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ABSTRACT
Environmental Toxicity of Complex Chemical Mixtures.
(May 20006)
Annika Margaret Gillespie, B.S., Salisbury University;
M.S., University of Delaware
Chair of Advisory Committee: Dr. K.C. Donnelly

Complex chemical mixtures may be released into the environment from a variety
of sources including hazardous waste sites. Components of chemical mixtures and their
metabolites may be genotoxic leading to cancer and heritable gene mutations. Chemical
analysis alone does not always provide the most accurate information from which to
estimate the risk of adverse effects associated with exposure to mixtures. Current
methods to estimate the human health risk for complex mixtures assume additive effects
of the components. Although it is assumed that this approach is protective of human and
ecological health, it is also recognized that chemical mixtures may induce a variety of
interactions including potentiation, synergism, and antagonism. A combined testing
protocol, using chemical analysis coupled with a battery of in vitro, in vivo, and in situ
bioassays, provides the most accurate information from which to estimate risk. Such a
combined testing protocol provides information to describe the major organic and
inorganic constituents, as well as the pharmacokinetics and potential interactions of
chemical mixtures. This research was conducted to investigate the potential genotoxic
effects of complex chemical mixtures of polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated aromatics (PCA) using microbial bioassays (Salmonella/microsome
assay and the E. coli prophage induction assay), the **P-postlabeling assay in mice, and
in situ measurements of genotoxicity using flow cytometry. Samples of environmental
media and wildlife tissues were collected from four National Priority List Superfund
sites within the United States. In general, chemical analysis was not always predictive
of mixture toxicity. Although biodegradation reduced the concentration of total and

carcinogenic PAHs in soils and groundwater, the genotoxicity of extracts from
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environmental media did not display a corresponding reduction. Mixtures of
polychlorinated biphenyls (PCBs) extracted from sediments were found to inhibit the
genotoxicity of PAH mixtures when administered dermally to rodents. This inhibition
exhibited a dose-response relationship, with the adduct frequency reduced at increasing
doses of sediment extract. Finally, PAH concentrations in environmental media and
tissues were found to correlate with DNA damage in wildlife receptors. An integrated
approach, combining in vitro and in vivo methods to characterize genotoxicity provides
more accurate information from which to estimate uptake and risk associated with
exposure to complex mixtures and should be considered in both the human and

ecological risk assessment process.
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CHAPTER1
INTRODUCTION

1.1 Overview

Complex chemical mixtures are present in environmental media, food and
drinking water. Two of the most common classes of chemical mixtures in the
environment are polycyclic aromatic hydrocarbons (PAHs) and polychlorinated aromatic
compounds (PCAs). These compounds are common contaminants of surface waters and
sediments. The research described in this dissertation was conducted to investigate
novel methods for assessing the ecological risk of chemical mixtures. A battery of
biological test methods has been coupled with chemical analysis to provide an improved
understanding of the potential for exposure and adverse effects of chemical mixtures on
ecological receptors. The introductory chapter of this dissertation will review sources
and adverse effects associated with mixtures of PAHs and PCAs; and, discuss the

current state of knowledge with regards to ecological risk assessment.

1.1.1 Environmental Mixtures

The toxicity of complex environmental mixtures including smoke and soot was
recognized as early as the Middle Ages by Paracelsus (Gallo, 2001). A few centuries
later, the industrial revolution became associated with a number of occupational
diseases, many of which were attributable to complex mixture exposures. In 1775,
Percival Pott observed a relationship between scrotal cancer and exposure by chimney
sweeps to PAH mixtures. Since World War II and the marked increase in drug,
munitions, pesticide, synthetic fiber, and industrial chemical production, the discipline of

toxicology has grown exponentially (Gallo, 2001).

This dissertation follows the style of Environmental and Molecular Mutagenesis.



1.1.2 Environmental Toxicology

Environmental toxicology is a discipline which assimilates knowledge from
several areas of science. Ecology, chemistry, molecular biology, genetics and
mathematics are all important in understanding the potential impact that chemicals may
have on biological systems (Landis and Yu, 1995). Ecology is the study of species
interactions within ecosystems and provides information to understand how toxins affect
the structure and function of ecosystems. Chemistry is an important component of
ecotoxicology to provide information about the composition and concentration of
contaminants in environmental media and tissues. Molecular biology may be used to
examine the effects of toxins on organisms at the molecular level. Molecular genetics
and microbiology also examine effects at the microscopic level and may help to
elucidate the environmental fate and transformation of environmental contaminants.
Through genetics and microbiology also comes the tools for helping to cleanup and
restore ecosystems (i.e. bioremediation). The adaptation of species to environmental
change can be measured using evolutionary biology concepts. Statistics may be
employed to interpret data and test hypotheses (this can be achieved through
mathematical and computer modeling). Risk assessment is an essential part of
environmental toxicology and helps to guide research and to formulate testable
hypotheses (Landis and Yu, 1995).

The science of environmental toxicology grew from the use of testing pesticides
in the late 1940s to the cleanup of wildlife kills, polluted lakes, and burning rivers of the
1960s (Landis and Yu, 1995). After the establishment of the U.S. Environmental
Protection Agency (U.S. EPA) and the National Environmental Policy Act, the field of
environmental toxicology began to develop rapidly. A variety of technologies, including
molecular biology, chemistry, and genetics have been used in the research described in
this dissertation to provide a more comprehensive investigation of the impact of
environmental mixtures on ecological receptors. This dissertation research is an
example of how the different disciplines within environmental toxicology (as described

above) can be integrated to understand complex mixture genotoxicity. In Chapter II, the



research focuses on investigating changes in genotoxicity and chemical concentrations in
complex soil mixtures undergoing bioremediation. For this chapter, molecular biology
(microbial bioassays), chemical analysis, and statistics were used in the research. A
basic background about the remedial techniques (microbiology) used on-site was also
essential to the study. These data were collected to facilitate an assessment of the risk
associated with remedial contaminants in treated soil and groundwater. Data have been
generated to determine if the residual contaminants in soil and groundwater after
microbial degradation elicited a genotoxic response in vitro. Data have also been
obtained to determine if chemical analysis provides an accurate estimate of adverse
effects associated with exposure to complex environmental mixtures. Chapter I1I has
investigated contaminant mixture interactions from extracted sediments. This research
combined chemical analysis, molecular biology and statistics to test the interactions of
contaminated sediment mixtures using both in vitro and in vivo techniques. The research
described in Chapter I1I was also conducted to determine if genotoxicity could be
predicted by chemical analysis. The results of the current research, as well as that of
previous studies, indicate that complex environmental mixtures are capable of inducing
genetic damage in controlled laboratory experiments. The fourth Chapter expands upon
this information and combines ecology, chemistry, molecular biology, and statistics.

The research described in Chapter IV involved an in situ study of wildlife exposed to
complex chemical mixtures. For the field research, it was important to obtain
information that could be used to compare environmental media and tissue contaminant
concentrations; and, to determine if these data were predictive of genetic damage as an
indicator of risk. Studies conducted for Chapter IV required an understanding of the
basic ecology, behavior and life histories of the species collected as well as the impact of

seasonal variability on contaminant migration and species exposure.

1.1.3 Sources of Environmental Contamination
The U.S. Environmental Protection Agency estimated that in 2002, a total of 4.79

billion pounds of toxic chemicals were released to environmental media from industrial



facilities in the United States (USEPA, 2002). Two of the most common classes of
chemicals released from industrial facilities in the United States are complex mixtures of
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated aromatic (PCAs)
compounds. Included in these mixtures are chemicals which are considered probable
human carcinogens (USEPA, 2002); and, many compounds which are persistent in the
environment and thus may come in contact with human or wildlife receptors.
Environmental contaminants can enter ecosystems by several routes and depending on
physical and chemical properties eventually reside in soil, water or air. For surface
waters, one of the major worldwide sources of pollution is sewage discharge (Walker et
al., 1997). PAHs and PCAs are usually released from chemical production activities or
the combustion of fuels or waste materials. Mixtures of PAHs and PCAs are relatively
insoluble in water. As a result, these compounds are often detected in soils or sediments
affected by industrial discharges. In biological receptors, the PAHs and PCAs often
partition into adipose tissues. Industrial wastes containing mixtures of PAHs and PCAs
may be discharged into a wastewater treatment system or directly into surface waters. If
discharged into the wastewater treatment system PAH and PCA mixtures will be altered
with release into the environment. Prior to discharge from a wastewater treatment plant,
sewage must have acceptable levels of chemical oxygen demand (COD) and
biochemical oxygen demand (BOD). The amount of oxygen required to completely
chemically oxidize one liter of sewage is the COD. The amount of dissolved oxygen
used by microorganisms to oxidize the organic matter in one liter of sewage is the BOD.
If the COD and BOD levels are higher than agreed limits, the sewage discharge could
cause a substantial reduction in the water oxygen levels and have serious consequences
for aquatic organisms (Walker et al., 1997).

The compound composition and concentration in effluent from industrial
facilities is defined largely by the industrial processes that generated the waste. For
example, heavy metals are generally associated with mining and smelting operations,
many organic chemicals with the chemical industry, radionuclides with atomic power

stations, and chlorophenols and fungicides with pulp mills (Walker et al., 1997). The



petroleum industry has also been responsible for the deliberate and accidental discharge
of oil into the marine environment. Although oil tanker disasters can create an
immediate and obvious release of hydrocarbons to the environment, the contribution
from non-point sources such as urban runoff is still much greater than releases of oil
from normal tanker operations and industrial and municipal activities (Walker et al.,
1997).

Surface waters can also be contaminated by runoff from agricultural fields or the
direct application of biocides to control plants or insects. Most industrial contaminants
are relatively insoluble in water and must be bound to particulate matter to facilitate
transport by air and water currents. Particulate transport may also be a concern for
aerial application of pesticides where there is a risk of the chemicals drifting into surface
waters where they may be highly toxic to aquatic organisms (Walker et al., 1997).

Soil is the receptacle for much of the waste disposed of in the United States and
abroad. As with surface waters, soil may become contaminated through accidental
and/or deliberate disposal of waste. Landfills are a large source of complex mixture
contaminants and may contain acutely toxic compounds as well as genotoxic compounds
(Schrab et al., 1993). The use of sewage sludge as fertilizer for agricultural crops is
another source of pollution. Non-point sources of pollution such as urban and
agricultural runoff add heavy metals, detergents, phosphates and nitrates to the
environment. As rainfall runs off of agricultural fields into surface waters, high nutrient
input can cause eutrophication of water bodies. The outbreak of harmful algal blooms
and their associated toxins has been attributed to excessive nutrient input into waterways
(Paerl et al., 2001). Surface soils may also become contaminated due to deposition of
smoke and dust from combustion sources. Moreover, rain, snow and dust particles may
transport pollutants from the air to surface soils. Surface soils could be impacted from
flooding of rivers and seas. The widespread release of contaminants was recently
observed in New Orleans after flooding caused by Hurricane Katrina (USEPA, 2005b).

PAHs and PCAs have been detected in every compartment of the global

ecosystem. These chemicals are transported by adhering to particulate matter or through



association with droplets, particles or gasses. Chemicals in the gaseous phase may be
transported for long distances. Particulate matter is also transported through the
atmosphere, although larger particles have a tendency to be deposited in a relatively
short distance. Once deposited on surface soils, complex mixtures attached to
particulate matter may remain on the soil surface, be degraded by chemical, biological or
photodegradation, or may be transported by wind or water erosion. Industrial and
domestic stacks used to vent particulate and gaseous emissions contribute largely to
atmospheric pollution (Walker et al., 1997). The combustion of coal, petroleum and
other fossil fuels results in the release of PAHs, carbon dioxide, sulphur dioxide,
nitrogen oxides, hydrogen fluoride and chlorofluorocarbons (CFCs). Drift of pesticides
from domestic and agricultural activities are another source of atmospheric pollution
(Walker et al., 1997).

The Center for Disease Control (CDC) reports that in the United States, there
were more than 36,000 events involving release of hazardous substances reported to the
Hazardous Substances Emergency Events Surveillance (HSEES) between January 2001
and March 2005 (CDC, 2005). One hundred and seven of these events were associated
with improper disposal (CDC, 2005). It is difficult to accurately define the
concentration of environmental exposures which can lead to adverse effects in humans
and wildlife. For example, laboratory studies have clearly demonstrated that endocrine
disrupting chemicals (such as xenoestrogens) have the ability to cause developmental,
tumorigenic and reproductive effects (Degen and Bolt, 2000). However, the risks
associated with exposure to concentrations of xenoestrogens in the environmental are
more difficult to quantify (Brucker-Davis et al., 2001; Degen and Bolt, 2000). Natural
endocrine disrupting compounds can be found in certain plant foods including soybeans,
potatoes, garlic, coffee, parsley, and pomegranates (Colborn et al., 1997). The relative
concentration of naturally occurring estrogenic compounds in the diet is generally
assumed to be higher than the concentration of synthetic estrogens (Safe, 1995; Safe,
2000). Sufficient data are not available to determine the impact of combined exposure to

natural and xenoestrogens at low doses in human and wildlife populations. As another



example, the American Chemical Society (ACS) estimates that more than 1.3 million
new human cancer cases will be diagnosed in 2005 (ACS, 2005). It has also been
estimated that more than one-half million Americans will die from cancer in 2005 (ACS,
2005). Studies of the factors influencing the risk of human cancer clearly established a
link between genetic change and malignant progression (McMahon, 1994; Solomon et
al., 1991). These genetic changes may be caused by a variety of factors including
exposure to genotoxic environmental contaminants. Although rodent studies have been
used to identify the carcinogenic potential of a broad range of industrial chemicals, the
number of chemicals that are considered established human carcinogens remains
relatively small (USEPA, 2005i). The components of PAH and PCA mixtures may be
genotoxic, immunotoxic, and toxic to a range of organ systems. However, the
association between exposure to chemicals released from hazardous waste disposal
activities and adverse health effects in human and ecological receptors has not been
clearly established.

The research conducted for this dissertation has focused on two issues. First, can
chemical concentrations in environmental media be used to predict body burden of PAH
or PCA mixtures; and, second, can biomarkers of exposure, such as DNA adducts or
damage to DNA (as measured by flow-cytometry) be used to predict adverse health
effects in ecological receptors. The following text summarizes the methodology used for
human health risk assessment (HHRA) and ecological risk assessment (ERA) and how
these methods attempt to quantify risk based on the concentration of environmental

contaminants.

1.2 Risk Assessment Guidelines for Superfund

On December 11, 1980, Congress passed the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) also known as Superfund. This
act created a tax on the chemical and petroleum industries that was used to raise billions
of dollars for assessment and remediation at uncontrolled or abandoned hazardous waste

sites (USEPA, 2005g). A USEPA report released in 2004 indicates that over the next 30



years as many as 350,000 sites will require remediation under the current regulations
(USEPA, 2005h). The present Superfund National Priorities List (NPL) includes 1,244
sites (USEPA, 2005d). These NPL sites are selected based on their potential threat to
public health. The studies described in this dissertation utilized samples collected from
four different NPL sites. Each of the sites used in this research is considered to have the
potential to affect both human and ecological health. The process of estimating the
human and ecological risk associated with a specific site is an important first step. The
quantitative risk assessment provides a means to rank different sites, as well as to
establish appropriate concentrations of major contaminants in environmental media
following remediation. Risk characterization is a part of the overall process that also
includes risk management and risk communication. These activities are important to
ensure that the public is aware of health threats; and, to identify appropriate technologies
for site remediation.

The accuracy of complex mixture risk assessment is limited due to several
factors. First, limited data are available to accurately predict uptake of complex
mixtures. Second, many of the components of a mixture may be unidentified or may
have limited toxicity characterization. Finally, little is known about the impact of
chemical interactions on the metabolism or toxicity of mixtures (Cizmas et al., 2004a;
Donnelly et al., 1995). This research utilized chemical and biological test methods to
investigate the uptake and genotoxicity of complex mixtures, with specific focus on
mixtures of PAHs and PCAs. These classes of chemicals are ubiquitous at hazardous
waste sites.

In addition to the complexity of certain environmental mixtures, human and
ecological populations are also highly variable. Variations in genetic characteristics, as
well as variations in lifestyle and environmental exposures, produce a large amount of
uncertainty in estimating exposure and risk. In addition, variations in the dose and
duration of exposure from ingestion, inhalation or dermal exposure to environmental
mixtures make it difficult to accurately define intake values for a population. Thus, it

becomes even more difficult to develop an accurate characterization of the risk



associated with a chemically contaminated site. Risk assessment is the initial step in
ranking contaminated sites and selecting appropriate remedial procedures. Current
methods used for assessing the risk of complex mixtures generally assume additive

interactions for the components of the mixture.

1.2.1 Human Health Risk Assessment

Both human and wildlife receptors may be exposed to contaminants in the
ecosystem. Human populations may both contribute to, and be affected by contaminant
releases to the ecosystem. Although both human and ecological receptors may be
exposed to contaminant releases from hazardous waste sites, the composition and
concentration of these exposures are likely to be very different. Thus, state and federal
regulators generally use a separate methodology to estimate the human health and
ecological risk. The EPA Risk Assessment Guidance for Superfund (RAGS) (USEPA,
1989) describes a 4-step approach for estimating human health risk (Fig. 1).

Toxicity
/ Assessment \

Hazard Risk
Identification Characterization
\ Exposure /

Assessment

Fig. 1. Four primary steps included in the quantitative evaluation of human health risk for
chemically contaminated sites (modified from Asante-Duah 2002).

The initial step in the quantitative risk assessment process is hazard
identification. This involves gathering background data regarding contaminants and
contaminated media and selecting the contaminants of potential concern (COPCs). This

is usually accomplished by comparing the concentration of specific contaminants in
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various environmental media with a risk based concentration (RBC). The contaminants
of potential concern are selected from those contaminants that are present in
environmental media at concentrations that are greater than the risk based concentration.
The contaminants of potential concern generally represent those 10 to 15 chemicals that
are anticipated to represent the greatest threat to human health. The second step in the
assessment of human health risk is the toxicity assessment. For the toxicity assessment,
qualitative and quantitative toxicological profiles for each contaminants of potential
concern are compiled (Asante-Duah, 2002). Using the EPAs Integrated Risk
Information System (IRIS), toxicity values are selected for each contaminant of potential
concern. This may include a reference dose (RfD) for non-cancer effects; and, a cancer
slope factor (CSF) for carcinogenic effects. The exposure assessment is generally
performed at the same time as the toxicity assessment. Knowledge of site conditions and
potential usage is employed to identify all potential and future pathways of exposure to
site contaminants. For each completed exposure pathway, a cumulative daily intake
(CDI) is developed for all contaminants of potential concern detected in each media (i.e.,
air, soil, surface water, groundwater and sediment). The cumulative daily intake is the
product of the contaminant concentration in a specific media, times the ingestion rate,
the exposure frequency and exposure duration. This value is then divided by an
averaging time (exposure duration times 365 days) and body weight (70kg) to develop
an estimate of the daily intake for each contaminant of potential concern. The exposure
assessment may also utilize the risk paradigm (Fig. 2) to assemble appropriate
information regarding contaminant composition and concentration, affected
environmental media, contaminant transportation in the environment, characteristics of
the receptor, and the potential adverse health effects associated with a specific dose and
duration of exposure. The nature of an adverse health effect associated with a
contaminated site is dependent on the route, as well as the dose and duration of
exposure. The most common exposure pathways include ingestion, inhalation, or
dermal contact with a contaminant of concern. Human populations may also be exposed

to contaminants through the ingestion of contaminated plants or animals. The exposure
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assessment develops an estimate of intake through various routes of exposure. In
addition, exposure estimates are designed to take into consideration potential sensitive

groups within a population (i.e. children, elderly, pregnant women).

Adverse Health Effect
Exposure (inhalation,
Contaminant(s) ingestion, dermal contact):
e Individual compounds * Dose
e Mixtures ¢ Duration
e  Organics * ADME
e Inorganics e Target organs
7}
v
Release Transport Receptor
e Leak e  Air currents o Age
e Explosion . * Water currents . ® Gender
e Spill "~ e Erosion " e Health
e Discharge e  Run-off e  Genetics

Fig. 2. Model used to identify information required to develop a qualitative estimate of risk
(ADME = Absorption, Distribution, Metabolism, and Excretion).

Once information is available from the toxicity and exposure assessments, a
quantitative estimate of risk can then be determined. The risk characterization generates
a point estimate of the potential for adverse human health effects based on carcinogenic,
non-carcinogenic, and/or radiological risks for each exposure scenario (Asante-Duah,
2002). It is also important at this stage to present the uncertainty associated with the
various steps in the risk characterization. Uncertainty may result from a limited
environmental characterization at a site, or from uncertainties regarding the specific dose
and duration of exposure. However, a major source of uncertainty in the risk
characterization is associated with the toxicity assessment. Toxicity values (RfDs and
CSFs) are available for a limited number of chemicals. Experimental toxicity data is

translated into reference doses for non-carcinogens or cancer slope factors for
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carcinogens by dividing the no-observed-adverse-effect-level (NOAEL) or the lowest-
observed-adverse-effect-level (LOAEL) by various uncertainty factors (UFs). Adding to
this uncertainty is the fact that minimal information exists to describe the potential
implications of the interactions of the components of complex mixtures on the overall
risk of adverse health effects. To estimate non-cancer risk, the cumulative daily intake is
divided by the reference dose; while, the estimated lifetime cancer risk is the product of
the cumulative daily intake times the cancer slope factor. Generally, if a reference dose
or cancer slope factor are not available for a specific contaminant of potential concern a
compound of similar toxicity (i.e. a surrogate) is used to provide a reference dose or a
cancer slope factor.

For those chemicals which lack a toxicity value, Quantitative Structure Toxicity
Relationships (QSTRs) and Quantitative Structure Activity Relationships (QSARs) may
be used as a tool to provide a relative toxicity value (a QSAR may be described as a
QSTR if the activity being measured is toxicity (Siraki et al., 2004)). In a weight-of-
evidence approach these methods can be used in combination with the results of
epidemiological studies, animal bioassays and short-term tests to assess contaminant
effects (Asante-Duah, 2002). Information describing the structure and physicochemical
properties of contaminants of concern such as water solubility (Sy,), octanol-water
partition coefficient (Koy), liquid vapor pressure (Py 1), and Henry’s law constants (H,) is
useful for predicting contaminant fate and transport in the environment (Abraham et al.,
2005; Dimitriou-Christidis et al., 2003). Physiochemical properties when coupled with
pharmacokinetic information (absorption, distribution, metabolism and excretion) are
useful for making predictions regarding the fate and persistence of a specific
contaminant in biological systems. The use of predictive models may reduce
dependence on site-specific information regarding transport and degradation of
contaminants (Walker, 2003). Whereas for toxicity assessment, the use of predictive
models may reduce dependence on animal studies to obtain toxicity values (Hofer et al.,
2004). However, models are only as reliable as the data used to calibrate the model.

The utility of models is limited by the criteria used in the assessment process including
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the method the model employs for its predictions (Tunkel et al., 2005). With the use of
appropriate guidelines for developing and applying QSARs, these models may be
implemented for regulatory purposes, and used under limited circumstances (Tunkel et
al., 2005; Walker et al., 2003).

The use of models to assess the risk of complex mixtures at contaminated sites is
susceptible to numerous sources of error. Models should include methods to account for
potential additive, synergistic, or antagonistic interactions of mixture components. Most
risk assessment methods assume that mixture components will produce additive
interactions. Recommended models for mixtures of chemicals such as PAHs assume
strict additivity. These models estimate toxicity using toxic equivalency factors (TEFs)
comparing carcinogenic potency of the chemical of interest to the model carcinogen
benzo[a]pyrene. Another source of uncertainty in mixtures risk assessment is the
chemical analysis. For many mixtures, more than 30% of the components cannot be
accurately quantified. Thus, models generally will only use input parameters for those
chemicals that have been quantified (Altenburger et al., 2003). QSTR models do,
however, provide a tool for developing a preliminary understanding of potential mixture
interactions and molecular mechanisms of toxicity (Altenburger et al., 2003). These
models may also help link biological effects with chemical analyses for use in designing
and interpreting mixture toxicity studies (Altenburger et al., 2003). This applies to both
human health and ecological risk assessments. Models are primarily used to extrapolate
existing data to make predictions for outcomes under a variety of conditions. The
current study was designed to investigate the utility of a range of biological test systems
and markers of exposure and early biological effects in ecological receptors. These data
were compared with the results of chemical analysis to determine if mixture interactions
or unidentified components contributed significantly to the toxic effects of complex
mixtures.

Short-term acute and chronic bioassays generally provide qualitative information
regarding the risk associated with exposure to complex mixtures. In order to establish

primary remediation goals (PRGs), the risk assessment process requires more
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quantitative information. The studies conducted in this research focus on the utility of
bioassays for providing qualitative data regarding complex mixture toxicity. Studies
were conducted to measure the genotoxicity of complex mixtures extracted from
environmental media following bacterial degradation. The extracts from these media
were analyzed with a battery of microbial genotoxicity bioassays. Data were also
obtained from animal studies to investigate the interactions of PCBs and PAHs. This
research was done to determine if the concentration of the model carcinogen
benzo(a)pyrene could be used to predict the genotoxicity of sediment extracts containing
mixtures of PCBs and PAHs. Finally, field studies were conducted to measure
genotoxicity in ecological receptors. It is anticipated that the data generated from these
studies will be used to identify sources of uncertainty in the quantitative risk assessment
process. Reducing the uncertainty in the quantitative risk characterization of complex
mixtures will improve the accuracy of both ecological and human health risk
assessments.

As part of one of the described studies, the site investigated was undergoing
bioremediation. Research has demonstrated that the initial products of biodegradation
may be more genotoxic than the parent compounds (Garcia, 2001; Sverdrup et al.,
2002b; White and Claxton, 2004). Alterations in genotoxicity following bacterial
degradation may result from a variety of factors. In most cases, the products of aerobic
degradation are oxidized derivatives of the parent compound(s). These compounds
should be more water soluble than the parent compounds. Increased solubility may also
result in an increased rate of uptake or absorption of environmental mixtures. Increased
toxicity may also be a product of alterations in the rate and extent of metabolism as
influenced by mixture components. Alterations in metabolism may enhance or inhibit
the overall genotoxicity of the components of a complex mixture. Finally, degradation
may result in the removal of the low molecular weight, and less toxic chemicals, with the
resulting residual compounds expressing a greater level of genotoxicity than the original
mixture. The research conducted for this dissertation addresses several of these issues

regarding risk assessment of complex mixtures. The research was performed to identify
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sources of uncertainty in both the ecological and human health portions of risk

characterization.

1.2.2 Ecological Risk Assessment

Risk characterizations at Superfund sites may consider impacts of environmental
contaminants on ecological or human receptors. The ecological risk assessment is
designed to develop an evaluation of the potential impacts of environmental
contaminants on ecological health. Ecological risk assessments may consider sensitive
or endangered species, or may investigate potential impacts on entire ecosystems. The
ecological risk assessment follows a similar model as the human health risk assessment.
The two primary analytical elements of an ecological risk assessment (Fig. 3) include the
characterization of effects and characterization of exposure (USEPA, 1998). During the
problem formulation, information is gathered about the source of contaminants, potential
ecological effects, stressors, and specific receptors and ecosystem characteristics at the
site. The assessment endpoints are also determined. This information is used to
generate a conceptual site model and an analysis plan that is implemented in the analysis
phase of the ecological risk assessment (USEPA, 1998).

The analysis phase of the ecological risk assessment begins by determining the
strengths and limitations of data on exposure, effects, and ecosystem and receptor
characteristics (USEPA, 1998). The data are then analyzed to help describe the type of
actual or potential exposures and the ecological responses as outlined in the conceptual
site model. The exposure and ecological effects are generally not mutually exclusive.
For example, when a contaminant enters the environment, exposure to one organism
could lead to a cascade of additional exposures and secondary effects. Additional
exposures are often through the food web and effects of contaminants can be seen at the
level of community organization. From the analysis phase an exposure profile and a
stressor response profile are produced (USEPA, 1998). This information is used to help

characterize the ecological risk.
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Fig. 3. The basic ecological risk assessment framework (modified from USEPA, 1998).

The risk characterization process of the ecological risk assessment compiles the
data from the site analysis and addresses assumptions, uncertainties, and strengths and
limitations (USEPA, 1998). The end product is an estimation of potential effects of site
contaminants on ecological receptors. This information can then be communicated to
stakeholders and any other interested parties. Emphasis should be made on the fact that
the ecological risk assessment process is iterative. Throughout the various stages of the
process, new questions could arise which require reevaluation of existing data or the
collection and analysis of new data. Ecosystems are inherently complex. Whereas the
human health risk assessment deals with a single species and generally a limited habitat
area, the ecological risk assessment must consider a multitude of species and often
includes multiple habitats. Thus, it is important that the analytical phase and risk
communication portions of the ecological risk assessment promote an understanding of

these complexities (USEPA, 1998).
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One of the challenges of ecological risk assessment is understanding the effects
of site contaminants on species abundance, diversity and interactions. Community
ecotoxicologists are faced with the dilemma of separating the effects of anthropogenic
disturbance (such as chemical contamination) from natural community variability
(Clements and Newman, 2002). Since humans have been manipulating the composition
and structure of ecosystems for nearly 10,000 years (Hessburg and Agee, 2003),
establishing what is normal or natural community structure and DNA variation in
environments untouched by humans is virtually impossible. It is possible to make
comparisons by investigating community structure and DNA variation in relatively
pristine populations and in populations in contaminated environments. However, this
assumes that: (1) a pristine environment can be identified; and, (2) the community
structure in that environment is similar to the site in question.

At any given point in time, natural communities are likely to be exposed to
multiple anthropogenic stressors. In order to understand community responses, the
relative importance of each stressor must be identified (Clements and Newman, 2002).
Even the effect on one entity in an ecosystem can become stressors on other ecological
entities. For example, if pesticides reduce earthworm survival, changes in earthworm
population densities could be an assessment endpoint (USEPA, 1998). Although, if
earthworm densities decline, this could act as a secondary stressor to worm-eating birds
that suffer from lowered food supply. A secondary effect of the pesticides could be
starvation of young birds. The assessment endpoint might be translated as bird fledgling
success. However, other stressors may also affect this assessment endpoint. For
example, bird fledgling success could be influenced by the availability of other food
sources, nest site quality and nest site competition. These variables in addition to
earthworm density and pesticide residue in earthworms (and other food sources) would
be valuable measurements for assessing ecological risk (USEPA, 1998).

Predicting the ecological risk from multiple chemical, physical and biological
stressors requires knowledge of the interactions of these stressors. Consideration of

ecological processes operating at larger spatial scales is necessary when performing
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ecological risk assessments for areas with multiple stressors (USEPA, 1998). In terms of
chemical stressors, it is also important to understand the bioavailability of the
contaminants of concern (COCs). For both the human health and ecological risk
assessments, determining fate and transport of contaminants requires an understanding
of the structure and physicochemical properties of contaminants of concern including
water solubility (Sy), octanol-water partition coefficient (K ), liquid vapor pressure
(Pyr), and Henry’s law constants (H.) (Abraham et al., 2005; Dimitriou-Christidis et al.,
2003). These properties coupled with toxicity information (absorption, distribution,
metabolism and excretion) may provide information that can be used to predict a
contaminant’s fate and persistence in biological systems. Two classes of environmental
mixtures that have been found to impact the health of ecological receptors are the PAHs
and PCBs. PCBs with four or more chlorines tend to have high K, values and high
bioconcentration factors (BCFs) due to their lipophillic nature. Thus, the more highly
chlorinated PCBs are likely to partition to lipids in exposed populations. PAHs with
three or more aromatic rings are usually the components of greatest ecological concern
as these compounds are more persistent in the environment and include the carcinogenic
PAHs.

Due to the inherent complexity of ecosystems, conceptual site models contain a
certain level of uncertainty. Sources of uncertainty include a lack of knowledge about
ecosystem functions, failure to identify spatial and temporal parameters, overlooking
secondary effects or omitting stressors (USEPA, 1998). It is important to describe the
areas of uncertainty and the data limitations to enhance the understanding of the
ecological risk assessment. Information regarding the genotoxity and biomarkers of
exposure is often lacking for ecological receptors at a Superfund site. Measurements of
genotoxicity will be useful when weighing the evidence of ecological risk from complex
mixture exposure. Measures of genetic damage may be combined with data from acute
and chronic ex-situ toxicity tests, chemical analysis of biota and environmental media,

and population diversity records to assess ecological risk.
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Mixtures of environmental genotoxins have the potential to adversely affect
organisms at both the molecular and population levels (Bickham et al., 2000; Shugart et
al., 2003). Ecological receptors may come in contact with environmental contamination
through ingestion of contaminated food or water, inhalation, and dermal exposure.
Following exposure to a genotoxin, the chemical may enter into the organism’s cells
(depending on its size, charge and other physicochemical properties (such as its water
solubility, (K,w)) by passive or active transport. During this process it may bind to
certain receptors which in turn induce the formation of certain metabolizing enzymes
(P450’s) or binding proteins (metallothionine). These enzymes may increase the rate of
metabolism of the chemical into its genotoxic form. In most cases, the product of Phase
I (oxidative) metabolism is the reactive metabolite that is capable of binding with DNA.
Some of the physical DNA modifications include the dimerization of pyrimidine bases
by UV-B light or breakage of phosphodiester linkages from free radical formation
(Shugart, 2000). Chemically, DNA can be altered by the covalent attachment of bulky
adducts, modification of existing bases, loss of damaged bases or unstable adducts,
breakage of phosphodiester linkages from free radicals and formation of abasic sites,
incorrect postreplication, and improper DNA repair (Shugart, 2000). If the initial
damage to the DNA is not repaired by DNA repair mechanisms or removed by cell
apoptosis (programmed cell death), the DNA mutation could promote itself during cell
division. If certain cell growth factors are affected by the mutation, this could result in
the cell’s inability to regulate replication and cells carrying the mutation might begin to
proliferate. If left unchecked by neighboring cells and the body’s immune responses,
this proliferation could lead to tumor formation. The formation of malignant tumors in
mammals is often fatal. However, exposure to chemicals which damage DNA may also
lead to reduced reproductive capabilities, birth defects, and modifications to the genetic
integrity of a population.

The genotype of an organism largely defines its ability to metabolize and
eliminate xenobiotics. One of the major enzyme systems active in the initial stages of

metabolism are the Phase I Cytochrome P450 (CYP) metabolizing enzymes. These
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enzymes function to oxidize xenobiotics into more hydrophilic polar compounds
(usually anions) which are more susceptible to Phase II metabolism. The products of
Phase II conjugation generally can be more readily excreted in the urine and the feces
(via bile). Other proteins such as metallothionine might also be expressed which bind
metals so that they can be more easily excreted or stored. Exposure to a genotoxin has
the potential to disrupt energy allocation in the organism. Because the genotoxin is not
part of the normal biochemistry of the organism, the organism must expend energy to
metabolize the intruding molecule and/or repair the damage the molecule has done to
cellular function (including DNA damage). Thus, if an ecological receptor is exposed to
elevated concentrations of a xenobiotic, more energy may be required to support the
metabolic defenses of the organism, leaving less energy for reproduction.

When a multicellular, sexually reproducing organism is exposed to a xenobiotic
there are numerous ways that the toxin can effect the genetic organization of the
individual. These effects are generally divided into somatic effects and reproductive
effects (germ cells, gametes). If we think of this in terms of energy acquisition, an
organism can use the energy it consumes for somatic maintenance, reproduction and
defense. From birth to reproductive age, an organism generally allocates more energy to
growth and defense (i.e. its goal is to survive and reproduce so that its genes can be
passed to the next generation). According to the general principle of allocation, during
reproductive age, the organism will allocate more energy to reproduction and less to
somatic maintenance (Sibly and Calow, 1986). Following peak reproductive age, the
organism begins to senesce, gradually decreasing energy allocation to all areas. Cancer
is often a disease of senescence because the organism has decreased energy allocated
toward somatic maintenance and repair. As a result, genetic and cellular damage is more
likely to occur and less likely to be repaired. Throughout the organism’s life there is
generally a balance between the energy acquired (its energy budget) and the cost of
allocating that energy for different uses (i.e. somatic maintenance, defense, and
reproduction). However, during the life of an organism, environmental impacts,

including exposure to genotoxins, could considerably alter this budget and decrease the
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overall fitness of the individual. One model that could be used to describe how an
organism adjusts its energy budget following exposure to a genotoxin would be a cost-
benefit model. This type of model might be applied not only to the individual in terms
of how the cost of exposure effects fitness, but also to the population level in terms of
the potential loss of genetic variability caused by that individual’s decreased fecundity.

A recent study using the crustacean, Daphnia magna, observed that exposure to
toxins (chlorinated pesticides and heavy metals) decreased the organism’s ability to
forage for food (De Coen and Janssen, 2003). Because the organism was not able to
acquire the energy it needed, it increased the production of digestive enzymes to try to
make more efficient use of the meals it had already ingested. Exposed individuals also
began to feed off their lipid reserves. After 96 hrs. of exposure to the toxins, there was
evidence that the Daphnia switched from aerobic metabolism to anaerobic metabolism.
During this switch, more oxidative damage occurred as measured by DNA strand breaks.
Using a mathematical model, the author’s were able to correlate DNA damage with
population effects such as Daphnia length, mean brood size and intrinsic rate of natural
increase (De Coen and Janssen, 2003).

In general, migrating ecological populations will only receive acute, or short term
exposure to contaminants; while, ecological populations that are less mobile would be
exposed chronically to contaminants. Both types of exposure could result in similar
population effects (increased mortality and potential population bottlenecks; also
described as “unnatural selection” (Bickham, 1998)). Although, populations might be
able to recover more rapidly from acute exposures once the stressor is removed. If a
population is exposed to a toxic contaminant, those individuals within the population
that are most susceptible to the effects of the contaminant could be selected against (i.e.
they would die). Individuals with resistant genotypes would remain, although in most
cases their numbers would be small. The reduction in numbers results in a population
bottleneck. With fewer individuals contributing to the gene pool, deleterious recessive
alleles could increase in frequency as a result of inbreeding. Further selection could

decrease the expression of these deleterious genes, again decreasing genetic variability.
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A population that has genetically adapted to a contaminated environment could evolve
(where the unit of selection is the individual, the unit of evolution is the gene and
evolution is defined as change in gene frequency). This decrease in heterogeneity could
be detrimental to the population during stochastic events such as disease, parasitism,
seasonal and temporal changes, etc. When looking at populations exposed to toxins they
could exhibit either increased genetic variability as a result of increased mutation rate, or
decreased genetic variability as a result of population bottlenecking. Effects of
decreased genetic variability could be masked by immigration of individuals from
unexposed areas contributing to the gene pool. In the absence of immigration, the
population size might begin to increase through reproduction, but heterogeneity might
continue to decline. Ifthe mutation load continues to increase, this could result in a
mutational meltdown and species extinction (Bickham et al., 2000).

In addition to genotoxic affects, some compounds such as PCBs may disrupt
endocrine function or also have teratogenic affects on a developing fetus. In the case of
teratogens, the timing of exposure is critical for different stages of development. Certain
compounds could disrupt the function of natural hormones, altering the normal
formation of the reproductive organs of the fetus. Neurotoxic compounds may disrupt
the normal formation of the brain and central nervous system. The resulting offspring (if
they are not naturally aborted) may lack the ability to reproduce, or to develop normal
adaptive behaviors. The decrease in neurological function could disrupt the offspring’s
ability to obtain food, secure matings, and (in the case of social animals such as humans
and honey bees) contribute to social organization. These teratogenic effects could not
only decrease fecundity in the parents, but could also decrease fecundity in their
offspring. Often these less “fit” individuals are selected against. They either do not
make it to reproductive age or they get eliminated by predators or disease. However,
diminished reproductive output caused by contaminant exposure at the individual level
has the potential to reduce the number of individuals within a population.

Anthropogenic endocrine disrupting chemicals include some of the chlorinated

pesticides such as DDT (also heptachlor, dieldrin and aldrin) and the classes of
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chemicals known as dioxins and PCBs. These compounds have high K, values and,
thus tend to partition to lipid stores within the body. Because these compounds are not
readily metabolized and excreted, they have the ability to bioaccumulate and biomagnify
through the food chain. Research conducted on the Great Lakes showed that PCB levels
in the herring gull (a top predator) were 25 million times the concentration found in the
surrounding water and sediments (Colborn et al., 1997). Predators at the highest level of
the food chain tend to accumulate the greatest concentrations of chlorinated
hydrocarbons. Chlorinated organics have been detected in a broad range of organisms at
great distances from the source of production in industrialized countries. For example,
animals in the remote arctic region including polar bears and seals carry heavy body
burdens in their fat layers. Steller sea lions have some of the highest body burdens ever
measured (Bickham, 1998). Beached whales in Puget Sound could be considered
hazardous waste sites because of their heavy contaminant loads. Of particular concern is
the mobilization of these compounds in lactating females. In order to increase offspring
survival, mammalian breast milk is high in fat and nutrients. Unfortunately, bound to
that fat are also these lipophilic endocrine-disrupting molecules which are fed to the
offspring at levels which could be highly detrimental to their development. Children
born to mothers who consumed an average of 2-3 meals of Great Lakes fish/month (high
levels of PCBs) up to six years prior to conception were found to exhibit signs of
neurological impairment as measured by both motor skills and cognitive function
(Jacobson and Jacobson, 2003; Jacobson et al., 1990). Additional studies showed that
women who had consumed moderate levels of Lake Ontario fish (equal to about 401bs.
of fish over a lifetime) bore children with decreased abilities to handle stress, and
increased aggression (Colborn et al., 1997; Daly et al., 1996). These results are
somewhat controversial and difficult to quantify. However, these studies do suggest that
elevated exposures in ecological receptors may result in adverse health outcomes in a
human population.

Research is needed to improve our understanding of the toxicity and potential for

adverse effects in human and ecological populations exposed to complex environmental
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mixtures. The three independent projects performed in this research provide information
on the genotoxic potential of mixtures as affected by biodegradation, the interaction of
chlorinated and polycyclic hydrocarbons, and the ecological effects in organisms
exposed to these compounds. The first project focused on the effects of biodegradation
on genotoxicity of contaminated groundwater and surface soils. All complex mixtures
are subject to some form of degradation (i.e. photo-chemical degradation or
biodegradation) once they are released into the environment. Microbial degradation is
one of the most common methods employed for the remediation of soils or sediments
contaminated with petroleum or wood preserving waste (Wilson and Jones, 1993).
During the degradation process intermediate metabolites form such as phenols, arene
oxides, azaarenes, and dihydrodiols many of which have been classified as mutagenic,
carcinogenic and teratogenic (Bleeker et al., 2002; Brooks et al., 1998; Brown et al.,
1985; Shuttleworth and Cerniglia, 1995; Wilson and Jones, 1993). While these specific
intermediates were not directly measured, the complex mixture of PAHs extracted from
the soils and groundwater (including parent, intermediate and daughter products) were
evaluated for their potential genotoxicity. The risk to both human and ecological health
is minimal at this site since the contaminated groundwater and soils have been contained
and the property fenced. However, prior to future land use it should be determined if the
soils and groundwater have been adequately remediated to minimize adverse human
health and ecological effects including genotoxicity.

Animal studies conducted using the extracts of sediments contaminated with
PCBs and PAHs can be used to investigate the potential interactions of these chemical
mixtures. Benthic organisms in contaminated sediments may be at the greatest risk to
exposure to contaminants. However, contaminants in sediments may also be transferred
to aquatic species higher in the food web and may also affect humans through ingestion
of fish that came into contact with contaminants in sediments. Although the tests used in
this research focused on measuring damage to DNA, mixtures of PAHs and PCBs could
also impact the immune system, the functioning of the endocrine system, and

reproductive capabilities. To support an ecological risk assessment, data are needed to
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investigate reproductive effects in aquatic organisms and wildlife following exposure to
these sediment mixtures.

The research described in Chapter IV of this dissertation provides the results
from in situ measurements of exposure and genotoxicity. Data were obtained from
environmental media and ecological receptors to investigate potential exposures and
biomarkers of effects. The results from these studies were provided to regulators as a
supplement to the standard ecological risk assessment. One of the challenging aspects of
this research was selecting species that were abundant on site and at corresponding
reference sites, and which ones could be successfully trapped. An initial survey was
conducted by using site and sound to identify species in the area. Several rounds of
trapping were done to determine which species could be successfully trapped to yield an
adequate sample size. Seasonal variability was also a factor in terms of species activity.
For example, the amphibians were most abundant during their breeding season in the
warmer spring and summer months and were more likely caught after rainfall. The
small mammals, however, were more likely to frequent traps during the colder, arid
months when food was less abundant.

Temporal changes have also been shown to influence contaminant migration.
During the warmer and wetter months, some organic compounds are more likely to
volatilize with the heat. Rainfall can help to mobilize contaminants in water, soils and
sediments, pushing them further into the environment from their source. Moreover, the
uptake of contaminants into the food web by primary consumers can vary seasonally.
Breeding individuals may also be more susceptible to contaminant exposure as they
increase energy acquisition and build up lipid stores (increasing body burden of the
lipophilic compounds) for reproduction and brood care. In general, environmental
factors including temperature, rainfall, humidity, windspeed and wind direction will
have a significant impact on the dose and duration of exposure on humans and other

organisms.



26

1.3 Contaminants of Concern

Two of the most common classes of chemicals detected in the environment
include the PCAs and PAHs. The physical, chemical and toxicological properties of the
compounds within each of these classes of chemicals are appreciably different.
Generally, the low molecular weight, unsubstituted compounds are more soluble in
water and more readily degraded; while, the higher molecular weight, or more highly
chlorinated compounds are more persistent but less likely to migrate through soil. Thus,
if these contaminants are spilled onto a surface soil, the low molecular weight
compounds may be leached into groundwater, but tend to degrade in the environment
more rapidly. Whereas the higher molecular weight chemicals are less likely to be

leached into groundwater, they are far more persistent in a surface soil.

1.3.1 Complex Mixtures

Complex chemical mixtures may be any mixture of organic or inorganic
chemicals that includes more than two components. Most complex environmental
mixtures consist of several hundred chemicals. In many cases, less than half of the
chemicals in complex environmental mixtures can be quantified. This is one reason
bioassays provide a useful tool to measure the toxicity of complex mixtures. The
research described in this dissertation has focused on complex mixtures of PCAs and
PAHs. These chemicals are common contaminants of wood preserving sites and a broad
range of industrial sites or areas contaminated with runoff from petrochemical
processing areas. Although there are several hundred PCAs and PAHs, toxicity data are
available for a small number of these compounds. Thus, this research has employed a
battery of biological tests to facilitate an improved understanding of the potential
interactions of the components of complex mixtures.

The risk to human or ecological health associated with exposure to a specific
mixture of chemicals will be influenced by both the bioavailability and toxicity of the
components of the mixture. Complex chemical mixtures may induce a variety of

synergistic, antagonistic or inhibitory interactions. There are at least three potential
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mechanisms that can alter the toxicity of a complex mixture. Transport across cellular
membranes is a critical first step in the production of a toxic effect. In most cases, this
transport occurs due to passive diffusion. A mixture of chemicals may inhibit transport
(if the components are insoluble), or if the mixture includes solvents may result in an
increased rate of transport. Components of a mixture can enhance the activity of Phase I
or Phase II enzymes; or, in some cases chemicals can inhibit or deplete enzyme levels
resulting in a reduction of chemical activation. In addition, the components of a
chemical mixture may compete for binding sites on critical macromolecules within a
cell. Depending on the strength and duration of the bond, this competition may result in
an increased or decreased toxicity in comparison with exposure to a single compound.

One complex mixture for which a significant amount of animal and human data
exists is cigarette smoke. Approximately 4,800 compounds have been identified in
tobacco smoke, although it has also been suggested that the actual number of chemicals
might approach 100,000 (Green and Rodgman, 1996; Rodgman et al., 2000; Wright,
June 1956). Among these chemicals there are irritants, enzyme inducers, carcinogens
and promoters. The irritants include chemicals such as acrolein, ammonia and
formaldehyde. These compounds can damage cells and increase cell permeability to the
other chemicals in the cigarette mixture. There are also percutaneous penetration
enhancers such as glycerol and n-tetradecane that act by increasing the transdermal
delivery of compounds in the cigarettes (Smith et al., 2004). The enzyme inducers are
represented by nicotine and the low molecular weight PAH’s. Phase [ enzyme activity
can be increased following exposure to these chemicals. Ingredients such as BaP, vinyl
chloride, nickel, benzene, and other PAH’s help to initiate carcinogenesis. PAH’s and
catechol enhance damage to tumor suppressor genes and oncogenes leading to abnormal
cell proliferation, thereby promoting cancer.

The primary goal of the research conducted for this dissertation was to
investigate the uptake and potential genotoxic effects of complex chemical mixtures.
Complex chemical mixtures are released into the environment from a variety of sources

including hazardous waste sites. These mixtures may enter the environment as



28

combustion by-products, and as a result of industrial activities. In addition to cigarettes
and cigarette smoke condensate, cooked foods are also an example of complex chemical
mixtures. Components of chemical mixtures and their metabolites may be genotoxic to
wildlife and humans leading to cancer and heritable gene mutations. Chemical analysis
alone does not always provide the most comprehensive view of the fate and toxicity of
these mixtures in biological systems. Current risk estimates assume that chemical
mixtures will produce primarily additive effects. While this approach is designed to be
protective of human and ecological health, it may not accurately reflect the other
chemical interactions including potentiation, synergism, and antagonism. The use of
microbial genotoxicity bioassays to screen complex mixtures provides a simple
inexpensive tool to predict potential carcinogenicity. These methods coupled with
chemical analysis provide the framework for understanding the possible toxic
interactions of complex mixtures. In addition, in vivo experiments or in situ research can
be used to provide information on the genotoxic potential of these mixtures in higher
organisms. A testing approach that integrates chemical analysis with in vitro and in vivo
assays provides more accurate information from which to estimate uptake and risk
associated with exposure to complex mixtures.

PAH mixtures represent one of the most common sources of exposure for human
and ecological populations. Cell culture studies determined that binary and ternary
mixtures of anthracene, chrysene and benzo[a]pyrene (BaP) inhibited the metabolism of
BaP, and were capable of reducing BaP nephrotoxicity (Falahatpisheh et al. 2004).
Therefore, more data is needed to help characterize mixture toxicity. This could be done
by using QSARs and QSTRs (as described in section 1.2.1 above), through the use of
reconstituted mixtures of known chemical concentration (as was done in the
Falahatpisheh et al. 2004 study), or by testing extracts of actual field samples. The
approach taken for this dissertation was to test actual field samples. Although it is not
possible to identify all mixture components in the field samples, the data are more
realistic in the sense that no compound is left out in the analysis. However, with this

approach comes difficulty in data interpretation. For example, extracts of sediment may
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induce an increase in genetic damage compared to the control. Chemical analysis
confirms that there are elevated levels of carcinogenic compounds in the mixture.
Unfortunately, without knowing all of the mixture components, one cannot correlate
genetic damage directly to those carcinogens measured. There could be other
unidentified carcinogens contributing to the damage as well as genotoxic metabolites not

measured in the chemical analysis.

1.3.2 Polycyclic Aromatic Hydrocarbons (PAHs)

The combustion of almost any type of organic material results in the production
of PAHs. Complex mixtures of PAHs may contain hundreds to thousands of compounds
(Cizmas et al., 2004b; Giger and Blumer, 1974; Nestler, 1974; USEPA, 2005f). PAHs
are characterized as having two or more fused benzene rings in linear, cluster or angular
arrangements (Wilson & Jones, 1993) (See Fig. 4 for representative PAHs). Seven
PAHs, including the model carcinogenic PAH benzo[a]pyrene (BaP), have been
classified by the United States Environmental Protection Agency (U.S. EPA) as probable
human carcinogens (U.S. EPA, 2004a). BAP is considered a “model” carcinogen
because its toxicity has been well-characterized including the ability of its metabolite
benzo[a]pyrene-7,8,9,10-diol epoxide (BPDE) to bind to DNA. BaP is metabolized by a
series of enzymes including cytochrome P450 (CYP) into the ultimate carcinogen
benzo[a]pyrene-7,8,9,10-diol epoxide. It has been clearly demonstrated that this bay
region diol epoxide, is capable of binding with the N-2 of guanine in DNA (Denissenko
et al., 1996). If this binding results in the formation of a bulky adduct in the P53 tumor
suppressor gene and the adduct is not removed, mutations might occur during replication
or during transcription which could effect the functioning of this gene. Mutations in the
P53 tumor suppressor gene reduce the ability of certain multicellular organisms to
control cellular growth and may result in increased cell proliferation and the progression
of tumor formation. Research suggests that the binding of BPDE to the P53 gene
exhibits a direct etiological link between a chemical carcinogen and cancer (Denissenko

et al., 1996). BaP is also the most studied of the PAHs and often selected as a surrogate
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for other PAH compounds. When performing risk assessments, toxic equivalency
factors (TEFs) are used as a way to measure the toxicity of a chemical based on how
structurally similar that compound is compared to a reference chemical. For PAHs, this
reference chemical is BaP.

One of the most common complex PAH mixtures at chemically contaminated
sites is wood preserving waste. Depending on the nature of the treatment process, most
wood-preserving waste contains creosote which is the oily by-product of making coke
from bituminous coal. Creosote is routinely used to treat lumber used for railroad ties
and telephone poles. Coal tar creosote is a complex mixture containing several hundred
to possibly thousands of chemicals, only a few of which are present in amounts greater
than 1% (Melber et al., 2004). Other wood treatment methods utilize diesel fuel and
pentachlorophenol, or copper, chrome and arsenic. Typical wood preserving mixtures
contain 85% PAHSs, 2-10% phenolics and 5% O-, N-, and S- heterocyclics (Bedient et
al., 1984; Nestler, 1974). Creosote alone is composed of six major classes of
compounds: aromatic hydrocarbons, including PAHs and alkylated PAHs (which can
constitute up to 90% of creosote); tar acids/phenolics; tar bases/nitrogen containing
heterocycles; aromatic amines; sulfur-containing heterocycles; and oxygen-containing
heterocycles, including dibenzofurans (Melber et al., 2004).

PAHs tend to be hydrophobic and bind to particles in the water column which
sink to the bottom of lakes and rivers. Low molecular weight PAHs may evaporate from
the soil and water and cling to dust particles in the air. The binding of PAHs (as well as
other chemicals) to particulate matter is often expressed as the organic carbon partition
coefficient (K,). This is the concentration of a select chemical (such as BaP) in organic
carbon versus the concentration of that chemical in water. Compounds with small K.

values are less strongly adsorbed to soils and sediments and tend to move more freely
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Fig. 4. Representative PAHs. Ones shown in bold and underlined are class B2 carcinogens per
the U.S. EPA IRIS classification system (USEPA, 20051).
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with water. In general, PAHs are hydrophobic and have low aqueous solubilities. Ko
values of PAHs are variable depending on their molecular size (Koudadoust et al.,
2005). Because PAHs tend to be strongly adsorbed to soil particles (especially clays
(Luthy et al., 1997)), desorption of PAHs from soil particles has been identified as a key
component in their biodegradation. For the lower molecular weight PAHs such as
naphthalene, volatilization is important for degradation. Abiotic mechanisms may
account for 20% of PAH reduction in bioremediation (DeMarini et al., 1990). However,
biotic mechanisms tend to be responsible for the removal of PAHs containing three or
more rings (DeMarini et al., 1990). Of the biotic mechanisms, there can be a diverse
amount of bacteria in soils contaminated with wood preserving wastes. Research by
Mueller et al. found that many of these bacteria are capable of degrading a broad range
of PAHs in soil (1991). Those bacteria in the Sphingomonas (formerly Pseudomonas)
genus showed the most extensive degradation of 4- and 5-ring PAHs in creosote
(Mueller et al., 1991). It was determined that degradation capabilities are associated
more with members of specific taxa than with the type of soils from which the bacteria
are isolated (Mueller et al., 1991). Futhermore, aerobic conditions are more favorable
than anaerobic conditions for PAH degradation (particularly if higher molecular weight
PAHs are present) at contaminated sites (Sharak Genthner et al., 1997).

PAHs are often grouped according to molecular weight (MW) with the low
molecular weight PAHs (LPAHs) (128 to 203 gram/mole) exemplified by compounds
such as naphthalene, anthracene, fluorene, and pyrene and the high molecular weight
PAHs (HPAHSs) (228 to 278 gram/mole) represented by compounds including
benzo[a]anthracene, benzo[a]pyrene, chrysene and indeno[1,2,3-c,d]pyrene.
Biodegradation, discussed in more detail below is the most important process in LPAH
transformation and degradation (Neff, 1979). HPAHs tend to be more resistant to
biodegradation than the LPAHs due to their low solubility, and high affinity for
soil/sediment organic carbon. It is the HPAHs that are also known for their carcinogenic

potential.
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Similar to PCBs, PAHs may bioaccumulate and reach higher levels in plants and
animals than in soil and water (ATSDR, 1996). Mixtures of PAHs have been detected in
surface waters, plants, soils, sediments and air. Studies conducted with creosote have
shown that aquatic invertebrates and fish are particularly prone to the uptake of PAHs.
Fish tend to metabolize creosote-derived PAHs better than aquatic invertebrates. PAH
profiles in insects and crayfish are often close to sediment concentrations (Melber et al.,
2004). In fish, PAH bioconcentration factors (BCFs) from exposure to creosote-
contaminated sediments have been estimated to range from 0.3 to 73,000 (Melber et al.,
2004). Although some PAHs degrade rapidly in aerobic environments, they tend to
persist longer in oxygen-poor environments such as aquatic sediments (Neff, 1985).
Due to the chemical structure of PAHs, they readily absorb sunlight, are sensitive to the
effects of UV radiation, and may degrade by photolysis (Huang et al., 1995; Arfsten et
al., 1996).

Human exposures to PAH mixtures such as wood preserving chemicals could
result in irritation or lesions of the skin and eyes (Melber et al., 2004). Exposures may
be accompanied by general symptoms including weakness, headaches, vertigo, nausea
and vomiting. Workers exposed to creosote might also experience photosensitization of
the skin (Melber et al., 2004). PAH exposures (primarily occupational) have been linked
to several types of cancers such as scrotal and skin cancers (Carlsten et al., 2005; Gallo,
2001; Melber et al., 2004). Epidemiological studies also suggest that there is an
increased risk for bladder cancer, lung cancer, and brain tumors from creosote exposure
(Melber et al., 2004). However, these epidemiological studies were based on qualitative
estimates of exposure instead of actual measurements (Melber et al., 2004). Extensive
research has been done to determine the risk of several types of cancers in tobacco
smokers (see Sasco et al., 2004 for review). In laboratory animals, PAHs have been
shown to cause lung, stomach and skin cancers via inhalation, ingestion, and dermal
exposures respectively (ATSDR, 1996). Animal exposures to PAHs in controlled
laboratory and field experiments have been shown to cause reductions in growth rates

(Meador et al., 2005; Melber et al., 2004) and impair reproduction (Donnelly et al.,
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1990b; Hombach-Klonisch et al., 2005; Melber et al., 2004; Sverdrup et al., 2002a;
Sverdrup et al., 2001). Additional studies have suggested that wildlife exposure to PAH
contaminated environments could lead to an increased risk of cancer (Martineau et al.,

1994; Pinkney et al., 2001).

1.3.3 Polychlorinated Aromatics (PCAs)

PCAs inclue a broad range of compounds such as the polychlorinated
dibenzofurans (PCDFs), diphenylethers (PCDEs), biphenyls (PCBs) and dibenzo-p-
dioxins (PCDDs) (see Fig. 5 for representative PCAs). These compounds are industrial
chemicals and by-products and are also ubiquitous environmental contaminants (Safe,
1990). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic PCDD and has
been assigned a Toxic Equivalency Factor (TEF) of 1. The TEFs for all other dioxin-
like compounds are established based on a comparison of their activity relative to TCDD
(Safe, 1990). Included among the PCAs is also the compound pentachlorophenol (PCP).
Technical grade PCP often contains PCDFs and PCDDs.

1.3.3.1 Polychlorinated Biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) are a group of synthetic organochlorine
chemicals that were widely used in industry for diverse purposes such as organic
diluents, wax extenders, cutting oils, flame retardants, plasticizers, heat transfer fluids
and dielectric fluids for capacitors and transformers (Safe, 1989) and for products such
as cereal boxes and bread wrappers. They were commercialized as congener mixtures
(Aroclors, Clophens, Kanechlors, etc.) depending on percent chlorination (Pereg et al.,
2001). It has been estimated that as much as 1.4 billion pounds (700,000 tons) of PCBs
were produced by the Monsanto Company between 1930 and 1970 in the United States
(Safe, 1989).

During the manufacture, use and disposal of PCBs, and from accidental spills,
leaks or fires in PCB-containing products, these chemicals made their way into the

environment. By the late 1960°s PCBs were actually detected in the environment, and



35

rapidly became ubiquitous contaminants in the global ecosystem (Safe, 1989). Due to
the stability and lipophilicity of certain PCB congeners, these chemicals were able to
persist, bioaccumulate and bio-magnify through the food chain (Pereg et al., 2001).
Carried by ocean currents PCBs found their way into the remote areas of the world

including the tissue of Arctic polar bears, ringed seals, and whales, far from their point
of
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Fig. 5. Representative polychlorinated aromatics (PCAs).

origin in industrial nations (Bickham, 1997). They have been detected in air, water, soil,
sediments, and wildlife, and also human blood, adipose tissue and milk (Safe, 1989).

‘Open’ uses of PCBs were discontinued in the 1970’s, however, ‘closed’ uses of PCBs
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as fluids in transformers and capacitors were not discontinued until 1978 (Safe, 1989).
Despite the discontinued use of PCBs in the 1970s, the structure of these chemicals
renders them capable of persisting in the environment for centuries (Bickham, 1997).

Regarding the chemical structure of PCBs, two benzene rings of hydrogen and
carbon atoms comprise a biphenyl molecule. This molecule is highly flammable.
However, by substituting the hydrogen atoms for chlorine, the molecule becomes flame-
resistant. The chlorinated biphenyls are a group of chemicals in which the chlorine
replaces hydrogen. Those molecules containing more than 1 chlorine atom are named
polychlorinated biphenyls. This flame-resistant characteristic of PCBs made them ideal
for use with electrical products as flame retardants and electrical insulators. The
biphenyl core may be substituted with 1-10 chlorine atoms, giving 209 possible
congeners that may be formed (Pereg et al., 2001). There are lower chlorinated PCBs
exemplified by Aroclor 1221 (21% CI weight; 1.5 Cl/biphenyl) and higher chlorinated
PCBs typified by Aroclor 1260 (60% Cl weight; 6.30 Cl/biphenyl) (Safe, 1989). The
lower and higher chlorinated PCBs exhibit different physical and chemical properties.
The higher chlorinated (those containing 5 or 6 CI groups/biphenyl), laterally
substituted, coplanar PCBs, particularly PCB 77, 126, and 169 are the most toxic PCBs
known (Safe, 1984).

PCBs are metabolized into hydroxyl-PCBs and may be further conjugated with
glutathione or transformed into reactive catechol and quinone products (McLean et al.,
1996). The toxic effects of these chemicals appear to be mediated by binding to the aryl
hydrocarbon receptor (Ah-R) / aromatic receptor nuclear transporter (ARNT)
heterodimer (Klaassen, 2001). This complex enters the nucleus, attaches to the dioxin
response element (DRE) and directs transcription of key enzymes (Klaassen, 2001).
Through the use of in vitro **P-postlabeling techniques, it has been demonstrated that the
lower-chlorinated PCB congeners have the ability to bind DNA (Oakley et al., 1996).
Although, in vivo covalent binding of PCBs to DNA remains unclear (Whysner et al.,
1998).
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Human exposure to PCBs is primarily through ingestion of contaminated foods
with high fat content such as meat, fish, poultry and dairy products (Schilderman et al.,
2000). The adverse health effects in humans were first seen in populations from Japan
and Taiwan that were exposed to rice cooking oil contaminated with PCBs,
polychlorinated dibenzofurans, and polychlorinated quaterphenyls (Schilderman et al.,
2000; Klaassen, 2001). One of the acute PCB exposure effects seen in these populations
was chloracne. This type of acne may be distinguished from other acne forms by the
progressive degeneration of sebaceous units and the keratinization of sebaceous gland
cells (Klaassen, 2001). Those working with PCBs may also be occupationally exposed
to these chemicals. Acute exposures may cause other skin diseases in addition to
chloracne including allergic contact dermatitis, chemical burns, and irritant dermatitis
(Klaassen, 2001). It has been postulated that these contaminants may affect a variety of
organs, however, epidemiologic studies have failed to demonstrate an organ-specific
illness in humans (Klaassen, 2001). Although, due to the endocrine disrupting ability of
certain PCBs, they may interfere with multiple biological functions, exerting strong
androgenic, estrogenic and antiestrogenic effects, which may adversely affect human
reproduction (Hond et al., 2002). One of the most consistent effects of PCB exposure
(primarily