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Abstract

Field and laboratory studies indicate a strong positive association between exposure to chemical
pollutants in aquatic environments and development of neoplasia in fishes. This brief
communication reviews some of the more important North American and European studies
that have been conducted on this relationship. We then review work conducted on a small non-
migratory estuarine cyprinodontid teleost fish, the mummichog (Fundulus heteroclitus) in the
industrialized Elizabeth River, Virginia USA. Histopathological surveys of mummichogs from
variously degraded habitats indicate an association between PAH exposure and development of
neoplasia. We have observed non-neoplastic lesions, preneoplasms and hepatic, biliary, exocrine
pancreatic and vascular neoplasms in mummichogs inhabiting Virginia and Maryland estuaries.
These lesions track a sediment PAH gradient with highest prevalence occurring in fish from
PAH-contaminated sites in the industrialized portions of the Elizabeth River, Virginia. Liver
metabolizing enzyme profiles typical of those observed in carcinogen-challenged laboratory
rodents (e. g., depressed phase I enzymes, elevated phase IT enzymes, elevated p-glycoprotein)
provided additional support of a chemical etiology for the neoplasms occurring in these fish.
Long-term laboratory exposure of mummichogs to creosote-contaminated sediments resulted
in development of altered hepatocellular foci and hepatic neoplasms. Biomarkers of fish exposure
and effects (e.g., CYP1A induction, bile FAC’s, DNA adducts, liver histopathology) are presently
used in the Puget Sound, Washington USA and Elizabeth River, Virginia USA to track long-term
environmental recovery following habitat remediation.

Over the past 30 years, numerous field and chemical pollutants called the polycyclic
laboratory studies in North America and aromatic hydrocarbons (PAHs) and devel-
Western Europe have been conducted on opment of liver neoplasia in wild fishes.
adverse health effects of chemical exposure Additionally, laboratory studies have shown
in fishes. Field studies have shown that some fishes to be susceptible to a broad variety of
wild fish populations inhabiting urbanized carcinogenic chemical compounds including
‘coastal waters can exhibit pathologies the PAHS, eliciting neoplastic responses similar
characteristic of exposure to chemical to those long documented in carcinogen-
carcinogens. An important focus of these exposed laboratory rodents. Field and
investigations has been the probable causal laboratory studies have shown that fishes
relationship between exposure to a group of possess phase L and Il xenobiotic metabolizing
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enzymes, including the cytochrome P4501A
(CYP1A) and glutathione-S-transferase
systems, and that they can produce DNA-
reactive carcinogenic metabolites. Other
studies have demonstrated that sediment
PAHs are bioavailable to fishes. Animportant
result of these investigations has been the
application of fishes as carcinogenicity
bioassay organisms, environmental sentinels
and models of human disease. This short
review highlights the use of fishes as field
sentinels and the growing evidence sup-
porting a causal relationship between PAH
exposure and development of liver neoplasia
in wild fish populations. It then focuses on
results of studies conducted with a small
cyprinodontid teleost, the mummichog
(Fundulus heteroclitus) in Virginia USA

estuaries.

Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons are
ubiquitous environmental contaminants
derived largely from the incomplete
combustion of organic matter. Large complex
organic molecules, PAHs are comprised of
fused aromatic ring structures and often
divided into two broad classes. Major sources
of environmental contamination include
industrial dischargers such as metal smelting
facilities, wood treatment plants using
creosote, oil refining operations and
accidental spills of fuel oil, crude oils and
other petroleum products. Atmospheric
emissions from incineration and internél
combustion engines (e. g., automobiles) and
urban runoff represent another major source
of PAH contamination to estuaries. In heavily
industrialized sites, PAHSs often co-occur with
a variety of other chemical pollutants,

including heavy metals, chlorinated
pesticides and polychlorinated biphenyls
(PCBs) (Johnson et al., 2002).

The high molecular weight PAHs are
extremely hydrophobic and sorb avidly to
organic and inorganic matter. Thus, in aquatic
environments, PAHs tend to bind detritus and
become immobilized in bottom sediments,
while concentrations in surface waters are
generally very low (Johnson et al.,, 2002).
Despite extensive and tenacious adsorption
to sediments, PAHs appear to be readily
bioavailable to aquatic organisms. Fishes are
exposed to PAHs through their diet, by
aqueous exposure and by direct contact with
sediments (Meador et al., 1995a). Many
benthic invertebrates, especially those that
ingest sediment, can bioaccumulate PAHs and
therefore, may constitute an important dictary
source of PAH exposure in fishes (Meador et

al,, 1995b).

Although sediment PAHs are readily
bioavailable and tend to bicaccumulate in
some aquatic invertebrates, they do not
normally accumulate to an appreciable degree
within tissues of aquatic vertebrates such as
teleost fishes. Additionally, there does not
seem to be any significant biomagnification
of PAHs across trophic levels in fishes (Suedel
et al., 1994). Thus, measured PAH concen-
trations are generally very low in fish tissues
and are not considered to be a useful method
of assessing environmental exposure. The
primary reason for this is that they rapidly
and efficiently biotransform these hydropho-
bic contaminants into polar, more water
soluble forms that are then more easily
excreted. Xenobiotic metabolizing enzyme
systems such as the CYP1As and glutathione-



S-transferases are responsible for biotrans-
formation of xenobiotic chemicals in
vertebrate animals. Thus these enzymes serve
an important detoxication function and
provide a mechanism whereby large
hydrophobicand potentially toxic xenobiotics
are eliminated from the tissues and the body.
In vertebrates, the primary organ responsible
for the metabolic detoxication of hydrophobic
organic contaminants such as PAHs is the
liver, This is most probably the reason why
liver is a common target organ for the adverse
effects of exposure to these chemical
compounds.

Although they do not generally bioaccu-
mulate in vertebrate tissues, PAHs have been

documented to cause significant adverse

health effects in exposed organisms. While

metabolic conversion of PAHs serves mainly
in detoxication of xenobiotics, some of the
intermediate metabolites produced during
this process exhibit potent cytotoxic,
immunotoxic, mutagenic and carcinogenic
properties. Recent investigations have shown
that some PAHSs including benzo[a]pyrene,
benzfluoranthene, benz[alanthracene, dibenz-
[a,hlanthracene, indeno[1,2,3-c,d]pyrene and
dibenzo[a,l]pyrene are highly carcinogenic in
laboratory rodents (e. g., NTP, 1999). Carcino-
genic potential of some of these PAHs has
been confirmed in fishes (e. g., Hawkins et
al.1990; 1995; Hendricks et al., 1985; Reddy et
al,, 1999). Additionally, most of these carcino-
gens have been documented at biologically
significant concentrations in PAH contami-
nated aquatic sediments (Reddy et al., 1999).
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North American studies

In North America, epizootics of cancer have
been documented in fishes from over 40
freshwater and estuarine waterways (Clark
and Harshbarger, 1990), with several of them
attributed to chemical contaminant exposure.
The epizootics associated with exposure to
carcinogens such as the PAHs have occurred
mainly in benthic species and comprise
largely liver neoplasia and neoplasia-related
liver lesions. They include the winter
flounder, Pleuronectes americanus, from Boston
Harbor, MA (Moore and Stegeman, 1994;
Moore et al., 1996), the brown bullhead,
Ictalurus nebulosus, from tributaries of the
southern Great Lakes region (Baumann, 1989;
Baumann et al., 1991), the English sole,
Pleuronectes vetulus, and other bottomfish
species from Puget Sound, WA (Myers et al.,
1987; 1998; Johnson et al., 2002), the tomcod,
Microgadus tomcod, from the Hudson River
estuary, NY (Smith et al., 1979) and the
mummichog, Fundulus heteroclitus, from the
Elizabeth River, VA (Vogelbein et al., 1990;
1997). PAHs have been implicated as
causative agents in most of these epizootics
and the prevalence of fish liver disease has
been found to rise with increasing
industrialization and urbanization. Liver
lesion prevalences as high as 90% have been
documented in fishes inhabiting waterways
where sediment PAH concentrations are very
high, while lesion prevalences have been very
low or inconsequential (<1%) in fishes from
relatively uncontaminated reference habitats
(Vogelbein et al., 1990). Further, PAH
concentrations in benthic invertebrate prey
organisms and fish gut contents (Malins et al,,
1984; Myers et al., 1987; 1993), induction of
CYPIA and GST-mediated xenobiotic



Bull. Eur. Ass. Fish Pathol., 26(1) 2006, 14

metabolizing enzymes (e.g., Van Veld et al.,
1991; 1992; 1997), DNA adduction in fish
tissues (Varanasi et al.,, 1986), PAH metabolite
levels in fish bile (Krahn et al., 1984) and P-
glycoprotein expression (Cooper et al., 1999)
all are reported to be much higher in fishes
from PAH-contaminated environments than
in fishes from relatively uncontaminated
habitats. These findings strongly support the
hypothesis that PAHs are bioavailable to
fishes, that they are rapidly metabolized with
certain metabolites causing mutations, and
that they play an important causative role in
the development of liver disease in some wild

fish populations.

Luropean studies

Field studies conducted in western European
waters have found similar associations
between environmental contaminants and
development of liver neoplasia in flatfishes.
Efforts in Europe have focused on the
common dab, Limanda limanda, and the
European flounder, Platichthys flesus. A
spectrum of toxicopathic neoplastic, pre-
neoplastic and non-neoplastic liver lesions,
similar in most respects to the suite of lesions
observed in North America, has been reported
(Kranz and Dethlefsen, 1990; Kohler, 1991;
Kohler et al,, 1992; 2002; Bucke and Feist, 2003;
Vethaak and Wester, 1996a; Stentiford et al.,
2003). The utility of these histopathologic
biomarkers as sensitive and reliable bio- »
indicators of health in wild fish populations /
has been demonstrated and their use has
become established as a viable tool in
European pollution monitoring programs
(Feist et al., 2004).

Laboratory evidence for a direct cause
and effect

Direct experimental evidence that sediment
PAHs cause liver neoplasia in wild fishes is
scant. To date, the most direct evidence for
this association has been provided by
Metcalfe et al. (1988) who induced hepato-
cellular carcinomas in rainbow trout,
Oncorhynchus mykiss by microinjecting fry
with sediment extracts from Hamilton
Harbor, Ontario, and by Schieve et al. (1991)
who induced altered hepatocellular foci in
English sole, exposed to an extract of a
chemically contaminated marine sediment,
Long-tern sediment challenge studies have
also been attempted in Europe. Mesocosm
exposures of European flounders were
conducted, but with only marginal success
(Vethaak et al., 1996b). Few liver neoplasms

were reported during this study.

The mummichog, Fundulus heteroclitus:

A case study

The mummichog, Fundulus herteroclitus, is a
small estuarine cyprinodontiform teleost with
anumber of attributes suggesting it as a good
sentinel of chemical contamination in Eastern
USA estuaries. It has a wide geographic distri-
bution, inhabiting coastal marshes from Nova
Scotia to Florida (Bigelow and Schroeder,
1953). It is perhaps the most abundant
intertidal marsh fish along the east coast and
thus, relatively ecasy and inexpensive to
collect. Avery important attribute is that local
sub-populations are non-migratory, exhibi-
ting a summer home range on the order of
30-40 m (Lotrich, 1975) and greatly restricted
winter movements (Fritz et al,, 1975). This,
suggests that local populations integrate a
range of environmental variables and in effect,



Figure 1. Twelve sampling sites for collection of
mummichogs (Fundulus heteroclitus) and sediment
samples in the Elizabeth River, Virginia USA. Sixty
adult fish and three replicate surficial sediment
samples were collected at each site.

reflect the “health” of their immediate
environment. They can thus be used
effectively to evaluate adverse biological
effects in restricted localized waters close to
specific point source discharges. The
mummichog is readily cultured in the
laboratory and all life stages are hardy and
amenable to experimental manipulation. The
mummichog is currently the only known
species exhibiting neoplasia in polluted
environments that also is amenable to
laboratory studies. It is therefore the best
available model system to verify the putative
cause-effect relationship between contami-
nant exposure and the development of liver
pathology in wild fishes.
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Since 1990, we have investigated the
association between PAH exposure and
development of a suite of toxicopathic liver
lesions in the mummichog. Many of our
studies have been conducted in the highly
industrialized Elizabeth River, in south-
eastern Virginia USA. Several wood treatment
facilities traditionally using creosote to
pressure treat timbers such as railroad ties
and telephone poles have operated along this
river since the mid 1920’s. Mummichogs
inhabiting the inter-tidal near shore habitat
in proximity to these facilities exhibit a high
prevalence of toxicopathic liver disease
including a suite of neoplastic and pre-
neoplastic hepatocellular and cholangio-
cellular lesions (Vogelbein et al. 1990, 1999),

. awide range of non-neoplastic hepaticlesions

(unpublished obs), exocrine pancreatic
neoplasms (Fournie and Vogelbein, 1994,
Vogelbein and Fournie, 1994) and vascular
neoplasms (Vogelbein et al,, 1997). Hepato-
cellular lesions include a suite of altered
hepatocellular foci (e.g., eosinophilic,
basophilic, clear cell, vacuolated, and
amphophilic foci), hepatocellular adenoma,
hepatocellular carcinoma and hepato-
blastoma (Vogelbein et al., 1990; Vogelbein et
al., 1999). Cholangiocellular lesions include
cholangiofibrosis, cholangioma and cholan-
glocarcinomas. Pancreatic neoplasms include
acinar cell adenomas and carcinomas and
vascular neoplasms include heman-
gioendothelioma, hemangiosarcoma and
hemangiopericytic sarcoma (Vogelbein
unpublished findings). Our field surveys
within the Elizabeth River and in other
chemically impacted parts of the Chesapeake
Bay USA indicate a strong association
between PAH exposure and toxicopathic liver
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Figure 2. Fish liver histopathology and total sediment PAH concentrations from 12 sampling sites in the
Elizabeth River, Virginia USA. 2a) Fish liver lesion prevalence for altered hepatocellular foci (AHF) and
hepatic neoplasms (HN). Fish were processed for paraffin histology by routine methods. 2b) Total sediment
PAH concentrations (ng/ g dry weight). Sediments were analyzed by GC/ Mass Spectrometry.

disease, with liver lesion prevalence and
severity tracking a sediment PAH gradient.
Figure 1 illustrates our 12 study sites within
the Elizabeth River system. Figures 2a and b
illustrate the association between liver lesion
prevalence in the mummichog and sediment
PAH concentrations for these 12 sites. Note
that both lesion prevalence for altered
hepatocellular foci (AHF) and hepatic
neoplasms (HN) and sediment PAH concen-
trations are highest in the heavily
industrialized southern and eastern branches,
whereas the western branch and Lafayette

River is not impacted.

We have found that Elizabeth River
mummichogs have developed a genetically
based resistance to the acutely toxic com-
ponents of creosote (Mulvey et al., 2002; 2003;
Ownby etal., 2003). Because offspring of these
fish are highly resistant to the acutely toxic
components of creosote, this has provided us
with an approach to conduct long-term (year-
long) sediment exposure studies to evaluate
the carcinogenicity of the river sediments near
one of the wood treatment facilities.
Following a yearlong sediment and dietary
exposure regimen, fish developed a high
(40%) prevalence of altered hepatocellular foci

and a moderate level of hepatic neoplasms



(8.7%) (Vogelbein unpublished results). This
has provided some of the strongest direct
experimental evidence for a cause and effect
relationship between chronic PAH exposure
and fish neoplasia to date.

Tracking environmental recovery

following site remediation efforts

The most thorough investigations to date on
the cause/effect relationship between PAH
exposure and cancer development in wild
fishes have been those conducted on the
English sole in the Pacific Northwest. Myers
et al. (2003) summarize an extensive 25-year
database on the impacts of PAHs and related
industrial contaminants on English sole and
other benthic fishes. Statistical analyses of
multiple field investigations dating back to
1978 identified exposure to PAH and, to a
lesser degree chlorinated hydrocarbons such
as polychlorinated biphenyls (PCBs), as
highly significant major risk factors for the
development of liver neoplasia and related
lesions in this benthic species. These re-
searchers are now using the English sole as
an indicator species to track environmental
recovery following remediation efforts in
severely contaminated environments. Samp-
ling conducted in Eagle Harbor, Puget Sound,
USA subsequent to capping of a creosote-
contaminated portion with clean dredge
spoils, showed drastic declines in exposure
to PAHs as measured by biliary PAH
metabolites and hepatic DNA adducts in the
fish. The decline in PAH exposure was
accompanied by a dramatic decline in the
prevalence of toxicopathic liver lesions in
English sole over an eight year followup
period. Similar studies to track environmental

recovery following site remediation efforts are
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currently planned in the Elizabeth River,
Virginia. Because of their high site fidelity,
mummichogs will be used at several sites
within the industrialized portions of the river
to monitor effectiveness of specific site

remediation efforts.
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