach that is being used is the
cloning of receptors and enzymes from marine species, followed by in
vitro expression and functional analysis of the cloned proteins. Such
research, for example, has revealed the catalytic properties of fish P450s,
indicating that there may be subtle yet toxicologically important differ-
ences between fish and mammals in the active site of CYP1As (Doehmer
and others 1999; Oleksiak and others 2000). A similar approach is being
used for AHRs. Studies in inbred mice and other species have shown that
the expression and properties (e.g., ligand-binding affinity) of the AHR
can determine the sensitivity of animals to dioxins; this finding suggests
that determining the characteristics of AHRs in marine animals could
help predict their sensitivity to dioxin-like compounds (Hahn 1997). Re-
cent studies' have shown that the dioxin-binding affinity of the AHR
cloned from beluga whales is unusually high, suggesting that beluga, and
perhaps cetaceans generally, are among the more sensitive species to ef-
fects of these compounds (Jensen and Hahn 1999).

Finally, accurate predictions regarding effects of marine pollutants
will require the additional development of mathematical models to de-
scribe the behavior of chemicals and the response of organisms to them.
Existing models include those predicting the environmental fate of chemi-
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cals and the exposure of organisms (Connolly 1991). As our understand-
ing of molecular mechanisms improves, such mechanistic information
will be incorporated into more realistic pharmacokinetic and pharmaco-
dynamic models of chemical action (Limbird and Taylor 1998). Demo-
graphic models will become increasingly important in translating effects
on individual organisms to the level of populations, and eventually, eco-
systems (Caswell 1996). The ultimate goal will be to unite these various
mod‘els to obtain integrated predictions of chemical fate and effects in
marine ecosystems.

We face many challenges in our attempts to understand, monitor, and
predict the impact of contaminants on marine systems. Molecular and
biotechnological methods and approaches will be essential tools in the
effort to meet these challenges. Some of the most compelling research
needs in marine toxicology are summarized in Table 3 and in the discus-
sion above. Marine and aquatic biologists will continue to look to the
biomedical arena for many of the technological advances that will be
necessary for this work. In turn, basic and applied research in marine
biology, toxicology, and biotechnology will provide tools and reagents
that are of great utility in biomedical research (e.g., thermostable poly-
merases, pharmaceuticals). Such work will also provide a broader, com-
parative perspective to the study of biochemical adaptation, chemical
signaling, and chemical-biological interactions in biological systems.

TABLE 3. Research Needs in the Application of Molecular Biology and
Biotechnology to Marine Toxicology

Molecular mechanisms underlying toxic responses and species differences in
sensitivity
¢ Molecular cloning and characterization of genes/proteins involved in toxicity
¢ Measurement of changes in gene expression on a genome scale (functional
genomics)
* Analysis of the molecular evolution of genes, gene families, and pathways

Molecular biomarkers
A. Biomarkers of exposure/effect
* Identification of genes and other biomarkers closely linked to effects of
concern
* Validation of target genes for use as biomarkers
B. Biomarkers of susceptibility
« Identification of polymorphisms (pharmacogenetics/pharmacogenomics) and
of species differences in gene sequence and protein function linked to
differences in chemical sensitivity (e.g., receptors and other signaling
proteins)

Mechanism-based bioassays’
¢ In vivo bioassays using transgenic fish
¢ Reporter gene-based cell culture bioassays
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