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1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
pollutants that contain two or more fused aromatic rings composed of
hydrogen and carbon. PAHs can also have alkyl groups, such as methyl and
ethyl groups, substituted for one or more of their hydrogen atoms, and are
generally considered to include heterocyclic aromatic compounds, where
sulfur, oxygen, or nitrogen can commonly be substituted for one or more of
the carbon atoms in their aromatic rings. PAHs make up a substantial
portion of many fossil fuels, including crude oil, oil shales, and tar sands.
The petroleum-derived, or petrogenic, PAHs usually have two to three fused
rings, are highly alkylated, and are also known as low molecular weight
PAHs. When petroleum products and other organic materials such as wood
are subject to incomplete combustion, higher molecular weight PAHs
(generally thought of as having four to seven fused rings) can be formed as a
result of condensation processes. These compounds are generally unsub-
stituted and are commonly referred to as pyrogenic PAHs. The simplest
PAH is naphthalene, consisting of two aromatic benzene rings. Phenan-
threne and anthracene are three-ringed compounds, and as the number of
rings increases, the number of possible structures multiplies (Figure 4.1).
Thus, as a class, PAHs are composed of literally thousands of structures,
making their classification, nomenclature, and analysis, as well as studies of
their environmental fate and effects, extremely complex.

PAHs are derived from both natural and anthropogenic sources and are
released from a wide range of industries and everyday activities. Petrogenic
PAHs are associated with petroleum exploration, extraction, transport, and
refining, as well as with oil seeps, and can also be formed biogenically.
Petrogenic PAHs are made up of 85% or more alkyl congeners, based on
analyses of a range of fresh and weathered crude oils and refined petroleum
products (Wang et al., 2003). Pyrogenic PAHs are released into the
atmosphere and surface waters as a result of fossil fuel and wood
combustion, as well as natural forest and grassland fires, and from
volcanoes. Unlike many other organic chemical contaminants that are
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Figure 4.1. Chemical structures of polycyclic aromatic hydrocarbons commonly detected in
environmental samples.

manufactured and regulated, PAHs continue to be released on a global
scale. Given the multitude of sources, and especially our continued global
reliance on petroleum as an energy source, PAHs will continue to be
chemical contaminants of concern for decades to come.

In this chapter, we briefly review transformation of PAHs in the aquatic
environment, highlighting their efficient metabolism in fish. We also review
the evidence that links PAH exposure to a wide range of biological
dysfunctions in fish, including neoplasia, reduced reproductive success and
other types of endocrine disruption, immunotoxicity, postlarval growth and
somatic condition, transgenerational impacts, and finally, recent findings
showing that embryonic development of fish is severely affected by
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extremely low concentrations of PAH exposure. We also include a brief
review of the effects of naphthenic acids on fish because these compounds
are increasingly recognized as major factors in the toxicity of process waters
from a variety of petroleum sources, most notably the immense oil sands
deposits found in Alberta, Canada.

2. TRANSFORMATIONS OF PAHs IN THE AQUATIC
ENVIRONMENT

2.1. Physical and Chemical Degradation

PAHs are persistent chemical contaminants that are distributed in
environmental matrices, including sediments, soils, water, and air. Lower
molecular weight PAHs (those containing two to three fused benzene rings)
can be found in all of these matrices, whereas higher molecular weight
compounds (those containing four to seven fused benzene rings) are more
tightly associated (physically and chemically) with sediments/soils and
particles than the other abiotic sample types. PAHs in air can be altered via
chemical oxidation and photochemical processes (Lima et al., 2005),
whereas in sediments/soils and the uppermost portion of the water column,
degradation of PAHs, particularly lower molecular weight PAHs, occurs via
photooxidation (McElroy et al., 1989; Bertilsson and Widenfalk, 2002). In
addition to parent PAHs, oxygenated PAH metabolites formed during these
degradation processes can remain associated with sediments up to six
months after initial addition to the water column and thus can remain in the
environment for extended periods of time (Hinga and Pilson, 1987).

In sediment and water samples, certain microorganisms (e.g., bacteria,
fungi) have been shown to mineralize PAHs under aerobic conditions,
particularly those compounds that contain two- and three-fused rings
(e.g., naphthalene, fluorene), to their basic elements or to biodegrade these
compounds to more polar degradation products (Meador et al., 1995; Lima
et al., 2005). Information on PAH microbial degradation pathways and
identification of degradation products is beyond the scope of this chapter
but details on these processes and products can be found in Cerniglia and
Heitkamp (1989), Juhasz and Naidu (2000), and Bamforth and Singleton
(2005). Some research studies have demonstrated that pyrene, a four-ring
PAH, can be mineralized by certain strains of bacteria (e.g., Mycobacterium)
under optimum growing conditions in the laboratory, but it is unclear if this
occurs in the natural environment (Heitkamp et al., 1988; Heitkamp and
Cerniglia, 1989). In contrast, other higher molecular weight PAHs (e.g., five-
and six-ring compounds) are not readily degraded by microbes and thus are
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more likely to accumulate in these environmental media (particularly in fine-
grained sediments with high organic carbon content) (Meador et al., 1995;
Juhasz and Naidu, 2000). Under anoxic conditions, PAHs persist in
sediments, particularly in organic sediments (Heitkamp and Cerniglia,
1989).

2.2. Biotransformation in the Aquatic Food Web

In aquatic organisms, exposure to PAHs can occur through dermal
exposure, respiration, or consumption of contaminated prey (e.g., annelids,
mollusks) or sediment (Varanasi et al., 1989). Biotransformation of PAHs in
aquatic organisms occurs to varying degrees depending on a number of
factors, including the rate of uptake, metabolic capability, physical
condition, feeding strategy, and age (James, 1989; Varanasi et al., 1989).
Invertebrates are capable of PAH uptake from their environment and have
been shown to have varying levels of PAH-metabolizing capability (James,
1989). Mollusks generally have lower PAH-metabolizing capability com-
pared to certain species of polychaetes, crustaceans, and fish (Meador et al.,
1995). In contrast to persistent organic pollutants, PAHs are readily
metabolized by teleost fish, with the initial oxidation occurring through the
action of cytochrome P4501A, creating epoxides (see Chapter 1 for a
complete review of biotransformation). PAH epoxides are short-lived
reactive compounds that can hydrolyze nonenzymatically to form phenols
or be enzymatically converted by epoxide hydrolase to form dihydrodiols.
PAH epoxides, through the action of glutathione-S-transferases, can also be
conjugated to glutathione and eventually converted to mercapturic acids.
The more stable diols and phenols are also further metabolized in fish
through the actions of UDP-glucuronosyl transferases or sulfotransferases,
creating glucuronide and sulfate conjugates, respectively. These now highly
polar conjugated metabolites are then excreted into urine or secreted into
the bile for rapid elimination through the gastrointestinal tract (Roubal
et al., 1977; Krahn et al., 1984; Varanasi et al., 1989; Collier and Varanasi,
1991). As a result of this rapid metabolism and elimination in fish,
concentrations of parent PAHs are negligible in muscle and other tissues.
Thus, bile and urine are good matrices for determining recent exposure to
PAHs in teleost fish, with bile being preferred because of its ease in
collection. Interestingly, differences in the metabolism of the four-ring PAH,
benzo[a]pyrene (BaP), including differences in the types and proportions of
metabolites formed, have been demonstrated between two species of
freshwater fish (Sikka et al., 1991; Steward et al., 1991). These differences
could contribute to variations in susceptibility to these carcinogenic
compounds among fish species. Differences in glutathione-S-transferases
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may also help explain differential susceptibility to chemically induced
carcinogenesis among fish species (Collier et al., 1992).

A number of analytical methods have been developed to measure PAH
metabolites in fish bile and are reviewed in Beyer et al. (2010). Oil spills,
including the Deepwater Horizon (DWH) spill in the Gulf of Mexico in 2010,
have led to a need for additional methods (including rapid analytical methods
that measure PAHs and PAH metabolites) to determine PAH exposure in
seafood or protected species (e.g., marine mammals, sea turtles) where animals
cannot be lethally sampled. For example, a rapid, sensitive HPLC-fluorescence
method that measures 14 carcinogenic and noncarcinogenic PAHs in seafood
tissues was developed by the U.S. Food and Drug Administration (Gratz et al.,
2010) during the DWH spill and was used by federal and Gulf state analytical
laboratories as part of the seafood safety response (Ylitalo et al., 2012).
Development of new analytical methods such as this can provide important
information on PAH exposure in aquatic organisms.

3. HEPATIC NEOPLASIA AND RELATED LESIONS IN WILD FISH

A number of case studies in wild fish have strongly linked the occurrence
of hepatic neoplasms and neoplasia-related toxicopathic liver lesions to
PAH exposure, as measured by XPAHs in sediments, PAH metabolites or
fluorescent aromatic compounds (FACs) in fish bile, PAH-DNA adducts in
liver, or components of the natural diet of these species. The only convincing
case studies linking PAH exposure to neoplasia in wild fish are those
involving liver neoplasms and a spectrum of hepatic lesions involved in the
histogenesis of liver neoplasia. The following sections provide summaries of
these interesting and illuminating case studies.

3.1. Mummichog/Killifish, Fundulus heteroclitus (Elizabeth River, Virginia,
Chesapeake Bay; Delaware Estuary)

Studies in this region on the highly territorial, nonmigratory estuarine
mummichog (also referred to as killifish) began with the discovery of an
epizootic of a suite of toxicopathic hepatic lesions, including hepatocellular,
cholangiocellular, and pancreatic neoplasms, preneoplastic focal lesions
(commonly referred to as foci of cellular alteration or altered hepatocellular
foci (FCA/AHF)), and lesions manifesting cytotoxicity in fish inhabiting a
site in the Elizabeth River, Virginia, that was grossly PAH-contaminated by
a nearby facility that pressure-treated wood with creosote (Vogelbein et al.,
1990; reviewed in Vogelbein and Unger, 2006). The prevalence of some of
these lesions at this site exceeded 70%, and less severely PAH-contaminated
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sites in the Elizabeth River and James River estuary showed intermediate
prevalences of these toxicopathic lesions; they were not detected in fish from
relatively uncontaminated areas. Overall, field studies incorporating
samplings at 12 sites in the region have shown a strong association between
occurrence of these lesions and PAH exposure, with prevalences tracking
well along a PAH exposure gradient. Recent studies using stepwise logistic
regression have confirmed these trends statistically, whereby both total
sediment PAH concentrations and TOC-normalized PAH concentrations
exhibited a significantly positive relationship with the risk of occurrence of
toxicopathic liver lesions, especially for neoplasms and preneoplastic focal
lesions (Vogelbein et al., 2008). Moreover, as was also shown in English sole,
immunohistochemical studies on cytochrome P4501A (CYPIA) and
glutathione-S-transferase localization in the preneoplastic focal lesions and
hepatic neoplasms (Van Veld et al., 1991, 1992) indicate that the hepatocytes
that make up these lesions have undergone an adaptive response consistent
with the selective resistance to cytotoxicity or resistant hepatocyte model of
hepatocarcinogenesis (Solt et al., 1977).

An abundant literature surrounds the issue of toxicity resistance in this
population of mummichog/killifish from the grossly creosote-contaminated
Atlantic Wood site in the Elizabeth River (reviewed in Van Veld and Nacci,
2008; see that review for more specific references). This collective body of
research includes the demonstration of resistance or enhanced tolerance to
acute toxicity (i.e., skin and fin erosion, and death) associated with exposure
to Atlantic Wood sediment in adults from the Elizabeth River as compared to
those from reference sites (the York River), dramatically reduced hepatic
CYPIA inducibility in adult Atlantic Wood mummichog as compared to
mummichog from uncontaminated reference sites either by interparenteral
(i.p.) injections of 3-methylcholanthrene or by exposure to two dilutions of
sediment (10%, 30%) from the Atlantic Wood site (Van Veld and Westbrook,
1995), and resistance to teratogenicity in the form of cardiac abnormalities in
the offspring of Elizabeth River fish (Ownby et al., 2002). This resistance in
the Elizabeth River mummichog is at least partially heritable in laboratory-
reared offspring from reproductively mature adults from the Elizabeth River,
with resistance to toxicity declining from the F1 to subsequent generations,
suggesting that both physiological acclimation and genetic adaptation are
components of this resistance (Meyer and Di Giulio, 2002). The mechanism
for this resistance to PAH-associated toxicity in both adults and offspring of
Elizabeth River mummichog likely involves alterations in the aryl hydro-
carbon receptor (AhR)-mediated pathways, specifically those related to
CYPIA induction. CYPIA expression and inducibility is depressed in
Elizabeth River mummichog, and this inducibility persisted in F1 embryos
and larvae reared in the laboratory. However, CYP1A inducibility rose to
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normal levels in the mature adults developing from these Elizabeth River F1
embryos and in subsequent generations.

Recent studies relate more specifically to differential susceptibility and
potential resistance to hepatic carcinogenesis in offspring of this population
of Atlantic Wood/Elizabeth River mummichog that are tolerant to PAH
toxicity, as compared to those from a reference site, Kings Creek (Wills
et al., 2010a). Larvae from Elizabeth River and Kings Creek parents were
exposed to BaP for two 24-hr periods, seven days apart, at doses of 50, 100,
200, and 400 pg/L. Fish were sampled for histological examination at three
and nine months after the second exposure. Briefly, results showed no
toxicopathic, neoplasia-related liver lesions at any dose in either Elizabeth
River or Kings Creek juveniles at three months post-exposure, while Kings
Creek fish at nine months post-exposure, in the 200 pg/L dose, showed an
incidence of 8% (2/25) eosinophilic FCA, compared to 0% in Elizabeth River
fish. At the highest dose in the Kings Creek juveniles at nine months, the
incidence of eosinophilic FCA was 30%, with two of these fish showing
hepatic adenomas or carcinomas (6.7%); in Elizabeth River fish, 2/30 (6.7%)
were affected with eosinophilic FCA, and none developed hepatic
neoplasms. Even though the sample sizes in these experiments were
relatively small, there was a significantly higher (p = 0.018) incidence of
FCA in Kings Creek juveniles at the highest dose and at nine months (30%),
as compared to Elizabeth River juveniles (6.7%) at the same dose and
sampling time. Although these results are not definitive, this lower incidence
may be related to the reduced inducibility of hepatic CYP1 enzymes in
Atlantic Wood/Elizabeth River mummichog.

However, the most convincing evidence supporting a causal link between
exposure to sediment-associated PAHs dominated by high molecular weight
species and these neoplasms and neoplasia-related lesions was the
experimental induction, in a four-year sediment and dietary exposure
regimen in mummichog, of high prevalences (up to 40%) of altered
hepatocellular foci and moderate prevalences (8.7%) of hepatic neoplasms.
This experimental evidence is perhaps the strongest in existence for a direct
cause-and-effect relationship between chronic PAH exposure and hepatic
neoplasia in fish (Vogelbein and Unger, 2006).

Separate field studies targeting mummichog from five sites in the
Delaware Estuary watershed (Pinkney and Harshbarger, 2006) also detected
FCA/AHF and hepatic neoplasms at dramatically higher prevalences from
sites with elevated concentrations of XPAHs in sediments compared to fish
from sites with low XPAHs. Although this smaller study did not
demonstrate a direct statistical correlation between lesion prevalences and
PAH exposure, the overall findings support the evidence from the above
studies and in a different geographical location.
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3.2. Winter Flounder, Pleuronectes americanus (Northeast Atlantic Coast)

Multiyear, multisite studies investigating toxicopathic hepatic lesions,
including neoplasms, in winter flounder from urban marine and estuarine
sites in the northeastern United States have shown significant associations
with PAH exposure, in addition to DDT, its metabolites, and chlordanes,
but not PCBs (Johnson et al., 1993). Specifically, stepwise logistic regression
techniques indicated that significant risk factors for the occurrence of
neoplasms were low-molecular-weight PAHs (XLAHs) and chlordanes in
stomach contents, with relatively low proportions of the variation in risk of
lesion occurrence attributed to PAHs (7%) compared to chlordanes (22%).
However, substantial proportions (14-29%) of the intersite variation in
prevalence of the unique lesion termed hydropic vacuolation of biliary
epithelial cells and hepatocytes (HydVac) (Moore et al., 1997) were
accounted for by exposure to both XLAHs and high- (XHAHs) molecular-
weight PAHs. HydVac is considered a lesion manifesting cytotoxicity but is
clearly also involved in the early stages of the histogenesis of liver
neoplasms. However, significant associations between risk of HydVac
occurrence and exposure to DDT, its metabolites, and chlordanes, were
also shown, and in the case of chlordane explained an even higher
proportion (16-43%) of the variation in lesion risk (Johnson et al., 1993).
Statistical analysis (by factor and canonical correlation analyses) of an
earlier, more limited dataset in winter flounder from similar sites in the
northeastern U.S. Atlantic Coast essentially confirmed these associations
(Chang et al., 1998). Prevalences of HydVac and hepatic neoplasms
dropped considerably and significantly between 1987 and 1999 at the Deer
Island flats sewage outfall site in Boston Harbor, presumably resulting from
reductions in the chemical content of sludge, source reduction programs,
and transfer of the sewage effluent release to an offshore site (Moore et al.,
1996; personal communication to Mark Myers). These findings strongly
support a causal role for PAHs and certain pesticides in the etiology of
these lesions. The current view is that PAHs probably play a role in
initiating hepatic neoplasia in winter flounder, but exposure to chlorinated
pesticides may play a stronger promotional, cytotoxic, and overall role in
the genesis of the toxicopathic lesions and hepatic neoplasms in winter
flounder (Moore and Stegeman, 1994; Moore et al., 1997).

3.3. Brown Bullhead Catfish, Ameiurus nebulosus (Tributaries of the
Southern Great Lakes Region, Chesapeake Bay)

Studies on this benthic species, especially those investigating the Black
and Cuyahoga rivers in Ohio, both tributaries entering Lake Erie, have also
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implicated high-molecular-weight PAHs in sediments as the probable
etiologic agents for the hepatic tumors observed (reviewed in Baumann
et al., 1991, 1996). Bullhead from areas with high neoplasm prevalences also
had significantly elevated hepatic aryl hydrocarbon hydroxylase activity and
hepatic DNA adduct concentrations (Balch et al., 1995). Geographically
broader studies using multiple histopathological and biochemical biomar-
kers (Arcand-Hoy and Metcalfe, 1999) found significant prevalences of
hepatic neoplasms in the PAH-polluted sites of the Detroit River in
Michigan (15%), Black River in Ohio (9.5%), and Hamilton Harbor,
Ontario, Canada (6%), with no tumors found in fish from relatively clean
reference sites. The liver lesion data were consistent with results of
biochemical biomarkers such as bile FACs and hepatic ethoxyresorufin-O-
deethylase activity. Other field and caging studies in the Detroit River in
Michigan (Maccubbin and Ersing, 1991; Leadley et al., 1998, 1999) found
higher hepatic neoplasm prevalences at sites with elevated concentrations of
sediment PAHs and FACS in bile (Leadley et al., 1999). Although evidence
in the brown bullhead does not reflect the same degree of statistical rigor as
the case studies in other species, it collectively supports a strong association
between toxicopathic hepatic lesions, especially neoplasms and FCA/AHF,
and environmental PAH exposure. Additional supportive field evidence is
seen in the clear pattern of initial reduction in age-specific liver neoplasm
prevalence after the closing of a coking plant on the Black River with
subsequent reduction in PAH exposure (Baumann and Harshbarger, 1995),
followed by a brief increase in tumor prevalence three years after dredging
activities and resuspension of PAHs in 1990, and then a decrease in age-
specific tumor prevalence in 1994 and 1998 (Baumann and Harshbarger,
1998). In this case, reduction in the hypothesized causal variable (PAH
exposure) preceded the reduction in the effect, satisfying the required
temporal order for cause and effect in epidemiological studies (Susser, 1986).

Separate and more recent field studies with this species in tributaries of
the Chesapeake Bay (Pinkney et al., 2009) have shown high levels of PAH
exposure, as measured by sediment XPAHs, bile FACs (PAH-like
metabolites), and hepatic cytochrome P450 activity and PAH-DNA
adducts. In addition, higher prevalences of toxicopathic hepatic lesions
(including FCA/AHF and neoplasms) have been evidenced in fish from
urban sites in the Anacostia River near Washington, DC, as compared to
reference sites in the Tuckahoe River. In a truncated dataset including only
sites from the Anacostia River and the Tuckahoe River reference site where
bile FACs data were available (reviewed in Pinkney et al., 2009), PAH-like
metabolites in bile were a significant predictor variable for the occurrence of
liver neoplasms in brown bullhead. However, the overall statistical
relationship between PAH exposure and the occurrence of hepatic
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neoplasms and FCA/AHF in the full dataset of sampling sites for this
species in this geographic region is not particularly strong or consistent.

3.4. European Flounder, Platichthys flesus (North Sea)

Field studies with this species in the Dutch (Vethaak and Wester, 1996)
and German (Koehler, 2004) coastal waters of the North Sea, and
complementary mesocosm studies in coastal Dutch waters (Vethaak et al.,
1996), have documented toxicopathic hepatic lesions involved in the
histogenesis of hepatic neoplasia, including FCA/AHF, neoplasms, and
HydVac that have been generally associated (with a lesser degree of
statistical rigor and certainty) with exposure to environmental contaminants
such as PAHs and PCBs. However, a specific statistical association with
PAH exposure has not been demonstrated, and the spatial pattern of liver
neoplasm prevalence has not suggested a straightforward relationship to
PAH exposure. Moreover, there has been a long-term, significant decline in
liver neoplasms and related lesions in this species in the North Sea (verified
in a linear logistic model) since the early 1990s (Vethaak et al., 2009); these
changes have been attributed to improved water and sediment quality over
the last 15 to 20 years in Dutch coastal waters (Vethaak et al., 2009). The
current view held by European research groups on this issue is that
exposures of wild European flounder to tumor promoters such as PCBs and
other polyhalogenated hydrocarbons (PHHs) are probably more important
risk factors in hepatocarcinogenesis in this species than exposures to
genotoxic PAHs (Koehler, 2004; Vethaak et al., 2009).

3.5. English Sole, Parophrys vetulus (Puget Sound, Washington, and U.S.
Pacific Coast)

Over 35 years of research exists on the occurrence of hepatocellular and
biliary neoplasms and a spectrum of other toxicopathic lesions involved in
the stepwise histogenesis of liver neoplasia in English sole from Puget Sound
(Myers et al., 1987) and other Pacific Coast estuaries (Myers et al., 1994).
This histogenesis parallels the experimental histogenesis of liver neoplasia in
rats (Farber and Sarma, 1987) and fish (Bailey et al., 1996; Boorman et al.,
1997). Within the context of the sequential, stepwise progression of hepatic
neoplasia, these hepatic lesions represent the phases of cytotoxicity,
compensatory regeneration and proliferation, preneoplastic foci of cellular
alteration (FCA) or altered hepatocellular foci (AHF), and hepatocellular
and biliary neoplasms. Their geographical patterns of occurrence, combined
with chemical contaminant exposure data in English sole at their sites of
capture, provide especially strong evidence for a causal relationship with
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exposure to environmental PAHs and to a lesser degree, certain chlorinated
hydrocarbons (CHs) such as PCBs, DDT and its metabolites, and chlordanes
(see reviews/articles by Myers and Fournie, 2002; Myers et al., 2003; Johnson
et al., 2008, 2013). These studies are based on the initial hypothesis and
subsequently derived evidence that these liver lesions in English sole are the
result of exposure to PAHs (as hepatoxicants and initiators of carcinogenesis)
and, of secondary importance, exposure to chlorinated compounds such as
PCBs, DDT and its metabolites, and chlordanes (as hepatotoxicants and
nongenotoxic promoters of carcinogenesis) (see specific references in articles
by Myers et al., 1987, 2003). To date, evidence from 12 field studies and
somewhat fewer laboratory studies that have validated the field findings fulfill
all of the classic criteria for causation in epidemiological studies of cancer and
other diseases (Colton and Greenberg, 1983; Mausner and Bahn, 1974) as
reviewed in Myers et al. (2003).

These criteria, with a brief description of the evidence within them (see
Myers et al., 2003 and Collier, 2003 for specific references and more detail)
for English sole include the following.

1. Strength of the association: Toxicopathic liver lesions were initially
correlated (p<0.001) with sediment XPAHs in a 32-site Puget Sound
study, followed by an 11-site Puget Sound study showing correlations
with concentrations of fluorescent aromatic compounds (FACs) in bile
(0.001 <p<0.01, depending on lesion type). Subsequent multisite,
multiyear field studies in Puget Sound attributed varying proportions
of the toxicopathic liver lesion risk to PAHs (12-54%) and far less to
PCB (1-8.5%) exposure (see pp. 69-75 of Myers et al., 2003).

2. Consistency of the association: The association of the occurrence of these
lesions with PAH exposure (as assessed by PAHs in sediments, stomach
contents, bile FACs, and as hepatic PAH-DNA adducts) by multivariate
analytical techniques such as stepwise logistic regression has held true
for over 12 separate multisite, multiyear field studies in Puget Sound, the
Pacific Coast from Southern California to Alaska conducted by the
Northwest Fisheries Science Center of NOAA Fisheries, or in
conjunction with Washington Department of Fish and Wildlife, and
Environment Canada, in both adult and subadult English sole (see pp.
75-78 of Myers et al., 2003).

3. Toxicological and biological plausibility: The PAHs sole are exposed to in
these studies include known higher molecular weight hepatocarcinogens
(e.g., BaP) in mammals (see review by Myers et al., 1987 for multiple
references) and fish (Metcalfe et al., 1988; Hawkins et al., 1995;
Hendricks et al., 1985; Reddy et al., 1999).The spectrum of toxicopathic
liver lesions and their complex patterns of co-occurrence closely parallel
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those involved in the histogenesis of liver neoplasia in fish (Hendricks
et al., 1984; pp. 79-82 in review of Myers et al., 2003) and mammals
(Farber and Sarma, 1987). Moreover, laboratory studies in English sole
on the uptake and disposition of PAHs such as BaP show that such
PAHs can be metabolized/activated by CYP1A to proximate carcino-
gens that covalently bind to and, in a dose-dependent fashion, form
persistent hydrophobic adducts of PAH metabolites with hepatic DNA
(reviewed in French et al., 1996). These PAH-DNA adducts have the
potential to represent the molecular lesions involved in initiation of
hepatocarcinogenesis, and their concentrations have been shown to be
significant risk factors for the occurrence of lesions early in the
sequential histogenesis of hepatic neoplasia in sole (reviewed in Reichert
et al., 1998). Further findings in English sole from PAH-contaminated
environments (Myers et al., 1998), showing significantly reduced CYPIA
immunostaining in hepatic neoplasms and FCA/AHF, and reduced
PAH-DNA adduct concentrations in hepatic neoplasms, as compared to
the surrounding normal liver, indicate that hepatic neoplasia in this
species follows the selective resistance to cytotoxicity paradigm of
hepatocarcinogenesis (Solt et al., 1977). Due to their reduced capacity
for CYP1A-mediated activation of PAHs to their cytotoxic and
mutagenic intermediates, with a consequent reduction in formation of
covalent PAH-DNA adducts from these reactive intermediates, pre-
neoplastic and neoplastic hepatocytes and neoplastic biliary epithelial
cells in English sole possess an adaptive phenotype that is resistant to the
cytotoxicity of agents such as PAHs that require metabolic activation to
exert their toxicity (see Myers et al., 1987, 2003; Solt et al., 1977; Farber
and Sarma, 1987; Roomi et al., 1985).

In summary, in the resistant hepatocyte model of chemically induced
carcinogenesis, upon exposure to chemical carcinogens such as PAHs,
uncommon hepatocytes are produced that have become altered through
carcinogen-induced mutations (e.g., formation of PAH-DNA adducts),
followed by cell proliferation to “fix’ the mutation(s), resulting in fully
initiated hepatocytes (Solt and Farber, 1976; Columbano et al., 1981;
Farber, 1990). These initiated hepatocytes possess adaptive and resistant
phenotype possessing mechanisms (e.g., reduced CYP1A expression
and decreased activation of toxicants to cytotoxic and mutagenic
intermediates) that allow for their survival and proliferation in an
environment of toxicant exposure that inhibits the proliferation or
survival of surrounding normal cells. These initiated, resistant hepato-
cytes are protected from the deleterious effects of acute exposure to
cytotoxicants, possess a growth advantage in the liver, and therefore
form foci of altered hepatocytes (FCA/AHF) and eventually neoplasms.
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4. Temporal sequence (i.e., exposure precedes disease): Lesions manifesting
cytotoxicity and occurring earlier in the histogenetic sequence of
neoplasia are first observed and are the most common lesion type in
younger fish, whereas the preneoplastic and neoplastic lesions first
occur in fish >4 years of age, and their prevalence is strongly associated
with increasing fish age (see pp. 82-83 in Myers et al., 2003). Moreover,
a unique case study involving site remediation measures and English
sole monitoring undertaken in previously creosote-contaminated Eagle
Harbor, Washington (Myers et al., 2008), clearly shows a significantly
decreasing trend from 1993 to 2004 in PAH exposure (measured by bile
FACs and hepatic DNA adduct concentrations) that is paralleled by a
significant and decreasing trend in risk of toxicopathic hepatic lesion
occurrence. The prevalence of toxicopathic liver lesions in sole from
Eagle Harbor has remained stable and at near-reference relative risks
from 1997 to 2011. Other studies (1989-2009) targeting English sole
from the Seattle Waterfront in Elliott Bay of Puget Sound,
Washington, as part of the Puget Sound Assessment and Monitoring
Program (PSAMP; now referred to as the Puget Sound Ecosystem
Monitoring Program), conducted in conjunction with Washington
Department of Fish and Wildlife, have further corroborated this
parallel reduction in toxicopathic liver lesion prevalence, with reduced
PAH exposure in English sole from a different geographic area in Puget
Sound. Results from the PSAMP provide convincing evidence that the
incidence of toxicopathic liver disease has declined sharply at the
Seattle Waterfront site from a peak of nearly 40% in 1996 to 5% in
2009. This trend has been accompanied by reductions in PAH exposure
as measured by FACs in the bile of the same English sole (Puget Sound
Partnership, 2010; Collier et al., 2013) (Figure 4.2, Table 4.1). This
improvement in a biomarker of fish health likely reflects the efforts to
achieve source control and clean up PAH-contaminated sediments in
this area.

5. Dose-response/biological gradient: Previously discussed correlations and
associations in multiple field studies of lesion prevalence with PAH
exposure parameters (sediment XPAHs, bile FACs, hepatic PAH-DNA
adducts) fulfill this criterion. Also, data from three separate field studies
show that risk of occurrence of the early hepatic lesions rises
significantly with hepatic DNA adduct concentrations, as a dosimeter
of chronic PAH exposure. Finally, segmented ““hockey-stick” regression
analyses of hepatic lesion prevalence in multiple studies have shown
relatively consistent thresholds of sediment PAH exposure at which
certain hepatic lesion types are first observed (Table 4.1) (see pp. 83-86
in review by Myers et al., 2003; also review by Johnson et al., 2008).
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Figure 4.2. Twenty-year trend (1989-2009) in liver disease, and partially overlapping 10-year
trend (2000-2009) in PAH exposure in English sole from Elliott Bay, Puget Sound, Washington
State. The prevalence of liver disease was calculated using the number of 60 fish per year
exhibiting any of four toxicopathic lesion types; preneoplastic foci of cellular alteration,
neoplasms, hepatocellular nuclear pleomorphism/megalocytosis, or non-neoplastic proliferative
lesions (hepatocellular/biliary regeneration). PAH exposure was estimated as the concentration
of benzo[a]pyrene (BaP) equivalents in fish bile. Mean age of fish is shown because increasing
age is positively associated with increasing prevalence of liver disease. Adapted from Puget
Sound Partnership, 2010, and personal communication from J. E. West and S. M. O’Neill
(Washington Department of Fish and Wildlife).

6. Specificity of the association: Because of the significant covariance of
sediment concentrations of PAHs, PCBs, and certain pesticides in our
Pacific Coast-wide English sole studies, it is not possible to attribute
the toxicopathic hepatic lesions strictly to PAH exposure (see pp. 86—
89 in Myers et al., 2003). However, over multiple studies, the PAHs
remain the strongest (explaining the highest proportion of variation in
lesion prevalence among all of the chemical exposure variables) and
most consistent risk factor for occurrence of these lesions. The PCBs
and pesticides contribute less to the overall risk, but are significant
and plausible risk factors, as nongenotoxic promoters of liver
neoplasia. Additional supportive data for the specificity of the
PAH-hepatic lesion association come from results of field studies on
sole conducted in Kitimat, British Columbia, in the vicinity of an
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Table 4.1

Estimated effects levels associated with increasing sediment PAH concentration for selected
liver lesions, indicators of reproductive dysfunction, and DNA damage in English sole.

Adapted from Johnson et al. (2002).

PAHs Any Liver Inhibited Inhibition Infertile DNA Damage

(ppb Toxicopathic Neoplasms Gonadal of Spawning Eggs, % (nmol adducts/

dry wt) Liver Lesion (%) Development (%) of Eggs mol bases)
(%) (%) Spawned

50 0 0 15 12 38 5

100 0 0 15 12 38 5

1000 9 0 15 17 42 25

2000 18 0 15 25 48 36

3000 24 1 15 30 51 43

5000 31 3 18 35 55 51

10,000 40 6 27 43 61 63

100,000 71 16 58 69 80 100

aluminum smelter (Johnson et al., 2009). In this area, prevalences of
the same liver lesions were associated with exposure to sediment
PAHs, in the relative absence of other confounding chemicals such as
PCBs. However, results also showed lower lesion prevalences than
might be expected (based on XPAHSs in sediments) at sites closest to
the smelter, in addition to evidence of reduced actual uptake of PAHs
in lower-than-expected bile FACs and hepatic PAH-DNA adduct
concentrations. This finding suggests the limited bioavailability to
English sole of smelter-derived, soot-based PAHs. At sites more
distant from the smelter, hepatic lesion prevalences were comparable
to those at sites with sediment PAHs from more typical, urban,
industrial sources.

Supportive experimental evidence: The combined data on uptake,
metabolism/activation, and binding of PAHs like BaP to DNA with
dose-dependent adduct formation, with the potential to represent
molecular lesions involved in initiating hepatocarcinogenesis (discussed
in (3) above) also fit well into this criterion (see pp. 89-90 in the review by
Myersetal., 2003). However, the most important experimental evidence in
support of a causal relationship is the laboratory induction of early
toxicopathic hepatic lesions (hepatocellular nuclear pleomorphism/
hepatic megalocytosis, hepatocellular regeneration, and preneoplastic
focal lesions) in sole by 12 monthly injections into the dorsal sinus of either
BaP or a PAH-rich extract from Eagle Harbor, followed by a six-month
grow-out (Schiewe et al., 1991).
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In addition to the above studies, case studies in the following species and
locales were less extensively documented and showed less specific and less
proven relationships between similar neoplasia-related lesions and PAH or
combined chlorinated hydrocarbon (e.g., PCBs) exposure: white croaker
(Genyonemus lineatus) and starry flounder (Platichthys stellatus), U.S.
Pacific Coast (Myers et al., 1994; Stehr et al., 1998; McCain et al., 1992); dab
(Limanda limanda) from the North Sea and British coastal waters (Kranz
and Dethlefsen, 1990; Kohler et al., 1992; Bucke and Feist, 1993; Feist et al.,
2004; Stentiford et al., 2003, 2009, 2010); and Atlantic tomcod (Microgadus
tomcod) from the Hudson River estuary (Smith et al., 1979; Dey et al., 1993).

4. EFFECTS ON REPRODUCTION

There is substantial evidence that PAHs can cause reproductive
impairment in a variety of organisms, including fish, through their ability
to disrupt endocrine function, and their cytotoxic and mutagenic effects on
germ cells (Tuvikene, 1995; Nicolas, 1999; Logan, 2007; Meador, 2008).

4.1. Fecundity of Females

Studies conducted over the past 30 years have shown that PAH exposure
is associated with decreased plasma estradiol concentrations, reduced
ovarian estradiol production, suppression of vitellogenesis, reduced ovarian
growth, ovarian atresia, and reduced fecundity in female fish (e.g., Johnson
et al., 1998, 2008; Anderson et al., 1996; Ridgway et al., 1999). More recent
studies have confirmed a relationship between PAH exposure and
reproductive impairment in female fish. A number of studies in both the
field and the laboratory have documented the fact that exposure to PAHs, in
mixtures or as single compounds (e.g., naphthalene and BaP), can depress
plasma 17-f estradiol in female fish (Monteiro et al., 2000a; Sol et al., 2000;
Tintos et al., 2006, 2007; Pollino et al., 2009), as well as suppress the in vitro
synthesis of reproductive steroids by ovarian tissue (Monteiro et al., 2000b).
Such alterations in reproductive hormones are often associated with
suppressed vitellogenin production and poor ovarian growth, as reviewed
by Nicolas (1999) and Logan (2007). Recent examples of these effects in fish
include a study by Pait and Nelson (2009), who found significant negative
correlations between sediment PAH concentrations and both gonado-
somatic index (GSI) and plasma vitellogenin concentrations in killifish from
the Chesapeake Bay in the United States. Similarly, Bugel et al. (2010) found
that female killifish from Newark Bay, with elevated concentrations of PAH
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metabolites in bile, had decreased gonad weight, inhibited gonadal
development, and decreased hepatic vitellogenin production. In a laboratory
study, Khan (2013) reported reduced GSI and inhibited oocyte development
in female cod exposed to a water-soluble fraction of crude oil.

Reduced egg production and declines in GSI have also been documented
in zebrafish (Danio rerio) exposed to BaP in the water column at
concentrations as low as 3 pg/LL (Hoffmann and Oris 2006). These authors
also found that transcription of several genes related to reproduction,
including genes for the steroid metabolizing enzymes, 20 B-hydroxysteroid
dehydrogenase and aromatase CYP19A2, and vitellogenin, were affected at
BaP exposure concentrations in the 1.5-3.0 pg/L range.

4.2. Fertility of Males

While the reproductive toxicity of PAHs in female fish is well established,
less information is available on the effects of PAHs on reproductive function
in male fish. In laboratory rodents and humans, exposure to PAHs has been
linked to reduced testosterone production, poor sperm quality, and
infertility (Ramesh and Archibong, 2011). There is some evidence that
these effects occur in fish as well, but results are contradictory. In several
studies conducted prior to 2000, PAH exposure was associated with declines
in plasma androgen concentrations and/or reduced testicular development
in male fish (Burton et al., 1985; McMaster et al., 1996; Truscott et al., 1983;
Kiceniuk and Khan, 1987). Sundt and Bjorkblom (2011) observed inhibited
testicular development and a reduction in the quantity of mature sperm in
prespawning male Atlantic cod (Gadus morhua) exposed to PAHs in
produced water for 12 weeks, at concentrations comparable to those found
in the environment. Testicular development was altered, showing a rise in
the number of spermatogonia and primary spermatocytes and a reduction in
the quantity of mature sperm in the produced water-exposed fish compared
to control. Khan (2013) reported reduced GSI and disrupted testicular
development and sperm production in Atlantic cod exposed to the water-
soluble fraction of crude oil. Holth et al. (2008) observed changes in the
expression of genes associated with the reproductive system in zebrafish
exposed to produced water containing PAHs, at concentrations of 0.54 to
54 ppb for 1 to 13 weeks, but found no effects on reproduction or
recruitment.

Researchers report mixed effects of PAHs on reproductive steroid
concentrations and metabolism in male fish. Martin-Skilton et al. (2006,
2008) found that exposure of juvenile Atlantic cod and turbot (Scophthalmus
maximus) to North Sea crude oil in water or Prestige fuel oil in the diet
increased the metabolism of testosterone (precursor to the biologically
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active androgen, 11-ketotestosterone, in male fish) and/or reduced circulating
concentrations of testosterone in the plasma. However, increased plasma
testosterone concentrations and increased in vitro gonadotropic hormone
(GTH)-stimulated testosterone production have been reported in several fish
species (rainbow trout, Oncorhynchus mykiss; goldfish, Carassius auratus;
rainbowfish, Melanotaenia fluvatilis; and grouper, Epinephelus areolatus)
exposed to a variety of PAHs, including naphthalene, B-naphthoflavone,
BaP, and retene (Evanson and Van Der Kraak, 2001; Wu et al., 2003; Pollino
et al., 2009). A study by Sun et al. (2011) may shed some light on these
conflicting findings. These researchers examined the effects of waterborne
phenanthrene at doses of 0.06, 0.6, and 6 pug/L on testicular development in a
species of rockfish, Sebastiscus marmoratus. After 50 days’ exposure, the
gonadosomatic indices and percentage of sperm produced, concentrations of
salmon-type gonadotropin-releasing hormone, follicle-stimulating hormone,
luteinizing hormone mRNA, 17-estradiol, and y-glutamyl transpeptidase
activity were all depressed at the 0.06 and 0.6 pg/L doses, but were
comparable to the control animals at the 6 pg/L dose. The researchers also
found that these effects were related to phenanthrene accumulation in the
brain, which increased with exposure to the two moderate doses of
phenenathrene, but declined again at the highest exposure concentration.
The decline in brain phenanthrene at the highest dose was related to changes
in glutathione-S-transferase activity. Sun et al. (2011) hypothesized that the
U-shaped dose-response curve for the effects of phenanthrene on testicular
function was mediated via alteration of biotransformation enzyme activity in
the brain. Although there is little additional information on the effects of
phenanthrene on brain GST activity in fish, other studies have documented
upregulation of hepatic GST activity in fish exposed to phenanthrene
(Shallaja and D’Silva, 2003; Correia et al., 2007; Oliveira et al., 2008;
Pathiratne and Hemachandra, 2010). However, results are somewhat
inconsistent and dose dependent; for example, some researchers report GST
induction at low doses of phenanthrene but little effect or suppression at
higher doses (Oliveira et al., 2008; Pathiratne and Hemachandra, 2010).
Results of field studies of male reproductive function at PAH-
contaminated sites are mixed. Bugel et al. (2010) evaluated the reproductive
health of male Atlantic killifish inhabiting the heavily industrialized Newark
Bay, which is contaminated with PAHs as well as other contaminants. The
Newark Bay males had decreased gonad weight, altered testis development,
and decreased gonadal aromatase mRNA expression. Similarly, Pait and
Nelson (2005) observed a significant negative correlation between GSI of
male killifish and PAH concentrations in sediments in Chesapeake Bay.
However, in both of these studies, Kkillifish were exposed to other
contaminants in combination with PAHs, which may also have contributed
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to the observed effects. On the other hand, Sol et al. (2008) found little
correlation between exposure to chemical contaminants, including PAHs,
and either 11-ketotestosterone concentrations or gonad weight in male
English sole from Puget Sound. Similarly, male California halibut
(Paralichthys californicus) exposed to sediments from natural oil seeps did
not show a dose-responsive decrease in testosterone concentrations or GSI
(Seruto et al., 2005). Differences in the timing, duration, and level of
exposure, the specific PAHs to which fish were exposed, and other
contaminants present at these study sites, could all contribute to the
conflicting responses observed in these studies.

PAHs are genotoxic compounds known to reduce sperm quantity and
quality in humans and laboratory rodents (Xia et al., 2009; Ramesh and
Archibong, 2011) and have strong cytotoxic effects on the testis in marine
mammals (Godard et al., 2006). However, less information is available on
their effects on sperm quality in fish. Nagler and Cyr (1997) observed
reduced sperm quality in male plaice exposed to sediments with high
concentrations of PAHs. White et al. (1999) found reduced egg hatchability
and larval survival in offspring of fathead minnow (Pimephales promelas)
exposed to BaP, but whether this finding was associated with genotoxic
effects on sperm was not determined. Bohne-Kjersem et al. (2009) observed
changes in some proteins and enzymes (Pzp-(pregnancy zone protein)-
resembling protein and alpha-2-antiplasmin) involved in mammalian
spermatogenesis, sperm capacitation, and fertilization in juvenile Atlantic
cod exposed to crude oil at a concentration of 0.25 mg/L. These studies
suggest an effect of PAHs on sperm quality in male fish.

4.3. Mechanisms of Endocrine Disruption

PAHSs exert their endocrine disrupting effects through various mechan-
isms. Like dioxin, they can influence steroid production and metabolism
through their interaction with the aryl hydrocarbon receptor and other
dioxin-responsive elements (Williams et al., 1998; Navas and Segner, 2001;
Villeneuve et al., 2002; Logan, 2007) (see Chapter 1), and they have also
been shown to interact with other receptors and responsive elements that
play a role in regulation of endocrine processes, including cAMP responsive
elements, estrogen-responsive elements (EREs), and elements related to
other nuclear receptors, including peroxisome proliferator-activated recep-
tor, retinoid X receptor, and retinoic acid receptor (Cheshenko et al., 2008;
Bilbao et al., 2010).

Several studies have demonstrated that PAHs can alter the expression
and activity of the P450 enzyme aromatase, which is involved in the
conversion of androgens into estrogens, generally suppressing activity and
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reducing estrogen synthesis (see reviews by Cheshenko et al., 2008; Le Page
et al., 2011). In fish, there are two isoforms of aromatase—a predominantly
ovarian form, CYP19A1, and a brain form, CYP19A2. The effects of BaP
and other PAHs on aromatase activity have been investigated in multiple
fish species including mummichog, gray mullet (Chelon labrosus), Atlantic
cod, turbot (Schophthalmus maximus), and zebrafish (Kazeto et al., 2004;
Hoffmann and Oris, 2006; Patel et al., 2006; Martin-Skilton, 2006, 2008;
Dong et al., 2008; Bilbao et al., 2010). The degree to which the expression of
these enzymes is altered appears to vary with dose, length of exposure, and
life stage, although of the two forms, CYP19A2 appears to be the most
consistently sensitive to PAH exposure.

PAHs may also affect endocrine processes through their influence on
brain monoaminergic neurotransmitters, such as dopamine, serotonin, and
noradrenaline. In a series of studies, Gesto and colleagues (Gesto et al.,
2006, 2008, 2009) established that exposure of immature rainbow trout to
the naphthalene altered levels of these three neurotransmitters in several
brain regions, including the hypothalamus, preoptic region, pituitary, and
brain stem. This could be significant, as serotonin is known to play a role in
the modulation of diverse physiological processes, including reproduction,
in fish (Rahman et al., 2011).

Exposure to PAHs may also alter estrogen and testosterone metabolism,
although the effects are not necessarily consistent among studies. For
example, while earlier studies suggested that PAH exposure might inhibit
estrogen metabolism in fish (Snowberger and Stegeman, 1987; Stein et al.,
1988), Butala et al. (2004) reported that exposure to BaP increased
formation of the estradiol metabolites, 2- and 4-hydoxyestradiol, in liver,
gill, and gonad microsomes of channel catfish (Ictalurus punctatus). Martin-
Skilman et al. (2006, 2008) observed increased UDP-glucuronosyltransfer-
ase activity in juvenile turbot exposed to fuel oil, and increased
glucuronidation and clearance of testosterone in turbot exposed to crude oil.

5. EFFECTS ON EMBRYONIC AND LARVAL DEVELOPMENT

Of the many aspects of fish physiology potentially affected by PAHs, a
wealth of laboratory and field studies indicate that embryonic development
is the most sensitive process identified to date. In particular, developing fish
embryos are especially sensitive to low concentrations of waterborne PAHs
derived from spilled crude oil or its refined products. Largely because of the
1989 Exxon Valdez oil spill in Prince William Sound, AK, the impacts of
crude oil exposure on fish development have been intensively studied for
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over two decades. This line of research has led to the identification of two
major toxic pathways for injury to fish early life history stages. The first is
the recognition of cardiac-specific toxicity associated primarily with the
tricyclic families of PAHs that are most abundant in petroleum products,
that is, fluorenes, dibenzothiophenes, and phenanthrenes. This form of
toxicity is specific to the organogenesis phase of development during which
the initial embryonic heart tube begins to function and undergoes looping
and morphogenesis of atrial and ventricular chambers to form the larval
heart. A second major pathway is light-induced toxicity (phototoxicity).
Phototoxicity is not necessarily specific to a particular stage of development,
but occurs in fish species (and other organisms) that have translucent early
life history stages with little pigment. Some PAHs produce phototoxic
reactions in cells and tissues, through activation by ultraviolet (UV)
radiation and generation of reactive oxygen species, which leads to
membrane damage and cell death (Arfsten et al., 1996; Yu, 2002).
In laboratory studies with diverse aquatic animals, this UV-enhanced
phototoxicity of PAHs occurs at much lower tissue concentrations that
produce acute toxicity in the absence of UV light (Diamond, 2003).
Although the precise compounds responsible for phototoxicity of petroleum
products are currently unidentified, they are presumed to be polyaromatic
compounds due to the necessity of this chemical structure for activity
(Veith et al., 1995).

The elucidation of tricyclic PAH cardiotoxicity followed directly from
field studies that assessed the impacts of the Exxon Valdez spill. Initial
efforts focused on the two most important commercial fish species in Prince
William Sound at the time of the spill: pink salmon (Oncorhynchus
gorbuscha) and Pacific herring (Clupea pallasi). Due to the spawning habits
of both species, they in essence put their embryos in harm’s way by
depositing fertilized eggs adjacent to (herring) or in stream deltas that
crossed (salmon) oiled shorelines. Samples collected from pink salmon redds
showed elevated rates of embryonic lethality up to four years following the
spill (Rice et al., 2001), while herring larvae sampled in plankton tows along
oiled shorelines showed high rates of morphological abnormalities, the most
frequent of which was fluid accumulation (edema) around the heart (Marty
et al., 1997a). Laboratory studies showed that exposure to Alaska North
Slope crude oil (ANSCO), representative of oil from the hold of the Exxon
Valdez, caused the same types of abnormalities in salmon and herring
embryos observed in the field in a dose-dependent manner (Carls et al.,
1999; Heintz et al., 1999; Marty et al., 1997a, 1997b). Since that time,
multiple studies have demonstrated a common syndrome of embryonic oil
exposure marked by fluid accumulation (edema or ascites) and variable
degrees of craniofacial and body axis malformation (Figure 4.3). These
effects have been documented for geologically distinct crude oils (ANSCO,
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Figure 4.3. Crude oil exposure during embryogenesis causes a common fluid accumulation
syndrome across multiple species of fish, geological sources of oil, and exposure methods. Left
panels show control embryos with the egg shell dissected or newly hatched larvae; right panels
are corresponding oil-exposed clutch mates. All exposures occurred from shortly after
fertilization to the hatching stage. (A) Pacific herring and (B) pink salmon exposed to ANSCO
using oiled gravel columns; (C) zebrafish exposed to a mechanically dispersed water-
accommodated fraction of ANSCO; (D) zebrafish exposed to Iranian heavy crude oil using
an oiled gravel column; (E) olive flounder (Paralichthys olivaceus) and (F) Japanese sea bass
(Lateolabrax japonicas) exposed to Iranian heavy crude oil using an oiled gravel column;
(G) Yellowtail amberjack (Seriola lalandi) exposed to a mechanically dispersed water-
accommodated fraction of a Louisiana crude oil. (A) Incardona et al., 2009; (B) Carls and
Incardona, unpublished; (C) and (D) Jung et al., 2013; (E) and (F) Jung and Incardona,
unpublished; (G) Incardona et al., unpublished.

Iranian heavy, Bass Strait, and Medium South American (Couillard, 2002;
Incardona et al., 2005; Jung et al., 2013; MclIntosh et al., 2010; Pollino and
Holdway, 2002) and in a diversity of fish species beyond pink salmon and
Pacific herring, including mummichog (Couillard, 2002), zebrafish (Carls
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et al., 2008; Incardona et al., 2005), rainbowfish (Pollino and Holdway,
2002), and Atlantic herring (Clupea harengus) (Mclntosh et al., 2010).
Importantly, the syndrome associated with crude oil exposure is indepen-
dent of the method used to expose embryos and is identical whether aqueous
PAHs are derived by passage of water though oiled gravel generator
columns, physical dispersion of oil droplets, or chemical dispersion with
detergents (Carls et al., 2008; Incardona et al., 2005; Jung et al., 2013)
(Figures 4.3 and 4.4).

A series of studies using the zebrafish model determined that heart failure
and the corresponding loss of circulatory function underlie the majority of
the morphological defects associated with “‘canonical” crude oil toxicity
described above (Incardona et al., 2011a). The characteristic accumulation
of fluid in edematous embryos is a secondary or downstream consequence of
severe cardiac malfunction, including heart malformation. Comparison
between the effects of single PAHs and petrogenic PAH mixtures from crude
oil in zebrafish embryos established that individual PAHs produce different
forms of toxicity via distinct mechanistic pathways (Incardona et al., 2004,
2005, 2006, 2011b; Scott et al., 2011). A major finding was that the tricyclic
compounds fluorene, dibenzothiophene, and phenanthrene drive most of the
toxicity in petrogenic PAH mixtures (Figure 4.4). Importantly, as spilled
oiled is weathered, the fractions of these tricyclic PAH classes within the
total dissolved PAHs measured in water increases relative to the smaller
two-ring compounds over time. The alkylated derivatives in particular
become the dominant compounds during prolonged periods of weathering
(Carls et al., 1999; Heintz et al., 1999; Short and Heintz, 1997). These three-
ring compounds cause cardiac dysfunction relatively early in the organogen-
esis phase of development, when the heart is both taking shape and starting
to circulate blood to other still-forming organs. The developing heart is
unable to effectively pump blood, which leads to gross injury in the form of
heart malformation, edema, craniofacial defects, and body axis defects
(Incardona et al., 2004, 2005).

The primary effects of the tricyclic PAHs on cardiac function are most
likely a consequence of ion channel blockade (Incardona et al., 2004, 2005,
2009). The observed abnormalities in heart rhythm (slowed or irregular
heart rate) and contractility (pumping ability) are consistent with tricyclics
acting as pharmacological agents to block the sodium, potassium, or
calcium channels that together regulate the electrical activity of the heart.
Consistent with this, the physiological effects of crude oil on the fish heart
are indistinguishable from the side effects of some human drugs such as the
antihistamine terfenadine, which were removed from the market after they
were found to induce fatal arrhythmias (De Bruin et al., 2005; Mitcheson
et al., 2000). In zebrafish, PAHs (Incardona et al., 2004, 2005) and drugs
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Figure 4.4. Individual tricyclic compounds in crude oil are sufficient to produce cardiotoxicity
in zebrafish embryos similar to the entire petrogenic PAH mixture. (A) PAHs measured in
ANSCO are shown for the whole oil after artificially weathering to remove monoaromatic
compounds; (B) a mechanically dispersed water-accommodated fraction containing both
aqueous (dissolved) PAHs and whole oil droplets, and (C) the same water-accommodated
fraction after filtration to remove droplets, leaving behind only the aqueous fraction. Although
the mixtures are dominated by naphthalenes, the next most abundant classes are the tricyclic
compounds. (E-K) Hatching stage zebrafish larvae exposed to (E) solvent control
(dimethylsulfoxide); (F) mechanically dispersed water-accommodated fraction of ANSCO
containing 1.5 mg/L. ZPAHs; (G) 10 mg/L naphthalene; (H) 10 mg/L fluorene; (I) 10 mg/L
dibenzothiophene; (J) 10 mg/L phenanthrene; and (K) 2mg/L chrysene. Embryos are
representative of studies described in Incardona et al. (2004 and 2005). Exposures were
performed in small-volume (2.5 mL) multiwall polystyrene plates with high nominal
concentrations of PAHs above the solubility limit of each compound. Actual aqueous
concentrations were not measured but had to be at or below the solubility limit for each
compound (e.g., about 7 uM for phenanthrene).

that have ion channel blocking side effects (Langheinrich et al., 2003;
Milan et al., 2003) cause the same arrhythmias. These insights from the
zebrafish model were extended to Pacific herring in controlled laboratory
exposures using ANSCO (Incardona et al., 2009). Moreover, reduced heart
rate and pericardial edema were documented in both caged and naturally
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spawned herring embryos collected from shorelines in San Francisco Bay up
to two years after they were oiled in the aftermath of the 2007 Cosco Busan
bunker oil spill (Incardona et al., 2012a).

The Cosco Busan field studies completed a full circle in which a gross
syndrome was identified in field samples collected after the Exxon Valdez
spill; the specific target organ and toxic mechanisms leading to that
syndrome were identified in laboratory studies with a model fish species
(zebrafish); and then the same specific defects observed in laboratory
studies were confirmed in embryos collected from the impacted zone of
another oil spill 18 years later. At the same time, this ground-truthing of
petrogenic PAH cardiotoxicity in the field was overshadowed by a more
dramatic toxicity observed in herring spawn at oiled shorelines that was
subsequently determined to be a result of phototoxicity (Incardona et al.,
2012a, 2012b). During the initial assessment three months following the
Cosco Busan spill, differential toxicity was observed in herring embryos
that incubated either in the shallow subtidal zone, beneath at least a meter
of turbid San Francisco Bay water, or in the potentially sun-lit intertidal
zone (also called the photic zone). While sublethal cardiac impacts were
observed in subtidal embryos, embryos deposited in the intertidal zone of
oiled sites developed to the hatching stage (e.g., fully pigmented eyes)
before succumbing to lethality that involved extensive tissue deterioration
(Incardona et al., 2012a).

A previous study in Pacific herring demonstrated how canonical crude oil
sublethal toxicity could be converted to a more potent and acutely lethal
toxicity by an interaction with UV radiation (Barron et al., 2003). As was
the case for canonical petrogenic PAH toxicity, the zebrafish model
provided a useful system for assessing the phototoxic potential of bunker
oils typically used to power large ships like the Cosco Busan. A comparison
of two different bunker oils with ANSCO in a simple zebrafish embryo
phototoxicity assay demonstrated that the bunker oils contained an even
more potent phototoxic activity than the unrefined crude oil (Hatlen et al.,
2010). Embryos exposed to bunker oil in a dark incubator showed all the
signs of canonical petrogenic PAH cardiotoxicity. When transferred to clean
water and exposed briefly to sunlight, however, they responded with a rapid
cytolytic response in transparent tissues, leading to massive tissue disruption
and mortality (Hatlen et al., 2010). A broadscan GC/MS analysis of bunker
oil compounds in water-accommodated fractions showed that a wide range
of heterocyclic and potentially polar aromatic compounds are present at
much higher concentrations in the bunker oils relative to unrefined crude oil
(Hatlen et al., 2010). Assays in zebrafish embryos exposed to single PAH
compounds showed that the PAHs most abundant in both crude and bunker
oils did not produce strong phototoxic reactions, nor did the most abundant
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three-ringed heterocycles such as carbazole (Incardona et al., 2012b). The
precise compounds causing bunker (or crude) oil phototoxicity remain
unclear.

Regardless of the identity of the phototoxic compounds, assays in Pacific
herring embryos did show that bunker oil remained potently phototoxic
after at least two months of weathering (Incardona et al., 2012b). Moreover,
exposure to effluent from gravel columns coated with Cosco Busan bunker
oil containing ZPAH concentrations less than 2 ug/L resulted in a tissue
disruption pattern that was essentially identical both to that observed in
zebrafish assays using water-accommodated fractions (WAFs) from
mechanically dispersed oil (Hatlen et al., 2010) and to dead embryos
collected from intertidal zones at oiled sites three months after the Cosco
Busan spill (Incardona et al., 2012a, 2012b) (Figure 4.5).

’ zebrafish ‘ ’ herring

" \ {
Py

e

Figure 4.5. Phototoxicity of bunker oil in zebrafish and herring embryos. Left column, zebrafish
embryos at 24 hours of development. (A) No-oil control following a 2-h exposure to ambient
sunlight. (B) Embryo exposed to bunker oil for 24 hours followed by a 2-h outdoor exposure
protected from light with aluminum foil. (C) Embryo exposed to bunker oil for 24 hours
followed by a 2-h exposure to ambient sunlight outdoors. Right column, herring embryos.
(D) Healthy hatching stage herring embryos. (E) Dead hatching stage embryos collected from
the intertidal zone of the Cosco Busan spill site. (F) Dead hatching stage embryo following
laboratory combined exposure to Cosco Busan bunker oil (expo 1.8 pg/L) and sunlight.
(A-C) Hatlen et al., 2010; (D-F) Incardona et al., 2012b.

EX5021-000028-TRB


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-e79926b8-bdc7-44e0-b0a2-7bd0eae84c37&enrichSource=Y292ZXJQYWdlOzI4NTE4MDg3NztBUzozMzM4OTExMzYxODAyMjRAMTQ1NjYxNzI1ODQ2Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-e79926b8-bdc7-44e0-b0a2-7bd0eae84c37&enrichSource=Y292ZXJQYWdlOzI4NTE4MDg3NztBUzozMzM4OTExMzYxODAyMjRAMTQ1NjYxNzI1ODQ2Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-e79926b8-bdc7-44e0-b0a2-7bd0eae84c37&enrichSource=Y292ZXJQYWdlOzI4NTE4MDg3NztBUzozMzM4OTExMzYxODAyMjRAMTQ1NjYxNzI1ODQ2Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-e79926b8-bdc7-44e0-b0a2-7bd0eae84c37&enrichSource=Y292ZXJQYWdlOzI4NTE4MDg3NztBUzozMzM4OTExMzYxODAyMjRAMTQ1NjYxNzI1ODQ2Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-e79926b8-bdc7-44e0-b0a2-7bd0eae84c37&enrichSource=Y292ZXJQYWdlOzI4NTE4MDg3NztBUzozMzM4OTExMzYxODAyMjRAMTQ1NjYxNzI1ODQ2Nw==

222 TRACY K. COLLIER ET AL.

These recent findings of both major pathways of early life stage toxicity
for PAHs (or other aromatics from petroleum) have important implications
for the future of research on this topic. The recognition of cardiotoxicity as
the driver for embryonic malformation syndromes has identified important
hypotheses for the nature of delayed mortality that can occur in fish that
survive very low-concentration PAH exposure during embryogenesis. Mark
and recapture studies in pink salmon repeatedly demonstrated a reduction
in marine survival for externally normal juvenile fish that were exposed to
ANSCO as embryos (Heintz, 2007; Heintz et al., 2000). A parallel study
using zebrafish showed that embryos exposed to ANSCO (ZPAH 20-
30 ug/L) grew into adults with no external abnormalities, but with
abnormal heart shape that was associated with reduced aerobic perfor-
mance as measure by critical swimming speed (Hicken et al., 2011). It is
therefore possible that the observed reduced marine survival in the pink
salmon studies was due to cardiovascular impairment resulting from mild
heart defects downstream of cardiotoxicity during organogenesis. Future
studies are likely to focus on cardiac anatomy and cardiovascular
performance in oil-exposed salmon and herring.

The Cosco Busan studies highlight how poorly characterized crude oil
and its products like bunker oil remain, with respect to both chemical
complexity and biological effects. Identification of the primary phototoxic
compounds will require a major effort using novel approaches in analytical
chemistry and a focus on the ‘“‘unresolved complex mixture,” which is
typically a large fraction in bunker oils. These chemical approaches will also
need to be integrated into a program assessing biological effects.

6. TRANSGENERATIONAL EFFECTS

The transgenerational effects of chemical contaminants, mediated
through epigenetic mechanisms, are an emerging area of research (Skinner
et al., 2011). Epigenetics is defined as the study of mitotically or meiotically
heritable changes in gene function that occur without a change in the DNA
sequence (Vandegehuchte and Janssen, 2011). Epigenetic regulation of gene
expression typically occurs through DNA methylation or histone modifica-
tion (Head et al., 2012). Environmental influences, including toxic
chemicals, can alter DNA methylation and epigenetic programming in
both germ and somatic cells (Skinner et al., 2011). When an epigenetic
mutation occurs in a somatic cell, it may lead to disease in the affected
individual, but it will not be transmitted to the next generation. However, if
the germ line is modified, it can affect not only the offspring of the
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individual with the mutation, but also subsequent generations (Skinner
et al., 2011). Research on humans and rodents shows that exposure to PAHs
can cause epigenetic modifications to somatic- and germ-cell lines,
potentially leading to transgenerational effects. Exposure to PAHs in
cigarette smoke can cause changes in DNA methylation in lung tissue that
are correlated with the development of lesions associated with tumorigenesis
(Phillips and Goodman, 2009; Liu et al., 2009, Tommasi et al., 2010). There
is also some evidence that maternal smoking may be associated with altered
DNA methylation patterns in the fetus that can influence nervous system
and brain development (Stein, 2012), or even increase the risk of adult-onset
diseases such as asthma, reduced fecundity, and obesity (Suter et al., 2010).
In another recent study, Manikkam et al. (2012) found that exposure to jet
fuel promoted early-onset female puberty and reduced fertility in both male
and female rats not only in the exposed generation and its offspring, but in
the unexposed F3 generation. These conditions appeared to be mediated
through changes in DNA methylation observable in the sperm of all
exposure linecage males.

Exposure to PAHs may also lead to changes in DNA methylation in fish
(Fang et al., 2010), including changes associated with carcinogenesis (Fang
et al., 2010; Mirbahai et al., 2011a, 2011b). Changes in DNA methylation in
liver neoplasms have been observed in both laboratory-reared zebrafish, in
which tumors were induced with a model carcinogen (Mirbahai et al.,
2011a), and wild dab that developed neoplasms as a result of environmental
exposure to PAHs (Mirbahai et al., 2011b). These studies indicate that
epigenetic mechanisms occur in fish, that they are affected by exposure to
PAHSs, and that they may play a role in disease occurrence. There are also
reports of multigenerational effects of PAH exposure. For example, when
White et al. (1999) exposed fathead minnow to BaP, hatch frequency of eggs
produced by F1 females was reduced and the survival of the F2 larvae was
poor. Several studies also indicate that fish populations from contaminated
areas have developed resistance to the effects of PAHs that may be
heritable (Wirgin and Waldman, 2004). For example, Elizabeth River and
other U.S. Atlantic urban coastal populations of killifish have adapted to
high concentrations of PAHs by having reduced responsiveness to these
compounds in the aryl-hydrocarbon receptor (AHR) pathway (Ownby
et al., 2002; Meyer et al., 2002; Wills et al., 2010b). This alteration is at least
partially heritable through the F2 generation and is thought to play a role in
mediating their resistance to teratogenicity and lethality caused by PAHs
(Meyer and Di Giulio, 2002, 2003; Meyer et al., 2002). However, the
mechanisms underlying the development of PAH resistance in Kkillifish
are not completely understood. Although the genetic basis for resistance
has not been fully elucidated (Mulvey et al., 2002, 2003; Hahn et al., 2004;
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Meyer et al., 2005; Oleksiak et al., 2011), there is little evidence for
epigenetic changes associated with modified AHR pathway functioning.
Resistant and sensitive populations display no consistent differences in
either AHR or AHR promoter DNA methylation patterns (Arzuaga et al.,
2004; Timme-Laragy et al., 2005; Aluru et al., 2011), and there is no
evidence that the resistant phenotype is passed on to future generations
through epigenetically modified germ cells. Thus, as yet, there appear to be
no reports in fish of true transgenerational effects of PAHs occurring as a
result of epigenetic modifications to fish germ lines.

7. OTHER EFFECTS WITH CONSEQUENCES FOR SURVIVAL
OF POSTLARVAL STAGES

7.1. Effects on Growth and Condition

Normal growth and adequate energy reserves are critical to the survival
of juvenile fish and have a strong influence on the reproductive potential of
adults. Several studies conducted prior to 2000 indicated that exposure to
PAHs in crude oil or from urban and industrial sources could lead to
reduced growth rates and reduced condition indices in fish (Al-Yakoob
et al., 1996; Carls et al., 1996; Kubin, 1997; Moles and Norcross, 1998;
Ridgway et al., 1999). In recent years these findings have been confirmed
and expanded to include the effects of PAHs on lipid profiles and energy
metabolism.

Reduced growth and/or condition factors have been documented in
several studies conducted since 2000 in which fish were exposed to PAH
mixtures comparable to those present in urban sediments. Rice et al. (2000)
found significantly reduced weight in juvenile English sole fed polychaete
worms reared on sediments containing 3000—4000 ug/kg dry wt of PAHs,
after an exposure period of only 12 days. The growth rate was markedly
lower (0.05-0.1% per day) in exposed fish than in control fish (1.1-1.2% per
day). Meador et al. (2006) reported reduced weight in juvenile Chinook
(Oncorhynchus tshawytscha) salmon fed a diet containing PAHs at a dose of
18 pg/g fish/day, as well as increased variation in weight distribution in
Chinook salmon at a dietary dose of 0.7 ug/PAHs/ g fish/day Saborido-
Rey et al. (2007) also showed reductions in the growth and condition factor
in turbot exposed to dietary PAHs at concentrations from 25 to 260 pg/g
dry wt.

Several other studies document reduced growth and condition indices in
fish exposed to PAHs in the form of crude oil and related petroleum
products. Heintz et al. (2000) report reduced growth of juvenile pink salmon
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exposed as embryos to water contaminated with PAHs from gravel coated
with weathered crude oil at doses as low as 18 ug/LL PAH. Kerambrun et al.
(2012) exposed juvenile sea bass (Dicentrarchus labrax) to PAHs in the form
of Arabian light crude oil for 48 and 96 hours, at concentrations ranging
from 11 to 49 pg/L, and fish were then held for 26-28 days in clean seawater.
They found that the 48-hour exposure led to a significant decrease in specific
growth rate (length) and in RNA:DNA ratios, which are an indicator of
growth rate. Significant decreases in the specific growth rates for both length
and weight, recent growth rate estimated from otolith analysis, RNA:DNA
ratio, and the Fulton’s K condition index were observed in sea bass 26 d
after the 96-h exposure. Holth et al. (2008) reported reduced condition
factor in zebrafish exposed to PAHs in produced water at concentrations as
low as 0.54 pg/L. Claireaux et al. (2004) reported reduced condition factor in
common sole (Solea solea) exposed to fuel oil for 24 h and then transferred
to clean water and monitored for two months. Similar reductions in
condition factor were found in sole caught from sites exposed to the Erika
oil spill (Gilliers et al., 2006). Amara et al. (2007) found that juvenile
common sole from contaminated estuaries along the French coast of the
Southern Bight of the North Sea and the Eastern English Channel had lower
growth rates (estimated from otolith microstructure) and lower condition
index than sole from less contaminated estuaries in the same region, but
other contaminants as well as PAHs were present at the impacted sites.
Several investigators report changes in energy metabolism, particularly
lipid metabolism, in fish exposed to PAHs. Meador et al. (2006) observed
reductions in total body lipid and triacylglycerol (TAG) in juvenile Chinook
salmon fed a PAH-contaminated diet at a dose of 18 pg/g fish/day and a
reduction in plasma triglyceride and lipase concentrations at a dose of
2.3 png/g fish/day. Bohne-Kjersem et al. (2009) found evidence from a
proteonomic study of an effect of crude oil exposure on lipid metabolism. In
juvenile cod, both prepro-apolipoprotein and apolipoprotein B, which are
important regulators of triglyceride and cholesterol metabolism, were
differentially expressed after 24 days of exposure to crude oil at
concentrations from 0.06 to 1 mg/L. Holth et al. (2008) also observed
effects on genes associated with lipid metabolism in zebrafish exposed to
PAHs in produced water at concentrations ranging from 0.54 to 5.4 pg/L for
1, 7, and 13 weeks. In a mesocosm study, Claireaux et al. (2004) showed that
the ratio of TAG to structural lipids (TAG:ST ratio) declined by 75%
relative to controls in juvenile sole exposed for 24 hr to PAHs in petroleum
fuel (0.1 and 0.5% fuel in water), then held for three months in clean
seawater. Kerambrun et al. (2012) found a similar trend in TAG:ST ratios in
juvenile Atlantic cod exposed to light crude oil (total PAH concentrations of
10-50 pg/L), but these differences were not statistically significant, perhaps
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because feeding with commercial pellets minimized these nutritional deficits.
Amara et al. (2007) report lower TAG:ST ratios in juvenile common sole
from PAH-contaminated estuaries along the French coast of the Southern
Bight of the North Sea and the Eastern English Channel compared to sole
from less affected estuaries in the region; however, other contaminants in
addition to PAHs were also present at the affected sites and may have
contributed to their results.

Other researchers report changes in plasma glucose concentrations and
other measures associated with energy metabolism in fish exposed to PAHs.
Tintos et al. (2007) found that exposure of immature female rainbow trout
to naphthalene (intraperitoneally injected or in slow-release coconut oil
implants at doses of 10 and 50 mg/kg body wt) led to increased
glycogenolysis in the liver, use of exogenous glucose, and glycolysis and
decreased gluconeogenesis. They hypothesized that the increased energy
production in liver might be related to increased detoxification activity in
liver after PAH exposure. Gesto et al. (2008) observed depressed plasma
glucose concentrations in rainbow trout exposed to naphthalene, BaP, or
B-naphthoflavone and subjected to prolonged stress (high stock density for
72 hr). Meador et al. (2006) showed decreased plasma glucose concentra-
tions in juvenile Chinook salmon fed a diet containing 18 pg/g fish/day of
PAHs. Several additional studies report short-term increases in plasma
glucose concentrations in fish exposed to PAHs, often associated with
increased concentrations of plasma cortisol and so likely a response to the
stress of toxicant exposure (Tintos et al., 2008; Oliveira et al., 2007). In a
field study, Oliveira et al. (2011) observed high glucose and lactate
concentrations in plasma of the gray golden mullet (Liza aurata), from a
PAH-contaminated site in comparison to fish from an uncontaminated site.

Contaminants, including PAHs, may also affect growth, condition, and
energy metabolism through their effects on thyroid function. Brown et al.
(2004) reviewed the effect of chemical contaminants on fish thyroid function
and identified several studies in which exposure to model PAHs or water-
soluble fractions of crude oil led to changes in plasma concentrations of the
thyroid hormones triiodothyronine (T3) and thyroxine (T4). However, the
specific effects found in these studies were not consistent, with PAH
exposure sometimes leading to increases and in other cases to decreases in
T3 and T4 concentrations. More recent studies are similar in their outcome.
For example, Wu et al. (2003) found that exposure to dietary BaP at
concentrations of 0.25 and 12.5 pg/g body wt led to increases in free T3
concentrations in plasma of juvenile grouper (Epinephelus areolatus).
However, in a field study, Oliveira et al. (2011) found low plasma T3
concentrations in golden gray mullet from a PAH-contaminated site in
Portugal. Similarly, He et al. (2012) found that exposure of embryonic
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rockfish (Sebasticus marmoratus) to pyrene reduced concentrations of T3 in
whole embryos and downregulated thyroid receptor gene expression in
rockfish embryos, but no effect was found on T4 concentrations. In adult eel
(Anguilla anguilla), exposure to B-naphthoflavone significantly decreased
plasma T4 concentrations, whereas thyroid-stimulating hormone and T3
remained constant (Teles et al., 2005). Other studies suggest that separate
classes of contaminants, such as PCBs, are more strongly correlated than
PAHs with alterations in thyroid function in fish (Brar et al., 2010).

7.2. Immunotoxicity

PAHs have been found to modulate both the innate and adaptive
immune response in fish (reviewed in Rice and Arkoosh, 2002; Burnett,
2005; Reynaud and Deschaux, 2006). The immune system protects against
internal and external insults. A properly functioning immune system is an
important fitness trait that is critical for survival of the individual and the
population (Segner et al., 2012a). An altered immune system due to
contaminant exposure, either in conjunction with other stressors (Jacobson
et al., 2003) or alone (Arkoosh et al., 2000, 2001, 2010), can result in
increased disease susceptibility. This increase in disease susceptibility can
lead to potential population-level effects (Arkoosh et al., 1998; Loge et al.,
2005; Spromberg and Meador, 2005). Extrapolating changes due to
contaminants from the individual or molecular level to alterations in the
population or community is a key concept in ecotoxicology (Newman and
Clements, 2008).

The mechanisms of PAH toxicity on the immune system in mammals
have been well studied, but few studies exist in fish. However, the
mechanisms of PAH toxicity are thought to be conserved from fish to
mammals (Reynaud and Deschaux, 2006). Two potential mechanisms are:
(1) metabolic activation (P450-mediated biotransformation) of PAH is
required for immunotoxicity (Reynaud et al., 2001; Carlson et al., 2004a, b);
and (2) PAHs can modulate intracellular calcium levels, suggesting that
inhibition of the immune response is calcium dependent (Reynaud et al.,
2001, 2003).

Innate or nonspecific immunity is the first line of defense against
pathogen invasion (Magnadottir, 2006; Whyte, 2007). Innate immunity
prevents pathogens from attacking, invading, and multiplying on or in the
host. Fish have integumental, humoral, and cellular innate defenses against
pathogens (Bols et al., 2001; Ellis, 2001). Most studies examining the effects
of PAHs on innate immunity have focused on humoral and cellular
components, and not on the integumental component.
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Studies examining the effect of PAHs on the humoral component of the
innate immune system have investigated lysozyme and complement activity
(Hutchinson et al., 2003; Bado-Nilles et al., 2009). In vitro exposure of
European sea bass (Dicentrarchus labrax Linné) to a number of individual
PAHs produced both an enhancement and a suppression of alternative
complement activity and lysozyme concentration, depending on the
concentration and the PAH examined (Bado-Nilles et al., 2009). However,
dab exposed to sediments spiked with PAHs did not have an altered
lysozyme concentration (Hutchinson et al., 2003). Therefore, it is apparent
that the effects of PAH exposure on the humoral component of the immune
system depend not only on the concentration of the PAH but also on the
method of exposure.

Studies examining the effect of PAHs on the cellular component of the
innate immune system have focused mainly on phagocytes (Reynaud et al.,
2001, 2004; Carlson et al., 2002). Kidney phagocytes from Japanese medaka
(Oryzias latipes) injected with BaP had a reduced amount of reactive oxygen
species (ROS) activity (Carlson et al., 2002). Also, dab exposed to sediments
contaminated with PAHs had a reduced amount of ROS activity in the
kidney (Hutchinson et al., 2003). However, the kidney phagocytes of
common carp (Cyprinus carpio L.) exposed to 3-methylcholanthrene had an
enhanced production of ROS (Reynaud et al., 2001). Likewise, ROS
production increased in kidney phagocytes of English sole exposed to a
mixture of PAHs (Clemons et al., 1999). Phagocytes are critical for the
optimal functioning of the innate immune system, as well as the adaptive
immune system. Humoral and cellular pattern recognition receptors (PRRs)
recognize pattern recognition proteins (PRPs) on microbes and malignant or
“nonself” host tissue. The PRP on macrophage cells triggers phagocytosis
and eventually leads to activation of adaptive or specific immunity (Janeway
et al., 2005; Magnadottir, 2010).

Adaptive or specific immunity takes longer to develop than innate
immunity and consists of both cellular and humoral components (reviewed
in Burnett, 2005). Cellular components of adaptive immunity in fish have
been examined with mitogen assays. The mitogen assay examines the ability
of critical immune cells, for example, B and T cells, to proliferate in response
to selective plant lectins and pharmacologic agents. Studies examining the
immunotoxicological effects of PAHs on lymphocyte proliferation have
exposed fish either through their diets (Connelly and Means, 2010), in cell
culture (Reynaud et al., 2003), or by injection (Reynaud and Deschaux,
2005).

Depending on the PAH used and the route of exposure, both immunosup-
pression and immunostimulatory effects of the mitogen response have been
observed. For example, bluegills (Lepomis macrochirus) exposed individually to
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either two- (2-methylnaphthalene) or three-ringed (2-aminoanthracene and
9,10-dimethylanthracene) PAHs in their diets exhibit either increased or
suppressed mitogenesis, depending on the PAH. However, a mixture of these
same PAHs suppressed the response (Connelly and Means, 2010). Suppression
to B- and T-cell mitogens was also observed in common carp exposed to
3-methylcholanthrene either intraperitoneally or in culture after the cells were
isolated (Reynaud et al., 2003; Reynaud and Deschaux, 2005). Japanese
medaka injected with BaP also had a suppressed mitogen response to both
T- and B-cell mitogens (Carlson et al., 2002).

The humoral or soluble components of adaptive immunity include the
production of immunoglobulins (antibodies) and cytokines (Segner et al.,
2012b). Few studies have examined the effect of PAHs on the humoral
components of adaptive immunity. Rainbow trout intraperitoneally injected
with retene, an alkyl PAH, had an increased antibody titer to Aeromonas
salmonicida relative to fish that were not exposed to the PAH (Hogan et al.,
2010). The plaque-forming cell (PFC) assay determines the numbers of
B-cells producing antibodies to a hapten. Juvenile Chinook salmon exposed
to 7,12,-dimethylbenz[a]anthracene (DMBA) had suppressed primary and
secondary PFC responses (Arkoosh et al., 1994). Japanese medaka were also
found to have a suppressed primary PFC response after intraperitoneal
injection with BaP.

Cellular assays examining various components of the innate or adaptive
immune system are important in examining the immunotoxicity of PAHs.
However, they are not measures of whole fish toxicity resulting from PAH
exposure (Segner et al., 2012a). A more integrated and holistic approach for
assessing the immunotoxicity of a chemical examines the host’s susceptibility
to a pathogen (Arkoosh and Collier, 2002; Arkoosh et al., 2005). With the
disease challenge assay, immunotoxicity is examined with an activated
rather than a resting immune system (Kollner et al., 2002). Few studies
report the toxicity of environmentally relevant PAH concentrations on
disease susceptibility in fish. Juvenile rainbow trout fed a diet containing a
mixture of 10 high-molecular-weight PAHs were found to be more
susceptible to the pathogen Aeromonas salmonicida (Bravo et al., 2011).
Japanese medaka injected with BaP and juvenile Chinook salmon injected
with a mixture of PAHs or DMBA were also more susceptible to the
pathogens Yersinia ruckeri (Carlson et al., 2002) and Listonella anguillarum
(Arkoosh et al., 2001), respectively. Interestingly, zebrafish exposed
simultaneously to phenanthrene and the bacteria Mycobacterium marinum
demonstrated a greater survival than those exposed to phenanthrene alone
(Prosser et al., 2011). The authors hypothesized that the bacteria-induced
inflammatory response interfered with the metabolism of phenanthrene to
more toxic compounds, suggesting an antagonistic interaction between the
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stressors. This hypothesis is supported by previous studies demonstrating
that proinflammatory cytokines can inhibit CYP1A biotransformation of
the parent PAH compound to more potentially toxic metabolites (reviewed
in Morgan, 2001). However, the exact mechanisms that result in the
suppression of the CYPIA biotransformation pathway are not known
(Prosser et al., 2011).

Studies with fish also exist that examine the immunotoxic effects of
petroleum products such as heavy oil (Nakayama et al., 2008; Song et al.,
2012a, 2012b), oil-produced water (Perez-Casanova et al., 2010, 2012), the
water-soluble fraction of oil (Kennedy and Farrell, 2008; Danion et al.,
2011a, 2011b), and creosote (Karrow et al., 1999, 2001). The immunotoxic
effects of these products are thought to be correlated to the PAH component
of the petroleum products (Reynaud and Deschaux, 2006). Functional
immunological end-points and gene expression have been found to be
sensitive to these products, and the effects are species and product specific
(Barron, 2012).

In summary, the observed response of the teleost immune system to PAH
exposure has been variable. The majority of studies investigating the effects on
teleost immune function have focused mainly on individual PAHs, for
example, BaP, 3-methylcholanthrene, and the synthetic DMBA (Hogan et al.,
2010). A number of variables influence a host’s susceptibility to these PAHs
and how the contaminant ultimately influences the function of the immune
system. These variables include the host, the PAH or PAH mixture used, the
PAH concentration, and the route of PAH exposure (e.g., in vivo, in vitro, and
in situ) (Tryphonas et al., 2005). A uniform approach to PAH exposure
assessment on immune function would facilitate comparisons of the effects of
individual and mixed PAHSs on a single species as well as across species.

8. NAPHTHENIC ACIDS AS A NEW CONCERN

8.1. Background

Naphthenic acids are complex mixtures of organic compounds that are
natural (and corrosive) constituents of petroleum. Naphthenic acids are
present in produced waters from certain petroleum deposits, most notably
the immense oil sands deposits in northern Alberta, Canada. Naphthenic
acids are also found in waters discharged from oil production platforms in
the North Sea (Roe Utvik, 1999). Because they can make up as much as
3-4% by weight of petroleum and are generally more water soluble than
PAHs, the environmental toxicology of naphthenic acids is receiving
increasing attention. This is especially true in areas such as Alberta, where
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the rate of extraction of bitumen is increasing, with concomitant production
of millions of gallons of produced water contaminated with both naphthenic
acids and PAHs. It has been estimated that 100 tonnes of naphthenic acids
are being released from the daily processing of 500,000 tonnes of oil sands in
Alberta (Clemente and Fedorak, 2005); large retention ponds have been
built to handle the discharges of produced waters.

In terms of their chemistry, naphthenic acids are alkyl-substituted
saturated cyclic and noncyclic carboxylic acids with the general chemical
formula C,H,,+,0,, where n indicates the number of carbon atoms and z is
zero or a negative even integer that specifies the hydrogen deficiency arising
from ring structures. When z is divided by —2, the result is the number of rings
in the compound (see Figure 4.6). The acyclic portions of naphthenic acids can
be highly branched, contributing to the complexity of these mixtures.

R <///A\\\7 (CH,),,COOH
\ / R (CH,),COOH
z=-2
Z=-6

R (CH,),,COOH
=-10

R (CH,),COOH
=12

Figure 4.6. Chemical structure of four types of naphthenic acids.
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8.2. Analytical Methods and Tissue Residues

The standard methods for measuring naphthenic acids in water involve
extracting the samples and analyzing for the carboxylic acid moiety using
Fourier transform infrared spectroscopy (Jivraj et al., 1995). When this
method is used on biological samples, however, it will also detect naturally
occurring fatty acids (which do fit the naphthenic acid formula given above,
when z = 0). In order to ascertain the uptake of naphthenic acids in fish,
Young et al. (2007) developed a method to qualitatively determine the
presence of petroleum-derived naphthenic acids in fish tissues, involving anion
exchange chromatography, followed by derivatization and GC/MS. Their
results demonstrated that naphthenic acids were taken up by rainbow trout
exposed via feeding or via waterborne routes, and that fish exposed to
produced waters from oil sands extraction also accumulated naphthenic acids
in their bodies. The method was subsequently modified to use GC/MS in single
ion-monitoring mode, allowing for estimation of concentrations down to
0.1 mg/kg wet weight tissue (Younget al., 2008). Application of this method to
fish captured near oil sands deposits or downstream of oil sands operations
showed that several individuals of three species of fish (walleye (Stizostedion
vitreum), northern pike (Esox lucius), and lake whitefish (Coregonus
clupeaformis)) had concentrations of free naphthenic acids as high as
2.8 mg/kg wet weight. However, a subsequent sampling of several fish from
the same area did not show any fish having detectable concentrations
(>0.1 mg/kg) of free naphthenic acids in their muscle tissue. However, values
were reported for apparent naphthenic acids in liver tissue, which the authors
contend were not due to naphthenic acids because the chromatogram did not
show an unresolved hump characteristic of naphthenic acids (Young et al.,
2011). This same paper reported analysis of several tissues from rainbow trout
that had been exposed to waterborne naphthenic acids for 10 days at a target
concentration of 3 mg/L. Data from analyses of heart, liver, gills, kidney, and
muscle tissue of four individual fish showed that liver had the highest
concentrations (88 + 54 mg/kg wet wt), followed by kidney and gill, with heart
and muscle tissue lowest. Naphthenic acids are thought to rapidly depurate
from fish after exposure (Young et al., 2008). A comparatively small number
of studies have investigated either the toxicity of commercially available
naphthenic acid mixtures to fish or the toxicity of environmentally relevant
naphthenic acids, extracted from oil sands process waters or oil production
platform process waters. Studies of process waters themselves are not reviewed
here because of the confounding effects of other contaminants, notably the
PAHs covered in the rest of this chapter. Determining the methods for
bioremediation of naphthenic acids in oil sands process waters is an area of
active research, reviewed in Quagraine et al. (2005).
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8.3. Toxicology of Naphthenic Acids

Naphthenic acids are acutely toxic in bioassays using Daphnia magna as
test organisms, and LCsos were in the low (<1 to 10) millimolar range.
Toxicity generally increased with increases in molecular weight (Frank et al.,
2009), though the addition of a second carboxylic acid moiety resulted in
reduced acute toxicity. Juvenile (2-month-old) salmonids exposed to
naphthenic acids for 10 days showed 50% mortality at a water concentration
of 25 mg/L. (Dokholyan and Magomedov, 1984). Exposure of fish (wild-
caught yellow perch Perca flavescens and laboratory-exposed Japanese
medaka) to commercially available naphthenic acid mixtures has demon-
strated that these compounds cause increased embryo deformities and
reduced length at hatch (Peters et al., 2007). Exposure of these same species
to oil sands process waters containing naphthenic acids resulted in less
toxicity than would have been predicted based on the concentrations of
naphthenic acids alone. The authors speculated that either differences in
naphthenic acid compositions or the presence of highly toxic impurities in
the commercial mixture may have accounted for this difference.

Petrogenic naphthenic acids (extracted from North Sea oil platform
process waters) have recently been shown to act as estrogen receptor
agonists and androgen receptor antagonists in vitro, using yeast cell assays
(Thomas et al., 2009). Evidence arguing against naphthenic acids being
reproductive toxins in fish comes from the work of Lister et al. (2008).
In that study, when goldfish were exposed to oil sands process waters,
gonads of both males and females showed reduced steroidogenesis, but
when naphthenic acids from those same process waters were extracted and
administered to goldfish for 7 days, the reductions in steroidogenesis were
not observed, suggesting that compounds other than naphthenic acids were
responsible for the effects of the whole process water. Conversely, a recent
study in fathead minnows showed that naphthenic acids extracted from oil
sands process waters did cause reproductive dysfunction, reducing female
fecundity, as well as concentrations of reproductive hormones and
secondary sexual characteristics in males (Kavanagh et al., 2012). These
authors also showed that HCO3™ ions, but not Na*, Cl~, or SO4~ ions,
could ameliorate the toxicity of naphthenic acids extracted from oil sands
process waters. This is important because process waters often contain
substantial amounts of salts.

To see if exposure to naphthenic acids caused histopathological changes
in fish, one study using yellow perch as the test organism compared the
effects of commercially available naphthenic acids to naphthenic acids
extracted from oil sands process water (Nero et al., 2006). The authors
reported 100% mortality at low ppm (i.e., between 1 and 10) concentrations
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of both mixtures, within 96 hours, and in fish exposed to lower
concentrations of both mixtures for three weeks, there were increases in
cellular proliferation in the gills (epithelial, mucous, and chloride cells). No
histological changes were observed in the liver of exposed fish compared to
control fish.

One recent study examined the immunotoxic effects of naphthenic acids
in fish, using naphthenic acids that were extracted from oil sands process
waters and then injected intraperitoneally into rainbow trout (MacDonald
et al., 2013). The authors demonstrated that there were no appreciable
concentrations of PAHs present in the extracted material; they did so by
testing for induction of CYP1A and fluorescent aromatic compounds in the
bile, described earlier in this chapter as indicators of PAH exposure in
vertebrate species. While there were indications of immunotoxicity in the
naphthenic acid-exposed fish, other fish in the same study, injected with
BaP, manifested different and more severe symptoms. The authors
suggested that the extracted naphthenic acids ‘““act via a generally toxic
mechanism rather than by specific toxic effects on immune cells.” (p. 95) In
another recent study, Hagen et al. (2012) investigated the effects of
waterborne mixtures of commercial naphthenic acids on immune responses
in goldfish and concluded that acute exposure (1 week) of these compounds
caused the upregulation of several pro-inflammatory cytokines and
increased resistance to parasitic infection, whereas longer term exposures
(8 weeks) resulted in opposite effects on both end-points.

As this discussion makes clear, there is a paucity of information on the
toxicology of naphthenic acids in fish. Considerably more information is
needed about the occurrence and biological exposures of naphthenic acids in
aquatic systems, and about the ecotoxicological relevance of those
exposures. Recent advances in techniques for extraction and analysis of
naphthenic acids should lead to more investigations utilizing environmen-
tally realistic exposures, and greater clarity concerning the environmental
effects of these petroleum-derived substances.

9. FUTURE DIRECTIONS

While substantial progress has been made in understanding the effects of
PAHs and related compounds on fish, a number of questions remain to be
addressed. The findings highlighted in this chapter showing the exquisite
sensitivity of fish early life stages to petrogenic compounds both through
cardiotoxicity and phototoxicity, as well as the carcinogenicity of PAHs and
their impacts on the metabolic, immune, and reproductive systems, together
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with continued reliance on fossil fuels as a global energy source, are
compelling reasons to increase research on the toxicology of PAHs and
other petrochemicals. Future research needs to include work on analytical
chemistry, the mechanisms of PAH toxicity, the effects of mixtures and
multiple stressors, the monitoring of remediation, and improved risk
assessment.

9.1. Better Analytical Chemistry

Better analytical chemistry will help determine what specific compounds
are responsible for the variably toxic effects of PAHs. Some specific needs
include better characterization of the PAH content of petroleum,
particularly the components of fresh and weathered oil that have not
previously been well studied (e.g., Aeppli et al., 2012) and the relationship of
different classes of PAHs to toxicity.

9.2. Understanding the Mechanisms of Toxicant Action

The mechanisms underlying many toxic effects of PAHSs, including
certain embryo deformities, immunotoxicity, endocrine disruption, carcino-
genicity, and phototoxicity, are still not completely understood, particularly
for the wide array of alkyl PAH and alkyl monoaromatics typical of oil.
There is also a need for better assessment of the additive, antagonistic, and
synergistic effects of mixtures of PAHs, as well as PAHs in combination
with other contaminants. The potential for PAHs to cause epigenetic
transgenerational effects in fish is also as yet uncertain. Increased
application of genomic techniques should increase our understanding of
the underlying mechanisms responsible for the phenotypic effects demon-
strated in earlier studies of impaired immunocompetence, reproductive
impairment, metabolic disturbance, liver disease, and other impacts.
Proteomics in concert with genomics can help determine whether the effects
of PAH exposure are at the level of transcription or translation (Pruett et al.,
2007).

9.3. Continued Use of Field Study Approaches

Research approaches in future field studies that integrate several
sublethal end-points strongly associated with PAH exposure, such as
toxicopathic lesions involved in hepatic neoplasia, reproductive effects (e.g.,
inhibited gonadal development, inhibition of spawning, percentage infertile
eggs), with PAH exposure indicators such as sediment XPAH concentra-
tions, FACs in bile, and hepatic PAH-DNA adducts in resident fish (e.g.,
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English sole; see Table 4.1) are strongly encouraged. Such epizootiological
studies have been instrumental in establishing PAHs as a risk factor for
neoplasia and related lesions, and could serve a similar purpose for other
toxic effects. We also recommend increased use of these above end-points in
field studies that evaluate the recovery of fish health at sites that have
undergone significant remediation, in order to show the effectiveness of
management actions. Examples demonstrating that remediation can lead to
improved ecological conditions and improved fish health include English
sole from Eagle Harbor (Myers et al., 2008) and Elliott Bay, Washington
(State of the Sound, 2009; Figure 4.2), brown bullhead in the Black River,
Ohio (Baumann and Harshbarger, 1998), and winter flounder in Boston
Harbor, Massachusetts (Moore et al., 1996).

9.4. Cumulative Effects with Other Stressors

We have little information on the cumulative and interactive effects of
PAHs and nonchemical stressors, particularly as they relate to the delayed
effects of PAHs exposure. Development of methods to test the capacity of
PAH-exposed larvae, fry, and other sensitive life stages to handle natural
environmental stressors (e.g., temperature flux, salinity stress, predator—prey
interactions) would be very useful for estimating risks to recruitment and
population abundance.

9.5. Modeling of Population Impacts

Future studies should use modeling approaches to link end-points, such
as disease susceptibility, growth and metabolic alterations, endocrine
disruption, neoplasia-related processes in liver, and early life history
impacts, to demographic traits (e.g., survival and reproduction) that can
lead to population-level effects (Spromberg and Meador, 2005, 2006).

9.6. Improved Framework for Regulation of PAHs to Protect Fish

Finally, there is a need for improved regulation of PAHs for the
protection of fish. Currently, sediment quality standards set by various
regulatory agencies are usually based on toxicity to benthic invertebrates
(Long et al., 1998), which may avoid impacts on the fish prey base but is not
necessarily protective of direct toxicity to fish. At best, standards are based
on critical body residues in fish in combination with biota-sediment
bioaccumulation factors (Meador et al., 2002a, 2002b). However, in the
case of PAHs, which are readily metabolized in fish, this approach is not
applicable. We advocate regulations based on studies targeting resident fish
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in their natural habitat and incorporating a suite of integrated, sublethal
effects of PAHs, and PAH exposure thresholds for these effects in these fish
(Johnson et al., 2002). Use of injury thresholds based on dictary PAH
exposure or levels of PAH metabolites in fish bile are two additional
approaches for regulating PAH exposure in fish (e.g., see Meador et al.
2008).
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