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PREFACE

The preparation of the mixtures Technical Support Document (TSD) was
recommended in 1985 by the U.S. EPA Science Advisory Board (SAB) panel that
reviewed the Agency's mixtures guidelines. Following completion of the
external review draft in December, 1987, the TSD was reviewed by both Agency
and external experts in the field of chemical mixtures risk -assessment.
Among the external reviewers were Ron Wyzga (EPRI), who was a member of the
original SAB review panel for the mixtures guidelines, and Richard Cothern,
who is currently a member of the SAB.

Unique sections of the TSD include: an overview of available toxicity
data on complex mixtures and binary exposures (ch. 2) and mechanisms of
interaction (ch. 3), an estimate of the maximum synergistic effect observed
for environmental chemicals (ch. 2), an evaluation of quantitative methods
(statistics and models) that have been used in characterizing interactions
{(ch. 4), a summary of the U.S. EPA's interaction data base (appendix A),
recommendations for revisions to the existing mixtures guidelines (ch. 5)
and recommendations for future research relevant to risk assessment (ch.
6). The two most significant conclusions in this document are 1) that the
available Titerature 1is extremely inadequate for use in quantifying the
extent of synerg1sm expected from environmental exposures, and 2) that
validation of in vitro and short-term in vivo studies seems to offer the
most promise for 1mprov1ng risk assessments of ci complex mixtures.

The first draft of this document was prepared by Syracuse Research
Corporation under contract no. 68-C8-0004 with chapters contributed by the
Department of Environmental Health of the University of Cincinnati under
cooperative agreement no. CR-813569-01-0, and by staff of the Agency's
Environmental Criteria and Assessment Office in Cincinnati. The literature
search perfomed is current as of August, 1988.
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1. INTRODUCTION AND BACKGROUND.

This technical support document 1is.a supplement to the UTS. Environ-
mental Protection Agency's Guidelines for the _Heélth Risk jAssessment of
Chemical Mixtures published on September 24, 1986 (U.S. EPA,Vi986a, 1987a).
This doéument was developed in response to a recommendation qf the Science
Advisory Board (SAB). It discusses available toxicity and interaction
information -useful in assessing human health risks from mixtures. In
addition, applicable mathematical modé]s and statistical techniques are
reviewed and research needs are fidentified. The results ;of the above
information are discussed along with implications for the curreﬁt guidelines.
1.1.  THE CHEMICAL MIXTURE GUIDELINES

The mixtures guidelines are intended to guide Agency ana]&sis of infor-
mation relating to health effects data on chemical mixtures in Tine with the
policies and procedures established in the statutes administer%d by the U.S.
EPA. They were developed as part of an interoffice guidelines development
program under the auspices of the O0ffice of Health and Environmental
Assessment (OHEA) in the Agency's 0ffice of Research and Development. They
reflect Agency consideration of public and SAB comments on‘ the Proposed
Guidelines for the Health Risk Assessment of Chemical Mixtdres published
January 9, 1985 (50 FR 1170).

These guidelines set forth the principles and pfocedures‘to guide U.S.
EPA scientists in the conduct of Agency risk assessments, and to inform
Agency decision makers and the pub]it about these prbcedures. In
particular, the guidelines emphasize that risk assessments wi]i be conducted

on a case-by-case .basis, giving full consideration to - all relevant

scientific information. This case-by-case approach means fhat 'Agency




experts review the scientific information on each chemical mixture and use
the most scientifically appropriate interpretation to assess risk. The
guidelines also stress that this information will be fully presented in
Agency risk assessment documents, and that Agency scientists will identify
the strengths and weaknesses of each assessment by describing uncertainties,
assumptions and limitations, as well as the scientific basis and rationale
for each assessment. o

Finally, the guidelines are formulated in part to bridge gaps in risk
assessment methodology and data. By identifying these gaps and the import-
ance of the missing information to the risk assessment process, the U.S. EPA
wishes to encourage research and analysis that will lead to new risk
assessment methods and data.

Work on the guidelines began in January 1984. Draft guidelines were
developed by an Agency working group composed of expert scientists from
throughout the U.S. EPA. The draft was peer-reviewed by expert scientists
in the fields of toxicology, pharmacokinetics, and statistics from
universities, environmental groups, industry, labor, and other governmental
agencies. They were then proposed for public comment. On November 9, 1984,
the Administrator directed U.S. EPA offices to use the proposed guidelines
in perf&rming risk assessments until final guidelines become available.

After the close of the public comment period, Agency staff prepared
summaries of the comments, analyses of the major issues presented by the
commentors, and preliminary Agency responses to those comments. These
analyses were presented to review panels of the SAB. The guidelines were
revised, where appropriate, consistent with the SAB recommendations.

The SAB made several comments and recommendations. Among the recommen-

dations was that the U.S. EPA should develop a separate technical support
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document for the mixtures guidelines.  The SAB pointed 'out that the
~scientific and technical background from which these Guide1jnes must draw
their validity 1is so broad an& varied1 that 1t cannot ireasonab1y be
synthesized within the framework of a brief set of guide]ines; The‘SAB also
jdentifiéd the need for a technica1 support document becausejof the Timited
knowledge on interactions of chemicals in biological systems‘and commented
that progress 1in improving risk assessment will be particuiar]yvdependent
upon progress in the science of interactions. The ,1dent1f1cationr of
research needs was an additional SAB concern to be addressed 5n this support

_ document.

1.2.  EXAMPLES OF THE U.S. EPA CHEMICAL MIXTURES RISK ASSESSMENT_ACTIVITIES

U.S. EPA personnel were directed by the Administrator to .use the
gdide11nes when assessing the human health risk§ fro@ mixtures of
' :chémica1s’ They are to be used in developing regulations under~the‘various
statutes for po]]utants'that are mixtures, such as diesel exhéust, coke oven
emissions, gasoline and gasoline vapors. Another major use is in assessing
the#hea1th risks at hazardous wésteréites where large numbefs of chemicals
are frequently encountered.

Many of .the statutes that govern U.S. EPA activities suggest a single
chemﬁca]lépproach to the régu]ation’of toxic chemicals. For exampie, the
Clean Air Act, Clean Water Aét and Safe Drinking Water Act generally
1hstruct the U.S. EPA to protect public health and the envifonment through
- regulation of specific source§ bf'po11ut10n or,estab]ishmedt of standards
vand allowable levels for specificrcontaminants. In general, ;hen developing
reguTations‘to implement these Acts, the U.S. EPA considers the human health
hazards of single chemicals.

Some statutes mention chemical mixtures, but generally in combination

with the term chemical substance, as in "chemical substancé or mixture."
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These statutory discussions do not provide one with a clear definition. For
example, the Toxic Substances Control Act (TSCA) defines the term "mixture"
as follows:

"The term 'mixture' means any combination of two or more chemical

substances if the combination does not occur in nature and is not,

in whole or in part, the result of a chemical reaction; except that

such term does include any combination which occurs, in whole or in

part, as a result of a chemical reaction if none of the chemical

substances comprising the combination is a new chemical substance

and if the combination could have been manufactured for commercial

purposes without a chemical reaction at the time the chemical

substances comprising the combination were combined." (TSCA, sec. 3)

Other mixture-related terms are also not clearly defined in the
statutes. The term ‘'hazardous 'waste' is defined under the Resource
Conservation and Recovery Act (RCRA) as a solid waste, or combination of
wastes that pose a substantial hazard to human health or thé'environment
when improperly managed. Hazardous wastes encountered at 1inactive or
abandoned facilities or from emergency spill situations are covered under
provisions of the Comprehensive Emergency Response, Compensation and
Liability Act (CERCLA) and the Superfund Amendments and Reauthorization Act
of 1986 (SARA). CERCLA's definition of hazardous substance includes
substances and mixtures as defined under a variety of other environmental
Acts. For the purposes of this technical support document, definitions for
different types of mixtures and mixture interactions are presented later in
this chapter. A

Perhaps the greatest use of the mixtures guidelines in the U.S. EPA is
in assessing human health risk at Superfund sites. These sites generally
contain dozens of chemicals in varying concentrations. The Office of
Emergency and Remedial Response (OERR) utilizes the risk assessment

guidelines, and particularly the mixtures and exposure gquidelines in

analyzing public health impacts of remedial alternatives at Superfund
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hazardous waste sites. OERR's approach is outlined in the Superfund Public
Health Evaluation Manua1 (U. S EPA, 1986c) The manual covers two
elements: baseline evaluations and ana]ysis of remedial a]teinatives OERR
is currently revising this manual to ensure that it is consistent with the
final risk assessment guidelines. ‘

.The.OERR approach for mixtures 1is perhaps the most strhctured of the
Agency mixture approaches, involving five specific steps for determining
human health risk: |

1. Selection of Indicator Chemicals

2. Estimation of Exposure Point Concentrations of Individua] Chemicals

3. Estimation of Chemical Intakes

4. Toxicity Assessments

5. Risk Characterization for the Site
~An assumption in this process is that there are no data on the specific
mixture of concern, or a similar mixture.

The first step is to sé]ect a workable number of 1nd1c@tor chemicals.
When the number of chemicals found at a site is determined fo be too large
to work with (>10-15), a scoring system is used to develop a 1ist of
indicator chemicals on which to base the assessment. Thejscoring‘system
considers toxicity information, site concentration data and environmental
mobility. Use of professional judgment is encouraged to add or delete
chemicals to the 1ist. Indicator scores are used only for relative ranking
among the chemicals present and have no méaning outside of the context of
the individual chemical selection process. From the 1nd1fator score§ a
smaller, more manageable 1ist of chemicals is selected. |

In the second step of this process, baseline environmental concentra-

tions of individual chemicals are estimated using monitbring data and
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modeling to estimate when and how human exposures will take place. The
Superfund Exposure Assessment Manual describes various chemical fate and
transport models that may be used for this step.

The estimation of the amount of human exposure to the selected contami-
nants is the next step. Concentrations estimated in step two are used to
calculate separate intakes for each chemical in each environmental medium:
air, groundwater, surface water, fish and soil. These are summed, resulting
in total oral exposure and total inhalation exposure. Subchronic and
chronic durations are calculated separately. In some cases intake calcula-
tions may be based on personal air monitors and body burden data for exposed
individuals. Site-specific considerations, such as nonstandard intake
values, are considered as appropriate.

In step four, the toxicity information is identified that will be used
with results of the exposure assessment in the risk characterization.
Toxicity values for chronic and subchronic exposures to noncarcinogens, and
carcinogenic potency factors for potentia1 carcinogens are located in avail-
able Agency sources. Toxicity data may be developed when necessary.
Teratogenic chemicals are listed separately.

The final step involves a comparison between estimated exposures and
toxicity values or potency factors. For the noncarcinogenic chemicals, a
hazard index 1is calculated (see Section 5.4) for all chemicals for each
medium of exposure. Separate hazard indices, by critical effect, are recom-
mended when the overall hazard index exceeds unity. The mixture guidelines
suggest consideration of all types of effects from a particular chemical,
not Just the "critical effect," i.e., the‘effect seen at the lowest dose.
Critical effect information is readily available in U.S. EPA documentation,

while data on other effects may sometimes be more difficult to obtain. For
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potential carcinogens, response addition for independently-acting chemicals
at low doses is the approach reggmmehded3ﬁ¥]he manual further assumes that
cancer risks are additive across all exposure routes.

Following these five steps, it is recommended that the risk assessor
determine the validity of the initial 1list of indicator chemicals. In
addition, a written summary of all the significant uncertainties is recom-
mended as part of the risk characterization step. Assumpiions were to have
been noted along the way for each step. These public health evaluations are
used to develop performance goals and analyses of risks for femedia] action
alternatives.

Two other approaches for chemical mixtures, relative potency and toxic
equivalency factors, have been considered and utilized by ;U.S. EPA risk
assessors and are discussed 1in .Chapter 5 of this documénﬁ‘ Briefly, a
relative potency method for carcinogenic mixtures is based on the assumption
that the ratio of the two potencies is constant, whether it is based on

comparisons between human studies, in vivo assays or in vitro assays. The

results of human studies are correlated with those of in 1vo.assays, and

results of in vivo bioassays are correlated with the resulfs of jin vitro

bioassays. The human potency of a poorly-studied mixture can then be
estimated from its in vivo (or in vitro) potency multiplied by the potency
ratios bf a well-studied, similar mixture. The toxic equfva]ency factor
approach has been adopted by U.S. EPA as an interim procedure for estimating
risks associated with exposure to chlorinated dioxins and dibenzofurans
(U.S. EPA, 1987c). This method relies on in vitro and 1ﬂ vivo data to
estimate "toxic equivalency factors®™ for the various congeners in the
mixture. These factors then express the inferred toxicity or cancer risk of

poorly studied congeners in terms of the toxicity of a well-studied
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congener, and can be used in an additive model to estimate toxicity of a
mixture of these congeners.

Many of U.S. EPA's regional offices are routinely using the guidelines,
with Superfund activities being the primary application. In addition, at
least one region is applying the guidelines in the NPDES permitting program,
by using additivity when the pollutants have the same mechanism of action.
There are currently programs underway in the U.S. EPA to implement the risk -
assessment guidelines in all appropriate Agency activities. It will take
some time before they are being fully applied in all U.S. EPA operations.
1.3. DEFINITIONS USED IN THiS DOCUMENT

Consistent and clear terminology is critical in the discussion of chem-
ical mixtures risk assessment. Many different definitions have been offered
for the terms used with toxicity of chemical mixtures, and most of these are
discussed in the body of this document. Except for these historical discus-
sions, the definitions below are used in this document. These definitions
are oriented toward their wuse in risk assessment. For example, the .
definition of a mixture actually describes “mixed exbosures." From a
toxicologic standpoint, however, the joint exposprés are similar to the
single exposure (perhaps time-varying) that would result if the chemicals
were physically combined into a true chemical mixture. The following
definitions are generally consistent with those found in the literature:
Mixture: Any set of two or more chemical substances, regardless of

their sources, that may jointly contribute to toxicity in the
target population. v
Simple A mixture containing two or more identifiable components, but

Mixture: few enough that the mixture toxicity can be adequately
characterized by a combination of the component toxicities.
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Complex
Mixture:

Similar
Mixtures:

Chemijcal
Classes:

Interaction:

Synergism:
Antagonism:

Potentiation:

Inhibition:

A mixture containing so many components that any estimation of
its toxicity based on its component toxicities contains too
much uncertainty and error to be useful. The chemical compo-
sition may vary unpredictably over time or with different
conditions under which the mixture is produced. Complex
mixture components may be generated simultaneously as
by-products from a single source or process, intentionally
produced as a commercial product, or may co-exist because of
disposal practices. Risk assessments of complex mixtures are
preferably based on toxicity and “exposure data on the
complete mixture. 'Gasoline is an example. - '

Mixtures having the same components but " in sTightly different
ratios, or having most components in nearly the same ratios
with only a few different (more or fewer) components, and
displaying similar types and degrees of toxicity. Diesel
exhausts from different engines are an example of similar

" mixtures (Appendix B).

Groups of compounds that are similar in chemical structure and
biological activity, and which frequently occur together in
the environment, usually because they are generated by the
same commercial process. The composition of these mixtures
is often well controlled, so that the mixture can be treated

as a single chemical. Polychlorinated biphenyls (PCBs) are
an example. : ,

The circumstance in which exposure to two or more chemicals
results in a qualitatively or quantitatively altered biolog-
ical response relative to that predicted from the actions of
the components administered separately. The multiple chem-
jical exposures may be simultaneous or sequential in time and

- the altered response.may be greater or smaller in magnitude

(adapted from NRC, 1980). For quantitative evaluations, the
"no-interaction" prediction is based on dose or response
addition, as appropriate. ‘

A response to a mixture of toxic chemicals that is greater
than that suggested by the component toxicities.

A response to a mixture of toxic chemicals that is less than
that suggested by the component toxicities.

A special case of synergism in which one substance does not
have a toxic effect on a certain organ or system, but when
added to another chemical it makes the latter much more toxic.
A special case of antagonism in which one substance does not
have a toxic effect on a certain organ or system, but when
added to a toxic chemical it makes the latter less toxic.




Masking: The situation in which the toxic effect of one chemical is
not displayed because of functionally competing effects from
the other chemical. The most striking example is when the
carcinogenic activity of the mixture is not observed at the
experimental doses, because of more obvious toxic signs,
particularly mortality, induced by other toxic components.

1.4.  OVERVIEW OF THIS DOCUMENT

The main body of this report discusses the information available on
chemical mixtures, the mechanisms by which chemicals interact, and the
mathematical models used to describe_toxicant interactions. After a brief
initial description of the terminology used to describe toxicant inter-
actions, Chapter 2 discusses the nature of the available information on
three general categories of mixtures: complex mixtures, mixtures composed
of a single class of chemicals and simple mixtures. | This section is
intended to illustrate the differences between the types of information that
are available on the various categories of mixtures but is not intended to
be a compendium of all available information on all mixtures. Emphasis is
placed on the description of the tests used to assess the toxicity of the
mixture as well as the available methods and feasibility of these methods
for quantitatively measuring interactions of the components in the mixture.
This chapter concludes with discussions of additional topics: interactions
of carcinogens with other compounds, some results from the AgenCy's'data
base on mixtures and quantitative measures of interactions.

A discussion of mechanisms of toxicant interactions is presented in
Chapter 3. This section discusses the ways in which compounds may interact:
direct chemical-chemical reactions that result in the Fformation of a
different chemical species as well as the biological bases of toxicant
interactions such as effects on absorption, distribution, metabolism, excre-l
tion and receptor site affinity. This is followed in Chapter 4 by a review

of the mathematical models and statistical procedures used to assess toxic
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interactions, including dose addition, response addition, genera1izeqe11near
mode1s, and response surface mode]s : This sectidn concludes wﬁth a critical
review of stat1st1ca1 methods used in. research articles that are covered in
the Agency s mixtures data hase. | ‘

Chapter 5 reassesses the guidelines in. terms of the'infbrmatjon summa -
rized in the previous chapters.  -Following- the organizationﬂof Chapter 2,
which is in turn dictated by the different types of 1nformat19n-avai]ab1evon
the various chemical c]asses, this chapter separately discusses complex
mixtures, similar mixtures and simple ‘mixtures. For. comp]ex mixtures,
emphasis remains on in vivo bfioassays, the applicability of which can be
extended by the -concept of sufficient similarity, as fi}lustrated . in
Appendix B. Recognizing the highly variable nature of somechmp]ex mixtures
as well as the difficulty and expense of obtaining good in vivo bioassays,
the relative potency method, the "toxic equivalency facter“ method and
analogous methods based on in vitro assays, -are more strong]y endorsed than
in the original guidelines. A .limitation of VQOse,eaddition is also
discussed, primarily related to Tlimitations -of risk assessment of single
compounds. |

- This - document concludes with a brief outline' of reseerch” needed ‘to
improve or validate the risk assessment procedures for mixtures. Because
the reassessment of the guidelines re]iesfheavily on the uee,of in vitro

tests, emphasis is placed on the validation of .such tests using whole animal

assays.







2. TYPES OF INFORMATION AVAILABLE
2.1. OVERVIEW

This chapter summarizes the kinds of information av§11ab1e on various
categories of mixtures; namely, compiex mixtures, chemical classes and
simple mixtures. Also covered is the nature and utility of information
available on the interactions of carcinogens with other compéunds including
discussions of promotion, cocarcinogenicity, inhibition and masking. The
focus of this chapter is on the usefulness as well as the:11m1tat10ns of
available data on mixtures for risk assessment. This is not intended to
provide a comprehensive summary of all available information on these topics
but is based on the information included in the computeriied data base,
which is described in Section 2.4.3., Chapter 4 and Appendix A.

Given the quality and quantity of the available data on chemical inter-
actions, few generaTizatioms can be made concerning the 1ikelihood, néturé
or magnitude of interactions. Most interactions that have been quantified
are within a factor of 10 of the expected activity based on the assumption
of dose addition. The limited available 1ﬁformat10n suggests that at least
some interactions may have thresholds and that additivity may be a plausible
assumption at low levels of environmental exposure. This supposition is
reenforced by mechanistic considerations discussed in Chaptéer. It musi be
emphasized, however, that these generalizations are based 6n very Tlimited
data. |

The information available on complex mixtures is fundamentally different
in design and focus from that on simple mixtures. Studies on complex
mixtures generally are designed to characterize the toxic properties or
potency of the mixture as an entity. In this respect, ;the design and

conduct of such studies do not differ greatly from studies on single
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compounds. As a consequence, the great majority of the bioassays on complex
mixtures are not useful for assessing potential interactions of components
in the mixtures. In some cases, however, sample collection or concentration
of complex mixtures prior to a bjoassay may cause changes in the compbsition
of the mixture, which could Tlimit the abp]icabi]ity of the study in risk
assessment. This factor, however, is not gréat]y d1fferentvfrom problems
that can be encountered in the preparation and purification of a single
compound prior to bioassay. '

Studies available on simple mixtures are generally restricted to binary
combinations and are usually designed to measure the magnitude of the inter-
action among the components 1in the mixture. The study design -generally
includes a control group, one or more groups of subjects exposed to each
component of the mixture at one or more dose levels, and one or more groups
exposed to one or more doses of all components at equal ratios. The inter-
action is generally reported as the ratio of the observed response to a
response predicted by the assumption of dose additivity (discussed in
Chapter 4).

Studies on chemical classes are generally similar to those on complex
mixtures. For instance, most of the available information on mixtures of
polychlorinated biphenyls (PCBs) comes from bioassays on commercial mixtures
of these substances, and no quantitative measures have been attempted of the
individual components as to their concentration or biological activity. A
significant amount of information is available on individual components of
many complex mixtures and chemical classes, but such studies are not
directly useful in quantifying interaction.

The restriction to binary mixtures of bioassays that attempt to quantify

mixture interaction, and the virtual absence of bioassays on complex
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mixtures or mixture classes that attempt to define such interactions, is
attributable to the nature of the experimepta] design that is necessary for
quantifying interactions. WNote the example given by Clayson (1984):

Wo.. if it was wished to examine the interactions of just 10 chem-

jcals 1in pairs it would involve conducting 45 separate bioassays

plus a further 10 for the single chemicals. If it was deemed

necessary to study these pairs of chemicals in Jjust 5 different

ratios it would be necessary to undertake 255 separate bioassays.

As there are estimated to be in excess of 25,000 chemicals produced

commercially - in significant quantities, examination even ‘in pairs

" becomes quite impracticable with about 313 million tests if only

one ratio is used or 1.57 American billion tests [sic] if 5 dif-

ferent ratios were employed."

- The difficulties in obtaining quantitative measures on toxicant interactions .
are exacerbated by the fact that many of the studies on binary mixtures that
purport to quantify toxicant interactions are improperly designed and the
reported results are either uninterpretable or are difficult to “compare
among different studies.

Studies on the interactions of carcinogens with other ¢ompounds share
many of the same difficulties and limitations as those discdssed above. A
substantial body of data, however, has accumulated which suggests that some
compounds may markedly modify the carcinogenic potency of other compounds.
" Although the early finvestigations focused on dermal applications and
enhancement of skin tumor response, more recent studies indicate that such
interactions may be relatively common and affect cancer induction at other
sites. -Conversely, some agents are known to inhibit the carcinogenicity of
other compounds.  The inhibitory activity of some materials can vary as a

‘function of time of application in relation to the carcinogen as well as the

tumor site.

2-3




2.2.  COMPLEX MIXTURES

2.2.1. Overview. Some classes of chemical mixtures, such as automotive
emissions and coke oven emissions, are composed ofAhundreds of components
produced by a single process or set of related processes. Some of‘ the
components may be grouped into similar classes while others may not have any
apparent structural or toxicologic similarity to -other elements of the
mixture. While toxicologic data may be available on some of the mixfure
components or classes of components, the characterization of the toxicity of
other agents in the mixture may be incomplete or nonexistent. In addition,
the chemical composition of such mixtures may vary over time or as a
function of changes in conditions (e.g., temperature or pressure) .under
which the mixiures are generated. For example, it has been demonstrated
that malfunctioning fuel injection systems in diesel engine cars can cause
increased mutagenicity and benzo[a]lpyrene emissions (Zweidinger, 1982). As
Is the case for data on individual toxic agents, the quality and quantity of
data on complex mixtures varies markedly among different mixtures. Few
generalizations can be made concerning the nature of the available data or
the applicability of these data for use in risk assessment.

2.2.2. Epidemiologic Studies. 1In a few instances, human exposures:  to
complex mixtures have been sufficiently high that direct human data are
available for quantifying risks from exposure to the mixtures or processes
generating the mixtures. This has most often been the case for mixtures
that 1induced cancer. For instance, a substantial body of epidemiologic
literature is available on the carcinogenic potency of cigarette smoke and
of coke oven emissions. Such epidemiologic invest1gat10ns, while sometimes
allowing for quantifying of risk from exposure to the complex mixture,

seldom provide finformation on the nature, magnitude or significance of
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interactions among the componenté in the mixture. Some finteractions
- involving exposure to lcomp]ex 'mjxtures ﬁpqt have been quantified include
those betwéen cigarette smoke and ashestos (Hammond and $e11koff, 1973;
Hammond et al., 1979; and Selikoff et al., 1968), cigarette smoke and radia-
tioneexposure (Lundin et al., 1969), as well as cigarette smbke and vitamin
A (Dayal, 1980). €Even these examples, however, which are the best studied
examples providing human data on interactions involving compiex mixtures, do
not quantify interactions among components in the complex mix%ure bdt rather
measure interactions between the complex mixture and another agent.

In 1981, a WHO committee on health effects of combined ekposures in the
work environment concluded the following: "The dearth of sound epidemiolog-
ical studies to date and the potential importance of at least some of the
. possible 1nteréctions between occupational and nonoccupational environmental
factors‘attest to the need for more work in this field" (WQO, 1981). The
more recent 1iterature (e.g., Kopfler and Craun, 17986; NHOJ 1983) has not
éubstant1a11y improved the prospect of developing human data on complex
mixtures that will be useful in quantifying component interactions. Given
the difficulties in assessing and designing studies to measufe interactions
in simple binary mixtures [as discussed in general in Section 2.4.%. and
discussed specifically in terms of epidemiologic studies by Andeiman and
Barnett (1986)], human data on‘comp1ex mixtures are likely to remain most
useful for risk assessments on the complex mixture itself but will seldom if
ever be adequate for the quantitative assessment of 1ntéract10ns among
components within the mixture. 1
2.2.3. Whole Animal Biocassays. For most groups of ﬁigh]y complex
mixtures, data on whole animal bjoassays that are directly &sefu] for risk

assessment are not available. Lewtas (1985), for example, has reviewed the
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available data on combustion emissions Ffrom diesel engines, gasoline
engines, and energy combustion sources (wood stoves, o031 furnaces, and
uti1ity power plants). For the gasoline and diesel engines, the most
comprehensive in vivo data are from mouse skin_ tumor initiation studies,
which are usually not directly used in risk assessment to estimate carcino-
genic potency in humans. While several in vivo studies have examined the
carcinogenic and systemic effects of diesel exhaust, the data base,
including epidemiologic data, in general, is extremely limited (NAS, 1981).
For the energy combustion sources, no in vivo studies are available. A

large body of data, however, is available on these and other mixtures using

a variety of in vitro test systems. This information is discussed in

Section 2.2.4. below, and the potential use of these data in quantitative
risk assessment of mixtures is discussed in Chapter 5.

Although data from animal studies are available for the few compliex
mixtures that have been identified as human carcinogens, long-term in vivo
animal bioassays on complex mixtures have tended to follow rather than lead
epidemiologic investigations and have focussed on complex mixtures such as
polycyclic aromatic hydrocarbons (PAH), coke oven emission, and diesel
exhaust (as discussed in Appendix B) for which data on human effects or
human exposures suggested a potential hazard. The paucity of whole animal
bloassay data on complex mixtures is 3illustrated by the compilation of
cancer risk assessments currently on the U.S. EPA's Integrated Risk
Information System (IRIS). Of the 95 risk assessments currently on IRIS one
is for a technical grade mixture of hexachlorocyclohexane isomers, one is
for a binary mixture of hexachloro-p-dioxins and one is for mixtures of
Xylene isomers. Only two assessments, nickel refinery dust and creosote,

are for complex mixtures. The assessment of one of these mixtures, nickel
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refinery dust, is based on epidemiologic data rather than aqima] bioassay
data (U.S. EPA, 1987b). Similarly, although the Internat1on51 Agency for
Research on Cancer has -identified several industrial processe§ that involve
. exposure to complex mixtures and which are causa]]y'associated with cancer
in humans based on epidemiologic studies, no complex mixtuées have been
. designated as carcinogens based solely on the results of animal bioassays
“(IARC, 1982). |

As is the case for epidemiologic investigations, 1ong—terq whole animal
bioassays on complex mixtures can be useful for risk assesﬁments on the
complex mixture itself but are not, and from a practical perspéctive cannot,
be designed for the quantitative measurement of interactions;among compo-
nents within the mixtures. The practical difficulties 1n3 making such
meqsurements for complex mixtures are an extension of those hiscussed for
‘binary mixtures in Section. 2.4.1. In addition, because of the variability
of complex mixtures over time or with different condit1ons_in Lhe generatiﬁn
of the mixture, the few bioassays tha{ are available on comﬁ]exvmixtures are
not necessarily applicable to all exposures to the complex‘mik%ure. This is
i1lustrated in Appendix B for diesel exhaust.

Several short-term in

jvo assays for carcinogenic activify such -as the
mouse skin initiation/promotion assay (Pereira, 1982a; Slaga ét al., 1982),
rat liver focus bioassay (Herren-FEeund and Pereira, 1986; Pereira,'1982b),
and strain A mouse 7Jung tumor bioassay {(Maronpot et al., 1966; Stoner and
Shimkin, 1982) have been developed for assessing the effect{ of mixtures.
Such studies are normally not used as the sole basis for a qUabtitative risk
assessment because of the relatively short periods of exposure and the
endpoﬁnts that are measured. Nonetheless, because these studies can be

conducted more rapidly and less expensively than standard chronic bioassays,

2-1




they can be applied 1in qualitative or quantitative assessments of
interactions. Such short-term in vivo tests more closely approximate the

chronic in vivo assays that are normally used in risk assessments and thus

may have more intuitive appeal than in vitro assays. Nonetheless,

comparative analyses between the results of such short-term in vivo assays

with other short-term assays (Pereira and Stoner, 1985) or long-term in vivo

bioassays (Herren-Freund and Pereira, 1986) do not clearly indicate the such

assays are superior to some of the in vitro assays discussed below. The

short-term in vivo assays that have been developed to date focus only on
sceening tests for carcinogenic activity. Research articles "describing
comparable tests for measuring interactions in the induction of chronic
toxic effects have not been located.

2.2.4. In vitro Studies and Other Screening Tests. Certain aspects of the

toxicity of complex environmental mixtures have been evaluated extensively
using in vitro assays and other screening tests. Four types of assays have
been most often used: microbial mutagenicity, cell culture, embryo bio-
assays and plant cytogenetics. The endpoints assessed in these assays are
one or more of genotoxicity, cytotoxicity, embryotoxicity and impaired
development. Although the utility of many of these assays in quantitatively
or qualitatively assessing the in vivo biological activity of single
compounds or complex mixtures has -not been ~extensively validated (as
discussed in Section 5.1.), these in vitro assays are currently the only
practical approach to obtaining detailed information on the biological
activity of complex mixtures, particularly in site-specific and
process-specific assessments.

The Salmonella histidine auxotroph reversion assay (Ames et al., 1975)
has been the most widely used procedure for detection of mutagenicity of

complex mixtures. Numerous environmental mixtures, as entities or after
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fractionation, have been tested in this assay: coal-liquification and
gasification products (Epler et q1:, 1978;:Rgo et‘a1‘, 1980; Schoeny et al.,
1981; Houk and Claxton, 1986), automotive and diesel exhaus{ (Huisingh et
al., 1978; Claxton and Kohan, 1980), crude shale oil (Epler et al., 1978),
drinking water (Chriswell et al., 1978; Loper and Lang, 1978), cigarette
smoke (Kouri et al., 1978), industrial effluents (Commoner Et al., 1978;
Douglas et al., 1983; McGeorge etAal., 1984), urban ambient air particulate
and extracts (Commoner et al., 1978; Butler etra1., 1984), s]hdge (Houk and
Claxton, 1986) and waste-amended soil (Donnelly et al., 1983). Mutagenic
activity of mixtures has also been assessed in a forward mutation in

Salmonella ityphimurium using 8-azaguanine resistance for selection.

Automotive exhaust (Claxton and Kohan, 1980), oi1 shale and water samples
(Whong et al., 1983) and coal 11quéfaction products (Schoeny et al., 1986)

have produced positive results in this assay. |

Fractionation, or separation of the mixture into chemicaily-re1ated or

distinct constituents, has been utilized to define constituenté in a mixture
more clearly and to determine which compounds are responsib1e;f0r mutagenic
activity. Fractionation procedures have a1s§ been used tP ;oncentrate
materials and to reduce toxicity of whoje mixtures, thus mafing them more
amenable to assay. Extraction methods (e.g., acid/base, polar/nonpolar),
however, may lead to chemical reactions that could alter thejcomponents of
the mixture, thereby affecting the toxicity.

The application of reconstruction assays can be useful in assessing the
effects of fractionation procedures or in uncovering 1nteractf0ns among the
fractions. Thilly et al. (1983), for example, identified  the relative
abundance of constituents in particulates from kerosene combusiion (kerosene

soot). The mutagenic contribution of the 14 most abundant compounds was




determined in the Salmonella forward mutation assay. When these chemicals
were combined in appropriate proportions to approximate the “pure sbot," the
mutagenicity of the reconstituted kerosene soot was equivalent to the
original soot extract, demonstrating the concentration dependence'Aof
mutagenicity for the mixture, that is, additivity. By contrast, a similar
study of fractionated coal hydrogenation materials in which the sum of the
mutagenic activities of organic extractsuwas compared with the activity'from
the whole sample and with a reconstituted whole sample, indicated a depar-

ture from additivity for some mixtures (Schoeny et al., 1986).

DNA repair-deficient strains of Bacillus subtilis (Donnelly et al.,
1983) and Escherichia coli (Rossman et al., 1984) have been used to detect

alterations in DNA induced by wood-preserving waste and 'byA urban air

particulates, respectively. "Assays for reverse mutation in Saccharomyces

cerevisiae (yeast) (Douglas et al., 1983) and assays detecting’dominant or

recessive lethals in Paramecium tetraurelia (Smith-Sonneborn et al., 1983)

have been less frequeht]y used.

Embryo culture assays have been developed to examine potentia1 embryo-
lethality, malformation and growth/developmental alterations induced by
individual substances and comp1ex environmental mixtures. Dumont et ai.
(1983) developed the Frog Embryo Teratogenicity Assay: Xenopus or FETAX.
Coal and -shale-derived synfuels (Dumont et al., 1983) and mine water
discharge (Dawson et al., 1985) have caused one‘orlmore of embryolethality,

gross malformation or embryotoxicity in frog embryos exposed in vitro.

Other embryo assays using the rat (Klein et al., 1983) and sea urchin (Hose,
1985) are being developed and validated for application to mixtures.
Environmental mixtures have been evaluated in cell culture assays aé to

their potential mutagenicity at specific loci, as well as for their capacity
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to induce sister chromatid ~exchange or chromosomal aberratibns Cytotox-
icity has also been eva1uated as measured by effects on cellular growth and
division, and on morpho1og1ca1 cytochem1ca1 and b1ochem1ca] alterations.
For example, Chinese hamster ovary {(CHO) cells have been used in determina-
‘tions of the ability oficomp1ex environmental mixtures to prbduce cytotox-
icity and mutagenibjty at the hypoxanthiﬁe guanine phosphofibosy] trans-
feraSe_]ocus (Hsie et a1 , 1978). Subfractions of crude synthet1c 0il (Hsie
et'a1., 1978), coal gas1f1cat1on condensate tar (Cunningham et al., 1984},
0il and coal fly ash {Chescheir et al., 1980; Li et al., 1983), textile mill
eff1u¢n{s {Waters et al., 1978), diesel engine exhaust (Chescheir et al.,
1980; Ly et al., 1983); retort process water from crude sha1e%oi1,(Strniste
et al., 1983), as well as coke oven emissions, roofing tar;énd cigarette
smoke condensate (Li. et al., 1983), have produced positive:cytotoxic and
mutagenic responses. in this assay.

Other endpoints measured in CHO ce]}s in response to co&p]ex environ-
mental mixtures have included mutagenicity at the Na}~K+-dependent
ATPase. .locus wusing ouabain resistance for selection, sister chromatid
exchange and chromosomal aberrations. Diesel exhaust‘particie extract (Lj
et al., 1983) and pulp and paper mill effluents (Douglas et ai., 1983) were
genotoxic in these assays. 1

Celi typeé such as alveolar macrophages or epithelial jtissue, which
would be directly exposed to environmental 'agents, have been used to
evaluate toxicity of mixtures. 1In the pulmonary a]veo]ar'macrbphage assays,
viability, phagocytic ability, specific enzyme activities and ATP levels are
the endpoints most ofgen eva]uated. The toxicity of in glljg exposure to

various fly ash particles (Waters et al., 1978; Aranyi et a1.,§1980; Mumford

and Lewtas, 1983), 1liquid textile mill effluents (Waters et 31{, 1978} and




smelter dust (Aranyi et al., 7980) was assessed using rabbit alveolar macro-
phages. Fisher et al. (1983) used bovine alveolar macrophages for the
analysis of coal and oil fly ash. Unscheduled DNA synthesjs, an indication
of DNA damage, was induced in organ cultures of hamster tracheal epithelium
exposed to coal-fired fly ash, diesel fuel exhaust and cigarette smoke
condensate (Schiff et al., 1983).

Other 1less frequently used cell culture assays have been app]ied to
environmental mixtures. The BALB/c¢c-3T3 cell transformation assay showed
enhanced toxicity of drinking water organic .concentrate fractions (Loper and
Lang, 1978). The rainbow trout gonadal tissue (RTG-2) assay, wherein
anaphase aberrations resulting from in vitro exposure are detefm1ned, showed"
genotoxicity of marine sediment samples (Kocan and Powell, 1984).

In vitro plant assays have been used to evaluate various environmental
mixtures. Plants, 1ike animals, are eukaryotic organisms and may have the
ability to convert chemical compounds to biologically active species. The
most widely used higher plant for testing genetic toxicity has been Jrades-

cantia. Tradescantia plant systems are especially wuseful Ffor in situ

environmental air exposure and the testing of gaseous agents. The induction

of somatic mutation at a particular Tocus is measured in the Tradescantia

stamen hair system as a phenotypic change in pigmentation in mature flowers
following exposure of the developing floral tissue (Schairer et al., 1978,

1983). Tradescantia exposed in situ for 10 days to ambient air pollution in

several cities in the United States have shown positive results for mutagen-

icity in this assay (Schairer et al., 1978, 1983). In the Tradescantia

micronucleus test, early prophase I meiotic pollen mother cells of Trades-
cantia plant cuttings are exposed and the frequency of micronuciej (chromo-
somal fragments) determined in the tetrads following meiosis (Ma et al.,

1980, 1983; Plewa, 1984). Sewage sludge from several cities (Plewa, 1984),
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shallow well water samples and deep well water- containing ézsRa, as well
as combustion products of diesel and diesel/soybean oil %fue1ed engine
exhaust fumes (Ma et al., 1980, 1983, 1984) were genotoxic in fhis assay.

The barley root tip cytogenetic system involves scoring bar1ey {Hordeum.
vulgare) root tip cells 1in germinating seeds at anaphase %for detectable
aberrations following treatment of the seed (Constantin et al., 1980). Fly

ash-aqueous extracts and arsenic-contaminated groundwater have produced

positive resuits in this assay. The Arabidopsis thaiiana assay (Redei,
1980) and the Soybean Spot Test using Glycine max (Vig, 1980), while not yet
applied to complex environmental mixtures, detect phenotypicia]terations in
the embryo or mature plani indicative of mutational events ﬁccurring as a
result of exposure of the seed. ;
2.3.  MIXTURES OF CHEMICAL CLASSES

A mixture of a class of chemicals refers to a group ofjcompounds that
are structurally and biologically similar and which usua]]y%occur together
in the environmenit because they are produced by the same pro¢ess. Mixtures
of chemical classes, like the complex mixtures, may contain téns or hundreds
of components. Also, as with the complex mixtures, the icomposition of
similar mixtures may vary over time because of environmental ﬁartitioning or

different conditions of generation, use and release. Examples of mixtures

of chemical classes finclude the chlorinated dioxins, ch]orfnated dibenzo-

furans, chlorinated naphthalenes and chlorinated biphenyls.

As with the complex mixtufes, the amount of data avai]ab]e on mixtures
of chemical classes varies markedly, but the types of daté are similar:
human data {generally data from accidental exposures), anima]}bioassay data;

and data from in vitro assays. The relative amounts of the various types of

data are dependent on the 1levels and nature of human eiposure to the
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mixtures, the perceived levels of hazards associated with exposure to each
mixture, and certain practical considerations that are associated with some
of the more common simple mixtures.

For instance, PCBs have been commercially produced as several groups of
similar mixtures varying in the average degree (percent by weight) of
chlorination (U.S. EPA, 1984). For the more commercially significant PCB
mixtures, such as Aroclor 1254 (54% C1) and 1262 (62% C1), whole animal
bioassays for carcinogenic effects are available on the mixture and have
been used directly to estimate cancer potency. The chlorinated dioxins,
however, have never been used as a commercial product but have occurred as
contaminants 1in commercial products or as combustion by-products (U.S. EPA,
1985). Consequently, there is no "typical® dioxin mixture, and whole animal
bioassays have been:conducted only on certain individual dioxins (such as
2,3,7,8-tetrachlorodibenzo-p-dioxin) or on simple mixtures of hexachlori-
nated dioxins, which are difficult to separate chemically. Given technical
problems associated with the synthesis and purification of large quantities
of chlorinated dioxins as well as the undesirability of synthesizing large
quantities of them, it is not 1ikely that many more whole animal biocassays
will or should be conducted on this class of chemicals. Much research,
however, has been and continues to be conducted using in vitro bioassays to
facilitate a better understanding of structure-activity relationships and
mechanisms of action of chlorinated dioxins as well as many other classes of
simple mixtures. These data have been recently reviewed (Kociba and Cabey,
1985) and their application to risk assessment is an active topic in the

Titerature (U.S. EPA, 1987c; Eadon et al., 1986) and is discussed further in

Chapter 5.




2.4, SIMPLE MIXTURES, COMPONENTS AND TOXIC INTERACTIONS i

2f4.1. Overview. The great majority of studies in which attempts have
been made to assess toxié interactions quantitatively have used simple
binary mixiures‘ Only a few studies (Gullino et al., 1956; Hermens et ail.,
1985a,b) have wused mixtures of over 10 compounds. In such studies of
-relatively simple mixturesp'approaches to the analysis of tpxicant inter-
actions used by most toxicologists have been based on the assdmption of dose
addition using'simp1e experimental designs 1nvo1y1ng a controi group, groups

exposed separately to each compound af multiple doses so that the LD or

50°
'EDSOS can be estimated; and groups exposed at multiple fdoses to one
~mixture of all compounds in fixed proportions. The degree and’nature of the
toxic interaction is then expressed as the ratio (or some transformation of

the ratio) of the observed L050 or ED50 of the mixture tb the LD or

50
, ED50 expected from the assumption of dose addition. This cén be referred
to as the ratio ofrinteraction (R.I.) and expressed as
R.I. = ED,(0bs)/ED, (Exp) Equation 2-1

A ratio of interaction greater than one is associated with;antagon1sm in
that the observed EDSO is greater than expected (j.e., 1es§ toxic) based
on the assumption of dose additjvity and the measured ED5osf0f the compo-
nents in the mixture. Conversely, a ratio of 1ess than ohe?is associjated
-with synergism. |

As discussed by Berenbaum (1981, 1985a) and detailed in ﬁhapter 4, the
difficulty in demonstrating significant interaction based on%studies using
single ratios of interaction is primarily one of experimental besign; Since
the ratio of ‘interaction is dépendent on the proportions of ;he components

in the mixture, a “test has the best chance of demonstrating significant

interaction if the mixture givﬁng maximum interaction is se]ected. If the

|




combination of toxicants being tested is assumed to evidence a pattern of
symmetric interaction, a mixture of equitoxic doses would be the best selec-
tion. Even with this simplifying and not necessarily valid assumption,
however, tests based on single ratios of interaction will not yield signifi-
cant results unless the magnitude of the interaction is substantial and the
experimental variability is minimal.

2.4.2. Measurements of Toxicant Interactions. Keplinger and Deichmann
(1967) used the ratio of interaction to measure the joint action of .various
pesticides in mice. In this study, only one mixture of each combination was
used, and significant interaction was arbitrarily defined as ratios of <0.57
for synergism and >1.75 for antagonism. Smyth et al. (1969, 1970) used a
s1ightly modified expression of the ratio of finteraction, which resulted in
estimates that resembled the shape of a normal distribution. Significant
interaction was then defined as those ratios of observed to predicted
LD5OS in rats that were beyond 1.96 standard deviations from the mean
ratto. In studies on the joint action of pesticides in houseflies, Sun and
Johnson (1960) defined the cotoxicity coefficient as the ratio of inter-
action multiplied by 100. Significant interaction was estimated in this
study by taking repeated measurements and determining if the 95% confidence
interval of the cotoxicity coefficients included 100. They reported a high
degree of synergism for a mixture of B8-(dimethoxyphosphinyloxy) N,N-di-
methylcrotonamide and sesamex while methylparathion and sesamex were ahtago~
nistic. Wolfenbarger (1973) used cotoxicity coefficients to estimate the
joint action of toxaphene-DDT mixtures in insects. Although different
combinations of each mixture were used and cotoxicity coefficients were
derived for each combination, no attempt was made to derive coefficents of

interaction, as defined and discussed in Section 4.3., which could be used
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to characterize the direction and magnitude of the 1ntera¢t10n for alil
combinatibns of the mixtures.

A11 of the above approaches are severely limited by theirire1iance on a
single interactive ratio. As discussed by Hewlett {1969), ithe ratio of
interaction is characteristic only of a particular combinationfof compounds.
In other words, the estimated value of the ratio of 1nteracf10n will vary
depending on the proportions of the tokicants present in the mixture.

Another Timitation in the use of ratios of interaction is encountered in
attempts to demonstrate statistical significance. The method used by Sun
and Johnson (1960), baéed on repeated measurements of the ratio of inter-
action, may be the Teast objectionable; howéver, because of the dependence -
of the ratio of interaction on the proportion of the compbnents in the
mixture, the estimate of interaction 1is valid only for the particular
mixture tested and has no merit in assessing the overall interﬁction charac-
teristic of the combination being tested. This limitation may be pafticu—
larly misleading for those compounds that evidence asymmetrié interaction,
as discussed in Chapter 4. The approach adopted by Kep]inger‘and Deichmann
(1967) is tota]]y arbitrary and makes no attempt to estab]igh a criterion
forvstatistica1 significance. The method of Smyth et ai. (]bﬁg, 1970) 1is
based on arbitrary selection of test chemicals that 1nf1uencé the criteria
for interaction. The other methods that use 95% confidence 1nierva1s of the
LDsos of the mixture and individual components (Marking and Dawson, 1975;
Wolfenbarger, 1973) are overly sensitive to both endogenous;and exogenous
variance. Marking and Dawson (1975) recognized the difficulty with
exogenous variance in stating that "well planned toxicity testg which result
in narrow confidence intervals are most useful in the assiﬁnment of the

effects of chemical mixtures." If endogenous variation is hﬁgh {that is,
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the slope of the 7log dose-probit response Tline is 1ow); however, even
well-designed toxicity tests may yield 95% confidence intervals that
preclude the detection of interaction.

2.4.3. The U.S. EPA Data Base on Toxic Interactions. The interaction data
base was constructed to determine the nature and extent of information on
component interactions. Most of the entries are for studies on two chemical
interactions, but a few consider combinations of two mixtures. The data
base currently covers roughly 600 chemicals. Most of the studies evaluate
the interactions based on mortality following acute exposure. Most of the
studies investigate the influence of one chemical on the toxicity of another
(i.e., potentiation or inhibition), where the first is administered at a
nontoxic dose (Table 2-1). The statistical methods used in these studies
are discussed 1in Chapter 4. Details of the data base are given in
Appendix A.

2.5. INTERACTIONS OF CARCINOGENS WITH OTHER COMPOUNDS

2.5.1. Promoters and Cocarcinogens. Only 13 years after Bauer (1928)
proposed the somatic cell mutation theory of cancer, Rous and Kidd (1941)
and Berenblum (1941a) proposed that some forms of chemically induced cancers
involved a two step process. Berenblum's (1941b) report on the enhancement

of benzo(a)pyrene induced carcinogenicity by extracts of Croton tiglium, a

complex mixture, was the first example of one chemical ‘enhancing the
carcinogenic activity of another. With improvements in chemical techniques
for fractionation and isolation, the active components of Croton resin have
been identified (Hecker, 1968; Van Duuren, 1969). Since 1941, over 30 such
agents, 1including all extracts or derivatives from Croton o011, have been

identified (Van Duuren, 1976; Pitot and Sirica, 1980; Fujiki et al., 1979).

The best known of these is TPA (12-o-tetradecanoyl-phorbol-13-acetate).




TABLE 2-1

Summary of Interaction Data Base

Category Type " Percentage
of Studies*

Duration dcute ‘ 73
subchronic ‘ 11
chronic 1 8.4
Tifetime : 0.29
Interaction synergism : 2.8
: ' potentiation S - 29
antagonism : 1.7
inhibition 31
additivity 3.7
no apparent interaction | 25
masking \ 0.59
chemical synergism ; 0.13

unable to assess 5.6

*Representing a total of 587 chemicals




The extensive and complex literature on promotion and cocarcinogenicity
has been recently reviewed by Bohrman (1983), Clayson k1984), Driver and
McLean (1986). For purposes of this document, promoters will be defined as
agents which, when applied after but not before an initiator, act to enhance
the carcinogenicity of the initiating agent. Cocarcinogens are téken to be
agents that may enhance carcinogenicity when applied before or at the same
time as the initiator. The definitions of cocarcinogens and promoters are,
thus, operational and depend largely on the design of the experiments in
which they are found to have an effect. It is Tikely that cocarcinogens and
promoters may have some mechanisms of action in common, as well as some
unique modes of enhancing a carcinogenic response.

As discussed by Van Duuren (1976), all promotérs can probably display at
Teast some tumorﬁgenic activity in the absenée of a known in1t1ator. This
Is to be expected "... if one assumes that in any group of animals there
will be some that have latent tumor cells, either by earlier exposure to an
external initiating agent or by spontaneous conversion of normal cells into
latent tumor cells... If this explanation is accepted, the question about
'pure' promoting agents should be obsolete." While this may be irue within
the context of interpreting the results of an initiation-promotion assay,
the distinction between promoters and initiators could have a significant
impact on risk assessment. Because it is generally accepted that initiation
is a nonthreshold (genotoxic) phenomenon and promotion is probably a
threshold (epigenetic) phenomenon, the distinction between "pure" promoters
and those promoters that may also be weak initiators may be crucial to the
selection of high- to Jow-dose extrapolation models, as discussed further by
Clayton (1984) and in Section 3.3.6. and 5.5.

While most of the studies on chemical promotion involve dermal dr oral

exposure, Nettesheim et al. (1981) documented several factors enhancing
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carcindgenesis in the respiratory tract; at least some of thésé were attri-
butab]er to initiation-promotion processes (e.g., promotion of urethane-
~induced pulmonary tumors in mice by phorbo1‘ esters or bu;yTétéq hydrqu~
~toluene). In addition to the skin and respiratory tract;. 1n1tiétj9n«
promotion has also been observed in the 11vef»(2-AAF— or DMN—bhenobarbital),
bladder (N-methyl-N-nitrosourea-sodium sacchérin or cyc]amate),:gasirdintesn
‘tinal tract (DMBA-TPA, dimethylhydrazine-phenobarbital), and mémmary glands
(DMBA-estrogens or phorbol esters), as detailed in an extensﬁvé review by
Bohrman (1983). Some epidemiologic data are suggestive of‘ a two-ktage
initiation-promotion process in humans, although the eviden?ev is scanty
(Hakama, 1971; Berenblum, 1979). Thus, promotion may be a very common
phenomenon that occurs among many chemicals and affects most spécies.

2.5.2. : Inhibitors and Masking. Some compounds, such és butylated
hydroxytoluene (BHT)'and other antioxidants, have been shown td.decrease the
development of tumors when administered before the administration of known
carcinogens (Ito et al., 1985; King and McCay, 1983; NRC, 1986). In
addition, a compound that causes anl1ncrease in the mortality rate. could
result in a decreased cumulative incidence of late appearing {umors because
of competing risks. '

In the case of compounds that apparently decrease carcino@enic response
through a "protective" mechanism, the nature of the protectfve mechanisms
and the dose-response relationship of the protective effect have not been
clearly defined. In addition, some of the -compounds that display a
"nrotective" effect under one set of circumstances may, in facf,‘enhance the
carcinogenic response under different conditions of exposure.“For instance,
BHT reduces carcinogenic responses when administered before ﬁomeycar;ino—

gens but enhances carcinogenic responses when administered after- other
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carcinogens. The protective effect is attributed to the antioxidant proper-
ties of BHT and the enhancement to production of a metabolite of BHT with
promoting activity. Any attempt to predict the interaction of BHT with a
specific carcinogen 1is complicated because BHT is known to inhibit the
mutagenic activity of benzo[alpyrene but to enhance the mutagenic activity
of aflatoxin B1 in the Sa]hone]la reverse mutation assay (Malkinson, 1983).
The sequence of exposure is an important variable for other compounds as
well. Both phencbarbital and clofibrate, for example, enhance carcinogenic
response when administered subsequent to an initiator. When administered
concurrently with an initiator, however, phenobarbital inhibits tumor forma-
tion whereas clofibrate enhances tumor formation (Mochizuki et al., 1983).
In addition to variations in the effects of dose schedule on carcinogenic
interaction, the nature of the interaction may also vary with the site of
action. For example, Anderson et al. (1983) have noted that PCBs (Aroclor
1254) 1inhibit the development of Tung tumors but enhance the development of
Tiver tumors in mice initiated with N-nitrosodimethylamine.

As with the quantifying of cocarcinogenicity and promotion, a consis-
tent and predicable pattern of dnteraction has not yet emerged in the
assessment of compounds that inhibit carcinogenicity (Schu]te—Herman, 1985;
Williams, 1984). Until such a pattern does emerge, it is not Tikely that
studies such as those described above will be used to modify quantitative
risk assessments for chemical mixtures.

Conversely, both inhibition and masking may be significant in the inter-
pretation of cancer bioassay data on mixtures. For instance, Raabe (1987)
has recently presented an analysis of the dose-time-response re]atiohships
of plutonjum-239 1in causing deaths from pneumonitis and Tung cancer in
beagle dogs. Deaths from pneumonitis tended to occur at higher doses and

eariier in Tlife than deaths from cancer, thus masking the carcinogenic
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activity seen at lower doses. Similar patterns have been seen in the -

results of many cancer bioassays on single compounds ih which early
mortality from causes other than cancer cdﬁfouﬁded the interpretation of the
results. For bioassays on mixtures of compounds, the results of masking of
carcinogenicity because of early mortality could be particu]arly significant
4f the mixture contains known carcinogens. For example, hUman exposure to
the mixture at concentrations below the toxic thresh61d cod]d result in a
significant increase in the risk of cancer that would not be reflected in
the animal bioassay. No data, however, were Tlocated tha{ specifically
address this issue in the published literature.. ‘
2.6.  QUANTIFICATION OF INTERACTIONS

The practical or quantitative significance of toxic interactions at
environmental levels of exposure is difficult to assess. Ks discussed in
previous sections of this report and detailed further in Chapter 4, most
published studies on interactions are not designed to quantify the magnitude
of the interaction but focus primarily on qualitatively chaﬁacterizing the
nature of the interaction. In addition, quantitative measure@ents of inter-
actions can only be made in reference to a non—interactife mathematical
model, several of which are discussed in Chapter 4 and by NAS (1988a).
Thus, the interpretation of the' data in determining ,whethér interactions
occur can be highly model dependent. The available models a?so assume that
the interaction among the compounds in the mixture is consfstent over the
entire range of relevant dose levels. An important conseduence' of this
assumption is that the interaction is assumed to have no thresho1d‘ Few
data are available for assessing the validity of this assumption.

The majority of studies that allow for any quantitati&e estimate of
interaction finvolve acute exposures 1in which death or somé other. severe

endpoint is measured. In such studies (Smyth et al., 1970; Hermens et al.,
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1985a,b), interactions are expressedlas the ratio of the observed LD50 to
the expected LD50 based on the assumption of dose additivity. As
discussed in Section 2.2., this is 6ften referred to as the ratio of
interaction. Most reported ratios of interaction do not exceed a factor of
2; the largest reported variation is a factor of 5 for an equivolume mixture
of morpholine and toluene in the study by Smyth et al. (1970). Given the
variations inherent in the conduct of bioassays, the significance of these
variations from additivity is unclear. Few data are available regarding the
variation of interactions among bioassays conducted by the same investi-
gators (Sun and Johnson, 1960), and no interlaboratory studies have been
conducted. Another source of uncertainty in assessing the implications of
these ratios of interaction 1is that the nature and magnitude of inter-
act1onsv for severe toxic effects may not be the same as those for 1less
severe effects. Furthermore, interactions that occur at high doses may not
occur in the low-dose region. For example, the work of Plaa et al. (1982)
on the well-documented potentiation of carbon tetrachloride-induced hepato;
toxicity by acetone suggests that threshold concentrations exist below which
an enhancement of toxicity may not occur. As discussed in Chapter 3, many
of the biologic mechanisms by which interactions occur are also likely to be
threshold phenomena.

As with acute bioassays of simple binary mixtures, very few studies on
promotion or interaction were located that allow for the quantification of
the interaction. One exception is the study summarized by Pfeiffer (1977)
on interactions of carcinogenic and noncarcinogenic PAHs. This study, which
involved 3000 mice, demonstrated both enhancement and inhibition of
carcinogenic activity. Measured in terms of the observed proportion of
responders versus the expected proportion of responders, variations from

additivity ranged up to a factor of approximately 3. Most other studies
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using experimental animals involve far less elaborate experiﬁenta] designs:
ethanol and vinyl chloride (Radike et al., 1981); cyc]opentene[cd]pyrene and
benzola]pyrene (Cavalieri et al., 1983);‘ and diethy1n1irosam1ne and
phenobarbitone or alcohol (Driver and MclLean, 1986). Tﬁese generally
discuss or provide data that suggest variations from additi?ity, based on
comparing the observed vs. the expected proportion of responders, by Iless
than a factor of 10. Because observed response rates in gmost of these
bioassays are over 10% and must be less than 100%, this obsereation may have
more to do with the design and Timitations of most bioassaysjthan with the
quantitative significance of interactions. No quantitati?e reviews of
cocarcinogenic activity or promotion efficiency have been encountered in the
literature that attempt a systematic and consistent analysis of the

available but diverse animal data in order to estimate the significance and

magnitude of these phenomena for risk assessment.

Epidemiologic studies on mixtures, as discussed in Section 2.2.2., focus
on measuring re]ativelrisk associated with exposure to a complex mixture.
Occasionally, interactions can be quantified between expesures to two
complex mixtures or one complex mixture and another compounq or agent. As
with measurements of interactions from other types of studies; any quantita-
tive estimate of 1nteraction must be made with reference te a non-inter-
active model. For example, one of the most studied examp1e§ is the finter-
action between occupational exposure to asbestos fibers 'and cigarette
smoking (Hammond and Selikoff, 1973; Hammond et al., 1979; Sé]ikoff et al.,
1968, 1980). In the study by Hammond et al. (1979), re]ative?risks of about
5, 11, and 53 were noted for nonsmokers with occupationaﬁ exposures to
ashestos, smokers wifh no occupational exposure to asbestos, and smokers
with occupational exposure to asbestos, respectively. As d{scussed in the

mixture guidelines, this can be interpreted as evidence foﬂ a substantial
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interaction (synergistic) between cigarette smoking and asbestos exposure if
an additive risk model is assumed or as an indication of no interaction if a
multipliicative risk model is assumed.

More recently, Steenland and Thun (1986) have reviewed the measurement
of interactions in epidemiologic studies including a reappraisal of the data
on cigarette smoking and exposures to asbestos, radon daughters, arsenic:or
chloromethyl ethers. As discussed by Steenland and Thun (1986), synergistic
departures from an additive risk model have important public health conse-
quences 1in that eliminating exposure to one agent can result in a greater
reduction in risk than if no syhergistic interaction occurred. The multi-

plicative risk model, on the other hand, is used in characterizing the

etiology of a disease by determining if one risk factor modifies the effect

of another risk factor. Of the epidemiologic studies reviewed by Steenland
and Thun (1986), the Hammond et al. (1979) study showed the greatest devia-
tion, by a factor of about 3.5, from risk additivity. Other deviations from
risk additivity ranged from a factor of about 2 for smoking qnd radon or
arsenic to 0.2 for smoking and chloromethyl ethers. 1In no instance did the
observed relative risk for smoking and the other agent exceed the relative
risk predicted by the multiplicative risk model. The recent reanalysis of
the combined effects of cigarette smoking and exposure to radon daughters in
the BIER IV report (NAS, 1988b) also noted evidence for a multiplicative or
a "submultiplicative" model (i.e., the risk was greater than that predicted
by the additive risk model but Tless than predicted by the multiplicative
risk model) for uranium miners, although some support was found for a supra-

multiplicative model.




3. AVAILABLE INFORMATION ON INTERACTION MECHANISMS
3.17.. OVERVIEW v 7

This chapter summarizes 1nf6rmat10n on‘ ihe chemical and biological
mechanisms -by which compounds interact. Such mechanisms 1né]ude chemical-
chemical interactions, pharmacokinetic effects and interactions at receptor
sites and other critical cellular targets. For the most pa}{, effects of
different types (lethality, narcosis, enzyme 1nduct10n# reproductive
effects) or effects at different sites involve a common setiof mechanisms.
The phenomena of promotion and cocarcinogenicity have been extensively
studfed in a distinct body of 7iterature and may involve ?a complex and
as-yet-not-fully understood series of mechanisms, which are d{;cussed at the
end of this section.

As stated in the mixtures guidelines, toxicant 1nteractioﬁs may be based
on any of the processes that are significant to the toxicoloegic expression
of a single compound: absorption, distribution, metabolism,' excretion and
activity at cellular site(s). In addition, compounds ‘may interact
chemically, causing a change in the biological effect or they may interact
by causing different effects at different receptor sites., Of greatest
practical importance is that most of these mechanisms are safurab]e as are
most kinetic processes for single compounds. Consequent]y# many of the
interactions observed at high doses may not be significant 1h the Tow-dose
region. ‘

Table 3-1, which summarizes these general modes ‘of 1ntéraction along
with some examples, was prepared using a modification of the basic scheme
prdposed by Veldsira (i956). AsK detailed in an extensive jreview by WHO

(1981), "... the available evidence from in vitro and animal ekperiments and

from human observations has shown that a Timited number of mechanisms seem
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TABLE 3-1

Chemical and Biological Bases of Toxicant Interactions

(See text for discussion, additional examples and references)

Bases of Interaction

Examples

Synergism or Potentiation

Antagonism

Chemical

Biological
Absorption

Distribution

formation of nitrosamines
from nitrites and amines

neurotoxicity of EPN
(o-ethyl o-r-nitrophenyl
phenyliphosphorothioate)
enhanced by aliphatic
hexacarbons due in part
to increased skin absorp-
tion (Abou-Donia et al.,
(1985)

increased lead levels in
brain after treatment
with dithiocarbamate/
thiuram derivatives
(Oskarsson and Lind,
1985)

dimethyl hydrazine
reacts in vivo with
pyridoxal phosphate
(vitamin B6) to form
a hydrazone, thus
rapidly depleting
tissue stores of this
enzymatic cofactor
(Cornish, 1969)

dietary zinc inhibits
lead toxicity in part
by decreasing the
percent dietary lead
absorbed (Cerklewski
and Forbes, 1976)

the mechanisms by which
selenium protects
against cadmium toxic-
ity include decreasing
the concentration of
cadmium in liver and
kidney and the redis-
tribution of cadmium in
the testes from the
lTow-to-high molecular
weight Cd-binding
proteins (Chen et al.,
1975)
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TABLE 3-1 (cont.)

Examples

Bases of Interaction  Synergism or Poientiation

Antagonism

Excretion decreased renal excretion
of penicillin when co-
administered with pro-
benecid

Metabolism organophosphorous com-
pounds {profenfos, sul-
profos, DEF) potentiate

. the toxicity of fenval-
erate and malathion by
inhibiting esterase which
detoxifies many pyreth-
roid insecticides (Gaughan
et al., 1980)

Interaction at no information available
Receptor Sites
{Receptor Antagonism)

Interaction Among no information available
Receptor Sites
{Functional Antagonism)

Interaction at DNA no information avai]ab]e

arsenic antagonizes the
effects of selenium in
part by enhancing the
biliary excretion of
selenium (Levander and
Argrett, 1969)

selenium inhibits 2-
acetylaminofluorene-
induced hepatic damage
and liver tumor inci-
dence in part by
shifting metabolism
toward detoxification

{ring hydroxylation)

retative to metabolic
activation (N-hydroxy-
Jation) {(Marshall

et al., 1979)

blocking of acetyl-
choline receptor sites
by atropine aftier
poisoning with organo-
phosphates

jnteraction of hista-

‘mine and norepinephrine
- on vasodilation and

b1ood‘pressure
Induction of DNA repair'
by exposure to

alkylating agents




to'account for the majority of the important known b161ogica1 interactions."
In other words, the basic mechanisms by which toxicants interact as detai]ed
by Veldstra (1956) are based on classic pharmacologic principles that have
not changed substantially over the past 30 years. While most of the best
studied examples of the mechanisms of compound interactions are still from
the pharmacologic 1literature on therapeutic drugs or abused substances such
as ethanol (Seitz, 1985; Puurunen et al., 1983), an increasing .number of
examples are available showing similar mechanisms for compounds of occupa-
tional and environmental concern. |
3.2. CHEMICAL INTERACTIONS

Many cases of direct chemical-chemical 5nteract10ns lead to a decrease
in toxicologic activity, and this is one of the common principles of anti-
dotal treatment. Examples include the use of chelating agents to complex
with metal fions, the inactivation of heparin by binding to protamine, and
the use of ammonia orally as an antidote to the ingestion of formaldehyde
through the formation of hexamethylenetetramine (Goldstein et al., ,1974)’

This class of reactions has been referred to as chemical antagonism by

Klaassen and Doull (1980).

Chemical reactions that lead to greater than additive effects have been
less frequently documented. One example that has received considerable
attention is the formation, in the stomach, of nitrosamines from nitrites
and amines, which result in an increase in both toxic and carcinogenic
effects (Weisburger and Wilijams, 1980; U.S. EPA, 1986a). Other examples
include the formation of arsine and stibine from ores containing arsenic and
antimony, respectively, which come into contact with strong acids in the

stomach. Thus, while antagonism may be the most widely recognized result of

3-4




this mechanism for toxicant interaction in the classic pharmaﬁo]ogic Titera-
ture, synergism or potentiation also occur and may be as sigﬁificant in the
environment. |
3.3.  PHARMACOKINETIC-BASED INTERACTIONS

Many examples of toxicant interactions are based on ‘é1terat10ns in
patterns of absorption, distribution, excretion or metabolism of one or more
compounds in. the mixture. Several reviews of these factors in the assess-
ment of multiple chemical exposures are available (Andersoﬁ and Clewell,
1984; Plaa and Hewitt, 1981; WHO, 1981; Withey, 1981). A]]lof these kinds
of interactions essentially alter the bioavailability of theitoxic agent(s)
to the cellular site(s) without qualitatively affecting ?the tpxicant—
receptor site interaction. |
3.3.1. Effects on Absorption. Most kinds of interactions based,on alter-
ations 1in absorption -involve vehicle effects, the chemicaﬁ formation of
poorly absorbed conjugates or complexes, or decreases in ggstroinfestina1
motility. Examples of such effects have been noted for dra] and dermal

exposures. | |

For example, the dermal toxicity. of TCDD adsorbed Jn charcoal is
considerably 1less than that of TCDD solubilized in a 11péph111c -medium.
~ This is presumably due to the reduced availability -of the chércoa1-adsorbed
TCDD for absorption by biological systems (Poiger and .Scﬁ]utter; 1980).
Conﬁerse1y, dimethyl sulfoxide, a commonly used vehicle 1in dermal ioxicity
studies, is known to facilitate the absorption of manyvorganic compounds
across the skin, thus causing apparent potentiation when comﬁared with Tess
Tipophilic vehicles (Goldstein et al., 1974). A similar me%hanismKappears
to be involved in the enhancement of the neurotoxicity of o-éthy]—o-4-n1tro—

phenyl phenylphosphonothioate by various aliphatic hydrocarbohs when applied
dermally to hens (Abou-Donia et al., 1985).

i
|
.
|
|
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The acute oral toxicity of many compounds is substantially affected by
the vehicle used, and many of these effects are probably due to differences
in rate of absorption. For examp]e; clioquinol administered orally is able
to complex with many metals, facilitating their absorption, and has been
implicated in an outbreak of heavy metal-induced subacute myelo-optic neuro-
pathy in Japan (Tjalve, 1984). By contrast there are examples of compounds
that form poorly absorbed complexes after oral administration such as tetra-
cycline and calcium carbonate, as well as cholestyramine and cho1ester61
(Goldstein et al., 1974). Some compounds given orally, such as codeine,
morphine, atropine and chloroquine, decrease the rate of gastric emptying,
thus decreasing the rate of absorption of orally administered compounds.
For the most part, such interactions usually lead to decreases in effects,
because of the slower rate of absorption rather than increases in effects
because of more complete absorption (Levine, 1973). |

As discussed by Withey (71981) and confirmed in the 7Jliterature reviewed

for this report, there are no examples of toxicologically significant

changes in absorption associated with the inhalation of mixtures. Murphy

(1964) reported increased carboxyhemoglobin levels in mice and rats exposed
to an ozone-CO mixture compared with CO alone. The exact mechanism of this
response, however, has yet to be determined. Anderson and Clewell (1984),
in their review of pharmacokinetic interactions and inhalation modeling,
cite several examples of interactions based on effects on metabolism but
none based on absorption. It has been hypothesized, however, that: one
mechanism by which particulates such as ferric oxide serve as respiratory
cocarcinogens for'benzo[a]pyrene (B[a]P) is by increasing residence time in
the lung and, thus, allowing for more complete absorption of the compound.
Alternatively, if absorbed on particles, the B[a]P is taken up by macro-

phages that have been shown to be capable of metabolizing B[ajP to a
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proximate carcinogen. In addition it has been shown that %cocarcinogenic
particles facilitate uptake of the adsorbed chemical carcinogen across
phospholipid bilayer membranes (Lakowitz and Hylden, 1978; Lakowitz et al.,
1980).

3.3.2. Effects on Distribution. Distribution can play a rﬁ]e in compound
interactions if a more active agent is displaced from an 1naét1ve site to a
primary receptor site by a less active or finactive agent. dne of the best
documented examples of this kind of activity is the displacement of anti-
coagulants from plasma proteins by compounds such as barbfturates, anal-
gesics, antibiotics or diuretics (Goldstein et 31‘, 19745. Similarly,
tri-o-tolyl phosphate decreases the binding of paraoxon to honvita] tissue
in rat liver and p]asmé, consequently increasing the toxicityjof paraoxon in
rats (Lauwerys and Murphy, 1969). Since body fat represents a major
nonvital storage site for many lipophilic xenobiotics, it may}be anticipated
that compounds that cause fat mobilization could result 1n;sim11ar poten-
tiating effects (Withey, 1981).

Recently, Oskarsson and Lind (1985) demonstrated that dithiocarbamates
and tetramethy1thiuram disuifide may complex with TJlead énd selectively
increase the accumulation of TJead in the brain. While the toxicologic
significance of this finteraction has not yet been demonstréted it can be
reasonably presumed that this effect on distribution is 11ke)y to lead to a
synergistic’ effect on the CNS effects of lead. A re]atedj mechanism was
proposed by Larsson et al. (1976) for the teratogenic effect éf maneb, which
is antagonized by zinc acetate, suggesting that the teratogeﬁic activity of
maneb is due to the binding of zinc, causing embryonic zinc deficiency.

Most examples cited above, however, result in greater than additive effects

-- synergism or potentiation. ‘

}
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3.3.3. Effects on Excretion. Most examples of excretion as a basis for
toxicant 1interaction 1involve compounds that are eliminated through the
kidneys. For instance, probenecid or carinamide both competitively inhibit
the elimination of penicillin, thus prolonging or potentiating its desirable
therapeutic effect. Similarly, phenylbutazone inhibits the renal excretion
of hydroxyhexamide, which can cause undesirably prolonged hypoglycemia. If
a toxicant is eliminated through the kidneys, a stimulation of renal
elimination can cause an antagon1st1§ effect, as 1is seen with the

coadministration of phenobarbital and sodium bicarbonate in which the

increased urine alkalinity induced by the bicarbonate ion increases the

excretion of phenobarbital (Goldstein et al., 1974).

A less direct effect on renal elimination has been suggested by
Herschberg and Sierles (1983) for the substantia] potentiation of the
toxicity of 1ithium, which s eliminated through the kidneys, by
indomethacin. These investigators suggest that the potentiation is due to
the 1inhibition of prostaglandin synthesis by indomethacin, which in turn
causes vasoconstriction and a decrease in the renal excretion of Tithium.

As summarized by WHO (1981), several drugs and other chemicals are also
able to compete for biliary excretion. Yamada et al. (1986) have demon-
strated that quinidine has a marked inhibitory effect on the presystemic
elimination of ajmaline by the Tliver when both compounds are administered
concurrently to rats; similar observations have been noted in humans.

3.3.4. Effects on Metabolism. Altered patterns of compound metabolism
have been shown to be the bases of many toxicant interactions (Anderson and
Clewell, 1984; WHO, 1981). A major enzyme system invoived in such inter-
actions 1is Tliver microsomal mixed-function oxidases (MFO), which are

involved in the activation or detoxification of a wide variety of compounds.




Both the types (e.g., different forms of cytochrome P-450) and levels of
metabolic enzyme§ can be 1nduced_?y agents such as phenobarb1£a1, and enzyme
activity can be inhibited by ageﬁfs such ésrpiperohy1 butoxide (Goldstein et
al., 1974). Thus, depending on whether or not the toxicant is activated or
detoxified, inducers or inhibitors of this enzyme system ma& cause syner-
gistic/potentiating effects or antagonistic effects (Freemén and Hayes,
-1985; Leonard et al., 1985). Toxicant interactions 1nv01v1ng;the MFO can be
. complex and depend on both dose and duration of exposure, with some
compounds causing an initial inhibition of enzyme activity ifo]]owed by a
marked induction of activity (WHO, 1981). Although liver m1crosoma1 MFO are
the most commonly studied enzymes involved in toxicant interactions, MFO fin
other tissues may also play an important role in toxicant interactions as
may other enzyme systems, such as alcohol and aldehyde dehydrogenases,
monamine and diamine oxidases, dehydrochlorinases, azo and nifro reductases,
hydrolases and enzyme systems 1involved in conjugation réactions. For
instance, ethanol serves as an antagonist of the toxic effec;s of methano]
by acting as a competitive inhibitor of alcohol dehydrogenase, thus
suppressing the formation of formaldehyde and formic acid ‘from methanol
(Goldstein et al., 1974). %

3.3.5. Interactions at Receptor Sites or Critical Ce11u1ar;Targets. Al
of the biological modes of toxicant interactions discussed above -- absorp-
tion, distribution, excretion and metabolism -- are. essentﬁa11y disposi-
tional, affecting the amount(s) of toxicant(s) reaching the Erimary recep-
tor{(s). Most of these kinds of interactions can involve either synergism/
potentiaiion- or antagonism. Another bio]ogita] basis for tﬁxicant inter-
actions involves events tnét occur at cellular. receptor sﬁtes or among

receptor sites and are usually thought to result solely in antagonistic
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interations. The antagonistic nature of interactions that occur at the same
receptor site was discussed by Veldstra (1956): |

...Wwe may say that the effect of a combined action of two compounds

at the same site of primary action will not result in a synergism,

but will, generally, even be unfavorable. The competition for the

receptor will usually decrease the frequency of the best finter-

actions, and with decreasing fintrinsic activity of one of the
components the combined action will more and more take the form of

a competitive antagonism.

Examples of such interaction include the antagonistic effects of oxygen on
carbon monoxide, atropine on cholinesterase 1inhibitors and naloxone on
morphine (Goldstein et al., 1974). The antagonistic consequences of this
kind of toxicant interaction are so consistent that it has been termed
"receptor antagonism" by Klaassen and Doull (1980) and "pharmacological
antagonism” by Levine (1973). While it seems conceivable that one compound
could increase the intrinsic activity of another compound by modifying the
receptor site -- analogous to the effect of modulators on regqulatory enzymes
-~ such interactions have not been demonstrated.

Interactions of agents among receptor sites are also thought to result
primarily in antagonistic effects and has been referred to as "functional
antagonism" by both Klaassen and Doull (1980) and Levine (1973). This kind
of interaction is most commonly defined as two or more compounds acting on
different receptor sites and causing opposite effects on the same physio-
lTogical function. Examples include the opposite effects of histidine and
norepinephrine on vasodilation and blood pressure and the anticonvulsive

effects of barbjturates on many compounds that cause convulsions. Neverthe-

less, that interactions among receptor sites uniformly result in an antago-

nistic response is not certain, particularly when the receptor sites act on




different physiological systems. The rationale for thisi statement was
presented by Veldstra (1956):
\

The sites of action for two compounds having the same type of
activity may be different. This is the case when the effect can be
caused either by a direct stimulation or by the annihilation of an
inhibitjon. In both cases, the combination of two compounds,
Tinked in parallel or in series, as it were, may well result in a
synergistic effect. When the components of a combination possess
different sites of action and different types of activity, no
plausible prediction about the possibility of synergism can be
made, unless their mode of action is well known.

While examples of such interactions have not been well c%aracterized in
the literature, the potentiation of carbon tetrachloride by %h]ordecone may
be at 1least partly mediated by an inhibition of hepatoée]]u]ar repaif
{Lockard et al., 1983). : i

Another possible illustration of Veldstra's argument is presented in the
work of Alstott et al. (1973), who examined the acute 1etha1 effects of
combinations of 1-methylxanthine and ethanol on mice, and noted two basic
kinds of effects: kidney dysfunction and increased respir?tory rate and
depth. In animals exposed to mixtures in which the‘ ratib of 1-methyl-
xanthine to ethanol was relatively -high, antagonism of acute ]etha1 toxicity
was observed; however, in mixtures in which the same ratiofwas relatively
Tow, a synergism of acute lethal toxicity was observed. This indicates that
in cases where toxicants interact at more than one cellular s%te,rthe nature
of the interaction can be either antagonistic or synergistic. The compli-
cating factor of the "asymmetric" pattern of interaction obsefved by Alstott
et al. (1973) is discussed in greater detail in Chapter 4.

3.3.6. Promotion and Cocarcinogenicity. Mechanistic stud%es onh- promo-
tion and cocarcinogenicity have been active areas of researcﬂ over the past

decade. The extensive literature has been the subject of sevéra1 comprehen-

sive general reviews (Slaga, 1984; Williams, 1984; Yamasaki,;1984) as well
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as reviews that have focussed on specific topics such as hepatocarcino-
genesis (Pitot et al., 1982; Schulte-Hermann, 1985), the inhibition of
cellular communication by promoters (Trosko et al., 1983), the induction of
superoxide anions by promoters (Troll and Wiesner, 1985), and the binding of .
promoters to protein kinase C in cell membranes (Heckef, 1985).

Various investigators have used different but generally overlapping
mechanistic schemes to categorize the types of information on promotion and
cocarcinogenicity. Table 3-2 summarizes the mechanisms based on the
approach taken by Williams (1984), who also provides many specific examples.
As mentioned eariier in this chapter, one possible mechanism of cocarcino-
genesis 1is to 1increase cellular exposure to an- " initiating substahce.
Particulate ferric oxide can serve as an effective vehicle for delivery of
an adsorbed carcinogen, such as benzo[a]pyrene to the target organ, namejy
lung. The particles are subject to phagocytosis by pulmonary a]véo1ar
macrophages, which can elute the benzo[a]pyrene (Autrup et al., 1979),
transport the compound to a distant site or metabolize it. Likewise
solvents may a1§o serve 4as cocarcinogens by increasing efficiency of
carcinogen delivery.

Agents may serve as cocarcinogens by affecting the metabolism of a
procarcinogen such that a more active metabolite or thét a greater quantity
of reactive metabolites is maintained in the cell. This can be accomplished
by induction of metabolic enzyme systems as described previously or by
depletion of or competition with detoxification systems. An example of a
compound with this Tlatter activity is diethy]l maleate, which is known to
deplete Tiver of glutathione, a cellular nuc]eophi]e; Depletion of gluta-

thione increases hepatotoxicity (and presumably the potential for hepatocar-

cinogenicity) of aflatoxin B1 (MgBodile et al., 1975).




TABLE 3-2

Mechanisms of Promot1on and Co- carc1nogen1c1ty*?

Co-carcinogenesis:

1.

o+ w N
* * *

Prbmotion:

1.

4.

Increased uptake of carcinogen
Increased proportion of carcinogen activation
Depletion of competing nucleophiles

Inhibition of the rate or fide]ity of DNA repair

tEnhancement of the conversion of DNA lesions to permanent
alterations

Enhancement of expression of ne6b1ast1c.phenotype ;
Inhibition of d1fferent1at1on »

|

Stimulation of cell pro]1ferat1on |

Cytotoxicity
Hormone Effects

\
Cell membrane effects L t

Induction of proteases
Inhibition of intercellular communication

Immunosuppression

*Source: Williams, 1984
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Another possible mechanism of cocarcinogenesis takes place at the level
of DNA damage. It is known that certain compounds can act as co-mutagens in
in vitro systems: norharman for aniline and benzo[elpyrene for benzo[a]-
pyrene. These interactions could take place at any of a number of steps in
the mutagenic process, including enhancement of mutagenic metabolite produc-
tion. It is known, however, that DNA that is being actively transcribed is
more susceptible to damage than is "resting" DNA. Iif seems plausible then
that some agents could enhance initiation by making the DNA more susceptible
to damage, for example, by holding it in a single stranded configuration, or
by increasing transcription.

Interference with error-free DNA repair 1is another way in which a
cocarcinogen could work. Induction of an error-prone repair system by

DNA-damaging agents is a well-documented phenomenon in Escherichia coli. In

mammalian -cells, certain systems, such as that responsible for repair of

alkylation damage, also appear to be inducible (Swenberg et al., 1982).

There is, however, no evidence as yet of an error-prone repair system that
could be turned on by either a DNA-damaging or a co-mutagenic agent. It has
been reported that some agents reduce the rate of DNA synthesis, including
repair synthesis. Such a reduction in rate of repair could have the effect
of 1increasing the number of permanent DNA alterations or mutations
(Williams, 1984). It has been reported that a compound, 3-aM1nobenzene,
which inhibits the activity of the poly(ADP-ribose) polymerase specific to
DNA repair enhances ‘the formation of Tliver foci initiated by another
compound (Takahaski et al., 1982).

The classic two-stage initiation-promotion sequence proposed by early
investigators (Berenblum, 1941a,b) 1is more Tlikely to reflect experimental
design constraints than two simpie discrete mechanistic stages. Slaga

(1984) has described two separate stages in promotion in which the initiated
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cell develops to a benign tumor, as well as two stages of proéression. The
first stage of progression is that in which a benign tumor_déve1ops into a
malignant tumor, while in the secdnd stage £he malignant tumorfmetastasizes;
each of these stages may involve different mechanisms of interactions.

As mentioned in Chapter 2, the praciica1 significance of the distinction
between tumor initiation and tumor promotion is that the former is commonly
regarded as having no threshold while the later 1is often thouqht to display
a threshold below which no tumor promotion will occur (Driver and Mclean,
1986). This view, however, has been challenged by Yamasak{ (1984), who
claimed that the data are not adequate to determine if‘promotion evidences a
true dose-threshold. Rather, it was suggested that because ét Teast some
stages of promotion are reversible, promoters display a ;dose—schedu1e
threshold (i.e., the dosing schedule is of greater importance than the total
administered dose) that is different from that of initators. or complete

|
'

carcinogens.

The implications of mechanisms of promotion for risk assessment are
further complicated by the fact that some compounds can fnteract with
promoters to increase or diminish promoting efficiency (Schulte-Hermann,
1985; Siaga, 1984; MWilliams, 1984). For example, S]eigh£ (1985) has
reported that 3,3',4,4',5,5'—hexabromob1pheny1 enhances the promoting
efficiency of 2,2',4,4',5,5‘-hexabromob1pheny1 and that this may explain why
commercial mixtures of polybrominated biphenyls have a greater promoting
ability than any of the individual congeners. , f
3.3.7. Interactions and Developmental Toxicity. Deve]opmentai toxicity is

indicated by many different types of endpoints including deafh, structural

abnormality, altered growth and functional deficits (U.S. EPA, 1986b).




These various endpoints are likely to arise as a consequence of any of a

number of cellular processes including mutations, membrane changes, changes

in gene expression, or other events leading to cell death. There is
potential for interaction to occur at any of these processes that would be
manifested as 1increases or reduction in developmental measurements. It is
generally assumed that there are dose thresholds for developmental effects
based on the rationale that the embryo has some capacity for repair of
damage or replacement of dead cells. . Interactions could have the effect of

raising or lowering this threshold as for other systemic effects.




4. MATHEMATICAL MODELS AND STATISTICAL TECHNIQUES

4.1.  INTRODUCTION )

This chapter presents a review and: evaluation of some grepresentatﬁve
. statistical methods for the assessment of toxic responses: to mixtures.
There are four different classes of methods, described as Follows: dose
~addition, response addiiion, generalized linear models and reSponse surface
models. The theoretical framework for each class is discusséd, and varia-
tions within each class are described. Some recently prdposéd methods‘for
use in analysis of mixtures data are also presented, along w%th an evé]ua-
tion of applications of statistical methods in the mixtures 11ferature.

Interaction is defined statistically as the effect of two br more treat-
ments applied jointly that cannot be predicted from the averaje responses of
tﬁe separate factors. This concept of dependence of the effect of one
factor on the 1level of another factor is a fundamental scientific idea.
When 1nteract10n is present, the result of two or more féctdrs applied
jointly may result 1in either positive or negative deviations from the
expected result for each factor taken one at a time. As noted in Chapter 1
and Appendix A, when a large positive deviation is preseni, the common
biological terminology used is synergism. When a negativeé deviation 1is
present, antagonism is said to be present. In the spec1a15case where a
deviation occurs when the two factors are applied together, bﬁt one factor
by itself has no effect, the positive deviation is called potentiation, and
the negative deviation is called inhibition.

The above definitions are contingent on how the expeéted (or  "no-
interaction") effects are defined (Berenbaum, 1985a). There afe two general
classes of models for joint action that assume no 1nter5ct10n. These

classes describe either dose addition or response addition.




4.2. DOSE ADDITION
Dose addition, or simple similar action (Finney, 1971), assumes that the
compounds in a mixture act as if they are dilutions or concentrations of
each other. For examp]e, in a binary mixture, a dose containing zy units
of compound 1 and Z, units of compound 2 would, under dose ‘addition,
behave exactly as a dose of (z1+p22) uhits~of compound 1‘a10ne, where p
is the potency of compound 2 relative to compound 1. In particular, assume
the two compounds have parallel regression lines of probits on log doses as

follows:
Y

]

Yy

where Z is the dose. Simple similar action is said to. occur when the

o) + B logZ (8-1)

ay * B TogZ (4-2)

response to a mixture containing amounts 21 and Z2 units of compounds 1
and 2, respectively, has a response probit of the form
Y = o + B log(Z;+pZ,) | (4-3)
Alternatively, if the mixture 1is a total dose Z of the two compounds in
proportions f] and F2 then the mixture has a response probit of the form:
Y = @y * B 1og(f]+pf2) + B logZ : (4-4)
Note that the assumption of paralielism is implicit in the formulation of
this model (4-1 and 4-2).
One method for testing for dose additivity is to assess the adequacy of
fit of the model (4-4) rewritten as
Y = ag + B logZ (4-5)
Alternatively, when severa1 mixtures of.different proportionate concentra-

tions are to be tested, several different estimates of p can be obtained.
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The sum of squares between observed and predicted response frdm equation 4-4
can then be minimized with respect to a,‘ﬂ and p, and an o&era11‘est1mate
of p is found. Testing for dose additivity is then done byicomparing this
sum of squares against one where va]ués of p were estimated:separate1y for

each. dose. series. ‘

Finney (1971) has also proposed the -following model tb be used for

assessment of interaction:
Y=o+ B log(fy+f,p + K(F,Fp)0-5) + B logZ (4-6)

where «, B, p are as defined before, Z 1is the sum of Z]iand VA and K

2'
is the coefficient of interaction. A positive value of K indicates
synergism; a zero value, simple additivity; and a negative va]de. antagonism.

This model assumes a constant interaction throughout the entire range of

proportions of individual ‘components. “In order to a]]oﬁ for a less

restrictive assumption, Durkin (1981) made the following modification:

Y=o+B 1og(f1+f2p+(K]f1+K2f2)(f]fzp)0-5) + B 1?g2 (4-7)

The properties of this model, however, have yet to be critically evaluated.
Durkin (1981) also proposes several statistical methods for testing for
departure§ from simple additivity. For example, the model for symmetrical

interactive action (Finney's model from equation 4-6): |
!
_ 0.5 ' -
(1/23) = (1/21)[f]+f2p+K(f1f2p) ] ; {4-8)
is: the LC

is the observed LC for the mixture and Z for

3 50 1 50
compound 1, can be fit using weighted linear regression analysis. Similarly,

where Z

the model for asymmetrical interactive action (Durkin's model from equation
4-7), . i

?
(1/24) = (1/Z7)[F+F o+ (K Fi+KoF ) (F1F,p)0-5] | (4-9)
|
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can also be fit by similar means. The hypothesis that

k(p**)/z, = 0 (4-10)
or
(K. F.+K F.)(p0" %) /2. = 0 (4-11)
1hthata e 1=

can then be tested. If the relevant hypothesis is not rejected, then the

data are consistent with simple additivity. Let SSE] denote the sum of

squares error for the simple additivity model, and SSE2 the sum of squares
error for the relevant interactive mdde]. Define then

F = 83/32

where: 53 = (3351 - 3352)/(M - g)

52

where n is the number of measurements, g is the number of parameters in the

SSE2/(n - M+ 1))

model for simple similar action and M is the number of parameters in the
interactive model. Thus, this F statistic has M-g and n-(M+1) degrees of
freedom. Again, the properties of this method have not been rigorously
evaluated.

Another method proposed for testing for simple additivity is to divide
the observed LC50 of the mixture by the LC50 predicted from simple

50
of components and mixtures vary substantially, especially those from experi-

additivity (Durkin, 1981). This method is to be used when LC estimates

ments conducted at different times, thus obscuring trends to nonlinearity.
Under the null hypothesis of simple similar action the observed LC50 of
the mixture will equal the LC50 predicted from equation 4-5. Explicitly

Zg0bs
Zgpred

¢1 + ¢2 =1 (4-12)

where by and ¢, can be considered the proportions of the mixture

toxicity attributable to compounds 1 and 2, respectively. Under a

4-4




hypothesis of interaction such as given by equations 4-8 or 4-9, then

——— = ot + . -
Zapred - T17%2 T it
or |
Z30bs , ‘ :
i, .5 0.5
Zapred - 01702 * K¢ (0102)0+% + Kyt (47070 (4-14)

This heuristic method does not have set rules for déterminatiop of statisti-
cal significance and the method has not been rigorously evaluated. Several
variations on this approach have been discussed in Section 2.4J

The dose addition model can be extended beyond two suﬂstances. The
mathematics of such models, however, are even more comp]icaied, and data
. requirements . for fitting these models increase substantiaﬁ]y as well.

Therefore, using current information, these models can be ofipractica] use
- only with mixtures of relatively few component chemicals.

Plackett and Hew]ett {(1952) criticize the dose addition?mode1 on two
points. First, the parameter K is inadmissible for certain%va1ues of 21
and ZZ' Second,. this model assumes - that p, the potency %f compound 2
~relative to compound 1, is fixed and constant for all organism§ under study,
a condition that they feel is unnecessarily restrictive.

4.3.  RESPONSE ADDITION |

Response addition models were first proposed by Bliss (f939). In the
.original representation for "independent joint action" of the iwo chemicals,
Bliss ({1939) assumed that the two chemicals acted on differeﬁt physiologic
systems. This assumption can be generalized to functional 1ﬁdependence of
ihe two separate effects, even if they are on the same organ system. Define

the following:
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= dose of chemical 1

proportion of animals responding to D]

and similarly for chemical 2. Bliss (1939) noted that the proportion of

1 and P2 but

also on the correlation between the +two distributions of individual

animals that respond to the mixture depends not only on P

tolerances to the chemicals. If there is parallelism in the susceptibility
to the two chemicals so that the correlation is 1, i.e., if the ordering of
the animal sensitivities to chemical 1 is the same as the ordering for
chemical 2, then the most toxic chemical will elicit the response first.

The mixture response is then:
P = max(P,,P,) (4-15)
As noted in the U.S. EPA (1986a) mixture guidelines, if the tolerance

correlation is -1, j.e., if the animal least sensitive to chemical 1 is most

sensitive to chemical 2, and so on throughout the range of sensitivity, then

P = min(P1+P2, 1) (4-16)

For P<1, equation 4-16 is the simplest response addition formula:

(4-17)

Other tolerance correlations give P values between these extremes. If the

correlation is 0, then one obtains the familiar model for statistical

independence:




P =Py + Py - (PP,) | (4-18)
Hewlett and Plackett (1964) J{scuss a dgfferent class of @ode]s based on
combining responses of two chemicals. Instead of counting3the number . of
animals responding, they model the number of tissue recepﬁors that are
affected by the chemicals. Their fundamental assumptipn is tbat the tissue
. damage can be described by chemical complexing of the tissuejreceptor‘with
~the administered chemical. The manner of competition of che&ica] molecules
for these tissue receptors is assumed to be described byé laws of mass
action, so that key model parameters are the chemica1sﬂ dissociation
constants for complexes. Their model also assumes that a quénta] response
occurs only when an underiying graded response, E, exceeds:some critical
threshold, Ec. The model assumes that the joint action of two compounds
is the result of competition for the same set of receptors. iUsing Hewlett
and Plackett's (1964) notation, let m, and m, be the reciprocals of the
~dissociation of the receptor-compound complexes for compo@nds 1 and 2,
respectively, and Tet @y amd W, be the respéctive moiar
concentrations'of these compounds at their respective sites of action. The

graded response to compounds 1 and 2 is

Floprey) = (Ngey + Mpop) /(T + Moy + Mywy) (4-19)

where

n = Aim’][r]’ :| = ],2,

i
A1 is the intrinsic activity of compound i, and [r] fis tﬁe total molar
concentration of receptors‘ Let m; denote the action ?to]erance {or
threshold) for compound i, defined as the amount of compouﬁd which, when
acting alone, is Jjust insufficient to produce the quantal response in the

'
individual. A quantal response will then occur when w1>m1.
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When compound 1 is an agonist and compound 2 is an antagonist (Case 1),

quantal response occurs when

w1/(] + m2w2) > @ {4-20)

If @y is log-normally distributed in the population of individuals

considered then the model for the normal equivalent deviate of response is

Y=1¢+06'log (m]/(1 + mzmz)) (4-21)‘
If the relation between the acting concentration of compound i, W50 and
the administered amount, 21, js assumed to be
= nj 4-22
03 = W4 (4-22)
then equation 4-21 becomes
n2 :
Y =« + By 10g(Z,/(1 + wZ, °)) (4-23)

If both compounds are agonists both elicit the same maximum response (Case 2)
then quantal response occurs when
(n]m] + n2m2)/(1 +m

199 + mzwz) > K v(‘4"24v)

where K is the critical graded response for compound 1 alone and for
compound 2 alone. Thus quantal response occurs when

© /(nI + /m‘ > 1 (4-25)
177 22
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y = wi/wi. Then the nonresponse proportion is

q = Pr(s;+s, < 1) | (4-26)

1 ) |

which can be evaluated if @y and w5 have a bivariate normal
distribution. If the maximum response attainable by compound 1 is greater

than that attainable by compound 2 (Case 3), then quantal response occurs if

(nyay + M) /(1 + Moy + Mywy) > nyoy/(1 + Moy ) (4-27)

As n2»0, Case 1 results. As (nz/mz)»(n1lm1), Ca;ei 2 resuTts.
Otherwise, subjecting this model to the same derivations as for Case 1
results in "a model which has doubtful practical value on account of the
number of parameters involved" (Hewlett and Plackett, 1964).

The parameter q is evaluated by integrating the bivariéte %orma1 density
function over the appropriate region. Subsequent analysis of ﬁose—morta]ity
data then uses the log-dose-probit response 1ine, which is curvilinear under
independent action of the two compounds and is skewed upward as response
increases and the correlation coefficient between the action tolerances for
the two compounds decreases. Bliss (1939) notes that CUrvi{inearity of a
dose-response curve is difficult to test in experimental dafa, and Durkin
(1981) attributes the paucity of studies with examples of response addition
to this difficulty. |

Similar to the dose addition models, the response additionjmode]s can be
easily generalized to more than two chemicals. The comp]éxity of such
models and the accompanying extreme data requirements, howe?er, make such

models of 1ittle practical use.




4.4.  GENERALIZED LINEAR MODELS )

For the ordinary 1linear model, "interaction" is taken by statisticians
to mean a departure from response additivity assuming a normal distribution
of the response variable. For generalized linear models {e.g., Jogistic,
log-linear, log-probit and muitistage models), interaction is taken to mean
a departure from additivity for a transformation of the response variable.
For instance, in the log-l1inear model

1og(p1j) =M+ a, +b, + dij. i=0,1, j=0,1 (4-28)

J

where =b =d_ =d  .=d.. =0, and where

30="0=%0=%10"%; Pi3
responding in the group receiving dose level i of compound 1 and dose level

denotes the proportion

J of compound 2, the dH term describes the presence and extent of

interaction between compounds 1 and 2. Similarly, in the logistic model

1Og(pij/(]—p1j) =Mm + a1 + bj + d1j, i=0,1, j=0,-|“ (4-29)

where pij is as Dbefore, a0=b0=d00=d10=d0]=0, and d]] describes
the interaction.

Although the examples of generalized Tlinear models given above are
applicable only to experiments with simple binary mixtures, these models can
be extended to experimentation with three or more compounds. The difficulty
in doing so is not in the mathematics, but rather time and expense incurred
in the conduct of appropriately designed factorial experiments.

Use of fractional factorial designs can be used more economically, but

sti11 can be lengthy 1if whole animal 1lifetime studies are bonducted.

410




Moreover, fractional designs also assdme that oﬁe or more fhigher order
1nteract10ns are zero, when information on all interactions may be the
‘ objectAof the exercise.
| _ Non]inear terms can also be fincorporated into gehera]ized{1fneaf models
~and the Box-Tidwell fitting technique can be'applied to'obtginvparameter
estimates (McCullagh and Nelder, 1983). In particu]ér, if gﬂx;e) is the
covariate of interest where o is unknown, the expansion of g(X;O)'about an

initial value e0 is obtained to derive the linear approximationl
g(X;e) ~ g(X;e,) + (e-o))[ag/2e]

0=9g : (4-30)

Therefore, if the model contains a nonlinear term of the form
Bg(X;e)

then replace it by two Tinear terms of the form

Bu + yv
where u = g(X;eo)
1
vV = [ag/ae]e=e0
Y = B(e-eo)

The estimation procedure for o is then iterative as follows:

1. Fit the generalized Tinear model with covariates u and v
|
2. Obtain e, = e,+y/B as the improved estimate ]

3. Iterate to convergence

I

McCullagh and Nelder (1983) noted that this technique is higﬁly useful and
probably under-used, but cautfoned that this method is not aﬁpropriate for
the inclusion of many nonlinear ‘terms since the éStimafes of these
parametefs will have 1large sample variances and will usua11y be highly

correlated with the 1inear parameters and possibly with each other. '
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Elashoff et al. (1987) describe a modificaiion of the proportional
hazards model to allow for the incorporation of competing risk for death to
evaluate interactions between two chemicals in a 2x2 carcinogenicity experi-
ment. For the analysis of tumor incidence data, they test for interaction

using the additivity index (Wahrendorf et al., 1981) as follows:

I= 1°g(q]0/q00) + ]og(qo]/qoo) = 109(q]1/q00) (4‘31)

where 990 is the background probability of not developing a tumor, 90
and Gpy are the probabilities of developing a tumor when compounds 1 and 2
are administered alone, respectively, and 447 is the probability of not
developing a tumor when compounds 1 and 2 are administered concurrently. If
I>0, synergy is said to have occurred, and if I<0 then antagonism is said to
have occurred.

The time-to-death data is important to consider in addition to the tumor
incidence data when Tlethal nontumorigenic toxicity in the doubly exposed
group relative to the singly exposed groups is excessive since it can cause

a negative bias in I. Therefore, they used the proportional hazard model

Pr(survival without tumor at T years for treatment ij) =

exp[—Ig(h'ij(t) ¥ hgg(t)) dtd, (4-32)

where h' represents the incremental force of mortality due to treatment. To

test for interaction they use the null model

hl]O(t) + hl01(t) - h']](t) =0




A test statistic developed by Korn and Liu (1983), which uses a Mantel-

Haenszel approach, is then used to test for no interaction with respect to
time to death. |

Generalized linear mbde]s have also been proposed for mu?ti—effect data
on the complete mixture. The responses are graded (nonquénta]) and the
overall toxicity of the mixture 1is assigned to a sevérity category
(Hertzberg, 1987). A 1ink function transforms the response frequencies for
each dose in each severity ;ategory, and the transformed resﬁonse for these
ordered categories is then regressed on a linear function of%dose (duration
could also be included as a covariate). For exambWe, 1f effects are
categorized as "none," "mild," “moderate" and ‘"severe," énd if "mild"
effects were considered tolerable, then one could determin; the risk of
"moderate or severe" effects for a given mixture dose. The model is similar
to those discussed previously. For example, for the Togistic link function,
the counterpart to equation 4-29 is ‘

‘r
|

ToglG /(1fﬁj)] = T, - b*[ Tog(D) - log(D) 1] i - (4-34)

3 ]

where D now denotes the dose of the complete mixture, the ?verbar denotes

the mean of 1log{(D), and j denotes the severity category.@ The response

variable G is a function of the mixture dose D and represents the cumulative

, |
response frequency at dose D, i.e., the organisms responding at severity

k
at severity level k, then the transformed response is

level j or 1essf If P, is the proportion of animals responding to dose D




The probabilistic risk estimate from such a model is obtained by inverting

the Tink function, to give the risk of an effect worse than category j,

p(I>j) = 1 - exp[F,(D)] /7 (1 + exp[F,(D)1) (4-36)

where F represents the right-hand side of equation 4-34.

A mixture of chemicals is 1likely to induce several different kinds of
effects in different organs. Applying the previously discussed response
models to each kind of effect, even if data were available on the complete
mixture, would generate several dose-response curves, and would require some
statistical combination algorithm to address the multiplicity of effects‘
The recasting of the risk problem using severity categories is mathematic-
ally simpler, and also avoids the difficult issue of correlation of specific
toxic effects across species. The risk assessor then evaluates only the
risk of general systemic toxicity, e.g., the risk of unacceptable effects.
This procedure also allows the toxicologist to assign multiple effects to a
higher severity category. For example, "mild" effects in several diverse
organs and tissues would be deemed "moderate" and unacceptable when
considered as a composite toxic response.

4.5. RESPONSE SURFACE MODELS

When a 2x2 factorial design is used to study the interaction of two com-
pounds, no information is gained about how the response changes with changes
in the magnitude of exposure to both compounds 1 and 2. If the dose ranges
for these compounds are more completely studied, however, the economic
requirements increase as well. For instance, with only three nonzero doses
of each compound in a binary mixture, 16 treatment groups must be studied if

all possible combinations of the two compounds are used. An alternative
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approach 15 motivated by conceptualizing the response to the joint exposure
as forming a surface over the experimental plane with peak§ énd valleys.
Designs that maximize or minimize this surface by sequential e}p1oration are
called response surface models. They are most frequently used in industrial
experimentation where the response can be measured quickly and where a small
number of factors are to be combined. Thus, their utility fof the study of
mixtures of even moderate complexity or for use in 1ong%term toxicity
studies is questionabie. ‘ &

4.6. SUMMARY OF INTERACTION DATA BASE :

A survey of the statistical methods utilized in studies}pertaining to
mixtures was conducted using those papers fincluded in the U;S. EPA inter-
action data base (U.S. EPA, 1988) as well as papers retrieved subsequent tg
the construction of the data base. A total of 462 relevant references were
included in this survey, which also examined the type of mixture studied
{binary, simpfé, or comp1ex), whether the study was descripiiye or mecha-
nistic in its approach, and _whether the mixture 1nc1udeﬁ carcinogenic.
compounds. A relevant reference Qas considered one in whicﬁ both methods

and data were presented, f.e., abstracts and reviews were no{ 1nc1hded. of

the 331 references contained in the interaction data base,;307 were con-

sidered relevant. An additional 155 studies were also 1n¢1uded in this

survey (Table 4-1). S

A summary of the types of studies examined and the statistics used in
each 1is presented in Table 4-1. Individual columns are dsed for those
papers found in the daia base and those not included so that an exclusive
analysis of the data base can be made separately. The First?group of cate-

gories pertains to the general characteristics of each 1ndiv1dua1 study.‘




TABLE 4-1

Survey of Interaction Studies Methodologies*

Data Base Other Total ~ Percent
‘ (%)

Number of studies 307 ' 155 462 | -
Nature of Individual Studies

Binary mixture 294 150 444 96.1

Simple mixture 24 16 40 ‘8.7
Complex mixture 17 1 24 5.2
Descriptive 276 136 412 89.2
Mechanistic 61 50 m - 240
Noncarcinogen 261 118 379 82.0
Carcinogen 46 317 ‘ 83 18.0

Statistical Breakdown of Individual Studijes

Student's t-Test 85 52 158 34.2
No Statistics 85 35 119 25.8
Statistics Not Specified 71 35 "~ 106 22.9
Analysis of Variance 34 16 he 11.3
Chi-Square Test 17 12 29 6.3
Neumann-Keuls Test 13 3 16 3.5
Mann-Whitney U Test 7 5 ' 12 2.6
Wilcoxon Test 3 7 10 2.2
Duncan's Multiple Range Test 9 1 10 2.2
Fisher Exact Test 4 4 8 1.7
Tukey's Test 3 3 6 1.3
Dunnet's Test 3 2 5 1
Kruskall-Wallis Test 3 2 5 1.1
Least Significant Difference 3 1 4 0.9
Finney Additivity Formula 1 3 4 - 0.9
F Test 2 1 3 0.6
Scheffe's Test 1 2 3 0.6
2-Sample Rank Test 1 0 1 0.2
Fisher-Yates Test 0 1 -1 0.2
Mantel-Haenszel Procedure 0 ] 1 0.2

*Refer to text for explanation of individual categories.
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Interactions result from a binary mixture (two constituents), a simple
mixture (more than two but less than dozens of identifiable éomponents), or
a complex mixture {dozens or more constituents, many of which are unidenti-
fied‘or present in low concentration). Several studies used more than one
type of mixture involving, in most cases, the effect of one dompound on the
interaction of two other compounds. In other instances, the interaction
between iwo §1ng1e components, e.g., carbon tetrachloride and phenobarbital
{binary mixture), as well as the interaction between a sing]efcompound and a
mixture of compounds, e.g., carbon tetrachloride and PCBs (comp1ex mixture),
would be investigated in the same study. The total number ofleva1uations is
then much larger than the number of references, although it {s obvious that
an overwhelming number of evaluations pertain only to binary mfxtures.

These studies are also seqregated as to whether they anaﬂyze an inter-
action mechanistically, descriptively or both. A descriptivé study is one
that only Tooks at one or more toxic endpoint(s) to chéracterize the
magnitude of the 1nteréction without examining the under]yinb cause({s) for
the 1interaction. Such endpoints commonly 1include LDSb :va1ues, serum
enzyme levels, and sleeping times. Mechanistic studies, on the other hand,
attempt to quantify . changes in the absorption, distributioh, metabolism,
excretion, receptor binding, or physical characteristics o¥ a compound,
Examples of mechanistic endpoints include wurinary .metabélite profile,
intestinal absorption, hepatic enzyme activities, and tissué‘distribution.
Several studies incorporate both approaches by attempting to correlate a
change in toxicity with the biological or chemical bases of tﬁe interaction.

For example, several studies have examined the effects of Fertain enzyme

inducers such as phenobarbital, 3-methylicholanthrene, or PCBsiwith a change
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in hepatotoxicity induced by carbon tetrachloride. Table 4-1 indicates that

61 studies (412 descriptive + 111 mechanistic - 462 total) utilized both

strategies.

Finally, the number of studies involving carcinogenic endpoints was
determined. A carcinogen study is defined as one in which a determination
of tumor frequency, latency or incidence is made. Studies in which known
carcinogens were used but were not of sufficient duration for tumor
formation were included in the noncarcinogen category. Unlike the other
categorizations, a study was classified as either carcinogen or noncarcino-
gen but not both.

The use of statistical methods as specifically stated in either the
methods section, in tables or figures, or in the text was tabulated for each
study. As reflected in Table 4-1, the most widely used procedure is the
Student t-test, which was utilized in over one-third of the studies. This
test was frequently used in conjunction with other methods such as analysis
of variance (ANOVA). Most often, however, the t-test was‘the only method
employed. A noteworthy finding was that one-quarter of the studies in the
survey contained no reference to any statistical procedures. In addition,
nearly 23% of the studies did not specify the type of statistical iests
used. In these cases, either the p vé]ues were given in the text or in the
footnotes to tables or figures without explanation or the use of statistics
was referenced to another source. In one study, the authors stated that
"statistical comparisons were made by standard procedures” (Cerklewski and
Forbes, 1976).‘ Table 4-1 indicates that 83% of those studies examined
either used no statistics, did not specify the statistical methodology or
used Student's t-test. |




The other stat1stica1 tests emp]oyed in these studies are d1so Tisted in
Table 4-1. Because many siudies used more than one procedure, the total
number of individual tests 'is greater than the total number of studies in
the survey. Nearly 37% of the studies used a method other than or 1n
addition to the Student»t-test. No attempt will be made here to define or-
characterize each method nor critically éssess the appropriateness of these
tests for interaction studies except for the use of Finney's (ﬁ971) equation
(equation 4-8 with p=0) for Jjoint toxic action. | Four stud%es used this
additivity model to calculate the predicted L050 values fofi a number of
binary mixtures. Ratios of predicted to"observed LD5OS were calculated
and a determination‘was made as to the significance'of the;deviance from
additivity. Keplinger and Deichmann (1967) determined the qcute toxicity
induced by combinations of two and three pesticides and reporied that while
most of the combinations induced essentially additive effects in miceAand
réts. there were cases of Jess than or more than additivityJ Pairs of 27
thdustrial chemicals tested for Joint toxic interaction demenstrated that
the additive model reasonably ~pred1cted the toxicities of a majority of
these binary mixtures (Smyth et al., 1969). Departures from aeditivity were
reported by Withey and Hall (1975) who investigated the join% toxic action
of perchloroethylene wjth benzene or tb]uene and by Freeman and Hayes (1985)
who observed the potentiation of acute acetonitrile texicity bylacetone.

A handful of other studies has also attempted to quantify toxiclinter—
actions in terms of deviation from an additive response. i An undefined

additive model was employed by Woolverton and Balster (1981) to investigate

the effects of combined ethanol and 1,1,1- tr1ch10roethane exposure.
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Wysocka-Paruszewska et al. (1980) used the coefficient of combined action,
defined as "the ratio of the calculated LD50 on the basis of LDSOvOf a
single compound to the experimental LD50" to evaluate the toxicity of
thiuram in combination with several other pesticides. Derr et al. (1970)
used a response addition approach in which the mean heart or body weights
for 1individual treatment groups (minus control values) -were added to
calculate the expected combined response to cobalt (cobaltous chloride) and
ethanol exposures. The observed and calculated weights were then compared
using a Student t-test. The effects of brophylactic protection against
cyanide intoxication were evaluated using potency ratios defined -as the

LD of KCN with antagonist(s) divided by the LD of KCN _without

50 50

antagonist(s) (Way and Burrows, 1976). The results of the above studies
were varied in that additive, potentiated and antagonistic effects were
observed depending on the mixture components and concentrations.

4.6.1. Description of the Mixtures Data Base Samp1e. The use of statis-
tics in the U.S. EPA mixtures data base has been described in the previous
section. A 10% random samplie of papers from the U.S. EPA mixtures data base
was taken to review the quality of experimental design, use of statistics
and ensuing conclusions. The sample was stratified by classification of
type of statistics used; there were 32 papers assessed. A detailed critique
of these papers is contained in Appendix C. It is important to note that if
an investigator used a poor experimental design or inappropriate statistical
analyses, the conclusions regarding the interaction are suspect. Uﬁfortu-
nately, it is impossible to determine if the conclusions are correct without
access to the raw data for re-analysis.

In summary, there was no use of statistics in 8 studies, the statistics

used were not specified in 7, no statistics were given in 2 abstracts, and
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no quantitative data were given in 1 paper. Of the remainihg papers, the
onés that described their statistical methods, the methéds used were
1nappropr1ate in'9 and there was no baseline control in 4 pépers. In one
paper, the design and use of statistics were appropriate withsthe conclusion
~ justified.
'4.7. CRITICAL ASSESSMENT EXAMPLE |

As a further assessment of the quality of statistical aﬁa]ysisvih the
mixtures 1literature, one paper was selected for intensive iscrutiny.- The
study by Eybl et al. (1984) was chosen because of its deta11éd descriptions
of the toxicologic and statistica]‘methods employed.

Eyb1 et al. (1984) investigated the influence of 'seQera1 chelating
agents on the acute tokicity of cadmium (Cd). ~As will b§ shown 1in the
following discussion, the experimental design and’the.Stat?stica1 methods
used were finappropriate for characterizing the 1nterac%10n for risk
assessment purposes; and were in fact inadequate for some of the authors'
goals as well. Eybl et é%; (1984) examined effects on miceﬁand‘rats; only
the mouse experiments are discussed here. Characteristicsi common to the

mouse test series were as follows: '

species: ma1e mice (SPF, Velaz Prague), 20.22 ¢ body weight

route: (single injection)

chemicals: Cd w1th any of six chelating agents or comb1nat10ns
“endpoint: survival rate at 10 days

4.7.1. Experimental Conditions. The first series studiedi the effect of
single chelating agents on survival of mice injected with CdC1

o vThe

conditions were as follows:

Groups: 20 mice per exposure group
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Exposure: toxicant- CdC1p+2.5H20 single subcutaneous
injection 20 mg/kg; 1inhibiting agent- single
intraperitoneal injection at a molar ratio of
25:1 {chelator:CdC1y)

Statistical method: wunspecified, probably Fisher's exact test
(Fisher's exact, Chi-square, t-test aill
mentioned in Methods section)

The conditions for the second, third and fourth series were similar to
those of the first sef1es., The second series included three dose Tlevels
(molar ratio of 1:1, 2:1, 5:1). The third series used one dose level (molar
ratio 5:1) but two treatment sequences (simultaneous vs. 2 hours after the
Cd injection). The fourth series used one dose level for single chelator
effects and a different dose level for effects of two chelators together.
For example, ZnDTPA and DMSA were tested individually at a molar ratio of
2:1, while the combination ZnDTPA+DMSA was tested at a ratio of 1:1:1.

4.7.2. Discussion of Design. This first series seems to have been
intended only to screen for the most effective 1nh1p1tors (antidotes) of Cd
toxicity. Cadmium is always administered at the same dose, and each of the
chelators s administered at only one dose level. Consequentiy, no dose-
related interaction can;be determined. The authors apparently assume that
the data are similar to data on treatment regimens for a disease, where here
the disease is Cd toxicity and the treatment is one of the chelators. The
"disease-treatment" interpretation, however, requires the assumption that Cd
lethality occurs only at 20 mg/kg or more, and that the administered
chelator levels are the standard antidote dosages. None of these assump-

tions has been demonstrated in this paper. Consequently, any conclusions

are then specific to the doses used.

4-22




No models were presented by the authors as a means of éstimating the
"expected" response from the Cdfche1ator cqmbination. Mode]s}of the inter-
action between a chelator and Cd cannot be apb]ied to the dat? as presented
since results are not given for a control group (no CD, no fhelator), nor
for exposure to a chelator alone (no Cd). A key unstated assdmption is that
all the chelators are administered at nontoxic doses.

The statistical test used is not stated, but can be assﬁmed to be the
Chi-square or Fisher's exact test. These tests are consistent with the
interpretation of the experiment as if it were the treatment of a disease.
As further confirmation, use of Fisher's exact test in reca1cu1at1ng the
significance levels showed agreement with Eybi's published values (Eyb1 et
al., 1984, Table 1) except for the group 4 to group 6 combarison, which
should show p=0.02, i.e., it should be footnoted by an aste}isk to‘denote
p<0.05, not p<0.01. ‘

The preceding comments also apply to the other test series. In
|

addition, the doses (molar ratios) used in the secoﬁd and thfrd series were
the same for all chelators, regardless of each one's 1nh1b1£ory effective-
ness. The doses used in the fourth series were selected to pfovide the same
-~ number of moles of mixed chelators as used in eagh 1nd1v1dua1 test. No
model has been located that uses such a dose selection in a?mixture study,
and the authors do not provide any justification for‘these dosés.

4.7.3. Discussion of Results. The reported results for aj] four series
include the survival fraction (n/20) and significance 1eVei (percent) of
various differences in survival rate. Several comparisons afe madeAin the
first, second and fourth test series with no adjustment; for multiple
comparisons. The importance of the multiple comparison prob]em is easily

demonstrated with the first series. Note that two comparisons are reported

|
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between chelators, suggesting that all chelator survival rates may have been
compared with one another but only a few comparisons were reported. There
are 6!/(2! x 4!) = 15 such pairwise comparisons in addition to the six
comparisons between each chelator and Cd alone. At a decision significance
of 0.05, one of the 21 comparisons can turn outv to appear significant
through random chance alone. So one of the six significant findings could
be circumstantial and not due to actual differences in inhibition. If the
decision rule is to require significance of at least 0.05, then the
chelators showing survival increase at a significance of 0.01 or lower would
probably be significant after the multiple comparison adjustmeﬁt. The
finding that was significant at 0.05 but not 0.01 is suspect. 1In the fourth
series, the multiple comparison issue is not as strong, since only six
possible comparisons could be made; the reported significance Tlevels,
however, are still inaccurate. |

In addition to compensating for multiple comparisons, the analysis
should have used survival time (when the animals died) instead of the end
survival fraction. In addition to using more data in the statistical
analysis, comparing survival curves would have also provided more informa-
tion for studies on the mechanism and pharmacokinetics of inhibition by the
chelators.

Use of a single dose level in the first series is justified for screen-
ing purposes. The analysis of the second series should have combined the
dose levels, instead of merely reporting pairwise comparisons. For example,
1f the different series are assumed to be comparable and the groups com-
bined, then the dose-response data appear as in Table 4-2. The dose selec-
tion for the fourth series could then have been made according to some

interaction model so that the response to the combined chelators could be
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TABLE 4-2
Combined Results for CaDTPA and DMSA Inhibition of Cd Toxicityd

Chelator 3 Doseb Survival Surviving/Total
‘ (%) ‘
CaDTPA ] 60.0 12/20
1 60.6 20/33
2 80.0 16/20
5 81.8 | 21/33
5 86.7 : 13/15
25 85.0 | 17720
DMSA 1 3.0 ‘ 1/33
2 35.0 7/20
5 100.0 33/33

dSource: Eybl et al., 1984

bpose is molar ratio of chelator:Cd with Cd administered as CdC12+2.5H20 at
20 mg/kg :
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predicted. For example, for a response addition model where independence of
action is assumed, the doses used in individual testing would be duplicated
In the mixed test (if the molar ratio of chelator:Cd of 2:1 was used for
each single chelator test, then the mixed exposure ratio of chelator:
chelator:Cd should be 2:2:1). For a dose addition model where similarity of
action is assumed, the mixed exposure would use doses scaled according to
potency, where the summed scaled dose of the mixture would have been
previously tested for one of the single chelators. Instead, since the dose
selection was not justified by the authors, and since no predictive model
was presented, the authors' conclusion that "the additive effect of these
two chelating agents was demonstrated" is false. 1In general, the conclu-
sions throughout this paper are much weaker than they could have been had
adequate design and analysis been implemented.
4.8.  SUMMARY

In summary, statistical methods that have been used for assessing inter-

actlons among components 4in chemical mixtures have been examined. This

review indicates that proper experimental design is infrequently utilized,

and that statistical techniques are rarely chosen appropriate to the experi-
mental data. In particu]ar, current techniques for investigating the
presence and extent of interactions in complex mixtures are inadequate,
impractical or impossible to apply. At best, practical design and ana]ysis
techniques can be applied to characterize interactions in the experimental

dose ranges only among constituents of simple mixtures.




' 5. DISCUSSION AND REASSESSMENT OF THE GUIDELINES
5.1. OVERVIEN | ’

~This chapter reviews and reevaluates ihe current Agencj guidelines on
mixtures based on the Agency's experience in applying these guidelines as
well as considerations of new information that has been o&tained and new
approaches that have been 'proposed since the guidelines Qere developed.
Revisions suggested in this chapter along with other comments received by
the Agency will be considered for future incorporation into the guidelines.

Based on the mechanistic considerations summarized in Chapter 3, toxic
- interactions may modify significantly the toxic and carcinogenic‘potency of
environmental contaminants. The tybes of information avai1ab1e for quanti-
tatively assessing the magnitude of such interactions as reviewed in Chapter
2., however, are not extensive. While appropriate mathemat{cal models and
statistical techniques are available to quantify some“simp1e binary inter-
actions, these methods cannot be extended to complex mixtures because the
data requirements of such extensions lead to experimental designs that are
impractical. In addition, mathematical models for quantifying promotion and
cocarcinogenic efficiency that could be used to systematicd]]y assess and
compare the quantitative significance of these phenomena jhave not been
developed. Those quantitative estimates of compound interaetions that can
be made suggest that most interactions are within a factorjbf 106 of those
that would be predicted based on the assumption of no 1nterac%1on. The data
on which this generalization is based, however, are limited.

The preferred approach presented in the guidelines for eonducting risk

assessments on mixtures is to use in vivo toxicity data on the mixture

itself based on the route of exposure and duration period of concern. This
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remains the preferred approach, as long as certain factors such as masking
of toxic or carcinogenic effects are considered. Nonetheless, this approach
will not be practical in most cases because adequate toxicity data are
availabie on only a few complex mixtures. While the concept of "sufficient
similarity" may be able to extend this approach somewhat, this approach wiiil
st111 be restricted to a few well-studied groups of complex mixtures (see
Appendix B). '

The use of an assumption of dose or response additivity as the basis for
risk assessments on mixtures remains a useful, and in many cases the only
practical, approach. Some mechanistic considerations suggest ' that
additivity may be a plausible assumption in the Tlow-dose region because
thresholds for many types  of interactions are expected to exist. 1In
addition, many acute bioassays on binary or simple mixtures suggest that the
dose additivity often adequately accounts for mixture toxicity based on
gross toxic endpoints. Nonetheless, the credibility of this approach dimin-
ishes as the number of components in the mixture increases because for many
mixtures the toxicity and perhaps the identity of all components are not
known.

Alternatives to any of the above approachés are being developed and
explored by the Agency and other groups to more fully utilize the extensive

in vitro and short-term in vivo data on many mixtures. Two such alterna-

tives, the “comparative potency approach" and the "toxic equivalency
factor," were not d{scussed in the guidelines.

The “comparative potency approach" attempts to calibrate the in vitro
potency of groups of comp]ek mixtures to the Timited in vivo potency

estimates of these mixtures. Once a relationship between in vitro and j

vivo potency has been demonstrated, the results of i vitro assays on other
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related comp]ex mixtures can be estimated. As discussed beTow in Section
5.3., this approach has been applied to.the carcinogenic potency of combus-
. tion emissions and can be regqrde& as a more formal and quantﬁtative exten-
sion of "sufficient similarity."” A; with the direct app]icaﬁion of suffi-
cient similarity, care must be taken to ensure that the approSCh is applied
only to mixtures that are likely to exert effects by the same ﬁode of action.
The "toxic equivalency factor" method involves estimating {he potency of
less well studied components in a mixture relative to the potenﬁy of better
studied components, using data from comparable types of in Milig and in vivo
assays. So far, this method has been used only to estimate tpe toxicity of
mixtures of chiorinated dioxins and dibenzofurans (a groUp of similar
compounds) by using the ;onsiderab1e data on the in vitro act%vity of these
compounds. The toxicity of the mixture 1is then estimated Hy summing the
~ products of the equivalency factors and concentrations of théicomponents in
the mixture. An estimate of the in vivo potency of the mixtufe'can be made
by mu1t1p1ying this sum of the prodqcts by the in vivo potencyiof the refer-
ence compound, i.e., the compound that served as the basis for estimating
the toxic equivalency factors (2,3,7,8—TCDD in the case of mixtures of
chlorinated dioxins). This approach can thus be regarded as an extensibn of
the assumption of dose additivity and 1like dose additipity must be
restricted to compounds that act by the same mechanism.

Both of the above approaches are 1likely to prove useful a§ alternatives
or bases for comparison with risk assessments using the hazard index based
on dose or response additivity as given in the guidelines. As with any type

of analysis based on in vitro data, confidence in these methods will vary

with the degree to which the in vitro analyses have been validated as

predictors of i

vivo responses.
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None of the above considerations fundamentally alter the basic approach
recommended in the original guidelines. A1l of these considerations do
reinforce the underlying principle of the gquidelines: "No single approach
can be recommended to risk assessments for multiple chemical exposures.
Given the complexity of this fissue and the relative paucity of empirical
data from which sound generalizations can be constructed, emphasis must be
placed on flexibility, judgment, and a clear articulation of the assumptions
and Timitations in any risk assessment that is developed."

5.2. COMPLEX MIXTURES

For complex mixtures, it is not 1ikely that toxic or carcinogenic inter-
actions will or can be quantified using the mathematical constructs given in
Chapter 4. As discussed in Chapter 4 and illustrated in Section 2.4., the
types of experimental designs that are required for meaningfully quantifying
interactions for single pairs of chemicals are prohibitive1y compliex for the
routine assessment of chronic effects. For mixtures containing tens or
hundreds of chemicals, the proportions of which can vary over time or among
sources of generation, elaborate bioassays for quantifying interactions
among components are impractical.

The guidelines currently recommend using data on the mixture o; a
"sufficiently similar" mixture for the risk assessment. In general terms,
the determination of sufficient similarity should consider the chemical
composition of the mixture, any variation in the chemical composition, as
well as the toxicologic properties of the mixture components and fractions.
The criteria for determining "sufficient similarity" are intentionally vague
and are 1ikely to vary depending on the naturé and quality of the available
data, the toxicologic endpoint, and the extent of human exposure. A case
study applying the concept of "sufficient similarity" is given in Appendix

B. Using this approach, a risk assessment can be conducted if the mixture
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on which adequate toxico]ogic data are available is judgeﬂ sufficiently
similar to the mixture for which a risk assessment is des1red For certain
- classes of complex mixtures on which human or anima1 data are ava11ab1e on a
relevant route of exposure and are adequate for conducting a quantitative
risk assessment (e‘g.,'coke oven emissions), the éssessmentzof "sufficient
similarity" should be a useful approach.

For many other classes of complex mixtures, however, sucn in vivo data
are not available or if available are not by a route of expdsure Tikely to
occur in the environment. As currently written, the guide]ines suggest, in
the absence of "sufficient similarity," that an additivity' assumption be
used for similar-acting components after assessing whether data are suffi-
cient for quantifying any component interactions. 1In pract%ce, this will
normally lead to an additﬁvity assumption. If the mixture;contains many .
chemicals, it is also 1likely that adequate toxicity data w111 not be avail-
able on some of the components. Furthermore, for some hign1y complex or
highly variable mixtures, not all of the chemical components may be known.
The Agency recognizes that as the number of components 1ncreases and as the
number of components lacking adequate toxicity data 1ncreasesﬂ confidence in
the risk assessment diminishes. E

The use of a comparative potency method may sometimes be nréferab1é to a
simple additivity assumption in cases where the criteria for sufficient
similarity are not met. This method, as applied to cancinogens, was .
presented by Aibert et al. (1983) and was further refined by:Lewtas (1985).
The underlying assumption fis that relative potencies among in vivo and in
vitro b1oassays are constant: |

RP] = kRP2 % (5-1)

where RP] and RP2 are the relative potencies of a compound or mixture in
1 .
bjoassays 1 and 2, respectively, and k is a constant. It 1s also assumed
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that a single number 1is sufficient to characterize the response in each
assay and that species show parallel response within an assay. Using these
assumptions, the results of in vivo mixture bioassays from which quantita-
tive risk assessments can be made are correlated with the quantitative

results of in vitro bioassays. This correlation can be used as a "calibra-

rate of response of similar compounds or

tion curve" to estimate the in vivo
n

mixtures when only quantitative in vitro results are available. Using this

approach, Albert et al. (1983) reported that estimates of comparative
potency for coke oven emissions, roofing tar and cigarette smoke based on

several 1in 'vitro bioassays (Salmonella mutagenicity assay,. L5178Y mouse

Tymphoma cell mutagenicity assay and a sister chromatid exchange assay) were
within a factor of <2 of estimates of comparative potency based on-
epidemiologic data for lung cancer. Using additional data from mouse skin
tumor iJnitiation studies, Albert et al. (1983) proposed unit lung cancer
risks for diesel and gasoline engine exhaust particulates based on the
relative potencies of these particulates in jin vitro assays. Lewtas (1985)
extended this analysis to include emissions from various energy combustion
sources.

As discussed by both Albert et al. (7983) and Lewtas (1985), the
relative potency approach makes several assumptions concerning mechanisms ‘of
action and dose-response relationships among the various types of - in vivo

and in vitro bioassays that are used. These assumptions and the corre-

sponding uncertainties must be weighed against the assumption of and uncer-
tainties in dose or response addition. The relative potency approach is
attractive because data on the mixture of concern can be generated
relatively quickly and inexpensively. In addition, given the increasing

amount of data available on the effects of mixtures in in vitro tests, as
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-discussed in Section 2.2., and the dearth of information on the magnitude of

toxic interactions in vivo, the relative potency method offeps one approach
to the probiem of complex mixturés that 1s‘amenab1e to experimenta] testing
and validation. |

The use of the relative potency method or other approachés based on in
vitro or short-term in vivo bioassays seems to be potentia}]y useful for
assessing the biologic activity of complex mixtures. 0n1yé Timited data,
‘however, are available for supportihg the quantitative corgeiation of in
vitro and in vivo relative potencies and the data that are available suggest
that the correlation between biological activity in the in xiigg assay and

the in vivo assay will not be uniform for all types of ihixturés. For
- instance, Salmonella are known to be particularly sensitive t& the mutagenic
effects of nitropyrene by virtue of the organism's ‘endogennus nitroarene
~reductase (Mermelstein et al., 1981). ‘A comparative potency%judgment of a
- nitropyrene-containing mixture based solely on Salmonella '‘mutation data
would 1ikely overestimate eukaryotic mutagenic or tumorigenic éctivity.

An empirical approach to selecting the most appropriate i

vitro assay

for applying the relative potency approach could be based oa the use of a
‘battery of screening tests, including in vitro assays and shoft-ferm in vivo
assays (NAS, 1988a). The quality of the correlation in bio]oéica] activity
- between the screening tests and the known in vivo reiative botencies of a
related group of complex mixtures could then serve as a guidejin determining_
- the most appropriate assays for applying the relative poteﬁcy method to
other related complex mixtures. The scientific validity ofi applying the
relative potency method based solely on empirical corre]ation; is question-

able, however, particularly when multiple pair-wise comparisons are made

among several 1in vivo and in’' vitro assays. An alternative to multiple
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pair-wise comparisons has been proposed by DuMouchel and Harris (1983) using

Bayesian statistical methods to combine the results of multiple in vivo and

in vitro assays. Nonetheless, confidence in the use of any in vitro or

short-term in vivo assay for estimating environmental risk W111 depend on
the extent to which the assay reflects the mechanism of action and

pharmacokinetics of the mixture. For many i

vitro assays, which provide

only an exogenous activating system, this confidence may be limited.

Furthermore, in many instances, the dose-response curves within in vivo

—t

or in vitro assays for even pure chemicals are not linear over a wide range

of concentrations or doses. Consequently, a single meaningful "potency"
term will not be appropriate for comparfng arrays of noniinear curves. - If
the "potency" is expressed as an estimate of single slope parameters taken
from the mid-range or 1linear portion of the dose-concentration curve of the

in vitro bioassay and such values are correlated with 1linearized potency

terms from jin vivo bioassays with relatively few dose groups and small
numbers of animals per group, the errors associated with the estimated
potencies are Tlikely to be high and the significance of any correlation
questionable.

Notwithstanding these Tlimitations and concerns, the use of the compara-

tive potency method or some analogous approach based on in vitro or short-

term in vivo tests may be the only practical method for assessing risks

posed by complex mixtures on which adequate Tlong-term in vivo studies are
not available. The extent to which the use of such an approach can be
considered scientifically valid or simply the app]icétion of a risk manage-
ment decision scheme is 1likely to vary~ depending on the quality of the
correlations in biological activity and the degree to which a clear associa-

tion can be made between mechanisms of action in the screening assays and in
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the in vivo effect induced by the mixture. Depending o& the number of
compounds in the mixture of concern and the adequacy of the £0x1c01ogit data
on these compounds, it may be most reasonable to use both &he comparative
potency method as well as the assumption of dose or respon;e additivity to
gauge the variability between the two methods and better exﬁress the uncer-
tainty in the risk assessment. ;

This approach has generally been applied only to carciﬁogenic effects.
An application to noncancer health effects could be reasonab]yvmade if the
mechanisms of action were similar between the effect of concern and the in
vitro or short-term in vivo bioassays proposed and if data wére adequate for
assessing the constancy and;the correlation in potencies‘bet@een the short-

term and long-term assays.

5.3.  MIXTURES OF CHEMICAL CLASSES

-
As discussed in Section 2.2., mixtures of chemical classes differ from

compiek mixtures in that the compounds in the former cateﬁory are struc-
turally and toxicologically re]afed. Some types of mixtuées of chemical
classes are produced and used as a mixture following a reasoﬁab]y‘COhsistent
and wé11-def1ned pfocedure. Examples of such mixtures 1nc1§de the various
commercial polychlorinated and polybrominated bipheny1s,i toxaphene and
chlorinated naphthalene. Other types of such mixtures are}chemica]]y and
toxicologically related compounds that are usually fouhd fogether in the
environment but can vary substantially in the proportions of the components
depending on the source of the mixture. Examples of thesef]atter mixtures
include polychlorinated and po1ybrominaied dioxins and dibeﬂzofurans. Thfs
distinction between these two mixture types is intended ;to reflect the

different types of data that are available or might reasondb]y be obtained

on mixtures of chemical classes.
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Because some mixtures are reasonably consistent- and limited in the
diversity of their composition, data are available on their different
commercial formulations (e.g., Aroclor 1264). When data are not available
on a specific formulation, the formulation lacking data may often be suffi-
ciently similar to a formulation for which data are available so that a risk
assessment can be conducted by analogy. For such mixtures, it thus seems
reasonable to continue to conduct risk assessments using toxicity data on
the mixture as the preferred approach. Nonetheless, data may sometimes
suggest that differential rates of environmental decaj or environmental
partitioning of the mixture components may lead to ‘human exposures to a
mixture that is not representative of the mixture on thch the risk assess-
ment was originally based. 1In such cases, quantitative structure activity
relationships or approaches based on the relative potency method diséussed
above may have merit. Such modifications to the current approach haVe not
begn conducted as yet by thevAgency and examples of such approaches have not
been ﬁencountered in the 1literature. 1If such approaches are used, their
validity will be dependent, as with the relative potency approach, on the
degree to which the approach can be validated with in vivo data.

Other mixtures, such as the chlorinated dioxins and dibehzofurans,
require a diffgrent approach since "typica15»formu1ations or compositions do
not exist andﬂthusithe multiple chronic bioassays may be not be feasible.
The Agency has progpéeq an interim procedure for estimating risks associated
with exposure to chiprinated dioxins and dibenzofurans (U.S. EPA, 1987c). A
similar approach has been used by the New York State Department of Health
(Eadon et al., 1986). As with the relative potency approach, these methods

—

rely on in vitro or acute in vivo data. Rather than using such data to

assess the toxicity of the mixture of concern, however, these approaches
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estimate "toxic equivalency factors" for the various congeners in the

mixture“based on aéute or in-vitro data and validate the relationship with

fhé avai]ébie data on chfonic or subchronic toxicity. Theltdxic équiva]ency
factoké can - then 'bé used to assess the hazard posed by ekposu;e to any
’ cdmbination of the congeners 5n any ratio. Td do this, the éohcentration_of
eébh coﬁponéni in the mixture 1s‘mu1t1p1ied by the toxic'equiva1ency factor
of that component. This product expresses the concentraﬁion of the compo-
nnent as an'equiva1ent concentration of the reference compbund. The'equiva—
vieh{ concehtrafions for all components are then added. :This total repre-
sents an estimate of exposure to the mixture in termsj of the reference
ébmpound. This trans%ﬁrmed exposure estimate is then :mu1£1p11ed by the
bbtency of the reference compound (2,3,7,8¥TCDD in ihe tase of the
ch]orihéted dioxins) to obtain an ovéré]] estimate of rﬁsk‘ Depending on
the quality of thé monitoring déta and exposure assessmenf, U.S. EPA (]987c)

'av1.vso'pro‘vides recommendations for modifying the risk asséssmenf. As

reviewed by U.S. EPA (1987c), several other countries andfofganizations have
adopted similar approachés for the chlorinated dioxins. |

The relative botency approach and {he toxic equiyéiency; approach are
similar in that both use types of data to assess and ﬁuébi%fy thé toxicity
of mixidres'that are not often used to quantify the rﬁ?ﬁ from exposure to
| sﬁng]e chemicals (i.e., acute data, data from atypiéé% routes of environ-

‘mental exposure and in vitro data). Théy differ,‘FwavérJ in that the toxic

equivalency appfoach rests explicitly on the aﬁgumption of dose or response

‘additivity; this method should be app]ied only to compoﬁnds that have the

‘Samé mode of action or act indepenaent19, and does noi account for any
. . . \ :

potential 1interactions. If ’signifitant interactions ho occur in the




mixture, as appears to be the case with the promotion efficiency of poly-
brominated biphenyls (Sleight, 1985), the toxic equivalency approach could
result in risk assessments that are misleading.

The relative potency approach, while not explicitly based on simple
similar action, assumes a 1inear nonthreshold response as it is applied to
carcinogens by Albert et al. (1983). 1In that the relative potency method,
however, 1is conducted on mixtures and validated using in vivo data on
mixtures, the possibility to account for interactions is not excluded. A
combination of the relative potency and toxic equivalency approaches could
improve confidence in risk assessments of similar mixtures and mixtures of
chemical classes.

In applying either the relative potency or the toxic equivalency factor
methods, care must be taken to ensure that the compounds are not only chem-
fcally but also biologically similar. Taking an example from Mehlman and
Witz (1986), a mixture of ketones containing methyl-n-butyl ketone and
methyl 1isobutyl ketone wouid be similar only superficially because methyl-
n-butyl ketone, unlike methyl 1isobutyl ketone, 1is a potent peripheral
neuropathic:agent. The failure to account for the neurotoxic potency of
methyl-n-butyl getone, which is toxicologically more similar to n-hexane and
2,5-hexadione than to other ketones, could lead to an erroneous risk assess-

ment. While this type of potential error can occur in dealing with single

chemicals with an 1ncomp1é;e data base (e.g., lack of a teratogenicity
X

study), the potential for this type of error is higher when dealing with

mixtures and using data that are normally considered inadequate for con-
ducting risk assessments on sing1g compounds.
5.4. SIMPLE MIXTURES,‘COMPONENTS AND TOXIC INTERACTIONS

In the guidelines for mixtures, the Agency has proposed using additivity

assumptions when data are not available on' the mixture of concern or a
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reasonably similar mixture, and when the components are mechanistically
similar or independent. For toxic:agents with- thresholds, a Hazard Index

(HI) 1is recommended based on the assumption of dose additivity, and can be

expressed as follows: :
HI = Eq/ALy + Ex/ALy + ..o + E /AL f‘ (5-2)
where E is the level of exposure and AL is the acceptable level of exposure.
The reference dose (RfD), an estimate (with uncertainty spannin@ perhaps an
order of magnitude) of a daily exposure to the human popu1atioﬁ (including
sensitive subgroups) that is Tikely to be without an appreciable risk of
deleterious effects during a lifetime, is recommended for use asfthe "accep-
table level" (AL) in order to standardize Agency risk assessments. Since HI
is dimensionless, use of the RfD means that exposure (E) mdst then be
presented in similar units as daily intake (mg/kg/day). For carcinogens,
the recommended equation is based on a simple addition of risks. At Tow
risk 1ev§1s, this equation simplifies to ‘ |
P = DBy + DB, + ... v DB (5-3)
where P is the expected response, D is the dose (level of exposufe) and B is
an estimate of response rate (usually a plausiblie upper bound caﬁ1ed,a slope
factor). In the low-dose region where responses are linear, equation 5-3 is
considered to be a reasonable approximation. At higher levels of risk,
nonlinearity and competing risks would need to be considered. in addition,
the guidelines also suggest some simple interactive models by which nonaddi-
tive joint action could be considered, while recognizing tﬁat adequate data
for using such models will usually not be‘avai1ab1e.
Since the publication of the guidelines, the -Titerature on joint action

has not suggested any fundamental revisions to the above approach.

Berenbaum (1985a) has suggested a general approach estimate of expected
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responses under the assumption of additivity. Seiler and Scott (1987) i1lus-
trated a method for partitioning attributable risks under either the assump-
tion of additivity or using data adequate for quantifying interactions. The
available data base on the magnitude of toxic interactions for environmental
contaminants has not, however, changed substantially. 1In most cases, an
estimate of risk for exposure to a chemical mixture will be based on an
additivity assumption, except in those cases where. chronic mixture data or
an appropriate surrogate approach (e.g., relative potency) are available.

The additivity assumptions presented in equations 5-2 and 5-3 do, none-
theless, have serious shortcomings. As applied to toxicants, equation 5-2
implies that as the acceptable level is approached or exceeded, the level of
concern increases linearly (e.g., an HI of 50 is of twice as much concern as
an HI of 25) and in the same manner for all mixtures. As the mixtures
guidelines note, these implications are incorrect. RfDs (the values
recommended for use as acceptable Jevels) do not have equal accuracy or
precision, and are not based on the same severity of toxic éffect.
Moreover, slopes of dose-response curves in excess of the RFD in theory are
expected to differ widely. The determinations of accuracy, precision or
slope are exceedingly difficult because of the general Tlack of toxicity
data. Severity of endpoint, however, is often known. For exampie, with
fluoride and selenium it is known that relatively narrow excursions above or
below the RfD can cause severe adverse effects through toxi;ity or
deficiency, respectively. Among other compounds, the margins of safety or
error are thought to vary because of differences in the quality of the
available data or the relationships of dose and time of exposure to the
incidence, severity or intensity of effects. Some of these sources of
variability and uncertainty have been discussed in the literature (Crump,

1984; Dourson and Stara, 1983; Lu, 1985; Rulis, 1987), but approaches to
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quantifying these differences among chemicals have not beeh adopted for
single compounds, and this inhibits modification and improVement of the
current approach for the assessmentvof mixtures of systemic toxjcants.

For carcinogens, equation 5-3 may be overly conservative?because upper
bounds rather than estimates of expected risk are added. This:11m1tat10n is
recoqnized but a practical alternative has not been proposed.b As discussed
in the Agency's guidelines for carcinogens, upper bounds on\risk are used
becaise of the substantial uncertainties involved in high- t6 low-dose and
species-to-species extrapolation. Conversely, as discussedi by Berenbaum
(1985b), synergistic interactions between carcinogens may re$u1t in dose-
response curves that are steeper in the Tlow-response regioh than in the

experimenta11y observable region. In such cases, the aEsumptions of

linearity and additivity could underestimate risk. This can also be the

!
case in heterogeneous responding populations (Margosches et al., 1981).

Mechanisms for low-dose synergism have not been proposed; in fact, Thorslund

and Charnley (1987) show that under the multistage theory, éxperimenta]]y

determined synergism will not significant1y differ from the  low-dose risk
estimate based on additivity. | - |
5.5. MIXTURES OF CARCINOGENS WITH OTHER COMPOUNDS

The enhancement ({by promotion or cocarcinogen1c1fy), ‘thibition or
masking of the carcinogenic activity of known or unidentified carcinogens in
complex mixtures is only briefly discussed in the Agency's jguide11nes on
mixtures. While potentially of great practical importance (Reif, 1984), few
specific proposals have been made to assess and quantify such 1hteract10ns.

Even with all the work that has been done on tumor promoters and cocar-

cinogens, much of which is summarized by Lucier and Hook (1983), systematic




and predictive relationships for expressing and measuring enhancement have
not yet emerged. Given the complexities of promotion/cocarcinogenicity, it
Is not surprising that no clear approach for incorporating these cdncepts
jnto a risk assessment methodology has been recommended. While some
approaches to Tlow-dose extrapolation have been recommended which consider
the effect of promoters on the initiator dose-response relationship (Burns
et al., 1983), no dose-response models that consider variétions in both.
doses of the initiator and doses of the promoter have been proposed or
applied to compiex mixtures. As discussed by Stara et al. (1983), several
questions must be answered before such applications are likely to be made:

How specific and consistent are initiator-promoter interactions?

Does the promoting efficiency of a compound vary with initiating

agents and, if so, does this variation follow a consistent or

predictable pattern?

How does exposure to multiple promoting agents affect the promoting

efficiency of the individual promoters? If additivity is a reason-

able assumption, which type of additivity might be expected based

on what we know about the mechanism of promotion?

How does promoting efficiency vary with the duration of exposure to
the initiator and the promoter?

Is there any validity in using promotion data from one route of
administration to predict promoting activity from another route of
exposure?
These questions remain largely unanswered. Until answers or reasonable
assumptions are proposed, progress in directly applying promotion/cocarcino-
genicity data to quantitatively modifying risk assessments for mixtures is
Tikely to be minimal.
A similar situation exists with compounds that cause an apparent inhibi-
tion of or protection from chemically-induced carcinogenicity. As reviewed

by NRC (1980), very few examples of this type of interaction have been noted

and the nature of the interaction can vary withwihe time course of exposure.




' 1
More recently, in reviewing the literature on tumor promotion of the liver,

Hermann (1985) cites a few additional studies showing a decrease of preneo-
plastic 1iver foci after pro]onged treatment with some ant%-oxidants or
hypolipidemic compounds and suggests phat such “anti-promotérs“ ‘may have
potential in the control of cancer. While such a'prospect 1s encouraging,
the datqvcurrent1y available are not sufficient for quantifying the dose and
time relationships for tumor inhibition. Until such data becdme availabie,
the presence of tumor inhibitors in mixtures are not 11ke1y'so‘be used in
quantitatively modifying the risk assessment unless they are incorporated in
a comparative potency assessment. : E

The probjem of mésking of the carcinogenic activity of same'components
in a mixture that is due to simple dilution or to the toxic bdt noncarc1ho-
genic activity of other components in the mixture is 1essf d1ffitd1t to
address than either enhancement or finhibition of carcinogsnicity‘ One
component of this problem simply is to account for competingfrisks; As in
the example cited in Section 2.5. from Raabe (1987), this problem is not
unique to mixtures. The statistical methods for account1ng?for competing
risks in animal bioassays are available in the literature (A1tschu1er, 1970;
Hoel, 1972; Peto et al., 1972; Peto, 1974) and are incorporated into some
commercially available statistical programs for the ana]ysss of cancer
bioassay data (e.g., MULTI-WEIB by Howe ;and Crump, n.d.). In other
instances, anfadequate chronic study showing no carcinogenic a¢t1v1ty may he
available on a mixture that contains known carcinogens. thiﬁe the guide-
Tines state that'data on the mixture of concern are preferredito additivity
assumptions based on the knoﬁn activity of the components im the mﬁxture,
the analysis of such a "negative" bioassay must consider whetber a carcino-

genic response would héve been expected given the doses and numbers of




experimental animals used. As with masking due to toxicity, masking due to
ditution is not unique to mixtures but is essentially identical to evalu-

ating the significance of negative and positive results from different

bioassays of a single compound.




6. RESEARCH NEEDS

For comp1éx mixtures, similar mixtures and mixtures of chemical classes,
thé kinds of research needs vary depending on the specific apﬁroach to be
taken in developing the risk assessment. For instance, U.S.fEPA (1987c)
proposed the following research needs for better va]idating the toxic

equivalency factor approach for chlorinated dioxins and dibenzofurans:

1. Validation and completion of in vitro test data.

2. Investigation of the relationships between short-termglg vivo
and in vitro tests and the chronic toxic endpoints of concern
(i.e., carcinogenicity, reproductive toxicity, immunotoxicity
and other significant human health effects). i

|

3. Additional data on pharmacodynamics and metabolite toxicity.

|

4. Development of additional short-term assays which can fest the
mechanistic hypotheses underlying the toxic equivalency factor
approach. i

Since this approach may also prove useful for other classes Af compounds,
such as the brominated dioxins and dibeﬁzofurans, comparable studies on
these classes of compounds might also be added to the above 1ist.

Research needs for the comparative potency method are some@hat similar.

Currently, the relationship is validated by comparing the in vitro and }

vivo relative potencies of relatively few mixture classes. éonfidence in
this method could be improved if the basis for the comparison Qas broadened
to include not only relative potency estimates from human studies but also
potency estimates from animal bioassays. In addition, a mQre extensive
comparison 1hc1ud1ng not only data on mixtures but also data bn individual

compounds would help to strengthen this approach. ‘

Both the toxic equivalency factor and comparative potency methods are

generally applied only to carcinogens. While the in vitro tésts on which
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these methods are currently based are probably only appropriate for carcino-
gens, other short-term assays have been developed for other endpoints (e.q.,
teratogenicity and cytotoxicity) that may be applicable to the assessment of
the noncarcinogenic toxicity of mixtures. Given the diversity of mixtures
in the environment, the validation of a battery of short-term assays to
assess the systemic effects of mixtures could serve as a valuable adjunct to
the additivity assumption.

In implementing this research, the validation of screening tests must be
recognized as a complex process. As discussed with respect to several kinds
of assays (Brown et al., 1979; Purchase et al., 1976; Rinkus and lLegator,
1979, 1980; Rosenkranz and Poirier, 1979; Sugimura et al., 1976) validations
require not only careful criteria for assessing false positive and false
negatives but also a consideration of the class of compounds used to
validate the assay and the 1limitations that this may impose on the
usefulness of the assay for other classes of chemicals. 1In addition, the
proposal to use any screening test is greatly supported by the demonstration
that the mechanisms of action are similar for the toxic effect of concern
and the response observed in the screening test. Depending on use and
consistency of the screening test, greater attention may need to be given to
the statistical analyses of the assay results (Gart et al., 1979; Frome and
DuFrain, 1986) so that the errors and uncertainty in any analysis can be
more explicitly identified.

As noted in Chapter 5, the use of the additivity assumption is somewhat
restricted by the approach currently used for risk assessment of single
systemic toxicants. While an improvement of this situation appears to be
more a matter of analysis than the generation of additional data, it is an
area that must be addressed if an improvement in the application of the

assumption of additivity is to be made.
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As discussed in Section 2.6. and Chapter 4, several noninteractive
models can be applied to the diverse kinds of quantitati&e interaction data
that are avafilable. In addition, appropriate statisticﬁ] methods have not
been applied to much of the data that are available, andlthe Timitations of
some of the évai]ab]e information preclude the app]icati&n.of any quantita-
tive model. Consequently, no generalizations can be made;on the quantitative
significance of interactions at normal environmental levels. This probiem
could be at least partially addressed by a deta11ed§ reanalysis of the
available data by applying a variety of noninteractive models to derive
‘quantitative interactive coefficents.

In cbnducting risk assessments for single compound;, both carcinogens
and systemic toxicants, the Agency uses conservative but plausible assump-
tions concerning extrapolations from high to Tow do§es and species to
species, and concerning modeling of time-to-effects data} Concern has been
expressed both within the Agency and by othef e]ementﬁ of the scientific
community that the use of dose or response additivity coﬁbining such conser-
vative risk asses§ments for individual chemicals could ﬁead to implausibly
conservative riskiestimates for complex mixtures. This Timitation in the
use of an additivity assump{ion is one of the reasohs that the Agency
prefers using data 6h% the mixture of concern or a sufficiently similar
mixture and has used the’relathe potency method or toxi¢ equivalency factor
approach for complex mixtures. Nonetheless, additivity ﬁssumptions will be
used for many risk assessménts on mixtures, and the needjto develop alterna-
tive risk assessment procedufés‘qr testing strateg1e§ {s recognized. The

Agency 1is currently reviewing théu‘recent recommendatibns of NAS (1988a)
\, 1

along with other approaches.
|
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OVERVIEW .

The toxic interaction data base contains information obtained from
1iterature searches of all published studies on interactions between toxic
chemicals (U.S. EPA, 1988). The goal is to be compliete, not merely repre-
sentative, so that analysis of the data, e.g., for trends across chemical
classes, can be performed 1i1f desired. This version does not contain
extensive quantitative data. This constraint is consistent with the Agency
Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA,
1986), which do not recommend any quantitative method for including
interaction data into a risk assessment. As a result, the curreni version
of the data base is most wuseful for a qualitative evaiuation of the
potential types of toxic interaction between two environmental chemicals.

The data base package contains a User's Guide, diskettes (IBM PC
compatible), and a table for interpreting the CASSI codes (CAS, 1980) for
the reference citations. The data base is in dBASE III Plus format. The
access programs are compiled dBASE programs, and can be run without the need
for dBASE III Pius. The data base is available from the Risk Assessment
Contacts in each of the U.S. EPA's Regional Offices.
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DATA BASE STRUCTURE

!

The data base includes 13 data fields, which are described in detail in

the next section.

The structure is as follows:

Field Name Type Width Description
CAS-0ONE Character 12 CAS No. of first chemical
CMPD-ONE Character 30 First chemical name

CAS~-TWO Character 12 CAS No. of second chemical
CMPD-TWO Character 30 Second chemical name
RTE-EXP Character 7 Exposure route

SPECIES Character 7 Animal species [
SEQUENCE Character 8 Treatment sequence

DUR~EXP Character 1 Exposure duration

SITE Character 7 Site of adverse effects
EFFECTS Character 10 Type of adverse effects
INTERACT Character 7 Type of interaction

AUTHOR Character 30 First two authors (or et al.)
REFERENCE Character 26 Reference code, volume:page

An example of input format and corresponding on—sbreenvcbmputer dispTay
is illustrated in Figure 1. | .
DESCRIPTION OF DESIRED FIELDS
Compounds

Each compound is listed as either Compound‘I or Compound Ii.
CAS Numbers i

CAS numbers corresponding to the abové mentioned compounds are included.
Routes of Exposure (codes provided - Table 1) ‘ j ’

The routes of adm1n1stratfon are specified for'éach cohpound and are
Tisted in order, 1.e., Compound I First and Compound Ii second. For
example, in the study by Short et al. (1977), vinylidene ch1§r{de was given
via inhalation while disulfiram was administered orally. In?Figure 1, this

is 11lustrated as follows:

IHL; ORL
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a) Input Data Sheet

Compound I: Vinylidene ch]o}ide ' CAS No.: 75-35-4

Compound II: Disulfiram CAS No.: 97-77-8

Route of Exposure: IHL; ORL |

Species: MUS

Treatment Regimen: II; I and SIM

Duration: ACU

Site: WBY

Effects: MOR(I)

Qualitative Assessment: INH

Reference: Short, R.D., Winston, J.M., Minor, J.L., Hong, C., Seifter, J.,

and Lee, C. 1977. Toxicity of vinylidene chloride in mice and rats and its
alteration by various treatments. J. Toxicol. Environ. Health. 3; 913-921.

b) Corresponding On-Screen Display

75-35-4 VINYLIDENE CHLORIDE
97-717-8 DISULFIRAM

Route: TIHL;ORL Species: MUS Sequence: II;I&SIM Duration: ACU
Site:  WBY Effects:  MOR{I) Interaction: 1INH

Author: SHORT,RD ETAL Ref: JTEHD6 (1977) 3:913-21

FIGURE 1

Example of Interaction Data Showing Original Coded Data
and On-Screen Representation




TABLE 1

Route of Exposure

GAV
IAT
IAL
iBR
ICE
ICv
IDR
IDU
IHL
IMp
ims

IPC

IPL
IPR

gavage IRN
intraarterial ISC
1ntraaufa1 ISP .
intrabronchial ITR
intracerebral | . IVG
intracervical IVN
intradermal 0CU
intraduodenal ORL
inhalation ‘PAR
implant REC
intramuscular SCU.
intraplacental » »l‘SKN
intrapleural UNR

intraperitoneal

1ntrarenaf
intrascapular
intraspinal

1ntratrachea1

'ihtravag1na1
|

intravenous
ocular
oral (dietary)

parenteral

rectal

subcutaneous

'*Skin

unreported




When the same éxposure route is used for poth compounds, the route jis 1isted
only once. For example, if lead and zinc were both administered orally, the
fnput would read
ORL
Species (codes provided - Table 2)
The species utilized in the study of interest
Treatment Sequence
This field specjf1es whether the compounds of finterest were administered
simuitaneousiy or sequentially. ‘If'adm1n1strat1on was sequential, the order
of administration is specified by the number of the compound. In Figure 1,
"treatment regimen" indicates that disuifiram was administered before (II;
I) and simultaneously with (SIM) vinylidene chloride. If the two compounds
had been administered concurrently, the format would read
SIM
Duration of Study ]
The duration of the study of finterest is classified as either acute,
subchronic, chronic or 1ifetime where
acute = <14 days (ACU)
subchronic = >14 days but not <90 days (SCH)
chronic = >90 days (CHR)
Tifetime = Tifetime (LIF)
Sites (codes provided in Table 3)
The sfite or sites affected by the compound of interest are entered in
this field. In Figure 1, the observed endpoint was decreased survival,

which is considered a whole body effect. Thus, the site of the effect is

coded as WBY. Duration is defined as the period between the beginning of




TABLE 2

Species
CAT - cat
CTL - cattle
CHD - child : § oy
DOG - adult dog
DOM - domestic animals (goat, sheep, horse)

GRB - gerbil
GPG - dqguinea pig ‘
HAM - hamster |
HMN -  human
INF - infant
MKY - monkey
MUS - mouse
PIG - pig

RBT - rabbit . f '
RAT - rat L

SQL - squirrel
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TABLE 3

Site/Organ Affected

ADR
BLD
BMR
BRN
BRS
CAR
CER
CNS
coL
CVsS
EAR
EMB
END
EYE
FAT
FET
GEN
GIT
HED
HRT
KDN
LIM
LNG

adrenals

blood

bone marrow

brain

breast

carcass

cervix

central nervous system
colon

cardiovascular system
ears

embryo

endocrine

eyes/ocuiar

fatty tissue

fetus

genitals (external)
gastrointestinal tract
head

heart

Kidney

Timbs

Tung

LVR
LYM
MMB
MSK
MTH
NSL
OVR
PAN
PLC
PNS
PUL
RBC
SEN
SKN
SO1
SPL
TES
THM
THR
UNS
uts
WBY

Tiver

Tymphocyte

mucous membrane
musculoskeletal
mouth

nasal passageways
ovary

pancreas

placenta
peripheral nervous system
pulmonary system
red blood cells
gen. sensory

skin

site of injection
sp}eén

testes

thymus

thyroid
unspecified
uterus

whole body
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treatment and the time when the endpoint assay is conducted} In teratology
studies, exposure during gestation is considered chronic to ihe Tife of the
fetus. ;
Effects (codes provided in Table 4) %

The effects observed at the above-mentioned site or sﬁtes. In cases
where only one compound proddces an effect (potentiat1oh. no apparent

interaction, inhibition), the compound number is placed in pérentheses after

|
the code for effect. : %

For example, in Figure 1, the effect of interest 15 a Vvinylidene

chloride-induced increase in mortality (MOR). Thus the-“effeéts" field reads
MOR(I) -

In cases where both compounds cause an effect at a g1vén site (antago-
nism, additivity, synergism) or opposite effects at a given‘site {masking),
the interacting compounds are not listed in parentheses after:the effect.
Type of Interaction |

In an attempt +to characterize toxicant interactionsi a scheme of
classification (see Figure 2 for an outline) has been devised to distinguish
between the various types of interactions encountered 1h the existing
Titerature. The scheme is as follows: ‘

Both Compounds I and II Produce a Given Effect at a Given Sité.
1) Additive - The magnitude of the effect observéd in the
presence of both compounds is not quantitatively :greater or
Tess than the sum of effects produced by each compdund alone.
For example, both aldrin and aramite cause increased mortality
when administered individually to mice. When a@m1nistered
together, the observed mortality 1is equal to the sum of
mortaiities observed for each compound a@ministered

individually (simple response addiiion).
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TABLE 4

Nature of Effect

absorption altered

allergic responses

(1.e., hypersensitivity)

corrosive effects
(burns, desquamation)

drug dependence
degenerative changes
depression of function
distribution altered
elimination altered
enzyme activity altered
excretion altered
functional impairment
hematologic changes
hemorrhage

irritation

metabolism altered

mortality

mutagenic

neurobehavioral éffecté

neoplastic
neuropathy

ocular effects

pigmentation changes

proliferative changes
reproductive effects
retention altered

stimulation of function

survival/viability altered

temperature changes
teratogenic
unspecified effects

weight altered




1. Additive (ADD) |
2. Antagonism (ANT)
3. Synergism (SYN)

B. Only one compound produces a given effect at a given s1tefor‘§1tes

1. Inhibition (INH) !
2. No Apparent Influence (NAI)
3. Potentiation (POT) b

C. Neither compound alone produces a given effect but when p]aced together,
an effect is seen - Chemical Synergism (CSY)

D. Compounds I and II produce opposite effects at the same site or sites -
Masking (MSK)

E. Unable to assess {UTA)

FIGURE 2

Types of Interaction'with Codes
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Antagonism - The magnitude of the effect in the presence of
both compounds I and II is Tess than would be expected in the
case of additivity. For examh]e, both 2,4-D buty1 and 2,4,5-T
butyl produce teratoéenic effects and fetal mortality when
administered alone; however, the effects seen when both
compounds are administered together are less severe than those
seen when either 2,4-D butyl or 2,4,5-T butyl §s administered
alone, and hence, Tess than expected under the additivity
assumption.

Synergism - The effect seen in the presence of both compounds
is quantitatively greater than would be expected in the case
of additivity. For example both PCB and vinylidine fluoride
cause an alteration in enzyme activity in the 11vér when
administered individually. When administered together, the
effect 1s quantitatively greater than would be expected in the

case of additivity.

Only One Compound Produces a Given Effect at a Given Site.

The following three classifications are special cases of the three

discussed previously: addition, antagonism and synergism.

1) No Apparent Influence - A noneffective compound, II, does not
modify ostensibly the effect produced by compound I. For
exampie, acrylamide-promoted rneuropathy is unaffected by the
co-administration of cortisol. Cortisol alone has no effect
upon the peripheral nervous system. Thus, cortisol has no

apparent influence on the acrylamide-promoted neuropathy.




2) Inhibition - The noneffective compound, II, qua&t1tative]y
inhibits the effect produced by Compound I. An éxamp1e of
inhibition is pfesented in Figure 1. Viny11den€ chloride
(compound 1I) caused an increase in morta1jty, yhich was
1nh1b1ted by co-administration of disulfiram (comﬁound 1I).
When administered alone, disulfiram had no effeét on the

survival rate; thus, tﬁe interaction was ;1assif1ed gs inhibi-
tion rather than "antagonism" or "masking." i‘
- 3) Potentiation - The noneffective compound, II, enﬁénces the
| magnitude of the effect produced by compound I. An %xamp1e of
potentiation is y?ny11dene chloride-promoted degenerative
changes in the liver, which are enhanced quantitat1v¢1y by the

co-administration of acetone. Under the cond1t1oﬂs of the

experiment, acetone alone has no effect upon the 11ve}.
. -

Masking
The assessment of "masking" is reserved for the 1nstance}when compodnds
1 and II produce opposite effects at the same site or si&es and either
diminish or override the effects of each other. For examp1e.€zinc alone has
been shown to cause an increase 1in S-aminolevulinic acﬁd dehydratase
activity {ALA-D) 1n red b160d cells, while ethanol alonercauges a decrease
in ALA-D in red blood cells. Co-administration results in ajrise in ALA-D
quantitatively similar to that observed when zinc was aéministered hy
itself. Thus, on the input sheet, "Effects" would read "ENZF and q0a11ta—
tive assessment would read "MSK." |
Unable to Assess
This 1is used for sfudies that are poorly designed or jinsuff1c1ent1y

deta’iled to discern the nature of the interaction.
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Reference

The 1input data sheets contain the complete reference (see Figure 1xfor
an example). The data base includes only the first two authors (second
author is "et al." if more than two authors). year, reference code and
volume:page numbers.

GENERAL COMMENTS

In most cases, fidentical data generated by the same laboratory but
reported in more than one reference were not repeated in the data base. In
addition, results reported in the text without accompanying data were not
used because an adequate evaluation of the interaction could not be made.
This data base 1is only concerned with effects resulting from excess expo-
sures, e.g., studies examining the consequences of feeding diets deficient
in an essential nutrient were not included.

In general, because of a widespread lack of adequate statistical
methodology in the studies reviewed, assessing the qualitative relationships
between compounds was often difficult. 1In many cases, it was left to the
Judgment of the reviewer whether an interaction existed at all and, if so,
how to classify 1t according to the scheme presented above. It should be

emphasized that this data base should be used only as a tool to direct the

user to the 1iterature currently available regarding toxicant interactions.
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DIESEL EXHAUST EMISSIONS AND "SUFFICIENT SIHILARITY“j




DIESEL EXHAUST EMISSIONS AND “SUFFICIENT SIMILARITY"

An important concept in the Guidelines for the Health Risk Assessmeht of
Chemical Mixtures (U.S. EPA,‘1986) is the use of data on simiﬁar m1xtures
for a risk assessment on the mixture' of concern. This; proeedure is
predicated on the determination 'of "sufficient s1m11ar1ty" betweee the
mixtures. In brief, 1if health effectsk'data on a similar mixture are
available, 1t must be determined if the mixture on wh1ch there are data fis
or is not sufficiently similar to the mixture of eoncern to allow a risk
assessment. This determinat1on ‘shou1d include .con§1derat10n of the
component proportions of the mixtures as well as any toxicologic or
pharmacokinetic data on the components or the mixtures that would assist in
assessing the significance of any chemical differences between the s1mf1ar
mixture and the mixture of concern. The determination of "sufé1c1eni
similarity"” should be made on a‘ case-by—case basis in 1ight of the
uncertainties associated with using'data on a dissimilar mjxtufe and witp
using other approaches such as additivity. {For further 1nfermat1on
concerning the applicability of the sufficient similarity apprbach, refer to
the guidelines.) | | | _

Diesel engine exhaust represents a fam51y of compTei mixtures that are
generated with varying 'compos1t10ns depending- oh different tembora].
emission source, or operating condifion characteristics., Because diesel
engine emissions were expected to make a sign1f1cant‘centr1but10n to urban
pollution, the U.S. EPA instituted a major research program aimed at
quantifying the potential health and environmental impacts ofvd1ese1—powered
Tight-duty vehicles (U.S. EPA, 1979). The purpose of this exercise is to

use these data to determine whether diesel emissions from different
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|
sources are sufficiently similar to warrant their use for tﬁe purposes of
predicting the health effects of unkhown diesel emissions as 0Lt11ned in the

guidelines. ‘ | i
‘The U.S. EPA research prdgranv was designed. o determ1ne; the relative
mutagenic and carcinogenic potency of extractable organ1c§ from diesel
particulate emissions compared with particle-bound organic% from other
environmental emissions (gasoline engines, cigarette smoke cqndensate. and
coke oven and roofing tar émissions) (Lewtas et al., ']981)t The mobile
source samples selected for this study included a heavy—duty Caterp111ar'
3304 diesel engine, three 1ight-duty diesel passenger car eﬁgines (Datsdn
;Nissan 220C, Oldsmobile 350, and Volkswagen turbocharged Rébbit). énd a
gaso]1né catalyst Mustang II1. A1l diesel engines were operétéd on fhe same
Tot of No. 2 diesel fuel. 1In addition,' all vehicles (except for the
Caterpillar) were operated on a chassis dynamometer under identical
cdndftions using the hiéhway fuel economy test cycle (HwFET). Pahiitiev
samples from all engines were collected with a dilution tunnel in which the
hot exhaust was diluted, cooled, and filtered through Pa11f1§x T fi]ﬁeré.
A1l samples were extracted by a Soxhlet apparatus with dich]ordméthane.

which was removed by evaporation under dry nitrogen. }
The test matrix consisted of the following bioassays: reQerse mutation

in Salmonella typhimurium; sister chromatid exchange {SCE) in Chinese

hamster ovary (CHO) cells; gene mutation in L5178Y mouse lymphoma cells and
BALB/c 3T3 (3T3); viral enhancement of transformation in S&rian hamster
embryo (SHE) cells; oncogenic transformation in 3T3 cells; ahd skin tumor

initiation in SENCAR mice. Where possible, these bioassays were conducted

such that a positive dose-response relationship was observed over at Jeast
|

three doses above spontaneous levels. Comparative potency rankihgs of the
: |




samples were determined based on the initial 1linear slope of the response
curve. Where dose-response data were not obtained, the Towest effective
dose (LOEL) tested was determined.

A wide range of activity was observed in S. typhimurium strains TA98 and
TA100 (Table B-1). The majority of the activity associated with the diesel
samples was direct acting while the addition of a mammalian activation
system increased the activity of the gasoline engine sample (Claxton, 1981).

A1l of the emission samples gave positive mutagenic responses both in
the presence and absence of metabolic activation using the criteria of the
L5178Y mouse lymphoma thymidine kinase (TK) Tocus forward mutation assay.
The diesel engine emissions'were more cytotoxic in the absence of metabolic
activation while cytotoxicity increased in the presence. of activation'w1th
the Mustang emissions. Among the diesel engines, the Nisﬁan emission sample
was the most cytotoxic while the Caterpillar sample was the least cytotoxic
with a potency below that of the gasoline engine (Mitchell et al., 1981).

Curren et al. (1981) assayed the Caterpillar, Nissan, and 0ldsmobile
diesel samples, and the Mustang gasoline sample in the BALB/c 373 muta-
genesis assay. Although several individual doses of the diesel extracts
induced a significant increase 1in ouabain-resistant mutants, none of the
samples yielded a dose-dependent increase in mutation frequency. Based on a
determination of mutation frequency for the dose ranges tested, both the
Nissan and Mustang samples were significantly mutagenic both with and
without metabolic activation while the Caterpillar and 0ldsmobile samples
were not significantly different from controls.

Definitive conclusions concerning the DNA-damaging capabilities of

diesel emissions as measured by the SCE test are difficult to reach given
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-~ TABLE B-1

Specific Activities at 100 ug of Organic Materjm*~
in Salmonella typhimurium Strains TA98 and TA100

TA98 ' TAwd
Sample +59 -59 +59 r -89
Diesel
Caterpillar 59.3 65.9 115.2 :% 167.8
Nissan 1367.1 1225.2 881.7 31270.1‘
Oldsmobiie 318.7 | 614.8 | 169.9 o 2417.5
Vi 297.5 399.2 A 426.0  641.6
Gaso]iﬁe ;
Mustang 341.9 137.8 228.0 | 196.5

*Source: Claxton, 1981
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that the results are based on single experiments. However, it is signifi-
cant that an observed increase in SCE frequencies in CHO cells fb110w1ng
exposure to all except the Oldsmobile sample in the absence of activation
indicates that these samples contain one or more components that are
direct-acting chromosome-damaging agents. Although the significance of the
differences among these diesel and gasoline emission samples cannot be
inferred from the data, this test gave the following qualitative comparative
potency ranking: Nissan > Rabbit, Mustang >> Caterpiliar, 01dsmobi1e
(Mitchell et al., 1981).

Two assays, one measuring morphologic transformation in 3T3 cells and
the other measuring viral enhancement of transformation in SHE cells, were
used to observe the effects of gasoline and diesel emissions on oncogenic
transformation. As with the 3T3 mutation assay, dose-related._responses ‘in
transformation frequency in 3T3 cells were not observed for any of the
samples (Caterpillar, Nissan, Oldsmobile, and Mustang). Both the Nissan and
Mustang samples induced a significant number of transformed foci in the
absence of metabolic activation while only emissions from the Mustang had a
transformation frequency significantly greater than that of controls in the
presence of metabolic activation (Curren et al., 1981).

In the viral enhancement assay, the Nissan appeared to be the most
potent followed by the Rabbit and Mustang, which were equipotent, and the
Oldsmobile and Caterpillar according to the lowest effective concentration
tested that induced significant enhancement (Casto et al., 1981). However,
if the data from three separate experiments were combined to determine the
slope of the pooled dose-response curve for each sample, the comparative

potency ranking would be: Nissan, Mustang > Rabbit > 01dsmob11e’(Caterp111ar

1s considered negative). Because the variation 1in response beiween the




three_ experiments - was significant (r2 value as Tlow as; 0.18), each
experiment was  analyzed separately and the experiment ‘resﬁ]tﬁng' in the
highest. rz-was used to determine the following pofency ranking: Nissan >
Rabbit > Oldsmobile, Mustang (Lewtas, 1983). Despite these v%riations, the
ranking fon light-duty diesel engine samples remains fairly co%stant: Nissan
> Rabbit > Oldsmobile. | |

In the skin tumor initiation assay in SENCAR mice, thé four diesel
samples varied significantly in the tumorigenic responses théy produced,
ranging in activity from 0 to 5.7 papiliomas/mouse (Nesnow ét al., 1982).
Papiliomas were produced in all samples except for the Caterp%11ar. Excess
tumor multiplicity activities in papillomas per mouse at 1 hg of extréct
were calculated as follows: Nissan - 0.59, Oldsmobile - 0,31, habbit - 0.24,
and Mustang - 0.17 (Albert et al., 1983). These data 1ndicateithat only the
Nissan extract can be considered a strong tumor initiator, §1th activity
similar. to that of roofing tar. '

A comparison of theée test systems reveals that, 1n_gener£1, there is a
consistency in the comparative poténcy»of these extracts w1ﬁh the Nissan
sample the most active and the Caterpillar sample the Tleast Potent in alil
bioassays. The main issue, however, is whether these ‘dat% demonstrate
sufficient biological similarity among the different samp]e; to warrant
their use in predicting the effects of othef diesel mixturés. Based on
these data, results from heavy-duty diesel engine (Caterpillar) emissions
would. severely underestimate the effects of a light-duty diesé1 engine and
should not be used for that pdrpose. Within the light duty c]gss of diesel
engines, there appears to be reasonably close agreementw between the
Oldsmobile and Rabbit engines while the Nissan is considerab]y:more potent.

| .
Because of . the Nissan data, it would not be prudent to assume that all
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1ight-duty diesel engine emissions are sufficiently similar as to their
biological effects. |

The available 1nfofmat10n on components of the four diesel and one
gasoline emission samples indicates a wide range of organic extractable
material (Table B-2). Benzo(a)pyrene (BaP) content per mg extract also
varied considerably, from 0.0002 to 0.11% (Lewtas et al., 1981). Nesnow et
al. (1982) state that the tumor data from the SENCAR mouse skin tumor
initlation assay cannot be explained solely by BaP content since there is no
significant relationship between tumor incidence and BaP content in ‘each
complex mixture (including diesel and gasoline engine, roofing tar, and coke
oven emissions). They estimate that BaP accounts for only 20-30% of the
activity seen and that other constituents must be contributing toward the
tumorigenic activity. Whether this contribution is through 1ntéract10n or
direct component activity cannot be determined from the available data.

It 1s evident that the available component data does not meet the
sufficient similarity criteria at least in the case of BaP content for the
Nissan and Mustang samples. If BaP can account for_ no more than 30% of the
tumorigenic activity of the mixture, it 4is apparent that additional

component information is necessary before the issue of sufficient

constituent similarity can be accurately evaluated.




TABLE B-2

Resu1fs of Extraction and Benzo{a)pyrene Analysis*

Benzo(a)pyﬁene

Extractable |
Matter ng BaP ng BaP
Sample Source percent . mg extract mg particulate
Diesel CAT 26-27 2 -
NISSAN 4-8 1173 ‘96.2
0LDS 12-17 2 0.4
VW RAB 18 26 4.0
Gasoline MUSTANG 39-43 103 44,1

*Source:; Lewtas et al., 1981







APPENDIX C |

ANALYSIS OF THE SAMPLE STUDIES FROM THE INTERACTION DATA BASE




Thirty-two studies were selected from the U.S. EPA interaction data base
(see Appendix A) for detailed evaluation of the statistical ‘methods that
were employed in determining the type of toxic interaction. The evaluation
Included the appropriateness of the statistical method used and the correct-
ness of finterpretation of the statistical results. The 10% random Sampje
was stratified by the type of statistics used. The following text is the
evaluation of each study. , |

Carlson (1973) pretreated rats with either phenobarbital (PB), 3-methyl-
cholanthrene (3-MC), saline or corn oil vehicle, then exposed them to air,
1,71,1-trichloroethane or 1,1,2-trichloroethane.  Endpoints assessed were
Tiver and body weights, serum glutamic oxaloacetic transaminase (SGOT),
serum glutamic pyruvic transaminase kSGPT) and liver glucose-6-phosphatase.
Analysis was by 2-way analysis of yariance to assess d1fferenées between
pretreatments, finhalation treatments and the interactions between the two.
The analysis was appropriate. No differences were found in liver or body
weights, and it was concluded that ‘3~MC did not potentiate the hepato-
toxicity of the trichloroethanes, but PB did and enhancement was greater
with 1,1,2-trichloroethane than with 1,1,1-trichloroethane.

Short et al. (1977) exposed mice and rats to continuously inhaled air or
1,1-dichloroethyiene (VDC), then to one of disulfiram, diethyldithiocarba-
mide (DDC), thiram, apteine, methionine, N-acetylcysteine, SKF 525-A,
cobaltous chloride, phenoxybenzamine, propanolol, Vitamin C or to Vitamin E.
Endpoints assessed were death, organ damage as éssessed by serum enzymes and
histopathology, changes in liver and kidney, and rad1oactiv1ty in protein.
Statistical methods used were calculation of the LC50 and LT50 for VDC
for assessment of survival, and the 2 sample rank test and Fisher's exact
test for the other endpoints. No methods were used. to control for multiple

comparisons. Survival analysis would have been more appropriate to use. No

&
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negative contrd1 group was present. Repeated measures analysis should -have
been used to assess the changeé across time in SGOT and SGPT., They con-
cTuded that disu1f1ram'reduced the severity of the 1etha1,‘bepatotox1c and
renal effects of VDC in mice, that DDC and thiram prbtecf@mice from the
Tethal effects of VDC, énd that the dithiocarbamates protected against the
toxicity of VDC. ‘ '
Castro et al. (1974) exposed rats to SKF 525-A, Sch 5705; Sch. 5706, Sch
5712, CFT 1201, Li1ly 18947, DPEA, promethizine or vehicle cbntro], then to
CC14 or olive 011 vehicle. Endpoints assessed were% ethylmorphine
N-demethylase activity (EM-ase), cytochrome P-450 activity, %eroxidat1on of
Tiver microsomal 1ipids, CC14 concentration. in liver, proﬁe1n concentra-
tion, and NADP-1inked isocitric dehydrogenase (ICD)‘act1v1ty;1n plasma. In
_examination of the time course of CC14 cdncentrat1on. theyusedetudent's
t-test and the Mann-Whitney-U test for comparison at each ﬁime point. In
this situation the grpups‘ were CC]4 alone vs. CC14 ’and éther compound,
sometimes varying the Tevel of CC14. To examine the effeits on EM-ase,
ICD and P-450, they made comparisons via 2-way ANOVA. To egam1n¢ the time
course of 1ipid peroxidation and body temperature, they used‘a 2-way ANOVA
at each time point, whereas a repeated measures analysis hbu1d have been
correct. They concluded that "a]though these compounds testéd are known to
inhibit cytochrome P-450 dependeni drugémetabo1iz1ng enzymes, in. Tiver
-microsomes, they apparentliy do not evoke the1rvprotect1ve effects by.siow1ng
the elimination of CC14." These conclusions are appropr1aﬁe.1n Tight - of
the methods used. |
Andrews et al. (1977) examined the effects of‘ toluene ;on metabolism,

disposition and hemopoietic toxicity of [H3]benzene, particd1ar1y red cell

59Fe¢ jncorporation as a measure of erythropoiesis, Two;12x2 factorial

|
|
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experiments were conducted on mice, with the administration of 0 or 880
mg/kg benzene and 0 or 1720 mg/kg -toluene as one experiment, and the admin-
istration of 0 or 440 mg/kg benzene and 0 or 1720 mg/kKg toluene as the
other. Endpoints assessed were benzene metabolites in urine, expressed as
percent administered dose and as benzene equivalents, percent 5°Fe utili-
zation, exhaled [3H]benzene, and levels of [3H]benzene 1in Tiver, splieen,
epididymal fat pads, blood, and bone marrow. Although the experiments were
conducted as 2x2 factorials, making the use of 2-way ANOVA appropriate,
Student's t-tests were in fact used. Furthermore, the time course of
accumulation of [3H]benzene in tissues was analyzed by t-tests at each time
point, whereas repeated measures analyses were appropriate. The authors
concluded that toluene reduced the level of urinary metabolites of benzene
and also reduced the benzene-induced inhibition of erythrocyte 5°Fe
uptake. These conclusions are consistent with the results of the statis-
tical methods used, but may not be valid due to the increased likelihood of
false positives with these methods.

Friedman and Eaton (1978) studied the effects of an inhibitor of mixed
function oxidase (MFO) activity, piperonyl butoxide (PB), on methylmercury
(MM) toxicity. Rats were fed diets containing either 0, 20 or 40 ppm
methylmercury, and either 0, 0.5 or 150% PB. Endpoints assessed were weight
gain and mortality. No statistical methods and no dose-response models were
used. The authors conclude that "PB synergises MM poisoning in a dose-
dependent fashion."

Biancifiori et al. (1967) examined the effects of estrogen on the

pathway “through which chemical carcinogens exert their action. Both

ovariectomized and intact mice were given estrone at 0, 500 or 1000 ng/%

drinking water, and the mice were administered either nothing, or one of




9,10-dimethyl-1,2-benzanthracene (DMBA), 1,2:5,6-d1benzan%hracene {DBA),
20-methyicholanthrene (MC) or 3,4—benzopyrene (BP) at 0.5% in aimond oil,
twice weekly until 8 weeks of age. Endpoints. assesséd were mammary
carcinoma, survival, gastric +tumor, ovarian tumor, 1eukem1a. and lung
- tumor. Aithough no statistics were wused, the author§ conclude that
"administration of oestrone increased the incidence of mamméry carcinomas in
both fintact and ovariectomised mice when DBA or MC were the carcinogens;
only a minimal effect was obtained with BP and the resuft with DMBA was
equivocal," "squamous carcinomas of the ,foréstomach océurred 'whén the
carcinogen was BP or DMBA," and "DBA with oestrone finduced o?arian tumouré.“

Cone and Nettesheim (1973) investigated the effects oé high levels of
vitamin A on the toxicity of 3-methylcholanthrene (MCA) m‘} the respiratory
tract epithelium of the rat. A1l animals received vitamin A, either in
doses of 17, 87 or 1740 ug/week, and either 0 or 5 mg MCA. The}endpo1nt
assessed was respiratory tract tumor. Although no stat15§1cs were given,
the authors concluded that vitamin A has an 1nh1b1toryj effect on the
development of respiratdry tract tumors, j 4

Daoud and Griffin (1980) investigated the effect of‘ retinoic acid,
butylated hydroxytoluene (BHT), selenium (Se) and sorbic %acid on azo-dye

hepatocarcinogenesis in the rat. All animals received af diet containing
. |

0.05% 3'-methyl-4-dimethylaminoazobenzene (3'-MeDAB), and ie‘ither nothing,
0.05% BHT, 1 or 2% sorbic acid, 0.02% retinoic acid or 2 or14 ppm Se, but no
combinations or the latter four compounds. The endpoint agsessed was liver
carcinoma. Although no statistics were given, the authofs conclude that

protection was "afforded the animals given the azo compound by the dietary

supplementation with either retinoic acid or BHT."




Schlede et al. (1970) examined the stimulatory effect of benzo{a)pyrene
(BaP) and phenobarbital pretreatment on the biliary excretion of BaP metabo-
Tites in the rat. Animals were pretreated with either BaP, phenobarbital or
vehicle, then received either 10 or 300 ug of 24C-labeled BaP
(BaP-24C). The endpoint assessed was the rate of excretion of metabolites
of BaP-24C 1into bile. Although no statistics were given.‘ the authors
conclude that "pretreatment of rats with BaP or phenobarbital prior to the
1.v. injection of 10 or 300 npg of BaP-14C enhances the rate of excretion
of metabolites of BaP-24C into the bile."

Ito et al. (1973) examined the effect of polychlorinated b1pheny1s
(PCBs) on tumorigenesis by benzene 'hexach1or1de (BHC) 1n mouse Tiver.
Animals received diets containing 0, 100, 250 or 500 ppm PCBs, alone or in
conjunction with 0, 100 or 250 ppm of «, B or y-BHC. Endpoints assessed
were histopathology of the 7liver, Tiver weight and body weight, No
statistics were given. The authors conclude that "PCBs themselves induced
hepatic neoplasms in mice and also promoted the induction of tumors by
«-BHC and B-BHC."

Magos et al. (1974) describe the effect of cadmium pretreatment on the
nephrotoxic action and kidney uptake of mercury in male and female rats.
Animals were pretreated with either 0 or 2x2.46 mg/kg CdC]z, then treated

2+

with 0, 0.5, 1.0 or 1.5 mg/kg HgC1 Endpoints assessed were ug Hg

20
in kidneys/100 g bw, and severity of tubule damage. No statistics wefe

given. The authors state that there was a "significant sex difference

2t 2+

observed 1in effect of Cd pretreatment on the uptake of Hg by the

kidneys" and a "protective effect of Cd pretreatment against tubular damage

caused by mercury."




Moxon and DuBois (1939) investigated the influence of aﬁsenic and other
elements on the toxicity of seleniferous grains in the ratl Twelve groups
of animals were given diets coﬁtaining seleniferous wheat énd 11 of these
groups were given 5 ppm of one bf the following elements 1n§dr1nk1ng water:
W, F, Mo, As, Cr, V, Cd, Zn, Co, U, Ni. A thirteenth group?received a diet
containing selenium-free wheat. The elements in drinking fwater were not
given in conjunction with a diet containing se1en1um—free wheat. Endpoints
assessed were survival and Se content in Tiver. No statisﬁics were given.
A further experiment was then conducted since it appeared from the initial
experiment that "tungsten and arsenic, especially the 5atter, reduced
selenjum toxicity in some manner." Animals were fed diets c&ntaining either
selenium-free or seleniferous wheat, thén drinking water cénta1n1ng elther
nothing, 2.5 ppm W or 2.5 ppm As. Endpoints assessed were survival and
Tiver damage, and again no statistics were given. The adthors concluded
that F, Mo, Cr, Cd, Zn, Co, Ni and U given with Se caused an increase in
mortality, that W seemed to reduce the mortality rate of réts with Se, and
As prevented Se poisoning symptoms, although it did not prevént Tiver damage
appreciably. :

Thind and Biery (1974) 1nvest1ga£ed the antagonism of reha] angijographic
effects of cadmium by zinc in the dog. In one group, 5n1ma1s received
intrarenal doses of cadmium acetate (2-20 mg) and zinc chldride {2-20 mg).
The animais in a second group received a series of arter;ograms for the
following exposure sequence: control, wvasoactive druﬁ (angiotensin,
epinephrine, norepinephrine), cadmium acetate + vasoactive drug, vasoactive
drug, zinc chloride + cadmium acetate + vasoactive drug; tﬁ1s sequence was
then repeated 1in each dog with two different vasoact%ve drugs. No
quantitative data were presented; instead, the authors presénted the radio-

graphs from the angiograms. The authors conclude that "prefreatment of the

I
|
|
|
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renal vasculature with zinc ions in the present study effectively blocked
the acute inhibitory effects of cadmium ions in the kidney of normal dogs."
Drew and Fouts (1974) studied the effects of pretreatment with- either
phenobarbital (PB), 3-methylcholanthrene (3-MC), or chlorpromazine (CPZ), on
p-xylene toxicity 1in rats. Animals were subsequently either exposed to
p-xylene vapors or were injected with p-xylene. The authors allude to the
presence of control groups, but the nature of these groups is not- stated.
The LD

for finjected p-xylene and the LC for inhaled p-xylene were

50 50
calculated for the control groups and the pretreatment groups. This work
was presented in abstract. No data were given, and the statistical methods
used were not specified. The authors conclude that the pretreatments raise

the LC of 1inhaled p-xylene, whereas only 3-MC increases the “LDsO of

50
injected p-xylene.
Dietz (1980) investigated the roles of 2-butanol, 2-butanone and

2,3-butanediol in potentiating CC1, hepatotoxicity. = Rats were pretreated

4
with various dosages (unspecified) of one of these three. compounds, 'then
were administered one dose of CC14. In addition, some animals. were
pretreated with pyrazole. Endpoints assessed were -SGPT, glucose-6-phos-
phatase aEt1v1ty and triglyceride concentration. This work was presented in
abstract form. No data were given, and the statistical methods used ‘were
not specified. The authors concluded that the capability of 2-butanol and
2-butanone to potentiate CCl4 hepatotoxicity is due to their further
metabolism to 3-hydroxy-2-butanone and 2,3-butanediol.

Bhargava and Way (1974) examined the effect of 1-phenyl-3-(2-thiazolyl)-
2-thiourea (PTT) on morphine analgesia, tolerance and physical dependence in

the mouse. Animals previously rendered tolerant to morphine were pretreated

with PTT or vehicle, and brain uptake of norepinephrine, dopamine, copper,
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serotonin, acetylcholine, choline and morphine were assessed, The statisti-
cal mefhods used were not specified. 'Th? authors state that the analgesic
‘effect of morphine was potentiated by PTT, but this effect was not corre-
lated with changes 1in brain levels of norepinephrine, dopamine, copper,
serotonin, acetylcholine and choline.

Gupta and Gupta (1977) investigated the effect of the 1nsect1c1de endo-
sulfan on pentobarbitone sleep time and concentration of pentobarbitone in
blood and brain in rats. Animals received 0, 1, 2.5 or 5 mg/kg endosulfan
for 7 or 15 days, then all animals received 50 mg/kg pentbbarbitone. The
statistical methods used were not specified. The higher dosés of endosulfan

(2.5 and 5 mg/kg) were associated with ‘increased induction time and

decreased sleep time. There was no change in pentobarbitoné concentrations

in blood and brain.

Gunn et al. (1968) studied:compounds that potentia]]y%were protective
against cadmium - toxicity. Mice received CdC12 {doses }ranged between
0.0055 and 0.0664 mM/kg) in conjunction with control, an amgno acid (either
alanine, arginine, asparagine, cysteine, - glycine, 1isoleucine, 1lysine,
methionine, proline, serine, threonine, valine, Teucine or‘phenylalanine),
2,3-dimercaptopropanol (BAL), selenium dioxide or zinc aceiate.‘ Endpoints
were death at 7 days, and percent Cd uptake in various {organs (testes,
kidneys, heart, lungs, pancreas, spleen and gastro1ntest10a1 tfact). The
statistica1 methods used were not specified. The authors fdund that cadmium
destroyed the testis, and, while this destruction was preveﬁted by cysteine,
that lethality was increased by cysteine. Moreover, BAL, sé]en1um and zinc
also protected the testis from cadmium, but did not affecti1eve1s of Kidney
cadmium nor toxicity of cadmium. Furthermore, none of the other amino acids

was protective against cadmium damage of the testis or increased cadmium

toxicity.




Jernigan and Harbison (1982) investigated the role of 2,5-hexanedione
(2,5-HD) 1in halocarbon hepatotoxicity. Mice were pretreated with corn 0i1,
2,5-HD or phenobarbital sodium (PB), then subsequently received one of the
CHC1 cc1

following halocarbons: cnc trichloroethylene (TCE),

3’ 3’ 4*
1,1,2-trichioroethane (TRI), or perchloroethylene (PERC). Endpoints
assessed were hepatic cytochrome P-450, NADPH cytochrome ¢ reductase,
aniline hydroxylation, p-nitroanisole O-demethylation and aminopyrine
N-demethylation, and serum alanine amino transferase activity. Statistical
comparisons were made using analysis of variance. Because of the absence of
a control group for the halocarbons, and the authors' continual testing by
comparison back to the corn o011 pretreatment group, this paper is
insufficient to assess the potentiation of any of these halocarbons by
2,5-HD. The authors conclude that ketone potentiation of CHC13-1nduced
hepatotoxicity was demonstrated in mice énd that pretreatment with 2,5-HD
can potentiate the hepatotoxicity of other halocarbons.

Snyder et al. (1981) studied the effect of ethanol ingestion on hemato-
toxicity of inhaled benzene in mice. The inhalation-ingestion groups were
as follows: air + water, air + 5% ethanol, air + 15% ethanol, 300 ppm
benzene + water, 300 ppm benzene + 5% ethanol, 300 ppm benzene + 15% ethanol.
Endpoints assessed were body weight and blood 'counts. The statistical
methods used were not stated. The authors find that the "results indicate a
true potentiation of the toxic effects of benzene by ethanol."

Csallany and Ayaz (1978b) assessed the effects of NO2 and vitamin E in
mice. Animals were exposed first to either filtered air or 0.5 ppm NO2 or
1.0 ppm N02. then to 0, 30 or 300 ppm vitamin E or 30 ppm N,N'-diphenyl-p-
phenylenediamine (DPPD). Endpoints studied were ‘body weight, tissue

weights, Tipofuscin pigment (LFP) concentration in tissues, and survival

C-10




rates. The statistical methods used were not. specified.E. The authors

conclude that continuous 1ow,1evg] NO, exposures do not re$u1t in higher

2
concentrations of tissue organicrsolvent soluble LFP,. but Noé does have an
overé11 detrimental effect on animals, as measured byv lowered who]e—body '
weights and survival rates. 7 | |

~El-hawari (1978) examined the potentiation of dibromoethahe (EbB) toxic-
ity by disulfiram (DS), thiram, diethyldithiocarbamate and cérbon disulfide
in mice. Animals were prétreated Q1th either DS, thiram, §d1ethy1dith10—

carbamate or CSZ' then treated with EDB. Only one dose 6f the variods

pretreatment compounds was administered. It was unclear whatwcontrol groups
were present. Endpdints assessed were SGPT, SGOT, b1oodureah1trogen (BUN)
Tevels and survival. The report is in abstract form. No statﬁstica]
methods are stated. The authors conclude that pretreatmen; with any of
these compounds enhances EDB toxicity. ;

Agarwal et al. (1983) studied the interactions of CBr4 and chlordecone
(CD) in rats. Animals were fed diets containing either 0 or io ppm CD, then
were injected with either 0; 25, 50, 100 or 125 ut CBr4. Endpoints
assessed were urine parameters, 1nc1ud1ng vo]ume,  osmo&ality, bhlood,
protein, glucose; p-aminohippurate (PAH) and,tetraethy]ammon1ﬁm {TEA) Tevels
in the renal cortex; SGOT and SGPT levels. Since the authors felt that
CBr

4
which animals were fed diets containing eithér 0 or 10 ppm‘CD, ﬁhen>were

was acting Tike a nephrotoXin. a second experiment was undertaken in’

administered either vehicle or 54 u% CCI1, or 75, 125 or? 175 mg CBr

4 4°
Endpoints measured were PAH and TEA Tlevels 1in renal cOrtiéa] sTices. 1In
Vboth experiments, statistical methods ‘were not 'spec1f1ed, although
compar1$ons were made to control ~groups. The authors Lonc1uded that
chlordecone did not modify renal s11te rgsbonse, and tha% CD does not

potentiate CBr

, hepatotoxicity. | D




Ber1in and Lewander (1965) investigated the effect of 2,3-dimercapto-
propanol (BAL) on brain uptake of mercury in mice given mercuric ch]oridg.
In the acute experiment, animals were given 0.5 mg/kg Hg, then either 0 or
0.3 mg/kg BAL. Endpoints measured were tissue Hg concentration. 1In the
chronic experiment, animals were given 1 mg/kg- 2°3ch12 and either 0 or
2 mg/Kg bw BAL for 16 days. Again, the endpoints assessed were Hg
concentrations in tissue. There were no negative control groups (no BAL, no
mercuric chioride). The statistical methods used were not specified, The
authors concluded that BAL does not affect Hg elimination.

deFerreyra et al. (1983) assessed the potentiation of CC14 necrosis by
cysteine and tryptophan, both alone and together, in the rat. Experimental
groups were as foliows: control, CC14, cysteine, tryptophan, cysteine +

cch tryptophan + CC14. and cysteine + tryptophan + CC14. Endpoints

4°
measured were ICD levels and degree of liver necrosis. Although the authors
state that a 2-way analysis of variance was used, it is unclear what groups
were compared. A1l other comparisons were to the control group, using
unspecified statistical methods. This experiment is missing one ~experi-
mental group (cysteine + tryptophan); otherwise a J-way analysis of variance
would have been the correct procedure. The authors. conclude that adminis-
tration of cysteine but not tryptophan decreased ICD, and when both cysteine
and tryptophan were given together, a "marked protective effect is observed."®

Agarwal and Mehendale (1984) studied the potentiation of CC1, hepato-

4
toxicity by chlordecone (CD) in ovariectomized rats. Animals were either

sham operated or ovariectomized, then fed diets containing either 0. or 10

ppm CD, then received either 25 e CC]4 or vehicle. Endpoints measured

were SGPT, SGOT, idsocitric dehydrogenase (ICD) and ornithine carbamyl

transferase (OCT) activity. The authors used student's t-test and one-way




analysis of wvariance, making ~comparisons to controls, ?a1though 3-way
analysis of variance would havevbeen the correct method totinvestigate the
interplay of these compounds. They also . measured b11ia;y"excretion of
phenolphthalein glucuronide (PG) over time, which would havg'been correctly
analyzed by a repeated measures analysis. The authors cﬁnclude'that "CD
induced potentiation of CC]4 hepatotoxicity'1n~ovar1ectom1éed rats was not
significantly enhanced as compared 1o earlier - obserVaﬁions in intact
females."

Kinnamon and Bunce {1965) examined :-the effects of coppeab molybdenum and
zinc on ©5Zn tissue distribution and excretion in the rat. There were
- eight- experimental groups consisting of the combinations of 0 or 100 mg/kg

Cu, 0 or 800 mg/kg Mo and O or 5000 mg/kg-Zn in feed. Eﬁdpoints aSSeséed
were body weight, weight gain, feed?consumptiqn, percent[Zn’retention in
tissues and percent Zn excretion . in urine. 'Compar1son§ were -made to
controls, using t-tests, although a 3-way :analysis of var%ance would . have

been the correct procedure. The authors .concluded that "Zn, not Mo or Cu,

significantly influences tissue distribution-and excretion o% tracer Zn."
Jaeger and Murphy (1973) studied the effects of 1,1Ld1ch1oroethy1ene
(1,1-DCE), corticosterone or: acrolein on barbituate action -in the rat.
Animals were pretreated with either 0 or 400 mg/kg 1,1~DCEJ‘then were given
either pentobarbital (PB) or hexobarbital (HB). Endpoinﬁs assessed - were
sleep time, barbituate concentration in serum and brain, aﬁd serum cortico—
sterone concentration. A ‘second and third experiment wére conducted 1in
" which pretreatment was either 0 or 25 mg/kg c0rt1costerone of 3 mg/kg
acrolein, assessing the same endpoints. Statistical techniques ‘employed
included t-test, analysis of 'variance and regression, a1th&ugh it is -impos-

sible to tell which technique (t-test or analysis of varT&nce)‘was used to

make certain comparisons. There was no negative (untreated) control in any .
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experiment. The authors concluded that both 1,7-DCE and corticosterone
alter PB-induced, but not HB-induced, sleep time, and that acrolein
increases both PB and HB sleep time.

Hasumura et al. (1974) investigated the effect of chronic ethanol
consumption on CC14 hepatotoxicity in the rat. Experimental animals were
fed diets consisting of ethanol (36% of total calories), and control animals
were pair-fed diets in which ethanol had been isocalorically replaced by
carbohydrate. Animals then received either 0.5 me/kg ¢C1, or mineral
0{1. Endpoints measured were serum ornithine carbamyl traﬁsferase {SOCT),
SGPT, bi1lirubin, total 1ipid, cytochrome P-450, aminopyrine N-demethylase
activity, and glucose-6-phosphatase activity. Paired Student's t-test was
used to compare ethanol to pair-fed control, whereas a randomized complete
block design would have been the correct procedure to make this comparison,
allowing for multiple comparisons. The authors concluded that "chronic

ethanol administration to rats potentiates CC1 hepatotoxicity," although

4
they did not use methods that would allow for the assessment of interactions.

Harbison and Becker (1971) examined the effect of treatment with pheno-
barbital (PB) or SKF 525A on diphenylhydantoin (DPH) disposition on pregnant
mice. A1l animals received 100 mg/kg DPH, after pretreatment. with either
control, PB or SKF 525A. Endpoints measured were DPH metabolism in plasma,
placenta, fetus, amniotic fluid, 7liver, brain, fat, and muscle over time.
They used Student's t-test to compare each pretreatment group with DPH alone
at each time point, although a repeated measures analysis would have been
the correct procedure. They concluded that pretreatment with PB enhanced

the metabolism of DPH, with decreased plasma DPH and DPH-induced terato-

genicity and in utero deaths, while pretreatment with SKF 525A decreased

metabolism of DPH, with increased plasma DPH and DPH-induced teratogenicity

and in utero deaths.
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Csallany and Ayaz (1978a) investigated the effects of intermittent NO2
exposure and vitamin E in rats. Animals were fed either vifamin E deficient
(O ppm)}, normal (30 ppm), or high (300 ppm) diets, theniwere exposed to

either air or 15 ppm NO, for either 5 or 18 weeks. Endpoints assessed

2
included methemoglobin levels, histopathology, Tipofuscin pigment

concentration in tissue and fatty acid component in lung tiﬁsue. Student's
t-test was used to make comparisons between the treatment Qroups. although
it was not always clear which groups were being compared. Analysis of
variance techniques would have been correct. The authorsl concluded that
"intermittent NO2 exposure, under the described conditiong, did not cause
ultimate changes of the biochemical parameters measured.”

Derr et al. (1970) examined the synergism between coba1£ and ethanol on
rat growth rate. Water, allowed ad Tibitum, was replaced with either 0 or
10% ethanol, and either 0 or 1 mg Co/10 me H20. Endpoinﬁs measured were
body weight, hematocrit, heart weight, heart Zn, and heari-to—body weight
ratio, Student's t-test was used to compare the variousi groups, and an
additive model was used to calculate an expected bhody weight%for the ethanol
+ Co group, which was then compared with the observed bodijeight for that
group by Student's t-test. A two-way analysis of variance;wou1d have been
the correct procedure. The additive model that was used édded the weight
deviations from the control in order to predict the weight Heviation of the
two chgmica1s combined. The authors did not provide any b1050g1ca1 Justifi-

caton for such a model. Even a simple method using re1at1ve‘potenc1es would

be better justified. The authors' conclusjon was that ethanol and cobalt

have a synergistic effect.







APPENDIX D
REFERENCES

[

Agarwal, A.K. and H.M. Mehendale. 1984. Chlordecone potentiation of CC]4

hepatotoxicity in ovariectomized rats. Toxicology. 29: 315-323‘
|

Agarwal, A.K., W.0. Berndt and H.M. Mehendale. 1983. Possible nephrotoxic
effect of carbon tetrabromide and its ‘interaction with chlordecone.

Toxicol. Lett. 17: 57-62.

Albert, R.E., J. Lewtas, S. Nesnow, T.W. Thorslund and E. Anderson. 1983.
Comparative potency method for cancer risk assessment; application to diesel

particulate emission. Risk Anal. 3: 101-117.

Andrews, L.S., E.W. Lee, C.M. Witmer, J.J. Kocsis and R. Snyder. 1977.
Effects of toluene on the metabolism, disposition and hemaboietic toxicity

of [®H]benzene. Biochem. Pharmacol. 26: 293-300.

Ber1in, M. and T. Lewander. 1965. Increased brain uptake of mercury caused
by 2,3-dimercaptopropanol (BAL) 1in mice given mercuric ‘chloride. Acta

Pharmacol. Toxicol. 22: 1-7.

Bhargava, H.N. and E.L. Way. 1974. Effect of 1-phenyl-3-(2-thiazolyl)-2-
thiourea, a dopamine B-hydroxylase finhibitor, on morphine dna1gesia, toler-

\
ance and physical dependence. J. Pharmacol. Exp. Ther. 190: 165-175.

|




Biancifiory, C., F. Caschera, F.E. Giornelli-Santilli and E. Bucciarelli.

1967. The action of oestrone and four chemical carcinogens in intact. and

ovariectomized BALB/C/Cb/Se mice. Br. J. Cancer. 21: 452-459,

Carlson, G.P. 1973. Effects of phenobarbital and 3-methylcholanthrene
pretreatment on the hepatotoxicity of 1,1,1-trichloroethane and 1,1,2-tri-

chloroethane. Life Sci. 13: 67-73.

CAS. 1980. Chemical Abstracts Service Source Index 1907-1979. Chemical

Abstracts Service, Columbus, OH.

Casto, B.C., G.G. Hatch, S.L. Huang, J. Lewtas, S. Nesnow and M.D. Waters.
1981. Mutagenic and carcinogenic potency of extracts of diesel and related
environmental emissions; in vitro mutagenesis and oncogenic transformation.

Environ. Int. 5: 403-409.

Castro, J.A., E.C. de Ferreyra, C.R. de Castro, 0.M. de Fenos, H. Sasame and
J.R. Gillette. 1974. Prevention of carbon tetrachloride-induced necrosis
by 1inhibitors of drug metabolism -- Further studies .on their mechanism of

action. Biochem. Pharmacol. 23: 295-302.

Claxton, L.D. 1981. Mutagenic and carcinogenic potency of extracts of
diesel and related environmental emissions; Salmonella biocassay. Environ.

Int. 5: 389-391.

Cone, M.V. and P. Nettesheim. 1973. Effects of vitamin A on 3-methylchol-
anthrene-induced squamous metaplasias and early tumors fin the respiratory

tracts of rats. J. Natl. Cancer Inst. 50: 1599-1606.

- D-2




Csallany, C.S. and K.L. Ayaz. 1978a. The effects of intermittent nitrogen
dioxide exposure -on vitamin E-deficient and -sufficient ;rats. Tokicol.

Lett. 2: 97-107.

Csallany, C.S. and K.L. Ayaz. 1978b. Long-term NO2 exposure of mice in
the presence and absence of vitamin E. I. Effect on body weights and

Tipofuscin in pigments. Arch. Environ. Health. N/D: 285-291.

Curren, R.D., R.E. Douri, C.M. Kim and L.M. Schechtman. 1981. Mutagenic

, | -
and carcinogenic potency of extracts of diesel and related environmental
emissions; simultaneous morphoiogical transformation andi mutagenesis in

I

BALB/c 3T3 cells. Environ. Int, 5: 411-415.

|
Daoud, A.H. and A.C. Griffin. 1980. Effect of retinoic .acid, butylated
hydroxytoluene, selenium and sorbic acid on azo-dye hepaﬁocarcinogenesis.

Cancer Lett. 9: 299-304.

de Ferreyra, E.C., b.M. de Fenos and J.A. Castro. 1983. frypiophan poten-
tiation of rthe late cysteine preventive effgcté in carbon tetrachloride-
induced necrosis. Res. Comm. Chem. Pathol. Pharmacol. 40: 515-518‘

Derr, R.F., H. Aaker, C.S. Alexander and H.T. Nagasawa. h970, Synergiém
between cobalt and ethanol on rat growth rate. J. Nutr. 106: 521-552.
Bietz, F.K. 1980. The role of 2-butanol and 2-butanone m?tabo]ism in the
potentiation of carbon tetrachloride induced hepatotoxicity{ Dis. Abstracts

Int. Part B (Biology). 41: 150. I

t

D-3




Drew, R.T. and J.R. Fouts. 1974. The effects of inducers on acute p-xylene

toxicity. Toxicol. Appl. Pharmacol. 29: 111-112.

El-hawari, A.M. 1978. Potentiationh of dibromoethane (EDB) toxicity by
disulfiram, thiram, diethyldithiocarbamate and carbon disulfide. Pharma-

cology. 20: 213.

Friedman, M.A. and L.R. Eaton. 1978. Potentiation of methylimercury
toxicity by piperonyl butoxide. Bull. Environ. Contam. Toxicol. 20: 9-16.

Gunn, S.A., T.C. Gould and W.A.D. Anderson. 1968. Selectivity of organ
response to cadmium injury and various protective measures. J. Pathol.

Bacteriol. 96: 89-96.

Gupta, P.K. and R.C. Gupta. 1977. Influence of endosulfan on pentobarbi-
tone sleeping time and blood and brain concentrations in male rats. J.

Pharm. Pharmacol. 29: 245-246.

Harbison, R.D. and B.A. Becker. 1971. Effects of phénobarbital or- SKF 525A
pretreatment on diphenylhydantoin disposition 1in pregnant mice. Toxicol.

Appl. Pharmacol. 20: 573-581.

Hasumura, Y., R. Teschke and C.S. Lieber. 1974. Increased carbon tetra-

chloride hepatotoxicity and its mechanism after chronic ethanol consumption.

Gastroenterology. 66: 415-422.




I

Ito, N., H. Nagasaki, M. Arai, S. Makuira, S. Sugihara and K. Hirao. 1973.
Histopathologic studies on liver tumorigenesis induced in mice by technical
polychlorinated biphenyls and its promoting effect on liver tumors induced

by benzene hexachloride. J..Natl. Cancer Inst. 51: 1637-1646.

Jaeger, R.J. and S.D. Murphy. 1973. Alterations of bafbituate action
following 1,1-dichloroethylene, corticosterone or acro]einx Arch. Int.

Pharm. Ther. 205: 281-292.

Jernigan, J.D. and R.D. Harbison. 1982. Role of biotransformation in the
potentiation of halocarbon hepatotoxicity by 2,5-hexaned10né. J. -Toxicol,

Environ. Health. 9: 761-781.

Kinnamon, K.E! and G.E. Bunce. 1965. Effects of copper,jmo]ybdenum and
zinc on zinc-65 tissue distribution and excretion in the rat.; J. Nutr. 86:
225-230.

Lewtas, J. 1983. Evaluation of the mutagenicity and caréinogenicity in
motor vehicle emissions in short-term bioassays. Environ. H?a]th Perspect.

47: 141-152. : : - )

Lewtas, J., R.L. Bradow, R.H. Jungers, et al. 1981. Mutagenic and carcino-
genic potency of exiracts of diesel and related environmedta] emissions;

study design, sample, genefation,  collection and preparat%on. Environ.

Int. 5: 383-387.




Magos, L., M. Webb and W.H. Butler. 1974. The effect of cadmium pretreat-
ment on the nephrotoxic action and kidney uptake of mercury in male and

female rats. Br. J. Exp. Pathol. 55: 589-594.

Mitchell, A.D., E.L. Evans, M.M. Jotz, E.S. Riccio, K.E. Mortelmans and V.F.
Simmon. 1981. Mutagenic and carcinogenic potency of extracts of diesel and
related environmental emissions; 1in vitro mutagenesis and DNA damage.

Environ. Int. 5: 393-407.

Moxon, A.L. and K.P. DuBois. 1939. The influence of arsenic and certain
other elements on the toxicity of seleniferous grains. J. Nutr. 18:

447-457.

Nesnow, S., L.L. Triplett and T.J. Slaga. 1982. Comparative tumor-
initiating activity of complex mixtures from environmental particulate

emissions on SENCAR mouse skin. J. Nat. Cancer Inst. 68: 829-834.

Schlede, E., R. Kuntzman and A.M. Conney. 1970. Stimulatory effect of
benzo(a)pyrene and phenobarbital pretreatment on the biliary excretion of

benzo(a)pyrene metabolites in the rat. Cancer Res. 30: 2898-2904.

Short, R.D., J.M. Winston, J.L. Minor, C. Hong, J. Seifter and C. Lee.
1977. Toxicity of vinylidine chloride in mice and rats and its alteration

by various treatments. J. Toxicol. Environ. Health. 3: 913-921.

Snyder, C.A., K.A. Baarson, B.D. Goldstein and R.E. Albert. 1981. Inges-
tion of ethanol increases the hematotoxicity of inhaled benzene in C57B1

mice. Bull. Environ. Contam. Toxicol. 27: 175-180.

D-6




Thind, G.S. and D.N. Biery. 1974. Antagonism of renal angﬁographic effect
of cadmium by zinc. Invest. Radiol. 9: 386-395. ‘

U.S. EPA. 1979. The Diesel Emissions Research Programs. EﬁA—625/9—74-004.
Center for Environmental Research Information, Cincinnati,iOH‘ (Cited in

1
Lewtas et al., 1981)

U.S. EPA. 1986. Guidelines for the Health Risk Assessment of Chemical

Mixtures. Federal Register. 51(185): 34014-34025. y

U.S. EPA. 7988. MIXTOX. Studies on toxicity of mixtures and interacting
chemicals. User's Guide. Office of Health and Environmental Assessment,

Environmental Criteria and Assessment Office, Cincinnati, OH. .

i
|

%U.S. GOVERNMENT PRINTING OFFICE: 1990.748-15920445







