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ABSTRACT

A growing number of studies suggest that several persistent organic pollutants-agd,some-
organic forms of heavy metals, such as those listed recently by the Inter-Organizational Progmm
for the Sound Management of Chemicals, appear to mimic or to disrupt hormonal mechanisms in
humans and wildlife..EPA is exploring methods and models to measure and to predict exposures
to these substances. This paper addresses a number of ‘approaches the Agency may take to
conduct exposure research of endocrine disrupting compounds within the Agency’s risk
assessment framework.

INTRODUCTION

Studies have associated adverse health consequences in humans and wildlife species that
have been exposed to environmental chemicals that interact with the endocrine system (1, 2, 3).
To date, these problems have been identified primarily in human populations and animal species
with relatively high exposures to organochlorine compounds, including DDT and its metabolites,
polychlonnated biphenyls and dioxins,. or to naturally occurring plant estrogens. Speculation has
nsen about environmental etiologies from several reports of declines in sperm production and
reduced sperm quality in humans nver the last four decades, and from reported increases in
incidences of certain cancers that may have an endocnne-related basis (breast, prostate,
testicular).

A cntical scientific issue is whether there are sufficiently high levels of endocrine
disrupting chemicals in the ambient environment to exert effects in the general population. Long-
term permanent effects in the adult can result from exposure to agents during development, which
can occur without apparent “birth defects” in the neonate. There appear to be critical periods
for epigenetic effects on different targets. Various organs and physiological systems may be
affected; e.g., reproductive, endocrine, immune, neural, behavioral, metabolic, and skeletal (4).
The widespread occurrence, persistence, and magnification of endocrine disrupting chemicals in
the environment and food chain make it imperative that the research primarily focus on.the most
critical gaps in our knowledge base. From this base, better mformed regulatory and public health
decxsnons can be made in the future.

An “environmental endocrine disruptor” has been deﬁned as “an exogenous agent that
interferes with the production, release, transport, metabolism, bmdmg, action or elimination of
natural hormones in the body responsible for the maintenance of homeostasis and the regulation
of developmental processes” (5). In addition to the so-called “environmental estrogens” and anti-
androgens, the term includes agents that affect the thyroid and pituitary glands and other
components of the endocrine system. Most current methods of assessing human and wildlife



health effects are targeted at detecting effects, rather than mecharu sms, and may not adequately
evaluate effects on the endocrine system:

To date, scientifically credible exposure assessments for endocrine disruptors have
generally been lacking, but some strong weight of evidence in isolated studies of invertebrates,
fish, reptiles, birds and mammals, has provided compelling reasons for the possibility that
endocrine disruption mechanisms of action can be operative in populations.

Endocnine disruptors pose several challenges to exposure assessment, in part due to the
heterogeneous chemical classes that have been implicated. In addition, the pathways between
source and exposure are complex, and many of the disruptors are persistent and bioaccumulate.
Protracted latency periods exist between the exposure and the observable manifestation of the
response. Linking exposures and biological responses is further complicated by the relatively
bref cntical periods of susceptibility and reproduction windows during the organism’s lifespan.
Therefore, methods and models will be needed to measure and predict the exposure to these
substances. A modicum of understanding of exposure is also needed to design studies related to
endocrine disruption; e.g., studies of biological mechanisms and effects should be undertaken
using chemical species of endocrine disruptors that are most prevalent in the environment. The
consensus emerging from the scientific debate surrounding endocrine disruptors is that there are
insufficient data to objectively resolve the relative eco]oglcal and human health nsks associated
with these environmental contaminants.

The pathways between source and exposure to endocrine disruptors are complex. Many
of the suspected endocnine disruptors studied to date are organic compounds or organic forms of
a few heavy metals that are persistent, can bicaccumulate, and biomagnify in the food chain.
Knowledge of the nature of these factors is basic to predicting future exposures and the efficacy
of exposure prevention strategies. For example, slight variations in chemical form and physico-
chemical characteristics (e.g., plananty, isomerization and polarity), may manifest themselves in
various ways that may affect exposure (e.g., differences in transport and routes of exposure,
increased or decreased bioavailability, changes in exposure pathways, potential for atmospheric
and hydrological transformation, and fate). Most polychlorinated biphenyls for example, would
be expected to have more affinity for the sediment than for the water, since they are relatively
hydrophobic.

Another major challenge is the need to understand complex exposure patterns, rather than
the more typically calculated net annual exposure estimates. Developmental biology dictates that
certain exposure windows of vulnerability can be expected to follow temporal and scasonal
patterns of endocrine functions. The National Research Council (6), recognizing the importance
of the developmental stage at exposure, has modified its definition of exposure assessment
(change noted in italics): * the process of measuring or estimating the intensity, frequency,
duration and the timing of exposure, of humans and wildlife to an agent currently present in the

environment or of estimating hypothetical exposures that might arise from releases of new
chemicals.”

Therefore, an endocrine disruptor research program should follow the risk assessment
framework, and explore methods and models to estimate and to predict exposure to these
substances. The exposure component of this research plan should follow the steps shown in
Figure 1. ‘
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Figure 1. Simplified Exposure Assessment Paradigm. A substance is released to the emvironment, is transported,
may be transformed chemically and physically, and can move through various pathways; ¢.g., water, air, soil and
sediment. Afier a substance reaches an environmental pathway; i.e., media change, this can be tantamount 15 being
a new source, in essence starting the process again from source characterization. The fate is then determined

Reratively via mass balance.

EXPOSURE PROTOCOL FOR ENDOCRINE DISRUPTORS
The U.S. Environmental Protection Agency (7) classifies dose as: potential dose (Dp);

applied dose (D A); internal dose (Dy); dglivered dose (Dp); and biologically effective dose
- (DpE). F igure 2 shows the path from an organism's first contact with a substance (Dp) to its
intake, absorption, and metabolism (D, D and Dp) to its effect on the target organ (DRE). .

Measurements of Dp can often provide a reasonable estimate of exposure; i.e., the
concentration of a contaminant around an organism. For airborne contaminants, D 4 is a function
of concentration, time, and ventilation. Itis difficult or impossible to measure DgE directly, so
DA, D and Dp are most often expressed by biomarkers, i.e., "indicators of changes or events in
human biological systems" (8). Biomarkers may either be the contaminant itself or metabolites
indicating exposure to the contaminant; e.g., increased concentration of cotinine (a metabolite of
nicotine) in blood resulting from exposure to tobacco smoke. Similarly, biomarkers in ecosystems
are "biochemical, physiological, or histological indicators of either exposure to or effects of
xenobiotic chemicals at the suborganismal or organismal level” (9). Biomarkers can also apply to
ecological exposure, although they are not often classified as measures of dose ("biotic and abiotic

accumulation” in Figure 4). For example, Hunsaker et al (10) have suggested measuring
cholinesterase levels and porphyrin accumulation to indicate the level of ecosystem exposure.
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‘Figure-2: U.S. Environmental Protection Agency's Schematic of Dose and Exposure for Airborne

Substances (Modified by McCurdy (11)). Biomarkers can be substances to which the organism is exposed or
metabolites (¢.g., enzymes) indicating exposure.

Human exposure can be expressed as the lifetime average daily dose (LADD). Each route
of exposure must be considered; i.e., ingestion (water, food, and soil), inhalation of gases and
particles, and dermal exposures. Based upon Derelanko’s (12) expressions of LADD, total
LADD may be calculated as the sum of all LADD values via all routes:

LADD; =LADD, +LADD, + LADD,

where: LADD+ = lifetinie average daily dose (mg/kg/d) via all routes
LADD, = lifetime average daily dose (mg/kg/d) via inhalation
LADD, = lifetime average daily dose (mg/kg/d) via ingestion
LADDy, = lifetime average daily dose (mg/kg/d) via dermal routes.

Further, each route can be must be further, subdivided. For example, LADDr=LADD, +
LADD,

LADD, = (CYIR)EL)AFYED)
(BW)(TL)

where: LADD, = lifetime average daily dose (mg/kg/d) from inhaling vapors;
- C=concentration in air (mg/m3);
IR = inhalation rate (m3 /h);
EL = exposure length (h/d),




AF = uptake or absorption factor (dimensionless, fraction of inhaled C absorbed);
ED = duration of exposure (d);

BW = body wt (kg),

TL = typical lifetime (d)

LADD, = (C,)PCYIR)RF)ELYAF)EDY10%)
@W)(TL)
where: LADD, = lifetime average daily dose (mg/kg/d) from inhaling pam"clc matter (liquid
and solid);

C, = concentration of contaminant sorbed on or in particle (mg/m3);

PC = particle concentration in air (mg/m3)
10 = converts kg to mg.

Therefore, physical and chemical characteristics, such as phase distnbution and a
substance’s affinity to accumulate in various environmental compartments, can profoundly affect
the estimates of exposure to humans and wildlife. Although endocrine disruption risk assessment
shares many elements with other types of toxicity, endocrine disrupter exposure is further
complicated by triggering and response mechanisms in the endocrine system at certain stages of
development in humans and wildlife. These windows of exposure, where the organism is
particularly vulnerable to hormonal dysfunction, must be addressed in any exposure calculations
and may be expressed as: '

CWDDgpe = (LADD; + CW)YSF)(MT)

where: CWDDgpc = Total critical window endocrine disruptor exposure (mg/kg/d);
CW = Additive dose during critical windows of vulnerability (d);
SF = sensitivity factors; e.g., demographics for human populations, species
sensitivities for wildlife (dimensionless),

MT = matemnal transfer and transgenerational multiplier (dimensionless).

Exposure models should incorporate physico-chemical properties associated with
transport, transformation and fate in air, soil, water, and sediment transport capabilities of
existing compartmental models. For example, Figure 3 illustrates three different idealized bimodal
distributions for particles. The distributions can provide weight-of-evidence for whether the
particles are anthropogenic or natural in origin. This research has recently experienced significant
advances; e.g., Ksrickhoff and Long (14) have developed the SPARC model which characterizes
the potential environmental fate of substances based upon vapor pressure, lipophilicity (e.g.,
-Kow), activity coefficients, water solubility, phase partitioning (i.e., Henry's Constant) and

ionization potential (pK,). The models should run at appropriate spatial and temporal scales
. inherent in multimedia transport systems which have been identified as critical to exposure
assessment (i.e., timing and duration of exposure).
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Figure 3: Particles ofien display a bimodal distribution by mass, originate from multiple sources, show dynamic
growth and reactivity, and are carmmiers of other pollutants (Hidy (13)).- The upper right mass distribution is typical
for an area dominated by anthropogenic (combustion) sources, while the bottom distribution is typical for areas

where particles are generated from noncombustion sources (e.g., re-entrained soil and mining activities). '

Human risk assessments provide an expression of the likelihood that an adverse outcome

will result from a given hazard; e.g., 10-0 chance of cervical cancer in a population exposed to a
particular pollutant. Ecological risk assessments are also expressions of the likelihood of an
adverse outcome, but the expression depends upon the "environmental value” of concem, e.g.,
biological diversity, sustainability, and aesthetics (15). A major difference between human and
ecological exposure paradigms is their level of biological organization; i.e., population exposure
for one species (human) versus community (several species), association, and population
exposure for ecological risk assessments (16). However, as indicated in Figure 4, a number of
similarities exist between human and ecological exposure assessments. Both are often concemed
with sensitive subpopulations, many pollutants are both human and ecological stressors, and
ambient measurements for some pollutants can be indicators of both human and ecosystem
exposure (e.g., ozone). ‘
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Figure 4. Exposure components of risk paradigms are similar for humans and ecosystems (16).

ENDOCRINE DISRUPTOR EXPOSURE RESEARCH AREAS

The National Acacemy of Sciences (8) has recommend approaches for assessing hunan
exposure to airborne pollutants (Figure 5), illustrating the need for data from direct measurements
(personal and biomarker monitoring) and from indirect approaches (especially to gain knowledge
about activities). At the outset, however, exposure research for endocrine disruptors should
emphasize the physico-chemical characterization of known or highly suspect endocrine
disruptors. Estimating exposures must begin with an understanding of how these substances can
be expected to behave in the various media and their fate. The development and adaptation of
compartmental transport and fate models can be the major focus of this research.

- Chemical substances move through environmental “compartments;” i.e., air, soil, water,
sediment, and biota, being transported and transformed before reaching the sites of their ultimate
fate. Such compartments can be simulated in mathematical models to predict the persistence,
bioaccumulation, bioconcentration, and biomagnification of these substances within each medium,
according to physico-chemical properties such as vapor pressure, water/lipid solubility,
bioaccumulation factors, and chemical half-life. Modeling can apply to both human and
ecosystem exposures; such as food chain models, however, compartmental exposure models have
pnincipally been used to address outcomes other than endocrine disruption A number of
researchers, including Cohen et al (17, 18, 19), have developed models to simulate the movement
and change of chemical substances in the environment, as a function of their physico-chemical
characteristics. These properties dictate the potential sorption, transformation, transfer, and fate
in soil, sediment, water and air and uptake by biota; the ability of substances to enter the food
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chain; and the magnification of chemical concentratxons at higher trophic levels for those
substances that accumulate.
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Figure 5: Possible approaches for analysis of ir contaminant (8). The dashed line between PK and PD
models and exposure models added by. author to show that exposure models can be derived from direct measurement
data, from routines from other models, and from combinations of measmed and derived data.

In sediments, for example, transformation pathways and kinetics are dctermined by a
complex interaction of microbial, chemical, and physical processes. The interplay of these
processes should be an overarching theme for any study of chemical fate in the environment.
Many of the suspect endocrine disrupting chemical substances identified to date are low
solubility, neutral organic compounds that are highly sorbed on the organic carbon phases of
sediments. Currently available predictive tools are based on hydrophobic solution theory, and
~ are reliable for estimating the magnitude of sorption of such compounds on sediments.
Comparable tools for estimating the kinetics of the sorption and desorption processes are lacking.
Work is also needed to develop models for predicting the sorption of the ionizable endocrine
disruptors, under varying pH and ionic strength conditions.

Biomarkers of exposure are an essential adjunct to environmental measurements in

developing and verifying human and ecosystem exposure models. They are also needed to screen
ecosystems for exposures and to improve exposure estimates in future epidemiological studies.

&




IMPROVED EXPOSURE DATA .
Reliable and standardized data bases are vital in testing effects/exposure hypotheses, and
in evaluating exposure and effects models.” A strategic approach for using or modifying existing
monitoring programs to assess current and historical effects of endocrine disruptors should be
developed. Federal and other data bases need to be reviewed for reliability (meta-data, quality
assurance, documentation, frequency, and methods), and an assessment be given to the scientific
community regarding the data quality and the means for accessing these data (electronically and
manually). Several existing monitoring programs that collect data could be used to help in
problem formulations for risk assessments, or to support exposure or effect characterizations in
retrospective risk assessments. Examples in the U.S. include the Environmental Monitoring and
Assessment Program (EMAP) of the EPA, the National Status and Trends Program (BEST) of
the NBS, the National Water Quality Assessment Program (NAWQA) administered by the U.S.
Geological Survey, and a variety of state and joint interational monitoring programs.

IDENTIFYING MAJOR KNOWLEDGE GAPS AND UNCERTAINTIES

The ranges of uncertainty must be identified and incorporated into the models. Improved
toxicokinetic and structure activity models need to be linked with the physico-chemical
characteristics of suspect endocrine disruptors, especially at critical and sensitive early life-
- stages. Compartmental models and laboratory studies must be linked to field research by
developing mechanism-based dose response models. Exposure levels observed in the field will be
used as a basis for identifying realistic dose ranges in laboratory experiments. Effects and
exposure biomarkers must be calibrated to adverse individual- and population-level effects. Field
evaluations of these markers should establish which are most predictive of population-level
effects (i.e., which are most useful for establishing cause and effect relationships). This
necessitates the evaluation of "normal” values and the uncertainty associated with their
measurement. '

SCALE OF EXPOSURE -

Endocnne disruptor research will take place at scales ranging from subcellular exposure to
regional. Methods for assessing exposure for an individual organism (e.g., one human being)
differ from methods used to assess population exposure. Likewise, estimating exposures for a
single ecosystem component; e.g., a lake or wetland, will be different from a large-scale exposure
assessment of region or biome. '

In the case of the small-scale assessment (residential, occupational, farms), a researcher
may be able to determine signals of exposure for a wide array of contaminants, and provide
detailed and specific information about a subject's activity patterns. Often, however, scientists
are asked to estimate exposure of entire populations or target groups, wherein gathering detailed
and specific information about the exposure of each individual in a population is scientifically and
economically infeasible. Moreover, in the case of ecosystems, detailed information about
individuals may have less importance than the interrelationships and diversity of a larger
. ecological community; true to the adage, "not seeing the forest for the trees." The hypothesis or
study objective determines the scale of an exposure assessment.

- Geographic scale also plays a crucial role in model selection. There may be a need for

predictive capability on the micro-scale (e.g., occupational, residential), field-scale (e.g.,
production plant emissions impacting adjacent ecosystems or human populations), regional scale
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(e.g., farm applications and resulting human and ecosystem exposures in an entire watershed) and
global-scale (e.g., long-range transport and exposure at remote sites).

EXPOSURE HYPOTHESIS TESTING SITES

A potentially productive research approach would be to comprehensively investigate a
small number of experimental sites/systems with problems that are known or strongly-suspected
to be related to endocrine disruptors. This type of integrated study, conducted at multiple levels
of biological organization, with both laboratory and field components, could yield significant
insights into many of the issues mentioned above, including identification of sensitive
measurement endpoints and species, and extrapolation among endpoints, species and chemicals.

Both biological and exposurs measurements need to be collected for areas expected to
have elevated concentrations of suspected endocrine disruptors in various environmental media.
Biomarker researchers can test screening tools, in sifu results can be compared to in vivo and in
vitro findings, and biologically plausible hypotheses linking exposure and effects can be tested.
Pilot study sites could be selected based upon strong weight-of-evidence that populations have
been affected by exposure to endocrine disruptors. Such evidence can consist of ecological
epidemiology, positive response or exposure screens, historical data suggesting a likelihood that
endocrine disruptors are present in one or more environmental media, or where source or fate
models suggest a “hot spot.” An ecosystem approach should be adopted and multiple
phylogenetic groups and trophic levels should be studied at a given site.

Such studies may also be used to test and validate predictive, integrated models that
-incorporate structure-activity relationships, toxicokinetics, bioenergetics, environmental
chemistry, and population ecology. They can provide a means for testing effects and exposure
screening tools, and would provide multimedia samples for analytical methods development.
Although these pilots would likely focus upon ecosystem level effects and endocrine disruptor
concentrations in environmental media, they may also present the opportunity to conduct human
residential studies compare expected exposures from human exposure models to actual exposures -
under actual environmental conditions where weight-of-evidence suggests a human biological
response; e.g. concentrations in carpet, food, indoor and outdoor air, and drinking water at a small
number of sites around a former facility where a suspect endocrine disrupting substance was
manufactured. : ’

In addition to measurements of endocrine disruptors in highly contaminated areas, some
estimate of variability of contamination in different regions may be obtained via monitoring sites
where air, water, soil, sediment, and vegetation samples can be gathered. These samples can
provide valuable information about areas other than the highly contaminated areas that will be
addressed in the pilot studies. The National Exposure Research Laboratory, for example, is
establishing such near each of its facilities, which may help fill this need. At a minimum, these
“near-laboratory” sites will provide a means for developing and testing measurement protocols
for a wide range of pollutants, including those suspected of disrupting endocrine function.

- CONCLUSIONS

As researchers begin to relate environmental exposures to endocrine effects in humans and
wildlife, they will need will need increasingly reliable data and models. The compartmental
models show promise in identifying major knowledge gaps and uncertainties for chemical classes
which may be associated with endocrine disruption. These models make use of physical and
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chemical characteristics of substances and, as such, improved understanding of how substances
behave in the various environmental compartments is crucial to exposure assessments. The
modeling should be complemented by field data from pilot studies of areas where exposure and
effects hypotheses can be tested, especially weight-of-evidence of suspect endocrine disruptors
can be compared effects and biological responses in humans and wildlife. '
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