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1.1
Chemical Mixtures Exposure

When humans are exposed to chemicals, they are not exposed to just one chemical at
a time. A vast number of chemicals pervade our environment. Exposures, whether
simultaneous or sequential, are to chemical mixtures. The standard definition of a
chemical mixture is any set of multiple chemicals regardless of source that may or
maynot be identifiable thatmay contribute to joint toxicity in a target population [1, 2].

By some estimates, up to 6 billion tons of waste is produced annually in theUnited
States. Several years ago, the US Office of Technology Assessment estimated 275
million of those tons were hazardous. Most waste finds its way to more than 30 000
toxicwaste disposal sites across theUnited States, amajority ofwhich theUSEPAhas
categorized as uncontrolled hazardous waste sites [3]. Thus far, traditional risk
assessment, even with its inherent shortcomings, has helped to control chemical
exposures to that waste reasonably well, as evidenced by statistics on longevity, health
status, and world population growth. Yet, new health and environment indicators
have raised disquieting questions, and a consequent growing concern is that this
success might be short-lived. One reason is an alarming, logarithmic increase in the
synthesis, manufacture, and use of chemicals worldwide as �developed� and
�developing� countries compete to provide their populations an improved quality
of life. Tohelpmeet these concerns, theWorldHealthOrganization (WHO), as part of
its harmonization of approaches project, recently published a report onmethods and
approaches for risk assessment of chemical mixtures [4, 5].

Former US Secretary of Defense Donald Rumsfeld once said with regard to
intelligence reports

There are known knowns. There are things we know we know. We also know
there are known unknowns. That is to say, we know there are some things we
do not know. But there are also unknown unknowns, the ones we don�t know
we don�t know [6].
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Rumsfeld�s wisdom also applies to the state of chemical toxicology, particularly to
toxicology of chemical mixtures. Among the three categories, the unknown unknowns
are, in the science of chemicalmixture toxicology, the ones that cause themost worry.

Mixtures are one of the toxicology�s huge unknowns. The concerns for chemical
mixture toxicology�s potential but unknown problems are illustrated by an examina-
tion of the presence of many chemicals, albeit at low levels, in our bodies. On
December 10, 2009, the Centers for Disease Control and Prevention (CDC) released
its FourthNational Report onHumanExposure toEnvironmentalChemicals [7]. This
is themost comprehensive assessment to date of the exposure of theUSpopulation to
chemicals in the environment.CDChasmeasured212 chemicals in people�s blood or
urine, 75 of which have never before beenmeasured in theUS population. Similar to
its three predecessors, butwith expanded effort, this report contains exposure data for
the US population for environmental chemicals monitored during 1999–2000,
2001–2002, and 2003–2004. The number 212 is not magic; it is merely the number
of chemicals that could be identified and quantified per the established analytical
laboratoryprotocol.Theactualnumbersofenvironmentalpollutants inourbodycould
bemuchhigher than 212. The sample size ranged fromhundreds to a few thousands,
for example, a lowof1854samples for2,20,3,30,4,40,5,50,6,60-decachlorobiphenyl (PCB
209) and a high of 8945 for cadmium or lead analyses. With such large sample sizes
and the CDC staff�s meticulous work, this report�s results are widely viewed as a fair
representation of those environmental chemicals and their respective concentrations
that inhabit thegeneralUSpopulation [7].Recognizing,however, that associations are
not causations, theCDCemphasizes in these reports that �. . . themeasurement of an
environmental chemical in a person�s blood or urine does not by itself mean that the
chemical causes disease.�

Such a cautionary statement is understandable from a government agency
responsible for public health. But toxicologically speaking, the 212 chemicals
analyzed in the serum or urine samples were from a fairly large population sample.
This then raises an important issue regarding the toxicological importance of a
�mixture cocktail� in our bodies, albeit at very low concentrations. Inmany ways, this
is the kind of unknown unknowns in chemical mixtures toxicology that should draw
toxicologists to this real-life challenge: how do we assess the impact of these
chemicals on current or future human health?

No one yet knows the answer for certain, but the question can be viewed from two
different perspectives. A liberal perspective would hold that the presence of these
chemicals in our bodies is merely a nuisance; they are the price paid for living in a
modern, industrialized society that generates thousands of chemicals. These che-
micals in our bodies are a necessary evil without any toxicological importance,
particularly given such low levels. The average life span of our society is increasing,
and the benefits derived from these xenobiotics outweigh their potential risks [8]. In
fact, some scientists even believe that a small amount of any chemical might have
certain beneficial effects [9–12].

But a second, more conservative and more cautionary perspective is that the
presence of these chemicals in our bodies represents the toxicological unknown
unknowns. These chemicals could potentially harm us. Thus, if we are to err, we
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should err on the safe side. Exposure to persistent chemicals such asmetals, dioxins,
and polychlorinated biphenyls (PCBs) could lead to their accumulation in our bodies
and lead further to increasingly high tissue concentrations. Several lipophilic,
persistent organic pollutants (POPs) can, for example, concentrate in breast milk
and during pregnancy and through lactation expose the growing fetus and babies.
Such chemical body burdens and their possible variations from person to person,
together with the unlimited combinations of chemicalmixtures thatmay be inherent
in human populations, are beyond the capacity of traditional toxicity testing. The
precautionary principle could be a solution, founded as it is on the use of compre-
hensive, coordinated research to protect human and environmental health.When the
CollegiumRamazzini opened in 1983, Professor Irving Selikoff wrote, �Science is no
stranger to uncertainty and incomplete data. The Collegium will utilize science to
help unlock the rigidities of those fixed in legalistic and regulatory combats that
prevent progress in environmental and occupational health� [13].

As environmental health hazards become increasingly complex and international
in scope, this principle might play an increasingly important role. Its spirit is
embodied in the 1992 Rio de Janeiro declaration: �Where there are threats of serious
or irreversible damage, scientific uncertainty shall not be used to postpone cost-
effective measures to prevent environmental degradation.� That chemical mixtures
or complex exposures are part of our lives is a subject of increased realization and
awareness; to play a central role in environmental protection and public health,
traditional risk assessment must accommodate such challenges [14]. The US
Congress enacted, for example, clean air, clean water, and environmental laws
because of concerns that contaminants in air and water and hazardous waste might
cause adverse health effects before development of any antidotal, comprehensive
body of biomedical science [15]. But such science is possible only by continued
coordination and collaboration of efforts to develop alternative methods and trans-
parent strategies; science that allows dynamic participation of data generators, data
users, researchers, stakeholders, and decision makers.

Almost all applied and basic science underpinning current regulations tested one
chemical at a time. Several US environmental laws including Superfund,1) the Safe
Drinking Water Act Amendments (SDWAs), and the Clean Air Act (CAA) have
acknowledged the significance of potential exposure to, and the health effects of,
chemicalmixtures. The FoodQuality ProtectionAct (FQPA) even states thatmixtures
are the rule rather than the exception. Thus began the groundwork for a new
approach to the study of chemical mixtures. Now, when calculating whether
exposures exceed tolerance levels, compounds with similar mechanisms of action
must receive joint consideration. FQPA has therefore initiated the cognitive tran-
sition – and the logical progression – fromsingle tomultiple chemical risk evaluation.

During the past two decades, quantitative risk assessment research has devised
formulas, written documents, held workshops, and developed guidelines to address
chemical mixtures issues [16, 17]. Recently, guidelines and guidance have incorpo-

1) The Comprehensive Environmental Response, Compensation and Liability Act of 1980, as amended
by the Superfund Amendments Reauthorization Act (SARA) of 1986.
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rated chemical interaction concepts and have suggested methods to evaluate the
possible influence of such interactions on the overall joint toxicity of chemical
mixtures [1, 2, 18].

The methods these guidelines propose have been, and could be applied to
contrived mixtures, simple mixtures, complex mixtures, particulate matter, food
additives, intended and unintended exposures of short-term and long-term episodic
durations, and to environmental stressors. The evolution of the methods to evaluate
the joint toxicity of mixtures and their success have provided the confidence to apply
them to real-world exposures.

The past two decades have undoubtedly witnessed the gradual maturing of the
toxicology of chemical mixtures. Symposia and major conferences dedicated to
chemical mixtures have appeared with increasing frequency at annual meetings of
major scientific societies, specifically the Society of Toxicology [19], the Society of Risk
Analysis, the European Conference on Combination Toxicology, the ATSDR Inter-
national Conference on Chemical Mixtures 2002 [20–24]. Concerns about chemical
mixtures prompted the Society of Toxicology to establish amixtures specialty in 2007,
and mixtures were the theme of the 2009 annual meeting of Society of Toxicology,
Canada. Recently, the ILSI Health and Environmental Sciences Institute (HESI) risk
assessment methodologies technical committee convened a working group of
academic, government, and industry representatives to explore and to improve
methodologies available for assessing mixtures risk. The team elected to explore
screening-level risk assessment methodologies that could address risks from low-
dose exposure to mixtures and completed a critical analysis of chemical interactions
and their magnitude [25]. As is true with any developing area, issues remain that are
unique to chemical mixtures. Researchers must deal with an array of concerns about
chemical mixtures, and many factors affect research and methods� development,
including scientific advances, expert opinions, regulatory needs, administrative
priorities, public interest, and legislative actions [26].

1.2
Superfund Research Program

The National Institute of Environmental Health Sciences (NIEHS) Superfund
Research Program (SRP) was created as a network of multi- and interdisciplinary
teams of researchers. Its purpose is to address broad, complex health and environ-
mental issues that arise from the multimedia nature of hazardous waste sites –

particularly, from both long-known and emerging environmental contaminants
(http://www.niehs.nih.gov/sbrp) [27]. By creatingmultiproject andmultidisciplinary
programs, SRP encourages and fosters partnerships among diverse scientific dis-
ciplines. Recent technological advances have the capacity to stimulate interdisci-
plinary research in such disciplines as follows:

. Genomics, proteomics, and metabolomics technologies;

. Molecular, cellular, and whole-animal imaging methodologies;
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. Miniaturized tools/technologies (i.e., at the micro- and nanolevel); and

. Improved cyber infrastructure and bioinformatic tools to gather, assimilate, and
interrogate large diverse data sets.

Establishingmultidisciplinary research programs provides amore comprehensive
understanding of complex environmental issues. The knowledge gained through
these research efforts has proven useful in supporting decisionsmade by state, local,
and federal agencies, private organizations, and in industries involving the man-
agement of hazardous substances.

The mandates under which the SRP operates provide a framework that has, for
example, allowed the NIEHS the latitude to address a wide array of scientific
uncertainties facing the national Superfund Program (http://www.niehs.nih.gov/
research/supported/srp/about/index.cfm). These mandates include the develop-
ment of

1) Methods and technologies to detect hazardous substances in the environment;
2) Advanced techniques for the detection, assessment, and evaluation of the effect

of hazardous substances on human health;
3) Methods to assess the risks to humanhealth presented by hazardous substances;

and
4) Basic biological, chemical, and physical methods to reduce the amount and

toxicity of hazardous substances.

Themethods grew out of Congress�s recognition that the strategies for the cleanup
of Superfund sites and the technologies available to implement these cleanups were
inadequate to address the magnitude and complexity of the problems. Congress
accordingly enacted the Superfund�s 1986 SARA amendments.

To address the complex, interdependent, yet fundamental issues that arise in
relation to hazardous waste integration, cooperation is needed from many disci-
plines. A holistic approach that borrows theories and methodologies from many
diverse scientific disciplines is the future for integrated environmental health as it
relates to the Superfund [28]. Ultimately, this approach will enable basic research
findings to transition into epidemiological, clinical, ecological, and remediation
studies, all of which are important for the public health decision-making process.

A central SRP premise recognizes the link between chemical exposure and health
effects leading to disease outcome will assist in understanding, identifying, and
establishingneworimprovedpreventionandinterventionmodalities (Figure1.1) [29].
Contributing factors that modulate the exposure–disease paradigm include

. Temporal factors (age and developmental stage);

. Spatial factors (geographic locations);

. Genetic factors (single-nucleotide polymorphisms (snps), methylation patterns);
and

. Unique circumstances (e.g., comorbid conditions, nutritional status, etc.).

The considerable interplay between exposure and response results in �real-world�
mixture exposures with widely varied biological effects. Ultimately, developing
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strategies must consider this foundational fact, not only to minimize the effect of
exposure on disease risk but also to develop risk assessment models that incorporate
these diverse parameters. Only in this way will science provide the biologically
relevant information needed to make informed, human-health protective choices.

Thus, SRP-supported research is a continuum from basic to applied research. Its
state-of-the-art techniques improve the sensitivity and specificity for detecting
adverse effects on humans or on ecosystems exposed to hazardous substances. This
research also promotes a better understanding of the underlying biology responsible
for such adverse effects.

1.3
SRP and Mixtures Research

From a public health perspective, the inability to predict whether chemical agents act
in an additive, synergistic, or antagonistic manner at concentrations encountered in
the environment creates real problems for human health risk assessment. Many
examples confirm that interactions of chemicals with each other or with other
physical or biological agents affect health to a greater extent than would have been
predicted given the toxicity of individual components. A critical issue related to
hazardous waste sites for remediation or health effects research is that the con-
centrations at which chemicals occur in the environment are extremely low, and

Figure 1.1 The environmental health sciences working paradigm of environmental exposures
leading to disease through a cascade of events.
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exposures are long-term and continual with simultaneous exposure to multiple
chemicals. Thus, whether the subject is remediation strategies, exposure to humans
or ecosystems, site characterization, bioavailability, or the development of risk
assessment models, chemical mixtures are an issue of concern. Furthermore,
real-life scenarios rarely reflect biomedical research, exposure assessments, or
remediation strategies based on exposures to single substances in isolation. Indeed,
such oversimplification fails to consider

. Prior exposure history and vulnerability (i.e., susceptibility);

. Interactions with other stressors of similar/dissimilar mechanisms of action;

. Potentiation or sensitization by chemicals not toxic in themselves; and

. Interaction of chemicals that could lead to synergistic or antagonistic effects [30].

In fact, the majority of diseases are the consequence of both environmental
exposures and genetic factors [31]. Individual susceptibility to environmentally
induced disease is a source of uncertainty. A better understanding of genetic
influences on environmental response could lead to more accurate estimates of
disease risks and could provide a basis for disease prevention. Researchers, envi-
ronmental policy makers, and public health officials are challenged to design and
implement strategies to reduce human disease and dysfunction resulting from
exposure to chemical mixtures.

Interactions among mixture components and gene–environment interactions
should be seen not as a limit to scientific progress but as a challenge to develop
more complex and sensitive methods. To address the complexities and uncertainties
surrounding human exposures to mixtures of chemical contaminants, researchers
must fully utilize and integrate cellular and molecular biology methodologies,
mechanistically based short-term toxicology studies, computational technology, and
mathematical and statistical modeling [32, 33].

With continued development of and refinement in the available repertoire of
advanced tools and approaches, the ability to better assess the effect of mixtures on
human health is reachable. The types of research related to mixtures important to
addressing issues within the SRP include the following:

. Development of computational toxicology approaches to understand dose/effect
relationship in the context of chemical interactions;

. Application of high throughput functional assays to define critical mechanistic
end points associated with potential adverse biological consequences of exposure
to chemical mixtures;

. Integration of diverse data sets to develop biologically based predictivemodels for
chemical mixtures;

. Application of metagenomics to understand the impact of chemical mixtures on
the structure and function of microbial communities;

. Development of nanotechnologies to detect and measure individual components
within complex mixtures in real time;

. Development of innovative approaches to remediate chemical mixtures in
environmental media; and
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. Adaptation and application of fate and transport models to predict and assess the
influence of chemical mixtures on the efficiency and effectiveness of applied
remediation approaches.

Multi-, inter-, and transdisciplinary research strategies are not easy to implement;
many government, industry, and academic programs tend to foster and reward
narrow approaches to problem solving. The NIEHS SRP, however, serves as a model
of a successful program where biomedical researchers cooperate and collaborate
with, for example, ecologists, engineers, andmathematicians. This results in creative
synergisms and novel approaches to address complex problems, especially the
problems of chemical mixtures at Superfund sites.

1.4
Drug–drug Interactions and Nanomaterials

For those interested in the toxicology of chemical mixtures, two areas of toxicological
sciences – drug–drug interactions and nanomaterials – are particularly challenging.
The former, though a long-time issue in the pharmaceutical industry, remains a
toxicological unknown unknown. With regard to serious toxicological interactions, it
has not received attention it deserves.

And nanomaterials are a completely new area. The challenges to toxicologists are
particularly relevant from the perspective that many nanomaterials are �chemical
mixtures� and their unique physicochemical properties would raise some highly
unusual physiological, biochemical, and toxicological issues (see Chapter 21). These
two areas warrant some special discussion.

Before prescribing multiple drugs, some physicians consider potential drug
interactions. Physicians try to minimize these interactions by taking into consider-
ation the time needed for each drug to reachmaximum blood concentration, its half-
life (t1/2), its bioavailability, and its mode of action. Until recently, however, institu-
tions would not allocate resources to study toxicological interactions from multiple
drug intakes. In addition to combination therapy (i.e., polytherapy or polypharmacy),
multiple drug intake could easily be realized when different doctors treat patients for
multiple illnesses, particularly aging patients. As the exposure dose levels from drug
intake are usually much higher than are doses of environmental chemicals, drug–
drug toxicological interactions can become a serious problem. A number of case
studies quoted below provide a glimpse of the seriousness of this issue.

Using a meta-analysis, in 1994 over 2.2 million cases of serious adverse drug
reactions (ADRs) occurred among US hospital patients [34]. During hospital stays,
the patients were given an average of eight drugs. Some 106 000 serious drug
interaction cases were fatal, making ADRs the fourth to sixth leading cause of death
for that year in the United States. In 1998, the US Food and Drug Administration
(FDA) established the �Adverse Event Reporting System.� Data analysis collected
under this system revealed that from 1998 through 2005, serious adverse drug
reactions increased 2.6 fold, from 34 966 to 89 842, and fatal adverse drug incidence
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increased 2.7 fold, from5519 to 15 107 [35]. These results highlight the importance of
ADRs as a public health problem.

An exposure situation and its related complications may also influence toxicolog-
ical interactions. The anesthetic agent Fluroxene was safely used in clinical medicine
for almost 20 years before the first fatal incident [36, 37]. In 1972, an epileptic surgical
patient who was on a regimen of phenobarbital and diphenylhydantoin died within
36 h of operation due to massive hepatic necrosis. That fatal lesion was quickly
confirmed with experimental animal toxicology studies; the cause of death was
attributed to potentiation of fluroxene hepatotoxicity by phenobarbital and diphe-
nylhydantoin through enzyme induction [36, 37].

In an experimental toxicology study, 7-day old infant rats were administered a
combination of drugs commonly used in pediatric anesthesia (i.e., midazolam,
nitrous oxide, and isoflurane) in doses sufficient to maintain a surgical plane of
anesthesia for 6 h [38]. Researchers observed that such a common therapeutic
practice combination in the infant rats caused widespread apoptotic neurodegenera-
tion in the developing brain, deficits in hippocampal synaptic function, and persis-
tent memory/learning impairments.

The intrinsic functions of the subject exposed to chemicals may modulate
toxicological interactions. Renal dysfunction may change drug disposition such that
the likelihood of drug–drug interactions would increase. A clinical example is the
interaction between aminoglycoside antibiotics and penicillins in patients with
impaired renal function [39]. In solution, these antibiotics bind to inactivate each
other, but the reaction is slow. Because penicillin(s) is usually given in great molar
excess to the aminoglycosides, themajor consequence of such drug–drug interaction
is inactivation of aminoglycoside to subtherapeutic concentration. This interaction,
however, seems to occur only in patients with renal dysfunction. The reason has been
attributed to the retention of both antibiotics in patientswith impaired renal function,
thereby allowing sufficient time for this interaction to take place.

Manufactured nanomaterials is the second area of science that toxicologists believe
will pose a challenge to the study of chemical mixtures in the foreseeable future. The
advancement of nanotechnology in the twenty-first century is probably so important
that it represents yet another phase of the Industrial Revolution. Some estimates are
that in few years, worldwide commerce involving nanomaterials will reach $1
trillion [40]. At present, more than 600 commercial products are known to contain
nanomaterials [41]. Because these nanoparticles are invisible – usually under 100 nm
in diameter – and because nothing much is known about their toxicities, concerns
have been raised about their health effects on humans [42, 43]. Many of these
nanomaterials have a core that consists of a number of metals [40, 44], hence arises
the chemical mixtures issue. Moreover, nanomaterials have some unique physico-
chemical properties – some have rather persistent tissue pharmacokinetics
[43, 45, 46]. In one of the first published physiologically based pharmacokinetic
(PBPK) modeling papers on a nanoparticle, Quantum Dot 705 (QD705) in mice
(Figure 1.2), the authors pointed out that such unique and worrisome pharmaco-
kinetic nanoparticle properties might have a silver lining [43, 46]. That is, while the
persistence of QD705 was of health concern specifically in the spleen, kidney, and
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liver for up to an experimental duration of 6 months, the nanoparticles� affinity
toward these tissues might be exploited to design drug delivery systems for potential
targets in these same tissues. Thus, nanomaterials� unique properties will undoubt-
edly present an important future challenge for scientists in the environmental and
occupational toxicology and risk assessment areas.

1.5
Waste Sites and Mixtures Risk Assessment

Communities near waste sites – particularly Superfund sites – can potentially be
exposed to low levels of a wide range of chemicals originating from the site.
Communities can also be exposed to various other environmental chemicals from
nearbymanufacturing, transportation, and other sources. At very low-level exposures,
human populations do not show any observable health effects. Chemical(s) remain as
body burdens showing no discernible effect on a person�s overall health. Physiolog-
ically, the body adjusts to the presence of chemicals at this level through adaptive
mechanisms.As the pollutant exposure levels increase, some effectsmay be observed.

But effects such as enzyme induction and certain biochemical and subcellular
changesmay be of uncertain importance. At this level of pollutant exposure, the body
may have compensatory mechanisms [47]. Yet, as pollutant levels continue to
increase, significant, readily observable adverse effects may ensue. At these higher
pollutant levels, the body has exhausted its adaptive and compensatory mechanisms,
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Figure 1.2 A conceptual PBPK model for
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and its functioning could be compromised. Such adverse effects could lead to organ
function impairment through compromise of physiological processes, leading to
pathophysiological changes such as fatty changes and necrosis resulting in signif-
icant organ function impairment. Exposure to higher levels of pollutants could lead to
morbidity and ultimately to death. In this continuum of effects, exposures from
multiple sources may cause some persons to cross the threshold for adverse health
effects. Considering that the human population is heterogeneous and therefore lacks
biochemical characteristic homogeneity, some persons within the population will be
more susceptible than others to adverse effects. At the either end of the bell curve
then, a small fraction of the population may be hypersensitive to pollutant burdens
and exhibit adverse effects to levels of exposure thatmay otherwise be considered low.
Moreover, as emphasized in a recent National Research Council report [48], both
endogenous and exogenous background exposure and underlying disease processes
contribute to population background risk by affecting the dose–response relation-
ships of environmental chemicals.

The goal of waste-site risk assessment is to ensure �healthy people in healthy
environment� through protecting the public from unintentional exposures to toxic
substances. Determining the health risks of complex mixtures is daunting both to
toxicologists using experimental approaches and to epidemiologists using obser-
vational approaches. Risk assessment is a four-step process that includes hazard
identification, dose–response assessment, exposure assessment, and risk charac-
terization [49]. Just as researchers often confront large data gaps, chemical mixture
risk assessment of waste sites is often limited, incomplete, or inconclusive. Hazard
assessment is the fundamental basis of the overall risk assessment process. If data
were available on the whole mixture of concern, a toxicity index analogous to MRLs/
RfDs would be calculated for the mixture [50]. Often, however, whole mixture data
are not available; they often are available for some but not all mixture components.
In such cases, the hazard index (HI) approach uses the doses of the individual
mixture components after they have been scaled for toxic potency relative to each
other. In practice, a screening level analysis is performed, summing across all target
organs. If the HI value exceeds 1, this initial analysis is repeated by developing
effect-specific HIs. Conceptually, this approach helps to construct the plausible
toxicity index of a mixture that would have been calculated had the mixture itself
been tested. Using this HI approach, if exposure or toxicity screening data are
unavailable for all the components of the mixture, the risk could possibly be
underestimated [51].

When using the HI approach, its limitations should be understood and special
attention should be given to multiple target toxicities, the role of chemical interac-
tions [52], and novel or new toxicity end points. Rarely does a chemical have single
end point toxicity. Most chemicals cause multiple toxicities and cause them in
multiple target organs in multiple cell types as a function of dose (Figure 1.3).
Single chemicals can affect multiple organs/end points as a function of dose, and
multiple chemicals can affect a single organ or system. For example, lead (Pb) can
affect nervous, reproductive, and hematopoietic systems. On the other hand, arsenic,
cadmium, chromium, and Pb can affect the nervous system, thus increasing the
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chances of chemical interactions and increasing overall joint toxicity. The point is that
effects caused in the nervous system could be quite different from those caused in the
reproductive system or in the liver or kidney, resulting in different disease outcomes.
Often hazard assessment of chemical(s) is limited to critical effect or most sensitive
effect. A full understanding of chemical mixtures� potential hazards is essential and
a thorough evaluation of multiple end points is achievable. In this regard, a
physiologically based, pharmacokinetic/pharmacodynamic model may serve as an
integrator for all the relevant physiological and toxicological processes in the body –
the essence of systems biology ([53–55], see Chapter 22). A full range of multiple
toxicity values should be derived for all the secondary effects of a chemical compo-
nent, analogous to its critical effect. Thus, if minimal risk levels (MRLs), reference
doses (RfDs), threshold level values (TLVs), and other allowable levels are derived for
hepatotoxicity as critical effect, then analogous values the target organ toxicity doses
(TTDs) should be derived for all secondary effects such as nephrotoxicity, hemato-
toxicity, and immunotoxicity [56]. At times, in the absence of experimental toxicity

Figure 1.3 Single chemicals can affect multiple organs/end points and multiple chemicals can
affect a single organ or system as a function of dose.
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data, computational tools such as structure–activity relationships (SAR) models can
be used to derive such values.

The second aspect for consideration while using the HI approach is the role of
potential of chemical interactions in the overall expression of chemical mixture joint
toxicity. Ample studies demonstrate that chemicals can interact with one another and
at times, by influencing the toxicity of other components of themixture, can increase
or decrease a mixture�s overall toxicity. People are exposed to complex and highly
variable mixtures of chemicals of naturally occurring and synthetic origin. The body
in general disposes of all natural or synthetic chemicals by the same limited
pathways. Thus, the probability arises of simple or complex interactions occurring
at multiple levels in an organism. These interactions could be toxicokinetic (see
Chapter 9) and toxicodynamic in nature (see Chapter 6); for realistic and accurate risk
assessments, the interactions� consideration and, if needed, their integration into the
overall toxicity assessment of a mixture, is important [57]. Often, this type of
interaction assessment might lead to the conclusion that the interactions are
insignificant, but it will serve the purpose by alleviating the concerns of communities
cognizant of exposure to chemical mixtures.

Another more sophisticated approach – PBPK modeling – has also been used to
study, validate, or verify interactions ([51, 53–55, 58, 59], see Chapter 20). Many early
PBPKmodeling efforts were based on the SimuSolv software. But at present, support
for that is not forthcoming. More recently, the Advanced Continuous Simulation
Language (ACSL; AEgis Technologies, Huntsville, AL) and Berkeley Madonna (the
University of California, Berkley, CA) are being widely used. In addition to these
dedicated computer software packages [60], the application of a spreadsheet program
to support a PBPK model has also been demonstrated [61], and the Trent University
(Peterborough, Ontario, Canada, updated 2003) has made available a spreadsheet
program to run PBPK models.

PBPKmodels aremathematical representations of the animal or human body that
group tissues or organs into compartments. Physiological and anatomical considera-
tions of the sizes and blood flow of the organs they represent dictate the character-
istics and links between these compartments. Thus, the model simulation is the
resolving of a set of equations. Thesemodels were originally developed to understand
the relationship between dose delivered to a target organ/tissue and its toxic response
(s). Because of their increased biological relevance and reliability (fidelity), these
models are now applied to study various aspects of toxicity of chemicals and
interactions. During the past two decades, several mixtures, their mechanisms of
interactions, and in some instances the threshold of such interactions, have been
studied using PBPK models (see Chapter 7). Through these mixtures modeling
exercises, great insights were acquired into the most commonly occurring mechan-
isms of interactions in biological systems such as competitive, noncompetitive, and
noncompetitive enzyme inhibition or enzyme induction. With experience, increas-
ing sophistication has been incorporated into new models for evaluating defined
mixtures consisting of -2, -3, -4, -5 components and complex mixtures.

The third and last issue to consider for the HI approach is the possibility of new or
novel toxicities the chemicalmixturesmight cause that individual componentsmight
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not cause. This can happen when a shift occurs from chemical-specific, toxic
responses to mixture-specific responses. If interactions occur (in the toxicokinetic
or toxicodynamic phase), mixtures are likely to induce effects not seen in the
individual chemicals. In both similar or dissimilar mechanisms of action, novel
effects of mixtures are not likely to occur at low dose or no observed adverse effect
levels of individual components. At high dose or adverse effect levels of the individual
compounds, however, novel adverse effects of themixturemay occur and indeedhave
been observed [62, 63]. Such studies also show that some of the adverse effects seen
with the individual chemicals are not found after exposure to the mixture at
comparable dose levels.

In this challenging era of toxicology, application of transcriptomics,2) proteomics,
and metabolomics are proving to be powerful tools. Transcriptomics using expres-
sion microarrays has provided increased insight into toxic actions and has led to the
findings of gene expression signatures associated with types of action such as
genotoxic or nongenotoxic carcinogenicity, peroxisome proliferators, oxidative stres-
sors, and others [64–71]. These gene expression signatures are valuable in predicting
the potential toxic actions of new compounds. Importantly, transcriptomics also
provides information on the pathways and molecular processes affected by chemi-
cals. While the number of publications on transcriptomics of individual chemicals is
increasing, very few studies have applied transcriptomics to the effects of chemicals
within mixtures. Transcriptomics can, however, address such important issues as

. Are profiles of the mixtures a simple sum of the profiles of the individual
compounds or do one or two compounds dominate the effect of other toxins?

. Which processes and pathways are affected by the compounds?

. Do themixtures affect genes or processes not affected by individual compounds?

. Which of the affected genes and processes can be linked to the pathology and
clinical data?

. Can transcriptomics detect the initiation of potential harmful processes not
detected by the classical toxicology methods?

Toward this end, recent transcriptomic studies with mixtures have shown several
genes affectedby the ternarymixturebutnot by single compoundsorbinarymixtures�
synergisticaction[72]. Intheliver, thehigh-doseternarymixtureupregulated57genes,
not significantlyupregulatedbyany individual compound (Figure1.4).Only8of these
57 genes were upregulated by at least one of the binary mixtures, leaving 49 genes
uniquely upregulated by the ternary mixture. These 49 genes included those that
influencecellular proliferation, apoptosis, and tissue-specific functions–amajority of
thesearestressgenesnot inducedby individual chemical components [72].Thehighly
sensitive results from such new techniques need to be integrated into the hazard
assessmentstep; theresultsallowdetectionandevaluationofendpointsundetectedby
classical toxicological testing. Thus, by integration of suchmolecular biomarkers into

2) The study of the transcriptome, that is, the complete set of RNA transcripts produced by the genome
at any one time.
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the overall assessment process, unexpected outcomes following exposure to chemical
mixtures can be avoided.

The first key step of the risk assessment process is accurate exposure assessment.
For an accurate and realistic hazard assessment, the identification of all chemicals
and stressors and their exposure assessment should be as complete as possible. This
includes a thorough documentation of chemical mixtures and their compositions
and concentrations, including bioavailability information (see Chapter 2). More
recently, cumulative risk assessment – that is, the combined risk from aggregate
exposures via multiple routes to multiple stressors, namely, chemical, biological,
physical, and others – is gaining recognition as a pragmatic approach to characterize
real-world risk [73] (see Chapter 10). Only with such advances can risk character-
ization of hazardous waste sites that integrates all the available information on
toxicity of chemicals and theirmixtures project, with some certainty, the frequency, as
well as the severity of adverse health effects in potentially exposed populations. The
fuller the risk characterization, the easier the comparison of the results of toxico-
logical assessment with those of epidemiological studies to establish cause and effect
relationships. Thus, the weight of evidence regarding human health effects of
chemical mixtures should be derived from emerging evidence in the broad areas
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Figure 1.4 A majority of genes induced by a ternary mixture are stress genes not induced by
individual chemical components.
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of toxicology and epidemiology. Once such a relationship(s) is established, steps can
be taken for remediation of hazardous waste site and protection of public health – the
fundamental goal of risk assessment.

1.6
Alternative Testing Methods

In August 2005, Hurricane Katrina brought unprecedented destruction to the Gulf
Coast. Huge storm surges, widespread wind damage, and flooding of New Orleans
displaced hundreds of thousands of people, damaged thousands of homes beyond
repair, and disrupted thousands of lives and businesses. TheCity of NewOrleanswas
particularly hard hit; its levees broke, flooding large parts of the city. Apart from the
hundreds of lives lost, several chemicals were released from storage into the
environment, chemicals that industries used as intermediates, reagents, and cata-
lysts, mostly with unknown toxicity. Since Hurricanes Katrina and Rita, personnel
from the multiagency unified command in Metairie, Louisiana, made important
advances in the assessment, investigation, and oversight of the environmental
cleanup efforts in southeast Louisiana. The unified command agencies, along with
their local, state, and federal partners, have recovered millions of pounds of
hazardous material/oil and disposed of large amounts of debris.

Such emergency situations and the shortcomings of the risk assessment com-
munity in providing solutions to real-life challenges brought a new awareness in the
public both affected and unaffected by the happenings. This awareness has turned
into demands for issue resolution pertaining to unknown chemical toxicities. In
response, alternative testing protocols are being developed that could save time and
couldhusband resources. The InteragencyCoordinationCommittee forValidation of
Alternative Methods (ICCVAMs) Authorization Act passed by the US Congress has
authorized tests that will also achieve the goal of humane treatment of animals by
reducing, refining, and replacing animal toxicity testing [74]. The ICCVAM has
undertaken a mixture toxicity testing study of new products submitted for US EPA
registration, 89% of which are chemical mixtures. They belong to a variety of
chemical classes, including anti-inflammatory/analgesic agents, respiratory stimu-
lants, barbiturates, pesticides (insecticides, herbicides, nematicides, algicides, and
fungicides), and surfactants. This study was undertaken for the evaluation of the in
vitro neutral red uptake (NRU) basal cytotoxicity test method. Researchers wanted to
determine its usefulness for predicting the in vivo acute oral toxicity of chemical
mixtures. One of the study�s goals is to assess the relevance, including the accuracy, of
NRU in an in vitro cytotoxicity assay for estimating rat oral LD50 values of mixtures
representing the five Global Harmonization System (GHS) categories of acute oral
toxicity [75].

Through these activities, toxicology adopts a more aggressive approach to over-
come the data paucity – toxicology now accesses a broad panel of in vitro assays that
the drug discovery industry has been using for years [76]. Several newly developed
assays are now available that allow chemical bioactivity evaluation using an array of
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protein family pathways, critical cell signaling pathways, and cell health parameters.
Building these assays into a series of screens to decipher the mechanisms of toxicity
remains a formidable challenge in itself, but it can make the resulting information
usable in risk assessment.

Somuch optimism surrounds this approach that several US government agencies
and other organizations around the world are integrating these methods for high-
throughput screening of chemicals. Noteworthy government-funded programs
include ToxCast and Tox21. Registration, Evaluation, Authorization, and Restriction
of Chemical substances (REACH) is a European initiative that will generate exper-
imental data at a pace never duplicated in the history of toxicology. Tox21, a
collaborative project of NIH, US EPA, and NIEHS combines advance automation
and a growing assortment of in vitro assays and computational methods to reveal the
interaction of chemicals with biological targets. The in vitromethods used an array of
biochemical (e.g., metabolic kinase, multiple protein pathways, and protease) and
cell-based assays (e.g., nuclear receptor, phenotypic, protease, signaling, and spic-
ing). These assays can assess cell viability, nuclear receptors, pathways, and DNA
damage.

ToxCast, a US EPA project, evaluates chemical properties and bioactivity profiles
using a broad spectrum of gene assays, proteins, and metabolites that comprise the
cellular �interactome� [77]. This data can help develop methods of prioritizing
chemicals for further screening and testing to assist US EPA programs in the
management and regulation of environmental contaminants and their mixtures.
These pathways could serve as a good middle ground between biochemical or other
target-focused assays and more phenomenological, phenotypic, or high-content
assays. An important complement to ToxCast data will be that they are obtained
from assays for detecting biotransformation and complex toxicities that use complex
formats of human, nonhuman primate, or rodent cells. The ToxCast data can help
identify overall patterns across many assays and data types that could be toxicity
predictors. This type of testing takes advantage of HTS and toxicogenomic technol-
ogies for bioactivity profiling of environmental chemicals related in structure or in
mechanismof action.Although the primary purpose is not to identifymechanismsof
action of environmental toxicants per se, thismight be a future benefit of the ToxCast
program.

A scientific-method development norm is that whenever a new method is
developed, it is compared with existing methods to show its advantages and define
its limitations. The National Toxicology Program (NTP) has conducted methodical
toxicological testing for the better part of this century. The results obtained using
these new alternative methods should be compared and correlated with historical
data, specifically those generated by the NTP. Similar correlative research would use
data generated through those previous US EPA and FDA programs that guided
toxicity testing for specific registration and regulation purposes.

Paralleling this newfound evolution of immense data generation openness and
transparency is the emergence of data sharing. For example, ToxCast is making all of
its data publicly available [78]. Establishment of databases such as ACToR, eChem-
Portal, REACH, and Comparative Toxicogenomics Database (CTD) [79] will enhance
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data mining and interpretation. ACToR is a central database of toxicity information
for thousands of chemicals that can be accessed to study chemical toxicity. Bioin-
formatics, the science of turning data into information, will play a critical role in
experimental design and conduct of chemical toxicity studies.

Independent of these developments, in two separate reports, the National Re-
search Council recently emphasized the use of toxicogenomics to link biological
response indicators (biomarkers) to toxicitymechanisms, an approach susceptible of
ready application to chemical mixtures [80]. These recommendations could enhance
efforts to evaluate and remediate Superfund sites, and to reduce their effects on
human health from exposure to chemical mixtures. The National Academy of
Sciences (NAS) [81] has also recommended yet another alternative approach to
traditional toxicity testing: the use of a complex array of animal/human studies and
bioassays for the identification of toxicity pathways. This approach uses a systems
understanding of the interconnected pathways composed of complex biochemical
interactions operative in normal human and animal functioning. Following iden-
tification of these pathways, their qualitative and quantitative perturbations should be
studied as a function of exposure to chemicals or their mixtures. This recommen-
dation is predicated on the hypothesis that when sufficiently large biological
perturbations of these pathways occur following exposures to chemicals or their
mixtures� toxicity, adverse health effects or diseases result. For this to happen, the
perturbations must be large enough that they exceed the adapting capacity of the
host organism, namely, animals or humans. Thus, the degree of toxicity is host-
specific and therefore dependant on a person�s underlying health and disease
status and on his or her individual ability to adapt [81].

Knowledge about the dose–response relationship (including its shape and slope) is
a major factor in describing the toxicological characteristics of chemical(s) and their
mixtures. The dose–response curve plays a key role in the assessment of health risks.
Although toxicology deals with adverse effects and not with physiological changes,
this latest NAS recommendation brings into focus the transitional research between
physiological and harmful effects, assuming that nonadverse physiological changes
(often controlled by homeostatic processes) seen at lower doses precede adverse
effects observed at higher doses. Detailed knowledge of the relationship between
biochemical changes at lower dose levels and adverse effects seen at higher doses will
improve our understanding of mixture toxicology and will significantly contribute to
amore knowledge-based risk assessment.Ultimately, thisNAS recommendationwill
require standardization of magnitude of toxicity pathway perturbations and devia-
tions from normal functioning of biological systems and will relate to toxicity and
disease outcomes.

1.7
Translational Research

The scientific community increasingly recognizes that an understanding of risk
requires consideration of the characteristics of the host population, the environ-
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mental chemical or chemical mixture, and the exposure milieu. If these factors are
not adequately addressed, the shape and low-dose characteristics of dose–response
relationships for environmental toxicantsmay be substantiallymisrepresented. Also,
though recognized as scientifically important, site assessments give little if any
consideration to nonchemical stressors, to population vulnerability, or to various
background exposure and other risk factors. Affected stakeholder communities often
question risk assessments as inadequate and point to their narrow focus and lack of
comprehensive scope. Long-term basic research needs to generate the underlying
scientific understanding to support assessments that would more realistically
characterize low-dose risk. Any strategic planning exercise should consider prom-
ising lines of research to advance the ability to better predict risk from interactions of
sensitive population groups and life stages and from chemical and nonchemical
stressors.

In the near term, some advances are possible in the study of complexmixtureswith
high throughput, toxicogenomic studies. Complex mixtures of toxicants are a signif-
icant problem in Superfund sites as well as in other areas of toxicology and environ-
mental health. These toxicantmixtures are known to interact in unexpected or poorly
understoodways. Unfortunately,most toxicological studies use purified compounds,
reconstructedmixtures, orboth.Data fromthese studies are thebasis for regulationof
individual compounds and mixtures. As the number of components in the mixture
increases, however, the study of reconstructed mixtures becomes more and more
difficult and less and less valuable. This type of needed basic research might gain
knowledgebutwillbeof littlevalueunless itcanbeappliedinriskassessment toprotect
public health. And even if it is applied, it has to effectively bring about change in the
decision-making process. Translational research is needed to transform basic and
applied research into a risk assessment tool. Computational toxicology – a rapidly
advancing discipline of toxicology that combines the modern-day computational
power with the wisdom gained from conventional toxicity testing – is breathing
optimism in this area of translational research and risk assessment tool development.

Once they are developed, computational tools could be made easily accessible,
could decrease the cost of toxicity testing, and could meet the present demand for
filling the fundamental knowledge gaps in chemical mixture studies. Modern
computational chemistry and molecular and cellular biology tools allow researchers
to characterize a broad spectrum of physical and biological properties for large
numbers of chemicals [82].

Genomics, transcriptomics, proteomics, and metabolomics technologies are
becoming integral components of the modern biology toolkit. Linking these molec-
ular biology changes to adverse outcomes represents a significant research challenge
thatmust be addressed before such data can provide information essential to support
risk assessment. However, establishing a quantitative relationship between such
changes and adverse responses will provide key information. Such information can
be very relevant and, at times, critical to risk assessment by providingmechanistically
oriented insight into the hazard identification, dose–response, and exposure portions
of risk assessments [83]. Together with computational toxicology methods, research-
ers are using as biomarkers complimentary, alternative, in vitro methods in com-
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bination with -omics responses. As experience is gained through an increased use of
such crosscutting science methods and technology, a more efficient approach to fill
critical gaps in our knowledge base to support risk assessment will evolve. Public
health and environmentalmedicinewill then emerge together to solve chronic health
problems such as obesity, diabetes, and other metabolic diseases linked to environ-
mental factors. These changing perspectives have led to the evolution of the concepts
of green chemistry, which has the potential to drastically reduce the synthesis, use,
and production of hazardous chemicals, and largely limit the introduction of
superfluous chemicals in our environment [84].

Exposure to environmental contaminants or toxicants is one of the many condi-
tions or factors that compromise human quality of life. Toxic chemicals have been
linked to deaths and to mortality increases from cancer, respiratory, and cardiovas-
cular diseases [85]. The characteristics and patterns of exposures from waste sites,
unplanned releases, and other sources of pollution need to be understood clearly to
prevent potential adverse humanhealth effects and diminished quality of life. Ideally,
data from epidemiological findings supported by animal studies to verify mechan-
isms leading to the toxicity of chemical mixtures would be the most appropriate
information needed for risk assessment [86–88]. Yet human and animal studies are
costly and time-consuming and sometimes lead to inconclusive results. Available
epidemiological studies that have examined the health effects ofmixtures are usually
based on retrospective epidemiological data, where exposure duration and concen-
trations can only be approximated. Apart from this, those epidemiological studies
suffer from confounding factors such as genetic susceptibility, nutritional status, and
lifestyle factors.

Looking at the science of toxicology holistically, a realization emerges as to how
little is known about the millions of chemicals generally, or the over 80 thousand
chemicals in commerce, let alone their mixtures [89]. The effects of chemical
mixtures are extremely complex and vary as a function of the chemical composition
of each mixture. This complexity is a major reason why mixtures have not been well
studied. Thus, writings on chemical mixtures are more often a presentation of what
we donot know thanofwhatwe do know.Aswith the expert, themoreweunderstand,
the more we realize how little we know. To quote,

Learning is but an adjunct to ourself,

And where we are, our learning likewise is.

Shakespeare (Love�s Labor�s Lost 4,3)
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