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Executive Summary

This report details the findings of a project on mixture toxicology and ecotoxicology
commissioned by the European Commission, DG Environment. It describes the scientific
state of the art in the field, and gives an account of the regulatory state of the art for
dealing with combined exposures in the European Union, in major competing economies,
including the USA and Japan and in international bodies.

1. Terms of reference, scope, definitions

The specifications of the invitation to tender defined four tasks, and these form the terms
of reference of this report:

Task 1:  Analyzing scientific literature on mixture toxicity

Based on literature searches, with additional information derived from an analysis of EU
projects, conference publications and opinions of relevant EU Scientific Committees a
critical review was to be prepared with the aim of summarizing the current scientific state
of the art of mixture toxicology and ecotoxicology.

Task 2:  Analyzing EU risk assessment regimes relevant to mixture toxicity
assessments

An analysis of EU risk assessment regimes was to be conducted, with the specific aim of
assessing whether EU risk assessment regimes in 21 different EU directives and
regulations take into account risks arising from mixture toxicity and if, in which way. The
analysis was to result in an overview of relevant provisions, an identification of
regulatory gaps, and recommendations for future improvements.

Task 3:  Analyzing practical experiences in assessing mixture toxicity, approaches and
methodologies used for this purpose in the EU

Practical approaches for assessing the toxicity of environmental samples and/or waste
samples currently used in relevant EU member states with respect to assessing the effects
of chemical mixtures were to be analyzed. The analysis had to include both whole
mixture approaches (i.e. direct toxicity testing of the mixture) and component-based
approaches (i.e. estimating the total toxicity from information on identified components

only).

Task 4:  Analyzing approaches to assess mixture toxicity in major competing
economies of EU and international bodies

A systematic overview of approaches to the hazard and risk assessment of chemical
mixtures used by competent authorities in the USA, Japan and in international bodies
such as the World Health Organisation (WHO), the International Programme on
Chemical Safety (IPCS), the International Agency for Research on Cancer (IARC), the
Organisation for Economic Cooperation and Development (OECD), and others, was to be
conducted.
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The scope of this report is restricted to the toxicity of mixtures of chemicals after
simultaneous exposure. The term mixture toxicity is understood as unwanted adverse
effects of mixtures of chemicals. In this report, combination effect, combined effect or
joint action is used synonymously with mixture toxicity. Interactions of chemical factors
with physical and/or biological stressors in the environment are beyond the scope of this
study. The same applies to wanted beneficial effects of mixtures, such as therapeutic
effects of drug combinations.

For the purposes of this report mixtures of chemicals are considered to be:

e Substances that are mixtures themselves (multi-constituent substances, MCS;
materials of unknown or variable composition, complex reaction products or
biological materials, UVCB)

e Products that contain more than one chemical, e.g. cosmetics or plant protection
products

e Chemicals jointly emitted from production sites, during transport processes, and
consumption or recycling processes

e Several chemicals that might occur together in environmental media (water, soil,
air), food items, biota and human tissues, as a result of emission from various
sources, via multiple pathways.
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2. The scientific state of the art of mixture toxicology

During the last ten years, mixture toxicology has undergone a remarkable and productive
development. Whilst earlier experimental studies have focused mainly on combinations
of only two chemicals, a significant number of well-designed and decisive studies have
been carried out that involve multi-component mixtures. Ecotoxicology has played an
important role in advancing mixture toxicology, with human and mammalian toxicology
slowly catching up. The planning, conduct and assessment of multi-component mixtures
is possible, with clear results. This has extended from in vitro assays to in vivo studies
and even to analyses of mixture effects on biological communities. Multi-component
mixtures were composed of both, unspecifically and specifically, acting chemicals, with
similar, and to a lesser extent, dissimilar modes of action. The compounds in the mixtures
belong to several chemical classes. Among the most frequently studied groups are
pesticides, heavy metals, endocrine disrupters, PAHs and general industrial chemicals. A
detailed appraisal of the relevant literature is presented in Part 1 of this report.

The current scientific state of the art of mixture toxicology can be summarized
conveniently by addressing issues and questions that arise frequently during the practice
of chemical risk assessment.

Is an assessment of the effects of chemical mixtures necessary from a scientific
viewpoint?

Humans and all other organisms are typically exposed to multi-component chemical
mixtures, present in the surrounding environmental media (water, air, soil), in food or in
consumer products. However, with a few exceptions, chemical risk assessment considers
the effects of single substances in isolation, an approach that is only justified if the
exposure to mixtures does not bear the risk of an increased toxicity. This would be the
case, for example, if only one chemical of the mixture is toxic while the others are
biologically inert, or if empirical evidence showed that the joint action of chemicals is
typically not larger than the effect of the most toxic compound.

However, there is strong evidence that chemicals with common specific modes of action
work together to produce combination effects that are larger than the effects of each
mixture component applied singly. Fewer studies have been conducted with mixtures
composed of chemicals with diverse modes of action, with results clearly pointing in the
same direction: the effects of such mixtures are also higher than those of the individual
components (see below for a discussion of the special case of low-dose mixtures). The
literature shows that this applies to a host of different endpoints of relevance to
mammalian toxicology and ecotoxicology, and holds true for a diverse set of chemicals
that all are subject to EU regulations (Part 1, 4.1 — 4.10, 5.2).

There is a consensus in the field of mixture toxicology that the customary chemical-by-
chemical approach to risk assessment might be too simplistic. It is in danger of
underestimating the risk of chemicals to human health and to the environment.



State of the Art Report on Mixture Toxicity — Final Report, Executive Summary

Is there not sufficient protection against mixture effects if we make sure that each
chemical is present individually at exposures unlikely to pose risks?

Chemical risk assessment provides threshold doses or concentrations of regulatory
concern such as acceptable daily intakes (ADI) or predicted no effect concentrations
(PNECSs) for individual chemicals which are based on so-called points of departure (No
Observed Adverse Effect Levels, NOAELS, No Observed Effect Concentrations, NOECs,
or benchmark doses). Exposures below these levels are usually considered safe.

The experimental evidence on mixture effects provokes the question as to whether there
is sufficient protection also against combined exposures, if each component is present
below their individual threshold doses (concentrations). That conjecture has been tested
experimentally by combining chemicals at levels commonly used to derive estimates of
safe exposures. Early pioneering studies have been conducted with bacteria, daphnids and
fish, and were followed up by additional experiments with populations and communities
of unicellular organisms. More recently, studies with endpoints relevant to endocrine
disruption have been documented for receptor-binding, and receptor-activation assays,
tests with mammalian cell lines and higher organisms (fish and rat). Taken together, these
studies have produced strong evidence that mixture effects may arise when several
chemicals are combined at doses or concentrations around, or below, points of departure
(Part1, 6.4-6.7).

The majority of these studies have analyzed the effect of combinations composed of
chemicals that interact with the same sub-system of an organism. In such cases, the
concept of dose or concentration addition is applicable. The principles of dose
(concentration) additivity mean that mixture effects are to be expected even when each
chemical is present below zero-effect levels, because it is assumed that all toxicants in the
mixture behave as if they were a dilution of one another. Hence, any concentration of any
compound needs to be considered because it adds to the mixture concentration. This
implies that all compounds contribute to the mixture toxicity in direct proportion to their
concentration in the mixture and their individual potency. Whether the individual
concentrations in the mixture are above or below the corresponding effect thresholds does
not matter. This phenomenon has been termed “something from nothing”. It has been
demonstrated repeatedly for a broad range of mixtures in toxicological and
ecotoxicological studies. There is unanimous agreement across all disciplines that, in the
case of mixtures of similar compounds, combination effects require special consideration.

Theory predicts that mixtures composed of agents with diverse modes of action, where
the concept of independent action is applicable, should not yield a combination effect as
long as all components are present at levels associated with zero responses. If doses or
concentrations used as points of departure can be equated with zero-effect-levels, this
would mean that mixtures of dissimilarly acting chemicals are safe, as long as exposure
to each component does not exceed its individual point of departure. With reference to
the apparent diversity of chemical exposures in the “real world”, independent action is
sometimes taken as the default assessment concept in human toxicology, when the
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similarity criteria of dose (concentration) addition appear to be violated. Consequently,
possible mixture effects are regarded as negligible for chemicals risk assessment.

In contradiction to that line of argumentation, there is decisive evidence that mixtures
composed of chemicals with diverse modes of action also exhibit mixture effects when
each component is present at doses equal to, or below points of departure (Part 1, 6.6).
This evidence is derived from studies relevant to human toxicology and to ecotoxicology.

The apparent conflict with theory expectations can be resolved by considering that doses
or concentrations used as points of departure in risk assessment must not be equated with
zero-effect-levels. Instead, they describe a grey area, where the presence of effects can
neither be proven, nor ruled out with confidence. Depending on the variation of the
biological endpoint under consideration, responses associated with NOAELs or NOECs
can be as high as 20% (toxicology) or even nearly 40% (ecotoxicology) (Part 1, 6.6).

Hence, mixture effects cannot be ruled out, even when all components of a mixture of
substances with diverse modes of action are present at their individual NOAELs or
NOECs. Especially when exposure is to only a certain fraction of a chemicals’
NOAEL/NOECSs, whether mixture effects become significant depends on the number of
mixture components, the precision of the experimental data and the steepness of the
individual concentration-response curves.

Whether or not risks arise from combined exposures can only be decided on the basis of
better information about relevant combined exposures of human populations and wild
life. This information is currently missing, and this presents a major challenge to risk
assessment. Regarding uncertainty factors used in chemical-by-chemical risk assessment
there are indications that they offer insufficient room to allow for mixture effects for all
possible realistic mixtures (see Part 1, 7.1). The issue is linked to the wider question as to
whether the commonly applied uncertainty factor of 100 is sufficiently protective even
without considering mixture effects. There is no unanimous view on the subject, and the
issue requires further clarification.

Is it necessary to test every conceivable combination of chemicals or is it possible to
predict the effects of a mixture?

One of the key aspirations of mixture (eco)toxicology has been to anticipate
quantitatively the effects of mixtures of chemicals from knowledge about the toxicity of
their individual components. This can be achieved by making the assumption that the
chemicals in the mixture act in concert by exerting their effects without diminishing or
enhancing each others toxicity, the so-called non-interaction or additivity assumption.
Dose (concentration) addition and independent action are the two concepts available for
formulating the null hypothesis of additivity. Synergisms or antagonisms can then be
defined in relation to this additivity assumption as upwards or downwards deviations,
respectively.
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There is good evidence that both dose (concentration) addition and independent action
provide reasonable approximations for the prediction of combination effects when the
toxicities of individual mixture components are known (Part 1, 4.2, 4.4, 4.8, 5.2).
Deviations from predicted additivity, indicative of synergisms or antagonisms, are
comparatively rare, relatively small and largely confined to mixtures with only a few
compounds (Part 1, 4.8, 5.2). It should be specifically noted that this pattern is found in
both toxicological as well as ecotoxicological studies, although the bigger part of the
studies with endpoints relevant to human and mammalian toxicology focus on the issue
of endocrine disruption. There is strong evidence that it is possible to predict the toxicity
of chemical mixtures with reasonable accuracy and precision. There is no need for the
experimental testing of each and every conceivable mixture, which would indeed make
risk assessment unmanageable.

However, the use of both concepts is limited to mixtures of known chemical composition.
Complex environmental samples (sludge, water, soil) or biological tissue (blood or fat
tissue) of unknown composition are often subject to dedicated biotesting. But even here
dose (concentration) addition and independent action can play a vital role when used in
concert with advanced chemical-analytical techniques in order to pinpoint the most
important pollutants, which can then guide further investigations and/or risk management
steps.

Which of the two assessment and prediction concepts, dose addition or independent
action, should be utilized in practice?

A question of considerable importance to risk assessment and regulation is which of the
two concepts, dose (concentration) addition or independent action, should be chosen for
the interpretation of empirical data, or for anticipating mixture effects of untested
combinations. Although both dose (concentration) addition and independent action often
provide good approximations of mixture effects, the issue of distinguishing between these
concepts becomes important when the two concepts predict quantitatively different
mixture toxicities.

Dose (concentration) addition is thought to be applicable to mixtures composed of
chemicals with a similar mode of action. Conversely, independent action is applied to
chemicals with diverse modes of action. The practical relevance of independent action for
the assessment of mixture effects has been called into question on the basis of
considerations of biological organisation. The principle of strictly independent events
may only rarely be relevant due to converging signalling pathways and inter-linked
subsystems. For these reasons, dose (concentration) addition has been deemed more
broadly applicable, and has even been termed the “general solution” for mixture toxicity
assessment.

Only a few studies have evaluated the two concepts comparatively, side-by-side in the
same experimental system. In the majority of these cases, dose (concentration) addition
provided more conservative mixture toxicity estimates, although the predictions derived
from both concepts produced dose (or concentration) estimates that differed by no more
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than a factor of 5. In several instances, the predictions yielded by dose (concentration)
addition and independent action were even identical (Part 1, 5.2).

A few examples exist of studies where independent action has provided a better
prediction of the observed mixture effects than dose (concentration) addition. These
studies derive from comparative evaluations of both concepts with mixtures designed
rigorously to include chemicals with different mechanisms of action. They are of
fundamental importance because they directly contradict the idea of dose (concentration)
addition as the *“general solution”. However, in all the examples in which independent
action provided a more accurate prediction, dose (concentration) addition slightly
overestimated the actual mixture toxicity (Part 1, 5.2), which suggests that the use of this
concept for risk assessment purposes is sufficiently protective.

According to dose (concentration) addition, the EC50 of a mixture can be predicted
based on the EC50 values of the individual components. Because such values are
statistically highly reliable measures, usually documented in published ecotoxicological
studies and/or compiled in publically available databases, the calculation of an EC50 for
a mixture derived from dose (concentration) addition usually does not pose particular
problems in ecotoxicology. Although ED50 values are often not available in human and
mammalian toxicology, it is possible to conduct mixtures risk assessments by utilizing
points of departure (benchmark doses, NOAELS) in the Hazard Index or the Point of
Departure Index approaches (see below). In contrast, the use of independent action
requires knowledge about the precise effects that each component would provoke if
present individually at the concentration found in the mixture. This information is not
readily available.

Taken together both the currently available scientific evidence as well as pragmatic
considerations support the idea of adopting dose (concentration) addition as the
preliminary default concept for the assessment and prediction of mixture effects. This is
borne out by current practice in many regulatory bodies in the EU, USA and by
recommendations of international bodies (see Part 3, 4.1 —4.5,5.1 — 5.3 and Part 4, 5.1 —
5.3).

Which chemicals should be subjected to mixtures risk assessment?

Supposing that the need for considering mixture effects in chemical risk assessment and
regulation is accepted, regulators are faced with the problem of which chemicals to
subject to joint assessment and regulation. In order to prevent the regulatory risk
assessment of chemical mixtures from becoming impractical and unwieldy, several issues
have to be taken into account.

A mixture risk assessment is not necessary for each conceivable mixture that can be
constructed from the totality of the compounds that are used on the European market. It is
called for only if there is a possibility that compounds actually occur as a chemical
mixture. This is primarily the case for compounds that are part of a chemical product (i.e.
an intentionally produced chemical mixture), compounds that are produced and emitted
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together from an industrial process or that occur together in the same environmental
compartment or the human body. Unfortunately, there are still considerable knowledge
gaps concerning the mixture of chemicals present in human tissues. Although there are
elaborate monitoring programmes in place for individual substances of concern,
dedicated exposure studies that focus on chemical mixtures are largely missing.

The issue of grouping chemicals for mixture risk assessment is handled in different ways
in human toxicology and ecotoxicology (Part 1, 7.3). In human toxicology, chemicals
thought to exhibit their effects through common mechanisms are often grouped together.
For example, pesticides and other chemicals are considered to qualify for inclusion in a
common group when their mechanism of toxicity shows similarities in both nature and
sequence of major biochemical events. Current debates focus on what precisely should
constitute a “common mode of action”. There is a precedent in employing grouping
criteria based on similarities in chemical structure or derived from mechanistic
considerations. There is agreement that such chemicals should be subjected to mixtures
risk assessment. Recently however, it has been argued that grouping criteria based solely
on chemical similarity or similar mechanisms may lead to unrealistically narrow
groupings, with the exclusion of chemicals that also might contribute to combination
effects. Alternative proposals therefore recommend a move towards establishing
grouping criteria by focusing on common adverse outcomes, with less emphasis on
similarity of mechanisms. This is in recognition of emerging evidence that biological
effects can be similar, although the molecular details of toxicological mechanisms -
including metabolism, distribution and elimination — may differ profoundly in many
respects. A consensus is currently not in sight, but progress is likely to be made by
considering groups of chemicals relevant to specific endpoints, rather than attempting to
derive general grouping criteria for all endpoints and mixtures.

In contrast, ecotoxicological studies often employ broad, integrating endpoints such as
mortality or reproduction. There is a consensus, that if a compound affects such
endpoints, it is considered to be of relevance from a mixture perspective and dose
(concentration) addition, independent action or a combination of both is applied. The use
of grouping criteria based on mechanistic considerations to decide whether a compound
has to be considered at all play a far less prominent role than in human toxicology.

How should mixture effect assessment concepts be applied in practice?

There are various risk assessment methods for evaluating combined exposures in
practice. Without exception, these methods are derived from the dose (concentration)
addition concept. Perhaps the best-known of these is the toxic equivalent factor (TEF)
approach, widely used for the assessment of dioxin mixtures. Other applications of dose
(concentration) addition include Toxic Unit Summation (TUS), the Hazard Index (HI)
and the Point of Departure Index (PODI) (Part 1, 7.4 - 7.5).

To deal with data gaps and to take account of differing data quality (data-rich vs. data-

poor situations), tiered approaches to mixture risk assessment have been proposed.
Mixture risk assessment may begin with the question of whether combined exposures are

10
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in fact likely, and at the lowest tier it may become apparent that the situation to be
evaluated does not in fact present an issue for mixtures risk assessment.

In the next higher tier, data about mixed exposures may not be present, but it may be
deemed desirable to safeguard against the possibility of joint effects by adopting a
specific mixtures assessment factor. In a subsequent tier, sufficient data may be available
to satisfy the assumptions of dose (concentration) addition throughout, in which case risk
assessment methods that derive from this concept could be applied (HI, PODI etc.). In
more data rich situations sufficient information about various modes of action may be
available, such that mixed mixture assessment models (dose (concentration) addition
within groups of compounds perceived to follow simple similar action, followed by
independent action across groups) can be applied. Finally, in the highest tier it might be
possible to address both issues of modes of action and differences in the vulnerability of
various species or risk receptors.

What knowledge gaps hamper the consideration of mixture toxicology and
ecotoxicology in chemical risk assessment?

The available empirical evidence of low-dose mixture studies suggests that a disregard
for mixture effects may lead to underestimations of real existing risks. However, in itself,
this body of evidence is not decisive when it comes to deciding whether or not risks are
present in “real world” exposure settings. The crucial factor for such risks to occur is in
the number of chemicals, and their concentrations: only if sufficient numbers of
chemicals of sufficient potency and at sufficiently high exposure levels are present, are
combination effects to be expected. Whether or not risks arise from combined exposures
can only be decided on the basis of better information about relevant combined exposures
of human populations and wild life. That information is currently missing, and this
presents a major challenge to risk assessment.

Although dose (concentration) addition (and, to a limited extent, independent action)
have proven surprisingly powerful in predicting and assessing mixture toxicities, there
are also clear cases of synergisms (i.e. higher than expected mixture toxicities). Such
cases are very specific for certain mixtures (compound types, their concentrations and
mixture ratios), particular organisms and endpoints. Hence they cannot be incorporated
into a general risk assessment scheme, but must be treated on a case-by-case basis.
Therefore, any regulatory strategy must include a certain element of flexibility that allows
adequate provisions for such exceptional cases. When it comes to pinpointing the causes
for synergisms or antagonisms, there are substantial knowledge gaps in our current
scientific understanding. There is an urgent need to define the conditions that might lead
to synergistic mixture toxicities, and to establish how large synergisms are likely to be.

Dose (concentration) addition assumes that all components in a mixture contribute to the
joint effect, in proportion to their prevalence and individual potency. Independent action
assumes that the only concentrations that matter are those associated with effects after
exposure to the single chemical. Thus, for each compound one by one it is necessary to
evaluate whether it is present below or above such a threshold. Thus, both concepts

11
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require that the composition of the mixture of interest is known. In reality, however, this
is almost never the case. For all practical purposes, mixtures will usually not be known to
their very last compound. Criteria are therefore needed to define the “relevant”
components of a mixture. It is obvious, that such criteria cannot rely simply on the
concentrations of the compounds in the mixture, but must also take note of the expected
contribution to toxicity. However, the precise methodologies and the cut off-values that
should be employed for this purpose are currently unclear.

The scientific state of the art of mixture toxicology is sufficiently advanced to make
mixture risk assessment possible in a wide range of settings relevant to human toxicology
and ecotoxicology. A multitude of risk assessment methods with proven practicability
exists and is in use by international bodies and competent authorities within EU member
states.

12
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3. The regulatory state of the art of mixture toxicology

In this report, the regulatory state of the art in the arena of mixture toxicology has been
analyzed from three different angles:

e In accordance with the tender specifications, 21 existing EU Directives and
Regulations were assessed with respect to their scope of dealing with mixtures
and combined exposures (Part 2 of this report).

e Current approaches to handling mixtures and combined exposures in risk
assessment and regulation by competent authorities in EU member states were
compiled and assessed (Part 3 of this report).

e Approaches to mixture toxicity assessment used in competing economies (USA,
Japan) or international agencies were described (Part 4 of this report).

As before, salient points can be summed up by using pertinent questions from a risk
assessment perspective as the organising principle:

Is mixtures risk assessment not widely practiced in the European Union, because many
commercial products are in effect mixtures of chemicals?

Many products that are the subject of EU Directives and Regulations are in fact mixtures
of chemicals, as are the commercial preparations that reach the market. Regulatory
toxicity assessments of such commercial mixtures are based on safety assessments of
individual ingredients, on whole mixture testing, or on component-based approaches
which assume dose (concentration) addition or the simple summation of the amounts of
individual toxic chemicals in the preparation. Which of these approaches is applied
depends on the type and use of products and the relevant pieces of legislation.

However, assessments of cumulative risks to humans and the environment resulting from
simultaneous or sequential exposure to multiple chemicals from different sources via
multiple routes are outside the scope of the Regulations that were examined in this
project (Part 2, 2.1 — 2.21).

Which EU Directives and Regulations deal explicitly with the effects of simultaneous
exposure to multiple chemicals?

Four out of the 21 pieces of legislation that were examined in this project appear to be
particularly noteworthy from a mixture toxicity perspective (Part 2):

- Although Regulation (EC) No 1907/2006 (REACH) mainly focuses on
individual chemicals it provides guidance on how substances that are in fact
mixtures (isomeric mixtures, MCS (multi-constituent substance) and UVCB
(substance of Unknown or Variable composition) such as petroleum products
or surfactants) are to be assessed for their PBT/vPvB properties.

13
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- Regulation 1272/2008 on the classification, labeling and packaging of
substances and mixtures makes detailed prescriptions for the toxicity
assessment of intentionally prepared commercial mixtures. The approaches
prescribed are (i) whole mixture testing (ii) dose (concentration) addition (iii)
the summation method, which is the toxicity-weighted summation of the
relevant mixture components and the subsequent analysis whether or not the
relative amount of relevant components is above or below a pre-defined
threshold.

- Regulation (EC) No 396/2005 on maximum residue levels of pesticides in or
on food and feed of plant and animal origin provides incentives for the
development of methodologies for mixture risk assessment. The task of
developing viable assessment methods has been assigned to EFSA.

- Directive 2008/1/EC concerning integrated pollution prevention and control
(IPPC) refers to the directive on waste incineration as a complementary piece
of legislation, and this in turn includes emission limit values for mixtures of
dioxins and furans that are based on the toxicological concept of Toxic
Equivalence Factors (TEF).

What approaches are used by competent authorities in EU member states?

Many environmental authorities and collaborating research institutions in EU member
states have extensive experience with whole mixture testing approaches. In particular
these approaches are used for toxicity assessments of waste water, and waste water
treatment plant effluents, for the control of emission permits under IPPC. They are also
applied to practically all other types of environmental samples for the purpose of general
environmental monitoring, risk assessment of contaminated sites, priority setting for risk
reduction measures, and the control of remediation works and their success (Part 3, 4.2 —
4.5).

The TEF concept for the assessment of mixtures of dioxins, furans, and dioxin-like PCBs
is a component-based approach in routine application. Uses of other component-based
approaches or the application of the TEF approach to other groups of compounds are
typically confined to special compound groups such as phenols, PAHSs, and estrogens.
Certain national research institutions actively engaged in the field of mixture toxicology
directly support their environmental authorities. These institutions have experience with
practically all types of approaches to mixture testing and assessment and they apply those
flexibly to specific issues. Examples are the National Institute of Public Health and the
Environment (RIVM) in the Netherlands or INIA, Division of Ecotoxicology and
Environmental Risk Assessment, in Spain.

14
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How do EU practices in mixtures risk assessment and regulation compare with
approaches taken in major competing economies, especially the USA and Japan?

Of the major competing economies of the EU, the United States of America employs the
most advanced approaches to mixture risk assessment and regulation, whereas the
activities in Japan are rather limited. In relation to the USA and Japan, the EU takes a
middle position (Part 4, 3.1 - 3.4, 4.1 - 4.3).

A major driver for mixture risk assessment in the USA has been the authorization under
the Comprehensive Environmental Response, Compensation and Liability Act
(CERCLA) which covers incidents with hazardous materials and mandates the US
Environmental Protection Agency (US EPA) Superfund programme to clean up the
highest priority sites contaminated with chemicals. The exposure scenarios normally
encountered at such sites require consideration of scores of chemicals that reach exposed
subjects by a variety of uptake routes, and potentially result in more than one adverse
health outcome.

A second major stimulus for the practice of cumulative risk assessment in the USA has
been the passing of the Food Quality Protection Act in 1996. The act mandates the
assessment of risks from mixtures of pesticides with common modes of action, from any
source. In response, US EPA has developed sophisticated guidelines to help decide which
pesticides should qualify for inclusion in common mechanism groups. The agency has
acknowledged the weaknesses of this approach which it identifies as including the
omission of other chemicals that might also induce the effect of interest, although by
different mechanisms.

To adequately respond to the challenges posed by such complex exposure scenarios, it is
the declared intention of cumulative risk assessment in the USA to develop approaches
that allow evaluations of the effects of multiple chemicals:

e Via multiple routes,
e over multiple time frames,
e which give rise to multiple adverse health outcomes.

This contrasts with the situation in the EU, where the term “cumulative risk assessment”
is often applied to multiple exposure routes of single chemicals, but not to mixtures of
chemicals.

In comparison with the EU and the USA, the Japanese Government is considerably less
active in the area of mixtures risk assessment. No guidance documents relevant to the
issue could be located. However, various governmental organizations acknowledge the
need for developing test assays that allow the assessment of risks from complex
environmental mixtures, in a whole mixtures approach (Part 4).

15
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Is there guidance from major international bodies in terms of approaches to applying
mixtures risk assessment and regulation in practice?

The World Health Organisation (WHO) and its allied International Programme on
Chemical Safety (IPCS) are the main drivers behind the development and refinement of
the TEF approach for the assessment of mixtures of dioxin-like chemicals. The
equivalency factors which are constantly updated have a major impact on the practice of
national governments when it comes to the risk assessment of dioxins and related
chemicals.

Very recently, IPCS issued a workshop report aimed at developing a framework for
consideration of risks from combined exposures (Part 1, 5.1). The application of this
framework is intended as an iterative process which involves step-wise consideration of
exposures and hazards in several tiers, depending on the data available to support the
analysis. The analysis begins with a consideration of the potential for cumulative
exposure, before any assessment of hazards take place. In its earliest tier, the IPCS report
recommends adopting dose (concentration) addition if there is no evidence for
synergisms or antagonisms. Chemicals to be subjected to this procedure should be
grouped according to their chemical structure, similarity of target tissue and/or similarity
in the manifestation of toxicity.

Should the combined risks turn out not to be acceptable, the assessment should be refined
further by additional considerations of temporal aspects of the common toxic effect, the
presence of a common metabolite, analysis of key biological targets and consideration of
information about environmentally relevant mixture ratios and exposure levels.

The UN Globally Harmonised System for Classification and Labelling of Chemicals
(GHS) provides detailed guidance on the classification of commercial mixtures for
human health and the environment. It is the basis for the European Regulation on
classification, labeling and packaging of substances and mixtures (CLP). Mixture toxicity
assessments under both systems are virtually identical.
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4. Recommendations
European guidelines for the assessment of chemical mixtures

Scientific research has repeatedly demonstrated that the effects of mixtures are
considerably more pronounced than the effect of each of its individual components and
that environmental pollution is from chemical mixtures and not from individual
substances. This clearly underlines the need for dedicated regulatory considerations of the
problem of chemical mixtures in the environment. For this purpose, guidelines for the
assessment of chemical mixtures, which are not available today, would prove extremely
helpful for application throughout the entire European Union.

Current mixture guidelines, as for example those issued by the US EPA or the recently
suggested WHO guidelines, are limited to the assessment of potential human health risks
from chemical mixtures. In contrast, the European regulatory system considers the
protection of the environment as being equally important. A future European guideline
for the assessment of chemical mixtures therefore should go beyond the reach of
currently existing regulatory approaches and should extend its scope to the protection of
ecosystem structure and function from the detrimental effects of chemical mixtures.

The review of the scientific state of the art shows strong similarities between the results
gained from human toxicology and from ecotoxicology. Hence, a future European
guideline could be built around a core of common, integrative tools, methodologies and
approaches, which then branch out towards the specific consideration of sectorial issues,
specific endpoints and specific environmental compartments. Mixture assessment
guidelines that integrate human health effects and ecosystem integrity are a novelty, and
the EU is uniquely placed to become a world leader in this area.

Strengthening the legal mandate for mixtures risk assessment in the European Union

The analysis of the scientific state of the art of mixture toxicology (Part 1) in this report
shows that there is both the need as well as sufficient know-how, to assess the risks that
may result from the combined exposure of humans and the environment to multiple
chemicals. The question as to how this scientific knowledge might be best transferred
into appropriate regulatory approaches is, however, not at all trivial.

The development of appropriate procedures and methodologies that are adequate in a
specific legal context may require considerable additional efforts. As detailed in Part 4 of
this study, the US EPA for instance spent many years on the development of its
guidelines for the health risk assessment of chemical mixtures, and this would not have
happened without an explicit legal mandate that required the agency to do so. In Europe,
since 2006, EFSA has been working on a methodology for assessing cumulative risks that
may result from human exposure to combinations of pesticide residues, taking advantage
of the work previously carried out in the US. Multiple pesticide residues in food had been
an issue of concern and debate over many years before, but the targeted development of
corresponding risk assessment methods for regulatory use did not start before a clear
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legal incentive was given in the pesticide residues regulation upon the initiative of the
European Parliament in 2005. A lesson to be drawn from these events is that consistent
and clear mandates are needed for taking mixture toxicity into account in the numerous
pieces of legislation that contribute to the protection of human health and the
environment from chemical risks. This seems to be an essential prerequisite for better
dealing with the challenging issue of potential “cocktail effects”.

Exploring options for the assessment of combined exposures within media oriented
pieces of environmental legislation

Most of the 21 Directives and Regulations examined in Part 2 of this report are
substance- or product-oriented pieces of legislation. They control single and multi-
constituent substances, preparations of chemicals and products containing chemicals that
are intentionally produced and placed on the market. Typically, they assess hazards and
risks of these substances and products as if they were present in isolation. The assessment
of complex exposure situations of humans and the environment resulting from multiple
substances and products is out of their scope and difficult to integrate.

Mixture risk assessments require a definition of the mixture of concern. Substance- and
product-oriented regulations are therefore appropriate for assessing mixtures that are
already present in such substances or products. Process-oriented pieces of environmental
legislation that control emissions from production, transportation, and recycling
processes, such as the IPPC, provide a basis for assessing mixtures of chemicals released
from a definite source. The best starting point for assessing those mixtures that finally
occur in environmental media, in biota, and in humans, however, should be given by
corresponding media-, site-, or population-oriented elements of legislation, such as for
instance the Water Framework Directive, the Marine Strategy Directive, or the proposed
Soil Directive. These types of legislation were outside the scope of this report. Options
for the advancement of these pieces of legislation with the aim of taking account of, and
improving, risk assessments of realistic complex exposure scenarios should be explored.

Application of concentration (dose) addition as the default assessment concept for
mixture effects in tiered approaches

A particularly important commonality of toxicological and ecotoxicological studies is the
high predictive power of dose (concentration) addition for a considerable range of
endpoints, organisms and chemicals. As dose (concentration) addition is also typically
the more conservative concept, it is recommended to employ this evaluation method as a
default first tier approach for the assessment of chemical mixtures in general. Depending
on the available knowledge, the resources at hand and the specific protection goals in a
particular setting, finer and perhaps more realistic instruments with a higher demand in
terms of input data can then be applied in subsequent tiers. Such a tiered approach seems
to be generally compatible with the new GHS system, with the recently suggested IPCS
approaches.
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Ensuring that the generation of toxicity data is amenable to future mixture effect
evaluations

Regulatory efforts on chemical mixtures that go beyond the mere testing of tissues or
complex environmental samples depend on results from single substances assessments
such as those conducted under REACH. It is therefore imperative to ensure that single
substance studies and assessments are properly documented in a coherent and uniform
way, independent of the specific regulatory area in which they were conducted. Only then
will it be possible to exploit our knowledge of the toxicity and ecotoxicity of individual
substances for subsequent mixture risk assessments. Furthermore, this dual-use of single
substance data should already be considered when designing and implementing studies
for the risk assessment of individual chemicals. Specifically, this calls for the use of
benchmark doses instead of using NOAELs or NOECs as the preferred method for
defining thresholds of regulatory concern and points of departure. The main reason for
this demand lies in the characteristics of NOAELs and NOECs: unlike benchmark doses,
they are not fixed values, but highly dependent on the experimental design employed
during toxicity studies. Furthermore, NOAELs and NOECs are associated with varying
effects, depending on the statistical resolving power of the underlying experimental
studies, and this makes their use as input data for dose (concentration) addition
questionable.

Research needs

More information on typical exposure situations with respect to chemical mixture needs
to be compiled and systematized. Beyond the lists of priority chemicals that are currently
defined in certain areas, we need to know priority chemical mixtures that are present in
the environment and might have an impact on human health and ecosystems.
Furthermore, our understanding of the determinants of synergistic effects needs to be
improved scientifically, with a view of being able to anticipate synergisms in the future.

Overall conclusions

The scientific state of the art of mixture toxicology has been advanced significantly, not
least as a result of EU-funded research. It shows that mixture risk assessment in the EU is
not only necessary, but also feasible. It is necessary in order to avoid underestimations of
risks that might occur under the current paradigm of considering substances on a
chemical-by-chemical basis. It is feasible, as demonstrated by the practice in the USA
and other countries. Because the protection of human health and the environment are
goals of equal importance in EU regulations, Europe is uniquely placed to set the agenda
world-wide for a truly integrated mixture risk assessment, provided there is the political
will.
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1. Summary

Based on the literature searches conducted during the previous reporting period, with
additional information derived from an analysis of EU projects, conference publications
and opinions of relevant EU Scientific Committees, a critical review was prepared with
the aim of summarizing the current state of the art of mixture toxicology and
ecotoxicology.

1.1 Basis of the report

The report is based on empirical findings of the effects of combinations of chemicals
after simultaneous or sequential exposure, relevant to human and mammalian toxicology,
and to ecotoxicology.

In the section on human and mammalian toxicology, the available evidence was grouped
according to major endpoints of toxicological relevance, including carcinogenicity,
mutagenicity, genotoxicity, respiratory toxicity, reproductive toxicity, endocrine
disruption, immunotoxicity and neurotoxicity. Publications focusing on specific groups
of chemicals were also reviewed. These included mixture experiments with metal
compounds and with dioxin-like chemicals.

The available evidence on the ecotoxicology of chemical mixtures was collected for a
range of different environmentally relevant chemicals: simple industrial chemicals,
surfactants and pesticides as major potential pollutants of freshwater aquatic ecosystems,
heavy metals as important soil contaminants, and antifouling biocides as an emerging
group of compounds with a potentially substantial impact on marine ecosystems.
Additionally, the joint ecotoxicity of pharmaceuticals was evaluated because — although
the individual concentrations of those compounds can often be considered too low to
cause any environmental risk — a broad range of different medicinal compounds is always
simultaneously used and emitted in any given area. Hence, potential mixture effects of
those compounds were considered of special importance.

1.2 The state of the art of mixture toxicology

During the last ten years, mixture toxicology has undergone a remarkable and productive
development. While the earlier experimental studies focused mainly on mixtures
composed of only two chemicals, the planning, conduct and assessment of multi-
component mixtures is now possible, with clear results. This has extended from in vitro
assays to in vivo studies and even to analyses of mixture effects on species communities.

Published mixture studies were mainly conducted with one of the two following aims:

e to evaluate and quantify the overall toxicity of complex environmental samples
(whole mixture approach), or

e to explain the joint action of selected pure compounds in terms of their individual
effects (component-based approach).
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1.3 Prediction and assessment of mixture effects

One of the key aspirations of mixture toxicology has always been to anticipate
quantitatively the effects of mixtures of chemicals from knowledge about the toxicity of
its individual components. This can be achieved by making the assumption that several
chemicals act in concert by exerting their effects without diminishing or enhancing each
others toxicity, the so-called non-interaction or additivity assumption. Two concepts are
available for the formulation of the null hypothesis of additivity: concentration (or dose)
addition (CA, DA) and independent action (IA).

The study of mixtures composed of chemically pure agents, in laboratory settings, has
yielded a considerable body of evidence showing that CA provides a sound
approximation of experimentally observed additive combination effects. Comparatively
few examples exist where IA produced valid additivity expectations. No case could be
identified where TA predicted mixture effects that were larger than those derived from
CA, and were at the same time in agreement with experimental observations.

Determinants of additive joint action of chemicals are fairly well established. Factors that
might lead to deviations from expected additive effects, indicative of synergisms or
antagonisms, are also quite well understood, although the magnitude of such deviations
cannot be predicted quantitatively. Toxicokinetic interactions are one established cause of
deviations from additivity.

1.4 Mixture studies relevant to human and mammalian toxicology

Scores of experimental mixture studies with a focus on human and mammalian
toxicology have been carried out without explicit additivity expectations. It was often
implicitly assumed that the joint effects of a mixture should be equal to the arithmetic
sum of the effects of its components (effect summation). However, this approach is
unreliable when the underlying dose-response relationships are non-linear. Frequently,
the design of these studies has made it difficult to judge whether the observed effects
were in line with CA or IA, or deviated substantially from expected additivity, suggesting
synergism or antagonism. There are examples of claims of synergistic effects, but the
observed effects may well have been in line with dose addition or independent action.
Mixture studies with carcinogens, mutagens and genotoxic agents, immunotoxic
chemicals, respiratory toxins and neurotoxins have frequently employed concepts of
synergism that are not compatible with evaluations of combination effects in terms of
stronger than additive effects according to CA or IA. In these fields, the term
“synergism” is often used simply to describe that chemicals work together in mixtures.
This concept of synergism does not make quantitative judgements in relation to additivity
expectations. The word “synergism” is also often used to describe the phenomenon where
combination effects arise although each individual substance is present at doses which do
not exert responses. Although many of the studies emanating from these fields preclude
assessments of mixture effects in terms of agreement with CA or IA, there is a large body
of evidence to show that chemicals usually act together when present as mixtures.
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Furthermore, significant combination effects have often been demonstrated to occur
when the single mixture components were present at doses without observable effects.

There are numerous mixture studies involving reproductive toxicants and endocrine
disrupters, including dioxin-like chemicals, which allow identification of combination
effects in terms of additivity, synergisms or antagonisms. Multi-component mixture
experiments have been conducted, involving over ten components, often applying the
fixed mixture ratio design. In vitro assays and in vivo studies have been utilized.

Dose addition has often provided good approximations of the experimentally observed
mixture effects. However, notable is a lack of studies where independent action could
have expected to yield reliable additivity expectations. Very rarely have both concepts
been evaluated side-by-side, in one and the same study.

There are some recent examples of studies aimed at examining mixtures modelled on
exposures found in scenarios relevant to humans.

Cases where the observed mixture toxicity deviated significantly from expected
additivity, indicating synergisms or antagonisms, are rare. Where these occurred, few
attempts have been made to explain the observed deviations in terms of mode of action or
mechanisms.

1.5 Mixture studies relevant to ecotoxicology

The majority of the studies with an ecotoxicology focus have analysed defined mixtures
composed of only two compounds. Comparatively few studies analysed the joint action
of more than two chemicals (up to 50 compounds in one case).

Most reviewed studies were conducted with simple aquatic bioassays with bacteria, algae
or daphnids. Several studies used fish, fewer worked with terrestrial invertebrates such as
earthworms or collembola. Studies with other groups of invertebrates such as molluscs or
insects were confined to whole mixture studies. Mixture experiments with natural or
artificial biocoenoses looked at aquatic communities only.

Mixture components were usually selected from within a specific class of compounds,
defined either chemically, pharmacologically or on the basis of their use pattern. Studies
with mixtures composed of compounds with different mechanisms of action or from
different types of chemicals are extremely rare.

Typically, the observed mixture toxicity was either implicitly or explicitly compared to
the expected mixture toxicity according to concentration addition. Only a few studies
compared the observed toxicity of the mixture with predictions derived from independent
action.

When both concepts were comparatively evaluated in the same study, concentration
addition provided a slightly more conservative mixture toxicity estimate in the vast
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majority of cases. The mixture EC50 predicted by concentration addition was usually by
a factor of not more than 5 lower than the EC50 predicted by independent action.

Claims of synergisms or antagonisms were frequently explicitly or implicitly made in the
sense of “more (or less) toxic than expected by concentration addition”. The
pharmacological and/or physiological reasons for the observed deviations were usually
not investigated. Two different types of comparisons were found in the literature: either
the predicted and observed mixture effects were compared, or predicted and observed
mixture effect concentrations such as EC50 values were contrasted with each other.
Claims of “strong” or “remarkable” synergisms were only made on the basis of the first
type of comparison, the evaluation of predicted and observed effects. These were
restricted to mixtures with 2-3 compounds only. When effect concentrations were
compared, most deviations (synergisms and/or antagonisms) were within a factor of 3 of
the EC50 predicted by Concentration Addition. In none of the documented multi-
component mixtures, mixture toxicities higher than predicted by concentration addition
were found.

Typical mixture designs were isobolographics, point-, fixed-ratio and surface designs.
The latter design approach has only been applied to binary mixtures. Full or fractional
factorial designs were rarely used.

Comparatively few studies have bridged the gap between evaluating complex
environmental mixtures and component-based approaches by applying a hybrid of both
methods for stressor diagnosis in mammalian toxicology and in aquatic or terrestrial
ecosystems.

1.6 Mixture effects at low doses of mixture components

Already in the 80’s the first ecotoxicological studies with fish and daphnids demonstrated
that low concentrations of industrial chemicals associated with negligble or no
discernible effects when applied singly may add to severe mixture effects. A range of
follow-up studies have corroborated and extended these early findings to mixtures of
specifically similarly acting pesticides and biocides and to bioassays with other aquatic
organisms. Subsequently, it could be shown that this phenomenon is not restricted to
combinations of similarly acting chemicals. Multi-component mixtures of dissimilarly
acting substances where each component was present at its no-observed-effect-
concentration (NOEC) were not without effect and even concentrations well below the
individual NOECs may lead to clear ecotoxicological effects when they act
simultaneously on exposed organisms.

Subsequently, several human-health oriented, toxicological mixture studies have been
designed to assess whether combination effects occur when chemicals are combined at
low doses — sufficiently low to be without observable effects when tested on their own.
Often, these doses were in the range of those commonly used to derive estimates of safe
human exposures (so-called points of departure, usually no-observed-adverse-effect-
levels, NOAELS, or benchmark doses).
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For combinations composed of chemicals that interact with the same sub-system of an
organism, there is good evidence that mixture effects can arise at doses around, or below,
points of departure. Considering the main assumptions underlying the concept of dose
addition, this is to be expected.

There is good evidence that the same is true for combinations composed of chemicals
with diverse modes of action, where independent action produced valid additivity
expectations. This is at variance with the widely held view that mixtures of dissimilarly
acting chemicals are safe, as long as exposure to each component does not exceed its
individual point of departure.

1.7 Implications for regulation and risk assessment

The empirical evidence in human toxicology as well as ecological toxicology strongly
supports the need to take mixture effects into consideration during the estimation of
acceptable human and environmental exposures. Mixture effects were repeatedly
demonstrated with combinations at doses or concentrations around points of departure,
including NOECs.

With CA (DA) and IA two concepts have been developed in the scientific literature and
both have been proven to predict certain types of mixtures very well (see above).
However, both concepts assume artifical situations — mixtures composed entirely of
similarly, respectively entirely of dissimilar substances — that might not be fullfilled by
most real-life mixtures. Hence, two basic options exist for the application of CA (DA)
and TA for regulatory purposes: (a) the a priori choice of one concept as a default
approach and (b) a case by case selection of the most appropriate concept for each
mixture. For implementing mixture toxicity assessments into regulation, it is of
paramount importance, to analyse whether and how these options are applicable.

It has been suggested to use CA (DA) as a first, pragmatic default approach for
describing the joint action of chemicals for regulatory purposes in risk assessments. In
view of the available evidence, this proposal appears well founded. It should be noted,
that this modus operandi does not deny the existence of significant synergistic or
antagonistic interactions between certain mixture components, nor does it claim that the
joint action of all mixtures can be precisely described by CA (DA). Biology is certainly
far too complex and dynamic to be reduced to such a simple concept as concentration
addition, especially when considering the reaction to an exposure toward compounds that
act on dissimilar receptors, processes and physiological pathways. But deviations from
expected mixture toxicities seem to be quite rare, comparatively small (usually within a
factor of not more than 3 when predicted and observed EC50 values are compared) and
seem to be largely limited to mixtures with only a few compounds.

Strongly connected to the issue of making choices about evaluation concepts for mixture
effects is the question which chemicals should be grouped together for purposes of
combined risk assessment, and which criteria should used to decide on groupings.
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“Toxicological similarity” of chemicals is the criterion for grouping proposed by U.S.
EPA (2000) and other international bodies. Extensive guidance exists about how this
should be implemented. For example, pesticides and other chemicals are considered to
qualify for inclusion in a common group when their mechanism of toxicity shows
similarities in both nature and sequence of major biochemical events. The use of
toxicological similarity based on mechanisms, however, may lead to overly narrow
groupings. Recent alternative proposals therefore recommend adoption of a broader
based move towards establishing grouping criteria by focusing on common adverse
outcomes, with less emphasis on similarity of mechanisms. This is in recognition of
emerging evidence that biological effects can be similar, although the molecular details
of toxic mechanisms - including metabolism, distribution and elimination — may differ
profoundly in many respects.

Numerous mixture risk assessment methods are available, including the Hazard Index
(HI), Toxic Unit Summation (TUS), Point of Departure Index (PODI), Relative Potency
Factors (RPF) and Toxicity Equivalency Factors (TEF). To take account of differing data
quality (data rich vs. data poor situations), tiered approaches to mixture risk assessment
have been proposed.

1.8 Knowledge gaps

Concentration addition and independent action were conceptually developed and
validated for chemical mixtures. Although several recent studies were published that
employed these concepts also for describing the joint action of chemical and physical
stressors, such as oxygen depletion or drought, the conceptual basis and implications of
such studies are far from clear.

Mixtures in the environment are usually composed of multiple components from a range
of sources with dissimilar chemical structures and modes of action. Unfortunately, this is
exactly the type of mixture that has been least frequently studied. Hence, more empirical
evidence on the joint action of environmentally realistic mixtures, composed of agents
from different chemical and functional classes are needed in order to further substantiate
the conjecture that concentration or dose addition might be applicable as a general “rule
of thumb” for describing the joint action chemical mixtures and to explore its limitations.

In this context, it would be especially valuable to obtain further insights into the question
as to whether low, individually non-toxic concentrations of dissimilar compounds might
lead to a significant mixture effect. This question is of major importance, because of its
direct relevance for the question of environmental quality standards. However, only two
studies, both from of aquatic toxicology and both using unicellular organisms and
specifically designed “artificial” mixtures are documented in the literature.

Organisms are not only exposed to mixtures of chemicals simultaneously, but also
sequentially to pulses of contaminants that enter an ecosystem e.g. after run-off events or
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pesticide application. Concepts and approaches to dealing with sequential exposures are
in their infancy, and very few examples of experimental studies in this area are available.

A bottleneck of major relevance is in the absence of exposure assessment strategies that
take account of multiple exposures.

10
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2. Organisation of the review

With an estimated 70,000 industrial chemicals marketed in the European Union alone, it
can be anticipated that very large numbers of substances occur together in ecosystems,
food webs and human tissues, all at quite low levels. Multiple exposures may result from
the intended use of chemicals in personal care products, as pesticides or pharmaceuticals,
or from unintentionally contaminated media, e.g. residues in food and feed or pollutants
in groundwater. Growing recognition of the dynamic nature of chemical exposures has
prompted considerable scientific interest in investigating the consequences of combined
exposures to chemicals. There are also increasing calls that chemicals risk assessment
and regulation should be modified to take account of simultaneous exposures to several
chemicals. The justification often given for considering mixture effects in risk assessment
is the concern that the effects of a mixture might be greater than those of each of its
components alone.

This review was carried out with the intention of providing a critical appraisal of the
experimental evidence for mixture effects of chemicals. In dealing with the empirical
findings published in the literature, attention was given to three key topics:

e Can reliable predictions of the effects of mixtures be derived from data of the
toxicity of individual components?

e Are risks to be expected from exposure to multiple chemicals at low doses?

e [s there evidence that chemicals exacerbate each others effects, leading to
synergisms, and which factors determine the potential for synergisms?

These three issues define a framework for the structuring of the scientific evidence in this
critical appraisal. The review is organised into the following sections:

In Section 3 of this Part, key terms of mixture toxicology are defined and approaches to
investigating toxicological mixtures outlined. This sets the stage for dealing with the
concepts that are used to derive predictions of mixture effects on the basis of the toxicity
of individual components. A description of the features of these concepts is given,
together with an analysis of their implications, particularly in relation to toxicological
modes of action and mixture effects at low doses.

Section 4 provides an analysis of empirical findings of mixture effects with relevance to
human and mammalian toxicology. The material is organised according to toxicological
effects and endpoints, and, where relevant, according to certain groups of chemicals or
compound classes that make up mixtures.

Section 5 summarizes experimental findings with relevance to ecotoxicology. It is
organised in ways similar to the preceding section.

Section 6 is an appraisal of mixture studies where chemicals were combined at low doses,

close to those used in regulatory toxicology for the establishment of human exposure
levels.
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The implications of the scientific evidence on mixture toxicology for toxicological risk
assessment and regulation are discussed in Section 7

Finally, Section 8 identifies knowledge gaps relevant to risk assessment and regulation
and gives an outline of research needs.
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3. Concepts, designs and experimental strategies for investigating the
joint toxicity of chemical mixtures in toxicology and ecotoxcology

3.1 Definition of key terms

Key terms in mixture toxicology are often used in different ways, with varying meanings.
In the interest of clarity, we define the meaning of frequently used expressions and
concepts, as used in this review.

Mixture: A mixture is a combination of several chemicals with which organisms come
into contact, either simultaneously, or sequentially. A binary mixture is a combination of
two agents. The term “complex mixture” is used to denote a mixture of unknown
composition, isolated from environmental media or other sources. “Complex mixture” is
sometimes used to describe combinations composed of three or more chemicals, but for
the purposes of this review, the term “multi-component mixture” is preferred.

Mixture effect, combination effect, joint effects: The response of a biological system to
several chemicals, either after simultaneous or sequential exposure. The terms are used
synonymously.

Additivity: In the context of mixture toxicology, additivity cannot be equated with
“additivity” in the mathematical sense. It refers to a situation, termed ‘“non-interaction”,
where the toxicity of a mixture resembles the effects expected to occur when all mixture
components act without diminishing or enhancing their effects. Additivity expectations
for mixtures can be derived from the concepts of dose addition and independent action
(see 4.1 and 4.2). In certain situations, valid expectations for additive combination effects
can also be calculated by building the arithmetric sum of the individual effects of all
mixture components (“effect summation™).

Non-interaction, Interaction: Non-interaction is thought to occur when the observed
effects of a mixture is the result of all components exerting their effects without
interfering with the way all other chemicals act. The case of non-interaction is usually
described by the additivity expectation of a suitable prediction concept (dose addition,
independent action or effect summation). Interaction is thought to have arisen when the
observed mixture effects deviate from what was expected. In this case, one or several
compounds are likely to have interacted with each other, e.g. by facilitating or
diminishing each others uptake, transport, metabolism or excretion. “Interaction” is the
umbrella term for synergisms (mixture effects greater than expected) and antagonisms
(mixture effects smaller than expected).

Potentiation: A situation where one chemical greatly exacerbates the effect of another
agent, without itself producing the effect of interest.

Mechanism of action: Molecular sequence of events that produce a specific biological
outcome.

13
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Mode of action: A plausible hypothesis about measurable key events by which a
chemical exerts its biological effects. Mode of action is not intended to build a
comprehensive model of a chemical’s actions. It is often confused with mechanism of
action, or used in overlapping ways. Mode of action can include mechanisms of action,
but is considered to be broader.

Mechanism-free approaches to evaluating mixture effects: When constructing
additivity expections (either according to dose addition, independent action or effect
summation), the input values are data about the dose-response relationships of individual
mixture components. At this level of analysis, mechanistic considerations are of no
relevance. Berenbaum (1981) has used the term “mechanism-free approaches” to
emphasize this fact, with the intention of distinguishing other approaches, where attempts
are made to understand the effects of a chemical (and of mixtures) by adopting modeling
from first principles.

Doses and concentrations: The dose of a compound or mixture is understood as the
amount that is taken up by an organism (derived from the Greek word which means “that
what is given”). Dosage is dose per unit body weight over a defined period of time.
Certain dosages result in certain concentrations of substances at or near their target site,
i.e. within the body of the exposed organism. The term “concentration” is understood in a
more general way and can refer to the amount per unit volume of the test chemical(s) at
the target site, the sourrounding medium (water, air, soil) or the food that a test organism
ingests.

Point of Departure: The point of departure (POD) is a dosage or concentration of a
single chemical used in regulatory (eco)toxicology for estimating tolerable exposures to
humans or ecosystems. Often, no-observed-adverse-effects (NOAELSs) or no-observed-
effect-concentrations (NOECs) are used as POD. Increasingly, the lower confidence limit
of doses or concentrations associated with a specified increase in the incidence of an
effect, so-called benchmark doses are used as POD. For example, a benchmark dose such
as the BMD10 is the dose of the test chemical that leads to a 10% increase in effect.

3.2 Whole mixture approaches

In general, methods for mixture studies can be divided into 2 major classes, “whole
mixture approaches” and “component based” approaches. Methods that use a whole
mixture approach are based on the direct toxicological assessment of a given chemical
mixture, such as a complex environmental sample, an engine exhaust or a human blood
sample. They closely resemble the assessment of individual chemicals and do not require
new, mixture-specific methodologies. Furthermore, as the whole mixture is bio-assessed,
the effects of all compounds that are present in a complex sample are accounted for. Any
synergistic or antagonistic interactions between the compounds are inherently captured in
the observed responses of the exposed organisms. Hence, whole mixture approaches are
often applied in situations where only a fragmented knowledge on the chemical
composition is at hand, e.g. because no chemical-analytical methods for the involved
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compounds are developed or because the available resources in terms of finances and
time that can be devoted to a particular sample are limited. Whole mixture approaches
have found widespread application in the area of whole effluent testing (e.g. La Point &
Waller 2000; Antunes, Pereira, & Goncalves 2007; Thorpe et al. 2006; see also the
review by Chapman 2000). In this context, whole mixture approaches are also
incorporated in the BRF (best available technique reference) documents for the IPPC-
directive (2008/1/EC) for large volume organic chemicals and waste water.

Whole mixture approaches have several appealing characteristics, but also severe
limitations. Obviously, the mixture itself has to be available for a direct experimentation,
which makes this approach largely unsuitable for prospective approaches such as the
setting of environmental quality standards. Furthermore, the obtained results are strictly
speaking only applicable to the actually investigated mixture; extrapolations to different
exposure situations, especially from high to low doses, pose a range of difficulties
(Gennings et al. 2000). As the exposure situation in the environment is highly dynamic,
whole mixture approaches thus require frequent re-testing.

A closely related approach is to draw conclusions from documented analyses of similar
mixtures. For example, the US EPA uses this methodology for estimating the risk for
different combustion processes (Teuschler & Hertzberg 1995). Employing this approach
implies that reliable data for a mixture are at hand that is judged to be sufficiently similar
in its chemical composition and consequently in its (eco)toxicological properties to the
mixture of interest. This situation is rare and hence argumentation by analogies is often
not an option. Furthermore, there is a considerable dynamic in the number of pollutants
and their concentrations and thus a virtually unlimited number of different mixtures,
which further hampers the application of this approach for the assessment of
environmentally relevant mixtures.

A means to gain further insight into the behaviour of a chemical mixture is based on
physiolocally based pharmacokinetic/pharmakodynamic  modelling (PBPK/PD)
modelling. As the name implies, this methodology strives to model the uptake and
distribution of chemicals in an organism. Therefore these models are highly specific for a
particular animal and require detailed knowledge on its physiology, such as for example
the exposed skin surface or the alveolar ventilation rate. Also specific data on the
involved mixture components are needed, such as blood/air, blood/tissue partition
coefficients and metabolic rate constants. (Krishnan et al. 1994) lists some 45 parameters
that build up these models. In view of these huge knowledge demands, this approach has
been restricted to toxicological studies with particular animal test systems and selected
mixtures (Krishnan, Andersen, Clewell, & Yang 1994; Verhaar et al. 1997; Yang et al.
1995). Due to their strong mechanistic foundation, PBPK/PD modelling approaches lend
themselves to a detailed mathematical description of the interactions between chemical
mixtures and exposed biota and have therefore put forward for the development of an in-
silico toxicology of chemical mixtures (Mayeno, Yang, & Reisfeld 2005; Yang et al.
2004).
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3.3 Component based approaches

Many of the limitations of whole mixture approaches can be overcome by making
inferences from the effects of the mixture components to their joint action. This can be
done purely empirically, i.e. by testing all possible combinations of the components in a
mixture.

The relationship between the concentrations of the individual toxicants and the intensity
or frequency of effects that they provoke as a mixture results in a n+1 dimensional
hyperplane, with n being the number of mixture components. For binary combinations
this hyperplane is a 3-dimensional concentration-response surface (Figure 3.1). The
hyperplane of multi-component mixtures is beyond simple visualisation.

Simply exploring this hyperplane by experimentation does not require the assumption of
a specific relationship between single substance and mixture effects, but needs a fairly
exhaustive experimental effort especially for multi-component mixtures. A
straightforward experimental approach would be to record experimental data that are
evenly distributed so that the complete response surface of the mixture is accounted for.
Using appropriate interpolation techniques, an empirical model can then be developed
that allows estimating the mixture effect as a function of the amounts of the individual
components (see below). Such approaches have a long standing in the optimisation of
industrial processes and chemical products such as food products, pharmaceuticals or
pesticide preparations, as the number of components to be considered is typically
comparatively small and can be kept constant (Cornell 2002). They are used in a purely
empirical way, i.e. without any expectation on the topology of the resulting
concentration-response surface. They allow the analysis of a broad range of mixture
ratios and effect levels, but conclusions are restricted to a given set of components. This
seriously hampers the applicability of such purely empirical approaches for
environmental hazard and risk assessment with its multi-component mixtures of varying
compositions.

3.3.1 Two fundamental mixture concepts

A conceptually sound approach that links the individual components with the effects of
the mixture by assuming additivity would allow predictions of mixture toxicities, without
the need to systematically test a (sometimes overwhelmingly large) number of mixture
ratios and mixture concentrations. It would also make it possible to draw more general
conclusions about the relationship between single substances and mixture toxicities.
Numerous methods and approaches for this purpose have been described in the literature.

Often, it is implicitly assumed that the anticipated combination effect is accessible by
calculating the simple arithmetic sum of the individual effects of all chemicals. However,
the fallacy of this expectation becomes obvious when the case of 10 agents is considered
that each provoke, say, 15% of a certain response. The expectation that the resulting joint
effect should be 10 x 15% = 150% turns out to be biologically impossible, if the
maximally inducible effect is only 100%. This “Effect Summation” approach is hence
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considered invalid for most biological mixture (eco)toxicity studies and therefore
disregarded in the following.

The various aproaches can be traced back to two different fundamental concepts
(Boedeker et al. 1992), which are often called concentration addition (CA, also termed
“Dose Addition”) and independent action (IA, also known as “Response Addition”,
“Effect Multiplication” or “Abotts Formula”), see also Table 3.1 for a comparative
overview. Both concepts can also been found under various other names (Faust et al.
2001) and are implemented in a diverse set of models for predicting or assessing mixture
toxicities, see compilations in (Altenburger et al. 1993; Berenbaum 1989; Boedeker et al.
1990; Grimme et al. 1994; Kodell & Pounds 1991). CA and IA describe a quantitative
relationship between single substance toxicities and the toxicity of a mixture composed of
these chemicals. These concepts are based on two entirely different ideas about how the
joint action of chemicals can be perceived.

3.3.1.1 Concentration (dose) addition (CA, DA)*

CA is based on the idea that all components in the mixture behave as if they are simple
dilutions of one another, which is often taken to mean that CA describes the joint action
of compounds with an identical mechanism of action. It has been successfully applied to
mixtures of organophosphorus pesticides, photosynthesis-inhibiting herbicides and
polychlorinated dioxins and furans, and also estrogenic agents, to name but a few. When
these chemicals interact with an identical, well-defined molecular target, it is thought that
one chemical can be replaced totally or in part by an equal fraction of an equi-effective
concentration (e.g. an EC50) of another, without changing the overall combined effect. If
the assumption of dose addition holds true, these fractions of equi-effective single
substances concentrations — also called toxic units — simply sum up to an overall toxic
unit of the mixture. Therefore CA is also known as “Toxic Unit Summation”. The
concept can be mathematically formulated as:

ECx,, = LZ%} (eq. 1)

i=1
with n denoting the number of mixture components, p; being the relative fraction of
chemical i in the mixture, and X is a common effect level, which is provoked by an
exposure to a single substance or mixture concentration ECXyix resp. ECX;.

In general, no explicit formulation of the CA-expected mixture effect E(Cwix) is possible,
direct calculations are restricted to the level of effect concentrations (ECx-values) (Faust
et al. 2001). Only in the so-called “simple similar action” case, CA-expected mixture
effects can be directly calculated. Simple similar action is a special case of CA (Hewlett
& Plackett 1959) which assumes that the individual curves of the components are dose-

' The term “Concentration Addition* is mainly used in an ecotoxicological context while “Dose Addition*
often refers to toxicological studies in which the actual dose (concentration of the test compounds at or near
their site of action) is known. However, both terms are used synonymously in the following, as their
conceptual basis is identical.
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parallel, i.e. there is an effect-level independent constant potency factor between the
individual concentration-response curves. On this condition, the CA-expected mixture
effect can be explicitly formulated as:

E(Cpy) = f(a,c + Zn:gici) (eq. 2)

where f is an appropriate concentration-response model, a a vector of model parameters
and ¢C; the concentrations of the i=1,...,n chemicals in the mixture and g;i the potency
factor mentioned before. The effect of a mixture that contains N components at
concentrations Cg, Cy,...,Cn 1S assumed to be identical to the effect of e.g. the first

n
compound at a concentration C, + z g,C, . All components behave as if they were simple
=
dilutions by a factor g of this first chemical, hence all concentrations of component 2...n
can be re-scaled to the first chemical, independent of the considered effect level. A
widely used application of this approach is the “toxic equivalence factor” (TEF) concept
for the assessment of mixtures of polychlorinated dioxins and furans (PCDD/F) (van den
Berg et al. 1998). Here, doses of specific PCDD/F isomers are all expressed in terms of
the dose of a reference chemical, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), needed to
induce the same effect (“equivalent” or “equi-effective” dose). The assessment of the
resulting combined effect is obtained simply by adding up all equivalent TCDD doses.

Dose parallelism has often been used as a decision criterion on whether to apply CA to a
mixture or not. But it should be pointed out here, that the general formulation of CA in
eq. 1 does neither assume a specific shape of each concentration-response curve of the
components, nor a specific relationship between the curves. Even if all chemicals in a
mixture share an identical receptor binding site, differences e.g. in the toxicokinetic
behaviour of the substances might lead to concentration-response curves that are not
dose-parallel, if the responses of the exposed animals are observed on a higher,
integrating level (e.g. reproduction). Also the biometrical description of the individual
concentration-response data might exert an influence on the parallelism of the
concentration-response curves. If all components curves are described by only one,
inflexible model (such as the classic Probit model), the resulting curves might be more
dose-parallel as compared to a biometrical analysis that uses more flexible models or
even different models for different components (Scholze et al. 2001).

CA implies that every toxicant in the mixtures contributes in proportion to its toxic unit
(i.e. its concentration and individual potency) to the mixture toxicity. Whether the
individual doses are also effective alone does not matter. Thus, combination effects
should also result from toxicants at or below effect thresholds, provided sufficiently large
numbers of components sum up to a sufficiently high total dose. In view of the exposure
situation in many environmental compartments, the verification or falsification of this
conclusion has been a major topic in recent mixture toxicity studies. An overview of
mixture studies that focused on this issue is given by Kortenkamp and co-workers
(Kortenkamp et al. 2007).

From a mathematical perspective (see eq. 1), CA simply represents the weighted
harmonic mean of the individual ECx-values, with the weights just being the fractions p;
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of the components in the mixture. This has important consequences for the statistical
uncertainty of the CA-predicted joint toxicity. As the statistical uncertainties of the CA-
predicted ECx is a result of averaging the uncertainties of the single substance ECx-
values, the stochastic uncertainty of the CA-prediction is always smaller than the highest
uncertainty found in all individual ECx-values. Perhaps contrary to intuition, the
consideration of mixtures actually reduces the overall stochastic uncertainty, which is a
result of the increased number of input data.

3.3.1.2 Independent Action

Independent action (sometimes also termed Effect Addition, Effect Multiplication or
Abbotts Rule) conceptualises mixture effects in a different way. It assumes that the
resulting combined effect can be calculated from the effects caused by the individual
mixture components by following the statistical concept of independent random events
(Bliss, 1939). This can be mathematically expressed as:

E(Guo) =1-[ [~ ECc)] (cq. 30)

if the effect increases with increasing concentrations (e.g. when mortality data are
considered) and

Ecu) =] [EC) (eq. 3b)

when the effect decreases with increasing concentrations (when e.g. survival rates are
observed). In both equations E(Cwix) denotes the effect provoked by the total mixture at a

n
concentration C,;, = Zci . E(c;) are the effects that the individual components would
i=1

cause if applied singly at that concentration at which they are present in the mixture.

Due to this probabilistic background, IA assumes strictly monotonic concentration-
response curves of the individual mixture components and an euclidian-type effect
parameter scaled to an effect range of 0-1 (0-100%).

As TA uses individual effects of the mixture components to calculate the expected
mixture effect, this concept implies that agents present at doses below their individual
effect thresholds (i.e. at zero effect levels) will not contribute to the joint effect of the
mixture. Hence if this condition is fulfilled for all components there will be no
combination effect. This central tenet of IA is commonly taken to mean that exposed
subjects are protected from mixture effects as long as the doses of all agents in the
combination do not exceed their no-observed-effect-levels or —concentrations (NOEL or
NOECs:).

NOELs and NOECs are the direct condensation of the results of an experimental study
and denote the highest test concentration that did not provoke any statistically significant
effect. This measure is therefore highly sensitive to experimental design issues such as
the number of replicates and the dose spacing. It might be regarded as a major
shortcoming that NOELs and NOECs are based on the failure to detect a statistically
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significant effect in a given design and biotest — which of course does not prove that there
is no effect in reality. Therefore, they do not describe a “safe” concentration and differ
fundamentally from true No Effect Concentrations, although they are frequently equated
with the latter. In fact, NOELs might correspond to effects as high as 5% on average
(Allen et al. 1994). In ecotoxicological studies NOECs might correspond to effects from
around 8% to as high as 38% (fish growth test) (Crane and Newman 2000). [A-compliant
mixture effects are thus to be expected, even if all components of a mixture of
dissimilarly acting substances are present only at their individual NOELs. If only a
certain fraction of the individual NOELs or NOECs is present, it depends on the number
of mixture components, the precision of the experimental data and the steepnesses of the
individual concentration-response curves whether the resulting mixture effects might
become significant. Furthermore, the fundamental assumption of IA, namely that
completely independently acting chemicals do not influence each others toxicity, will
never be completely fulfilled in real biological systems.

The general notion that mixtures of dissimilarly acting chemicals do not pose elevated
risks, as long as each individual risk quotient are < 1 (Feron & Groten 2002) hence seems
problematic. A detailed discussion of this issue can be found in Section 6 of this report.

Neither CA nor [A make any assumption about the targeted biological system nor do they
consider any specific properties of mixture components beyond their pharmacological
(dis)similarity. This is both a strength and a weakness of the concepts. On the one hand,
this simplicity allows establishment of general rules for mixture toxicity assessment,
which is essential for considering the joint action of chemicals in regulatory guidelines.
On the other hand, it cannot be assumed that these concepts actually describe biological
realities, except perhaps in very simple systems. Even if all components of a mixture are
similarly or dissimilarly acting, respectively, additional (unspecific) binding sites,
differences in toxicokinetics and/or biotransformation pathways will interfere. Hence,
with appropriate experimental power in terms of accuracy and precision, differences
between CA- or [A-expectations and the actually observed mixture toxicity will always
become apparent. The crucial question therefore might not be whether deviations
between simple concepts and complex biological realities can be observed, but whether
CA and/or IA are over-simplistic, i.e. whether their predictive power is sufficient for a
certain purpose.

3.4 The choice between concentration addition and independent action

When faced with the task of evaluating a particular mixture, the question arises as to
which of the two concepts is appropriate for the mixture in question and therefore should
be chosen as a basis for formulating a quantitative idea about mixture toxicity according
to expected additive effects (additvity expectation). This issue becomes especially
important, as the concepts often predict different mixture toxicities. In an approach to
deal with these decision problems, the assumptions that underpin dose addition and
independent action have been allied to broad mechanism of combination toxicity, as
follows:
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Dose addition is thought to be applicable to mixtures composed of chemicals that act
through a similar or common mode of action (US EPA 1986, 1999, 2000). Although the
original paper by Loewe and Muischneck (1926) contains little that roots dose addition in
mechanistic considerations, the idea of similar action probably derives from the
“dilution” principle which forms the basis of this concept. Because chemicals are viewed
as dilutions of each other, it is implicitly assumed that they must act via common or
similar mechanisms.

That view is borne out by empirical evidence to show CA produces reliable estimates of
combined effects, if the components share either a strictly identical molecular mechanism
of action, e.g. (Altenburger et al. 2000; Backhaus, Scholze, & Grimme 1999; Brian et al.
2005b; Faust et al. 2001; Kortenkamp 2007; Rajapakse, Silva, & Kortenkamp 2002b;
Silva, Rajapakse, & Kortenkamp 2002b); or belong to the group of so-called baseline
toxicants, e.g. (Hermens et al. 1984; Konemann 1981a). Further examples of the
predictive power of CA for specific mixtures are given in the specific reviews on current
evidence of mixture toxicity in human toxicology and ecotoxicology.

Conversely, 1A is widely held to be appropriate for mixtures of agents with diverse or
“dissimilar” modes of action. Although rarely stated explicitly, this presumably stems
from the stochastic principles that underpin this concept. The idea that chemicals act
independently is equated with the notion of action through different mechanisms. By
activating differing effector chains, so the argument, every component of a mixture of
dissimilarly acting chemicals provokes effects independent of all other agents that might
also be present, and this feature appears to lend itself to statistical concepts of
independent events. However, theoretically, the stochastic principles of A are also valid
when one and the same agent is administered sequentially and non-reversible events such
as mortality are investigated.. Because organisms cannot die twice, the probabilism
expressed in equation 3 applies, although the precise mechanisms that underlie the toxic
action of the chemical are identical. In the case of simultaneous administration of many
chemicals however, the principle of independent events can only be realised under the
additional assumption of strictly independent, dissimilar mechanisms.

IA has always been acknowledged as being the theoretical counterpart to CA, but doubt
has been cast on its practical relevance for (eco)toxicology (EIFAC 1987). One particular
reason for this is that organisms are structured entities with highly interwoven
physiological processes. It has therefore been assumed that IA is a rather unlikely type of
joint action at complex effect levels (such as death or inhibition of reproduction)
(Broderius, Kahl, & Hoglund 1995; Plackett & Hewlett 1967), mainly because the
principle of strictly independent events is rarely realised in such biological systems, due
to converging signalling pathways and interwoven subsystems. CA has therefore even
been termed the “General Solution” for mixture toxicity assessment (Berenbaum 1985).
But the few studies that were specifically designed for a comparative evaluation of both
concepts for mixtures composed of strictly dissimilarly acting substances, could
demonstrate that A provides a better prediction of the observed mixture toxicities
(Backhaus et al. 2000; Faust et al. 2002).
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CA and TA may be regarded as special cases that provide a framework of reference, in the
sense that they define extremes of possible additivity expectations. Mixtures of
heterogeneous pollutants that do not only include strictly dissimilarly acting substances,
but also multi-site inhibitors and non-specifically acting substances, may be expected to
exert an intermediate toxicity within the window of mixture toxicity whose extremes are
defined by CA and IA. Recent experimental results are consistent with this hypothesis
(Walter, et al., 2002). Also, classical studies, that referred to CA only, showed a slight
overestimation of the observed mixture toxicity (Broderius 1991; Hermens & Leeuwangh
1982; Kénemann 1981b; Parrott & Sprague 1993) and therefore are consistent with this
view.

Hence, two basic options exist for the predictive assessment of pollutant mixtures: (a) a
case by case selection of the most appropriate concept, or (b) the a priori choice of one
concept as a default approach. For implementing mixture toxicity assessments into
regulation, it is of paramount importance to analyse whether and how these options are
applicable.

3.4.1 Case-by-case selection or a default approach?

All existing experimental evidence clearly shows that the similarity or dissimilarity of the
molecular mechanisms of action is a useful guiding principle for selecting the appropriate
concept for a given mixture. It is thus a major obstacle that for many environmentally
relevant mixtures knowledge about the mechanisms of action of the mixture components
is scarce or even completely absent. Additionally, the mechanisms of action of the
mixture components might change drastically, depending on the particular species that is
considered. For ecotoxicological investigations that consider different species this might
be a major hurdle.

Thus, case-by-case decisions and groupings of the compounds in a mixture according to
their (dis)similarity requires substantial efforts and detailed guidance is only available for
human toxicology, particularly from the US EPA who discuss the issue in greater detail
in their guidance documents for mixture toxicity evaluation (US EPA 1986, 1999, 2000).

The a priori choice of one concept as a pragmatic default approach seems like a possible
shortcut in order to avoid lengthy, disputable decisions about the similarity or
dissimilarity for each mixture of interest. However, this would only be justifiable if on
average only minor errors can be expected to occur by choosing the "wrong" concept
(e.g. estimating the toxicity of a mixture of dissimilarly acting substances with CA or vice
versa). Also, with the precautionary principle in mind, a concept should be selected as a
default approach, that does not lead to an underestimation of the mixture toxicity, even
when applied wrongly.

Mathematical analyses have proven that considerable differences between the concepts

(> one order of magnitude) occur only with large numbers of individual mixture
components (>10) and rather steep or very flat concentration-response relationships
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(Faust 1999; Junghans et al. 2006). Simulation studies that evaluated the average
relationship between the mixture ecotoxicities predicted by CA and IA were conducted
with data from various research facilities (University of Bremen and UFZ Centre for
Environmental Research) and regulatory authorities (Danish Environmental Protection
Agency, German Federal Environmental Agency; US Environmental Protection Agency)
in the European R&D project BEAM (Bridging Effect Assessment of Mixtures to
Ecosystem Situations and Regulation, EVK1-CT-1999-00012). Results of these studies
clearly showed that in the vast majority of conceivable mixtures, CA predicts slightly
lower mixture effect concentrations (i.e. higher mixture effects) than IA. In particular it
could be demonstrated that the ratios between the EC50 values predicted by IA and CA
were between 8.3 and 0.4 for the set of all possible mixtures that can be produced from a
set of 106 environmental chemicals. Unfortunately, similar studies are missing in the
field of human toxicology.

In stark contrast to ecotoxicology, IA is often held to be the default assessment concept in
human toxicology when strict similarity criteria of dose addition appear to be violated or
if specific evidence for the compounds of a given mixture is lacking (COT 2002).
Implicitly taking “dissimilar action” as the simple negation of “similar action” it is then
assumed that IA must hold, even without further proof that the underlying mechanisms
indeed satisfy any explicit dissimilarity criterion. Actually, a major difficulty seems to lie
in defining reliable criteria for “similar modes of action”. Often, the induction of the
same phenomenological effect is deemed sufficient for accepting similar action.
However, this could be inappropriate for certain combinations of chemicals that operate
by distinct molecular mechanisms. At the other extreme of the spectrum of opinions, an
identical molecular mechanism, involving the same active intermediate is required to
fulfill the similarity assumption. This position, with its very strict similarity criterion,
may mean that only very few chemicals qualify for inclusion into mixture effects
assessments, leaving out a large number of others that also provoke the same response. In
effect, this would provide an unrealistically narrow perspective on real existing mixtures.
A middle position is occupied by the view that interactions with the same site, tissue or
target organ should qualify for similarity (Mileson et al. 1998).

In summary, it can be concluded that in the field of ecotoxicology current scientific
evidence seems to support the choice of CA as a pragmatic default approach of mixture
toxicity prediction for regulatory purposes. However, only a few very specific guidelines
that account for the ecotoxicology of chemical mixtures and that go beyond simple whole
mixture testing have been put into place (mainly the hydrocarbon block method in the
Technical Guidance Documents (European Commission Joint Research Centre 2003) and
the application of CA for classification and labelling purposes with respect to aquatic
toxicity in the recently adopted GHS system (EU Commission & EU 2007). In contrast, a
detailed framework for the regulatory consideration of human health effects of chemical
mixtures has been developed by the US EPA, which strongly favours a case-by-case
decision of the most appropriate concept for each mixture of interest, a view that is also
supported by recent reports of European panels of scientific experts (COT 2002). Missing
experimental evidence on the pharmacological (dis)similarity of the mixture components
leads to the application of A as a default approach (COT 2002), although it is currently
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unclear whether this might run the risk of a systematic underestimation of mixture
toxicities.

It finally should be mentioned here, that the development and justification of a rational on
how to select between CA and IA is a fundamentally different issue than the analysis on
whether CA and IA are appropriate concepts in the first place — or whether and to what
extent interactive effects (synergisms, antagonisms) might render both, CA and IA
inappropriate. Interactions that go beyond mere chemical incompatibilities of the mixture
components are specific for the exposed organisms and considered groups of chemicals.
A detailed discussion is therefore provided in the review of current empirical evidence in
mixture toxicology and ecotoxicology.

3.5 Input requirements for using Concentration Addition and Independent Action

In order to put the predictive power of the concepts to the test, their input requirements
(Table 3.1) have to be critically assessed. Both concepts rely on quantitative input data,
either in terms of effects or effect concentrations. It follows, that biological variation,
reproducibility and repeatability play an important role in deciding which of the two
concepts should be applied.

Both concepts are applicable only to mixtures of known composition because they
require knowledge about the toxicities of each mixture component. But they operate on
different levels. IA uses single substance effects, E(C;), for predicting a mixture effect (eq
3 a, b), while CA is based on effect concentrations (ECx-values)and predicts an effect
concentration of the mixture (eq 1). ECx-values are accessible through concentration-
response analyses. Hence, for the application of CA a considerable part of the
concentration-response curves for all mixture components needs to be recorded. Such
curves also allow calculation of individual E(ci)-values and therefore in principle also
provide the necessary input data for an application of the IA-concept. But in contrast to
CA, TA does not rely on concentration-response curves. It can also make use of single
experimentally observed effect values as input data, although the variability of those
values then has to be critically assessed.

As both concepts make use of toxicity data of each individual substance, the overall input
requirements obviously increase with an increasing number of mixture components. But a
major advantage of the CA concept is that the information needed for each component is
constant and does neither depend on the mixture ratio nor on the number of chemicals in
the mixture. If, for example, the EC50 of a mixture is to be predicted, the EC50 for each
component has to be determined. These values are the necessary and sufficient input
values, independently of whether a mixture of 2 or of 50 components is to be analysed.
This is in sharp contrast to 1A, for which the needed input information changes with the
number of mixture components as well as the mixture ratio. For example, in a binary
mixture a 30% effect of each individual component leads to a 50% effect of the
combination. In a 10-component mixture, each component needs to be present only at a
concentration that would give rise to a 6.7% individual effect. Hence, the more
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compounds in a mixture, the lower the individual E(c;)’s that are needed for estimating a
50% mixture effect. That lower and lower E(ci)-values for each component are needed
for actually calculating [A-predictions is a serious drawback of IA, as this increases
experimental demands considerably.

Toxicological studies often report their findings in terms of EC50 and/or NOEL/NOEC
values. As outlined, EC50 values are of only limited value for the application of IA. CA
on the other hand can make use of those values for assessing whether the total
concentration in an exposure scenario is above or below its anticipated EC50. Without
any further knowledge about the individual concentration-response curves, no statement
regarding the expected mixture effect can be made, though. The ability of CA to allow
limited mixture toxicity assessments by using only EC50’s also allows it to make use of
QSAR-based estimates on the components toxicity, rather than of experimentally
determined values.

Point estimates such as NOELs or NOECs are not directly suited as input data for either
concept. This becomes apparent when reviewing the mathematical formulations of the
concepts in equations 1 and 3. NOELs and NOECs neither represent effect concentrations
(ECx values as required for CA) nor effect levels (E(Ci) as required by IA). In the context
of both concepts, NOELs and NOECs can only be used indirectly, i.e. by attributing a
certain effect level to this concentration, using an appropriate concentration-response
curve. It might be tempting to substitute the individual ECx-values in the CA-equation
with NOELs or NOECs in order to predict a mixture NOEL resp. NOEC. But this would
imply that all NOELs / NOECs provoke the same, insignificant effect, i.e. that all have
been determined in an identical experimental setup (in terms of replicates, spacing of test
concentrations, variance structure), which is hardly ever the case. Nevertheless, a range
of methods such as TEFs, TEQs or the HI for mixtures make use of a CA-like approach
and sum up NOEL-based hazard quotients. This introduces an additional source of
uncertainty in the assessment, because those NOELs often do not represent equi-effective
doses, and therefore violate a basic requirement of CA (see equation 1). This issue is of
fundamental importance and has to be distinguished from the question as to whether CA
is an appropriate concept for the mixture of interest.

Due to the probabilistic assumptions that underlie TA, all input data have to be re-scaled
to a range of 0-100% relative effect. This implies an effect parameter with euclidian
properties and that hormetic effects (U-shaped concentration response curves) are beyond
the scope of this concept, see discussion by Backhaus and coworkers (Backhaus,
Arrhenius, & Blanck 2004). It also requires suitable controls in the experiments. For
endpoints that are naturally confined, such as mortality, negative controls might suffice.
For other endpoints appropriate positive controls are also necessary (see e.g. the
vitellogenin induction studies in (Brian et al. 2005a; Thorpe et al. 2001; Thorpe et al.
2003). Although this re-scaling is not strictly required for the application of CA, it also
offers a convenient way of pooling data from independent experimental runs as the
absolute performance of the test organisms might slightly change from run to run, but
their sensitivity can be assumed constant.
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In principle, the predictive power of both concepts can only be as good as the quality of
the input data, which can be attributed to two interlinked factors, the quality of the
experimental raw data and the appropriateness of their biometrical description. One
option for biometrical data analysis is to handle every new set of experimental data
independently, e.g. by following the so-called “best-fit” approach (Scholze et al. 2001) in
which a whole set of different concentration-response models is applied to each data set
in order to maximise the overall fitting quality. This is especially important, if low-effect
concentrations are explored, as differences between different biometrical models become
most prominent here. Also, extrapolations outside the range of actually tested
concentrations/doses should be avoided as they are extremely dependent on the chosen
biometrical model.

3.6 Experimental designs

Two fundamentally different experimental situations can be distinguished: Either the
complete analysis is run in one experiment, or the experiment is blocked, i.e. different
parts of the study are run at different times. Especially in experiments with multi-
component mixtures, single substance data are often gathered over longer time periods
and the mixture experiments only follow after completion of the single substance
experiments. As confounding factors such as variabilities between different stocks of test
organisms, seasonal influences etc. are minimised, unblocked experiments are often
tailored towards proof of principles, i.e. exploring the fundamental predictive power of
either concept for a certain set of chemicals, organism and/or endpoints. More than
unblocked studies, blocked studies are influenced by confounders and care should be
taken to minimise systematic differences between the single substance and mixture
experiments.

Several specific design approaches have been described in the literature for analysing the
degree of deviation between CA and/or IA predictions and experimental data — each with
specific advantages or disadvantages.

3.6.1 Surface designs

A straightforward experimental approach for describing the mixture hyperplane would be
to decide on the number of test concentrations per component and then simply test all
possible combinations. Such a “full factorial” or “surface” design leads to an even
coverage of the hyperplane with experimental data. A polynomial of the form

fF(E(Cw)) =B+ Zﬂoci + ZZﬂijCiCj"‘ ZZZﬁijkCicjck +f0.nCC,C5Cy €q. 4
i=1 i=1 j=1 i=l j=1 k=1

i<j i<j<k
would then provide a mathematical description of the mixture hyperplane (Cornell 2002;
Gennings & Schwartz 1998). In equation 4, f is a function of the mean effect, €1, Cy,...Cq
are the concentrations of chemicals 1,2,....,n in the mixture and the [R’s denote the
regression coefficients. For the link function f the classical Weibull, Logit or Probit

models are typically used. This assumes that the single substance concentration-response
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relationship for all mixture components can be adequately described by one of these
models.

Equation 4 also accommodates a convenient way to statistically test for deviations from
CA-expected mixture toxicities by testing whether the higher order terms significantly
improve the fit of the polynomial to the experimental data (Meadows et al. 2002b).

Unfortunately, the experimental effort that is required for providing enough data for
estimating all B’s in equation 4 increases exponentially with the number of components in
the mixture. Even if only 2 concentrations are devoted for each compound (a two-level
factorial design), the number of test groups needed is still 2". For example, an 8
compound mixture requires 256 test groups, not considering the need for any replicates or
positive/negative controls. Practically, the application of full factorial designs is thus
restricted to combinations of just a few chemicals.

For multi-component mixtures, so-called ‘“fractionated factorial designs” (‘“‘screening
designs”) are an option. Here, only an adequately chosen fraction of the possible
treatment combinations that can be established from a given pool of components is
selected for testing. Obviously, the lower the fraction of actually tested combinations, the
lower is the resolution of the experiment. The major challenge is to identify the most
important combinations to be actually tested and to leave out those that are considered
less important. Therefore, a design that optimally balances the required experimental
effort versus the achievable knowledge gain is specific for each study and study goal.
Common designs include Plackett-Burman-, Cotter-, and Box-Behnken-designs and the
various types of central-composite designs (Cornell 2002).

A particular surface design has been suggested by Jonker and his co-wokers (Jonker et al.
2005). In this approach an extended version of CA is fitted to the experimental data.
Depending on whether the additional parameters in the CA equation improve the fit
significantly, conclusions about the prevalence of dose- or ratio-dependent deviations can
be drawn. The approach has so far only been applied to the evaluation of CA and only for
binary mixtures.

As factorial and response-surface designs scatter their experimental power over the whole
mixture hyperplane in order to get a broad overview on the behaviour of the mixture,
these designs are not suitable for analysing the contribution of low doses (low-effect
concentrations) to the joint action of chemicals. They are also typically used in a purely
descriptive setting (see 3.3.) or are applied for analysing the predictive power of CA only.

3.6.2 Isobole-Design

Isoboles describe lines in the mixture hyperplane, that are defined by all combinations of
C1, Cp,...,Cn that provoke an identical mixture effect. The intriguing feature of CA-
predicted isoboles is their strict linearity. Classical isobole designs aim at experimentally
describing one or several points on an isobole, with the aim of comparing them to the
predictions derived from dose addition (e.g. Kortenkamp & Altenburger 1998; Siihnel
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1992). Depending on the number of points on the isobole that are investigated, isobole
oriented approaches can become rather laborious. A fairly complete mixture
concentration-response experiment is necessary for each investigated point on the
isobole. Assuming that the single substance concentration-response curves are
determined in the course of the same experiment(s), k*(n+j) test groups are needed in
total (n = number of mixture components, K = number of test concentrations per
concentration-response curve, ] = number of points that are to be investigated on the
isobole). If only 1 point on the isobole is investigated, the design reduces to a fixed-ratio
design as described below. The major advantage of isobole designs is their ability to
detect mixture-ratio dependent deviations between predictions and observations, that are
then often interpreted as interactions between the mixture components. In order to
minimise K, isobole-related experiments and subsequent data evaluations often focus on
one particular effect level, typically 50%. Under these circumstances, the possibility of
determining effect level dependent interactions might be limited. Designs that overcome
this limitation and make use of multiple complete fixed-ratio experiments have been put
forward e.g. by (Casey et al. 2005).

Due to its ease of understanding and the visual clarity, isoboles are perhaps the standard
design for analysing binary mixtures and for comparing the observed mixture toxicities to
the prediction by CA (e.g. Altenburger et al. 1990; Kortenkamp & Altenburger 1998), see
also the specific reviews on empirical evidence on mixture toxicology and ecotoxicology.

3.6.3 “Fixed ratio” or “Ray” designs

Using the so-called “fixed-ratio” or “ray” design, the mixture of interest is analysed at a
constant ratio of its components, while the total concentration of the mixture is
systematically varied. Hence, a concentration-response curve (a “ray” in the mixture
hyperplane, see Figure 3.1) of the mixture is recorded, which can then be analysed in the
same way as the concentration-response curve of a single chemical. On the basis of the
concentration-response curves of the individual components a comparison with both, CA-
and IA-predictions can then be carried out, which requires k*(n+1) test groups in total.
Fixed ratio designs especially allow a convenient visualisation and interpretation of
experimental results, even for mixtures with many compounds. Effect-level dependent
deviations between predictions and observations will become visible (Crofton et al.
2005). An obvious drawback of this design is that no statement on mixture-ratio
dependent deviations from the conceptual expectations can be made. An illustration of a
fixed-ratio mixture study in an algal growth inhibition assay is presented in Figure 3.2,
other examples can be found in (Casey et al. 2005; Meadows et al. 2002a; Payne et al.
2000; Payne, Scholze, & Kortenkamp 2001; Rajapakse et al. 2004; Rajapakse, Silva, &
Kortenkamp 2002a; Silva, Rajapakse, & Kortenkamp 2002a; Thorpe et al. 2001), see also
the specific reviews on current empirical evidence on mixture toxicology and
ecotoxicology.
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3.6.4 “Chemical A in the presence of fixed levels of chemical B”

An approach that is restricted to binary mixtures is to analyse the shift of the
concentration-response curve of the first agent that is caused by a fixed “background*
concentration of a second chemical. If at least k*2+1 test groups are tested (the
concentration-response curve of the single compound, the concentration-response curve
of the compound plus the fixed background and the fixed background alone) it can be
assessed whether the increase in toxicity of the first chemical that is caused by the
background concentration is in compliance with [A-expectations. For a comparison with
CA, also the concentration-response curve of the second chemical needs to be recorded,
the extended design then requires at least k*3 test groups.

3.6.5 Point Design

In a frequently used approach, which might be called a “point design”, only one mixture
concentration is actually tested and its effects are compared to the effects that the
individual components provoke if applied singly at that concentration at which they are
present in the mixture. In principle, this design only requires n+1 test groups, not
counting any controls. Nevertheless, visible deviations between observed and predicted
effects are not necessarily of relevance, as the experimental variability of effect data is
sometimes considerable. Especially the steepness of the concentration-response curves
might have a considerable influence. In the case of steep concentration-response curves,
small, experimentally unavoidable shifts in the applied concentrations might lead to
comparatively huge shifts in experimentally observed effects. An extension of the point
design is therefore to record the concentration-response curves of all components and the
mixture and use effect data that are the result of a complete concentration-response
analysis. One particular application of the point design is to analyse a situation in which
all the components are present in a concentration that is assumedly below a pre-defined
threshold and to see, whether the mixture still provokes clear effects (see Figures 5.5 and
5.6 for examples of this design). If the concentration-response curves of the mixture
components are not available, this design does not allow comparisons of the observed
mixture effect with the CA-prediction, as it does not allow the estimation of the necessary
ECx-values. But as it provides the E(Cj)-values for all components, this design type
allows to assess whether the observed mixture effect is in compliance with IA.

3.7 Quality criteria for the assessment of experimental mixture studies

On the basis of the considerations in the preceding sections of this report, several quality
criteria for the evaluation of published mixture studies suggest themselves. A minimum
demand in component-based analyses is that the experimentally observed responses
should be evaluated against an explicitly stated mixture toxicity expectation that signifies
additivity. If effect summation is employed, evidence of linear concentration-response
relationships is necessary, otherwise, this method is deemed unreliable.

29



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Most of the design approaches discussed above require concentration-response analyses
of the individual mixture components. In the absence of single chemical concentration-
response data, the observed mixture effects are indeterminate in terms of CA, IA,,
synergism or antagonism. Hence, a fundamental quality criterion for the dissemination of
a mixture study that evaluates an observed mixture toxicity in this context is the precise
documentation of all the underlying concentration-response data (at least the used models
and the estimated parameters). As almost all scientific journals in toxicology and
ecotoxicology these days accept supporting information, space restraints are no longer an
argument for merely reporting (eco)toxicity data as EC50 values.

Concentration-response data also provide estimations of the relative potency of mixture
components. In mixture experiments that employ the fixed mixture ratio design with the
aim of analysing whether a particular mixture follows CA- and/or [A-expectations, this is
instrumental for deciding about the mixture ratio. It is important to choose mixture ratios
in a way that avoids that one or a few components dominate the overall mixture toxicity.

3.8. Describing and assessing deviations from the mixture toxicity predictions by CA
and 1A

Both concepts assume that neither pharmacokinetic nor pharmacodynamic interactions
are present in the analysed mixture. Any such interaction leads to a mixture toxicity that
is either lower or higher than predicted by CA, by IA or by both concepts. A range of
distance measures has been suggested in the literature in order to describe and quantify
such deviations between mixture toxicity predictions and observations at a predefined
effect level, usually 50%. Most of these measures relate only to the predictions by CA
and the most common of this group might be the Toxic Unit Summation (Sprague, 1965).
Another such measure is the Additivity Index (Marking, 1977). The Mixture Toxicity
Index (MTI) as suggested by Koeneman (Koeneman, 1980) refers to two different
reference situations: CA and the so-called “No Addition™ situation, the latter being a
limiting case of IA. The Index on Prediction Quality is a related measure which builds on
the ratio of observed to predicted mixture toxicity and has the advantage of being
applicable to predictions by CA as well as IA (Grimme, 1994; Altenburger, 1996).

Several methods are described in the literature for testing whether observed deviations
from CA are significant in a statistical sense, but to our knowledge no analogous method
has been suggested for testing the deviation from the prediction by IA. S6rensen and his
co-workers propose an isobole-based method in which an additional parameter is
introduced while fitting the CA-isoble to the experimental mixture data. The significance
of this parameter is then tested using a common F-test (Sorensen, 2007). Jonkers and his
colleagues suggested a y2-likelihood ratio test for the same purpose (Jonkers, 2005). The
main drawback of these approaches is the use of one global parameter to estimate the
compliance or non-compliance between an observed and the CA-predicted mixture
toxicity. That is, the result of having a significant deviation does not allow to infer
whether the deviation is restricted to a certain effect level only, which may be limited to
the extreme end of the concentration-response curve. It has hence been suggested to use
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bootstrap-based methods for providing the approximate confidence intervals for the
predictions and the concentration-response fit of the experimental mixture data and base
the decision on whether or not significant deviations are present on whether or not the
confidence belts overlap (Grimme, 1998). This approach allows for an effect-level
dependent assessment of synergistic or antagonistic deviations of the experimental results
from both predictions. It should be pointed out, that any significance criterion is of only
limited value unless a deviation between observation and prediction is also quantified,
e.g. by using one or more of the above mentioned distance measures.
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Table 3.1: Fundamental properties of Concentration Addition and Independent

Action

Concentration Addition
(Dose Addition)

Independent Action
(Response Addition)

Pharmacological
Assumptions

All components can be replaced by an
equi-effective fraction of another
No further pharmacokinetic or
pharmacodynamic interactions
between the mixture components

All components exert their
action according to stochastic

principles

No further pharmacokinetic or
pharmacodynamic
interactions  between  the

mixture components

Input
Requirements

Knowledge on the qualitative as well
as quantitative mixture composition
Effect  concentrations  of  all
components, relating to an identical
effect level, Dbiological system
(bioassay) and endpoint

Knowledge on the qualitative
as well as quantitative mixture
composition

Relative effects (0-100%) that
the components would
provoke, if applied singly at
that concentration at which
they are present in the
mixture, referring to the same
biological assay and endpoint.

Implications

Only applicable to mixtures with a
known chemical composition.

No specific assumptions on the biotest
are needed, nor considered by the
concept

Calculation of mixture ECx values is
limited to those effect concentrations
that are known for all components.
Only components that are also
effective if applied singly have an
impact on the toxicity of the mixture.

All effective components contribute to
the toxicity of the mixture, i.e.
individual thresholds are meaningless.

The calculated ECX of the mixture
always falls into the span of ECx
values of the individual components.
That is:
max {ECxi} > ECx,,;;, > min {EC)

ie(l,...,n) ie(1,...,n)
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Only applicable to mixtures
with a known chemical
composition

No specific assumptions on
the biotest are needed, nor
considered by the concept
Prediction is limited to O-
100% relative effect

Only components that are also
effective if applied singly
have an impact on the toxicity
of the mixture.

Only those  components
contribute to the mixture
toxicity that are present in
concentrations that would also
provoke an effect if applied
singly. Components that are
present below their individual
threshold do not contribute to
the mixture toxicity.

The calculated mixture effect
is always higher than the
highest  single  substance
effect. That is
E(cy;,) > max {E(Cl)}

ie(l,...,n)
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The number of components in the
mixture does not influence the input
requirements per component.
Especially, the considered effect level
X is only dependend on the mixture
ECX, not on the number of mixture
components.

The stochastic error in the CA-
calculated mixture toxicity never
exceeds the maximum error of the
single substance ECx-values.
NOEL/NOECs are unsuitable as input
data. Especially: a mixture NOEL
cannot be calculated

Direct calculation of the mixture ECx-
concentration

For the calculation of an effect that is
expected to occur from a given
mixture concentration iterative
procedures have to be applied. This
assumes the availability of the
concentration-response curves for all
mixture components.

The more mixture
components, the lower the
single substance effects E(C;)
that are required for the
calculation of a given mixture
effect. The following equation
holds:

min {E(c)}<1 —fI-E(c,

ie(1,...,n

NOELs are unsuitable as
input data. Mixture NOELs
cannot be calculated.

Direct calculation of the effect
that is expected to occur from
a given mixture concentration.
For the calculation of a
mixture ECx (i.e. a
concentration that is assumed
to provoke a predefined effect
X), an iterative approach has to
be used. This assumes the
availability of the
concentration-response curves
for all mixture components.
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Figure 3.1: Concentration-response surface of a binary mixture

Black solid lines are so-called “mixture rays”. Each one represents the concentration-
response curve of a mixture in which all components are present at a constant mixture
ratio. Together, they describe the whole mixture concentration-response surface of a
binary mixture. The shape of this surface is specific for each mixture and depends on the
shape of the individual concentration-response curves and their type of joint action. In the
figure a surface according to Concentration Addition is shown. The indicated 50% isobole
is the line connecting all combinations c;+c, of the components that provoke 50% effect. It
should be noted, that the surface is plotted using a linear scale for the concentration axes.

34



State of the Art Report on Mixture Toxicity — Final Report, Part 1

120

100 -

80 ~

60 -

40 A

% inhibition

20

0.01 0.1 1 10

mixture concentration (umol/L)

Figure 3.2: Predicted and observed toxicity of a mixture of 30 PSII-inhibiting
herbicides (s-triazines and phenylureas)

Observed mixture effects are black dots. The line close to the observed effects is the CA
prediction for a mixture with fixed mixture ratio of 30 PSII inhibiting herbicides. The
curve to the right is the prediction yielded by IA. From the final report of BEAM (Bridging
Effect Assessment of Mixtures to Ecosystem Situations and Regulation, EVK1-CT-1999-

00012)
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4. The effects of mixtures of chemicals: Human and mammalian
toxicology studies

This section provides a critical review of papers on the combined effects of chemicals
relevant to human and mammalian toxicology. Emphasis is placed on experimental
studies that strive to understand mixture effects in terms of the toxicity of its individual
components. Where appropriate, reference is also made to studies that have employed the
so-called whole mixture approach. In the whole mixture approach combinations of
chemicals are administered as if they were one single chemical, but without making any
attempt to analyze the resulting effects in terms of synergisms, additivity or antagonisms.

In reviewing the published evidence, recourse was made to the quality criteria mapped
out in Section 3.7. Briefly, well-designed mixture experiments assess observed effects
against an explicitly stated additivity assumption, derived from the concepts of dose
addition or independent action. These additivity expectations should be calculated on the
basis of dose-response data of the individual chemicals in the mixture. The mixture ratio
employed in the combination experiment should ensure that all (or most) of the
components contribute significantly to an overall mixture effect, if at all present.
Situations where several agents were administered, but where in fact only one chemical
determined the resulting effect, should be avoided. Exceptions to this requirement are
studies that evaluate the effects of mixtures composed according to exposure scenarios
identified in specific settings.

4.1 Carcinogenicity, mutagenicity and genotoxicity

In their 1989 report on toxicants in drinking water, the US National Academy of Sciences
(NRC 1989) recommended the use of independent action for the estimation of risks from
mixtures of carcinogens, with the implication that carcinogenesis is a stochastic process,
fulfilling the basic assumptions behind independent action. However, it is complicated to
assess whether there is empirical support for this idea in the scientific literature
describing the joint effects of several carcinogens, mutagens and other genotoxic
chemicals. To a large degree, these difficulties can be traced to the various definitions,
concepts and terms that have evolved in this field for the purpose of assessing
combination effects of carcinogens. Not all of these approaches are compatible with the
concepts and terms in other areas of mixture toxicology. The way in which the problem
has been framed in the carcinogens literature has had an impact on the experimental
design of many key studies, particularly with respect to expected combination effects in
the case of additivity. In many cases, assessments of the type of combination effect in
terms of dose additivity or additivity according to independent action are not possible,
because of a lack of data about dose-response relationships for individual carcinogens.
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4.1.1 Carcinogenicity
4.1.1.1 Definitions, terms and concepts

The researchers engaged in studying mixture effects of carcinogens have used the term
“synergism” in ways that differ from the perspective taken in other areas of mixture
toxicology:

“Synergism” is mostly applied to carcinogenic responses that are judged to be more than
additive, with the implicit assumption that additivity means the summation of effects (“1
+ 1 = 27). Thus, synergistic effects occur in the case of “1 + 1 > 2” (Hecker 1976). The
process that leads to such synergisms is called syncarcinogenesis.

Synergism (and consequently syncarcinogenesis) is sometimes also used in the sense of
several carcinogens “working together”, according to the original Greek meaning of the
word. Here, the term does not carry implicit quantitative judgements in relation to
additivity expectations. It includes additive effects. For that reason, synergisms as in
“more than additive effects” are referred to as “overadditive synergisms” (Berger et al.
1987).

A somewhat different perspective on “syncarcinogenesis” is also often taken, with
considerable impact on the design of experimental studies. This definition frames the
phenomenon in terms of an ‘“augmentational” action of several carcinogens, where
carcinogenic effects arise although each individual substance is present at doses which do
not exert effects (Shirai et al. 2006; Hecker 1976). It should be emphasized, however, that
such “augmentational” or “synergistic” effects can be consistent with additive responses
according to DA or IA (see Section 6).

Hecker (1976) pointed out that syncarcinogenesis can be the result of two distinct
processes which he termed “pluricarcinogensis” and “co-carcinogenesis”.
Pluricarcinogenesis (a rarely used term) is the process that leads to cancers as a result of
sequential or simultaneous exposure to several chemicals, all of which are capable of
inducing cancer when given alone at suitable doses. In “co-carcinogenesis”, the cancer-
causing effects of one of several agents are exacerbated by the presence of other
chemicals, which by themselves are non-carcinogens.

The following section summarizes pertinent studies with carcinogenic agents. Where
possible, attempts were made to re-analyze the published data, with the aim of assessing
whether the observed effects are in quantitative agreement with additivity expectations
according to DA or TA.

4.1.1.2 Long-term carcinogenesis bioassays
Tumours of the skin

Summation (in the sense of effect summation) of the carcinogenic action of 4-
nitroquinoline-N-oxide and 3-methylcholanthrene was observed by Nakahara and
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Fukuoka (1960) in skin carcinogenesis studies in mice. Both chemicals were capable of
inducing skin cancers on their own.

Cavalieri et al. (1983) observed syncarcinogenic (augmentational) effects in mouse skin
painting studies with cyclo-penteno-[cd]-pyrene (CPEP) and benzo-[a]-pyrene. The most
pronounced effect was found with a combination of 6.6 nmol benzo-[a]-pyrene and 66.6
nmol CPEP, which resulted in a tumour incidence of 69%. Administration of the single
agents at these doses induced tumour incidences of 7% each. Had the chemicals acted
additively according to IA, incidences of only 1 — (1 — 0.07)* = 0.13 = 13% would have
been expected. Somewhat smaller effects (incidences of ca. 30%) occurred with mixtures
where the doses of either chemical were lowered (6.6 nmol benzo-[a]-pyrene plus 22.2
nmol CPEP; 2.2 nmol benzo-[a]-pyrene plus 66.6 nmol CPEP), but these were still larger
than incidence of 13% predicted by IA. This re-analysis of Cavalieri’s data shows that the
observed effects were truly synergistic in relation to IA. Because the paper contains some
data that allow rudimentary dose-response analysis for the single agents, an assessment of
agreement with DA 1is also possible by calculating sums of toxic units, as follows: The
combination of 6.6 nmol benzo-[a]-pyrene and 66.6 nmol CPEP yielded an incidence of
69%. By interpolation of the dose-response data for the single chemicals it is possible to
estimate that 23 nmol benzo-[a]-pyrene and 170 nmol CPEP on their own should have
produced a similar incidence. The toxic unit for benzo-[a]-pyrene is therefore 6.6/23 =
0.28, and that for CPEP 66/170 = 0.39, which sums to a value of 0.67, indicating a weak
synergism in relation to DA. The doses estimated to provoke an incidence of 30% are 10
nmol for benzo-[a]-pyrene and 100 nmol for CPEP. Accordingly, the sums of toxic units
for the other two combinations are 0.88, sufficiently close to 1 to suggest agreement with
the DA additvity expectation.

Syncarcinogenesis was also demonstrated in skin painting studies with polycyclic
aromatic hydrocarbons by Schmidt et al. (1976) and Schméhl et al. (1977).

Urinary bladder tumours

Tsuda et al. (1977) studied the effects of multiple urinary bladder carcinogens, N-butyl-n-
(4-hydroxybutyl)nitrosamine ~ (BBN),  N-(4-(5-nitro-2-furyl)-2-thiaazolyl)formamide
(FANFT), N-2-fluorenylacetamide (2-AAF) and 3,3’-dichlorobenzidine (3,3’-DCB).
Combinations of two or three of these chemicals were given to rats at doses that were
themselves not carcinogenic. Combinations of BBN, FANFT and 2-AAF; and BBN,
FANFT and DCB induced urinary bladder tumours. With reference to the concept of an
“augmentational” action of these agents, the authors judged these effects as
“synergistically elevated”. The strongest augmentational action occurred with BBN plus
FANFT.

Tumours of the airways and the lung

Two different carcinogens with different target organs were found to exacerbate each
others action (Montesano et al. 1974). When given together with benzo-[a]-pyrene,
diethylnitrosamine which alone induces nasal cavity carcinomas in hamsters, produced
more carcinomas of the trachea, bronchi and lungs. With reference to effect summation,
the authors judged this effect to be synergistic.
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Kimizuka et al. (1987) administered asbestos fibers and benzo-[a]-pyrene to Syrian
hamsters by intra-tracheal instillation to study their joint effects after sequential exposure.
Lung hyperplasia and malignant lung tumours were examined after up to 19 months.
When asbestos was given first, followed by benzo-[a]-pyrene, the fraction of animals
with hyperplasia was lower than that seen with benzo-[a]-pyrene alone. A reversal of the
order of administration (benzo-[a]-pyrene first, then asbestos) induced a slightly higher
incidence of hyperplasia, although still lower than after benzo-[a]-pyrene treatment alone.
With malignant lung tumours as the endpoint of investigation, the results were more
clear-cut: while no tumours were observed after application of asbestos or benzo-[a]-
pyrene alone, malignancies were only observed when the two agents were combined,
independent of the order of administration. However, an interpretation of these results is
complicated by the fact that the authors examined the animals after differing periods of
time. Nevertheless, these data are indicative of syncarcinogenesis by asbestos and benzo-

[a]-pyrene.

These weaknesses were dealt with in a subsequent study by the same authors (Kimizuka
and Hayashi 1993). A similar experimental set-up was used, but this time, the animals
were investigated after 18 or 24 months. Benzo-[a]-pyrene was combined with either of
two types of asbestos, chrysotil or amosit. At the dosages used, none of the individual
agents induced malignant lung tumours after 18 or 24 months. Strikingly, all
combinations (benzo-[a]-pyrene plus chrysotil and benzo-[a]-pyrene plus amsit)
provoked tumours in 100% of the treated animals, a clear demonstration of
syncarcinogenesis in the sense of augmentational effects.

Nesnow et al. (Nesnow et al. 1998) analysed mixture effects of five poly-cyclic aromatic
hydrocarbons on lung tumours in A/J mice, with mixture ratios representative of ambient
air levels of these carcinogens. At low doses, greater than additive effects were seen, at
high doses the observed responses fell short of additivity expectations which were
derived from independent action in a response surface analysis.

Liver cancer

Berger et al. (1987) conducted combination experiments with very low doses of three
genotoxic nitrosamines, N-nitrosodiethylamine (NDEA), N-nitrosopyrrolidine (NPYR)
and N-nitrodiethanoloamine (NDEIA), which all produced liver tumours in the rat. The
experiment was designed on the basis of dose-response data for the individual
nitrosamines. A combination of 0.032 mg/kg/d NDEA, 0.13 mg/kg/d NPYR and 0.63
mg/kg/d NDEIA was given over the entire life span of the animals. It produced an
incidence of malignant liver tumours of 13%. Berger et al. judged these data to show
additivity, in line with an idea of syncarcinogenesis as chemicals “working together” (see
definitions above). Apart from the liver, tumours were also observed in the urinary
bladder, the gastrointestinal tract and in the hematopoetic and lymphatic tissues, at
incidences above those found in control animals. In contrast to liver tumours, however,
the incidences of those malignancies did not rise with increasing doses.
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Because the combination experiment (endpoint: liver malignancies) was supported by
dose-response analyses of the individual mixture components, it is possible to re-analyze
the data with the aim of assessing quantitative agreement with IA or DA additivity
expectations: Based on the individual dose-response curves for NDEA, NPYR and
NDEIA it can be estimated that the nitrosamines on their own, at the doses present in the
mixture, produced tumour incidences of around 2%. Thus, according to IA, a joint
incidence of 1 — (1 — 0.02)° = 0.06 = 6% is to be expected, falling short of the
carcinogenic effect observed with the mixture. This suggests synergistic effects in
relation to IA. From the individual dose-response relationships each of the chemicals on
its own can be expected to produce a 13% incidence at ca. 0.06 mg/kg/d (NDEA), 0.4
mg/kg/d (NPYR) and 10 mg/kg/d (NDEIA). By using the doses present in the mixture, it
is possible to derive toxic units, as follows (all dose units in mg/kg/d): 0.032/0.06 for
NDEA, 0.13/0.4 for NPYR and 0.63/10 for NDEIA. The sum of these toxic units is 0.92,
sufficiently close to 1 to suggest agreement with DA.

Elashoff et al. (1987) investigated a mixture of carcinogens that target the same organ,
the liver. Binary combinations of the hepatocarcinogens cycad flower, lasiocarpine,
aflatoxin and dipentylnitrosamine (DPN) were tested in male and female F344 rats. The
authors used a 4x4 factorial design, with doses of the single carcinogens that were
sufficiently high to cause liver tumours. Carcinogenicity was measured in terms of time
to death and time to death with tumours. Although the authors assessed some observed
mixture effects as synergistic (e.g. binary combinations of cycad flower and lasiocarpine
at certain doses, or lasiocarpine and DPN), the lack of dose-response data for the single
chemicals precludes clear identifications of the type of combination effects.

The same group (Fears, Elashoff, & Schneiderman 1988) looked at binary mixtures of
carcinogens that act on different organ systems. Binary combinations of N-methyl-N’-
nitro-N-nitrosoguanidine (MNNG), N-butanol-butylnitrosamine (NBBN), nitrilotriacetic
acid and DPN were given to F344 rats. With some mixtures containing nitrilotriacetic
acid, antagonisms were detected, but doubts remain as to the wvalidity of these
conclusions, due to the study design.

Miscellaneous tumours

Takayama et al. (1989) conducted a 2 year study with male rats to study the joint
carcinogenic effects of a mixture composed of 40 carcinogens with a wide variety of
chemical structures. The chemicals were given via the diet at doses equivalent of 1/50 of
their individual TD50. Significantly elevated tumour incidences relative to untreated
controls were seen in the liver and the thyroid. However, the experimental design of this
study makes it difficult to judge whether the liver and thyroid tumour incidences were
additive or synergistic. It is noteworthy that the incidence of liver tumours was not
elevated relative to the incidences seen after administration of any carcinogen singly.

Hirose et al. (1998) analyzed the carcinogenicity of antioxidants known to cause
forestomach tumours in rodents. In a 104 week feeding study with butylated
hydroxyanisol, caffeic acid, sesamol, 4-methoxyphenol and catechol, increases in
forestomach papillomas were observed in F344 rats which the authors interpreted as
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synergisms. This is difficult to assess because dose-response analyses with the single
chemicals were not conducted. The same mixture was used in a 28 week exposure multi-
organ carcinogenesis model with F344 rats, after initiation with several carcinogens. The
effects of a high dose combination were smaller than anticipated by dose addition.

Walker et al. (2005) employed a two year rodent cancer bioassays with female Harlan
Sprague-Dawley rats given 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 3,3',4,4',5-
pentachlorobiphenyl (PCB-126), 2,3,4,7,8-pentachlorodibenzofuran (PeCDF), or a
mixture of the three compounds. The three chemicals, both singly and in combination
induced hepatic, lung, and oral mucosal neoplasms. The dose response for the mixture
could be predicted from a combination of the potency-adjusted doses of the individual
compounds, derived on the basis of World Health Organization (WHO) dioxin TCDD
equivalency factor (TEF) values. This method assumes dose-additive effects.
Kortenkamp (unpublished) conducted a re-analysis of the data, without utilizing the
WHO TEF values, but by employing the concept of dose addition directly. In this
analysis, the experimentally observed tumour incidences fell short of those anticipated by
dose addition.

Taken together, the empirical findings support the idea that syncarcinogenesis (including
additive effects in the sense of “working together”, as well as “augmentational” effects) is
likely to occur with combinations of substances that target the same organs or tissues.
This applies to the skin (Nakahara and Fukuoka 1960, Schmidt et al. 1976, Schmahl et al.
1977, Cavalieri et al. 1983), the urinary bladder (Tsuda et al. 1977), the airways and the
lung (Kimizuka et al 1987, 1993, Nesnow et al. 1998) and the liver (Berger et al. 1987,
Elashoff et al. 1987, Fears et al. 1988). Syncarcinogenesis does not require similarity in
chemical structures, nor does it matter whether administration is sequential or
simultaneous. However, syncarcinogenesis is not observed when carcinogenic substances
are combined that target different organs.

4.1.1.3 Short-term animal models

The studies discussed thus far were carcinogenesis bioassays that covered almost the
entire life time of the treated animals. The long duration of these studies, combined with
their high costs has stimulated the search for short-term animal models. The following
section gives an overview of mixture experiments with short-term assays.

Hasegawa et al. (1991) used a short-term initiation-promotion model with glutathione-S-
transferase-positive hepatic foci to investigate the effects of a five-component mixture of
different heterocyclic aromatic amines, after initiation with diethylnitrosamine (DEN). At
the highest tested doses, all chemicals individually produced foci. When combined at 1/5
of these doses, but not at 1/25, combination effects in excess of the arithmetic sum of
effects of the single chemicals were observed, which the authors interpreted as
synergisms. This study indicates that the heterocyclic aromatic amines can produce
hepatic foci when combined at doses where each single agent is without statistically
significant effect, in line with the idea of syncarcinogenesis as “augmentational” effects.
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Ito et al. (1991) employed a similar protocol to evaluate potential synergisms between
five heterocyclic amines at low doses. F344 male rats were given a single dose of DEN,
followed by 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1), 2-
aminodipyrido[1,2-a:3",2'-d]imidazole (Glu-P-2), 2-amino-3-methylimidazo[4,5-
flquinoline (MelQ), or 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MelQx), singly
or as a five-component mixture. Groups were given each chemical at the carcinogenic
dose, or 1/5 or 1/25 of this. At the highest doses, all these heterocyclic amines
significantly increased the number and area of glutathione-S-transferase-positive hepatic
foci. Trp-P-1, IQ and MelQ also gave responses at the 1/5 dose level. When the five
chemicals were administered together at both the 1/5 and 1/25 dose levels, the number of
foci was higher than the arithmetic sum of the individual chemicals, at the 1/5 or 1/25
dose groups. Similarly results were communicated by the same group (Hasegawa et al.
1994a; Hasegawa et al. 1994b) with combinations of five and 10 heterocyclic aromatic
amines.

In a variation of the above approaches, Hasegawa et al. (1994b) used a combination of
five nitrosamines and nitrosoureas for the initiation stage, followed by application of five
heterocyclic aromatic amines to F344 rats to study the promotion of intestinal tumours.
Combinations of the single heterocyclic amines that on their own were without
significant effects led to enhancements of tumorigenesis, demonstrating
syncarcinogenesis in the sense of “augmentational” effects.

Ito et al. (1995a) adopted a short-term initiation-promotion model to study the effects of
19 organophosphates and one organochlorine chemical on the formation of glutathione-S-
transferase-positve hepatocyte foci as a preneoplastic lesion marker in rats. After
initiation with the direct-acting, DNA damaging carcinogen diethylnitrosamine DEN,
young rats were dosed with the test chemicals for 6 weeks via their diet. The 20
chemicals were combined at doses equivalent to their acceptable daily intakes (ADI), and
to 100 times their ADI. There were increased preneoplastic lesions with the 100-times
ADI mixture, but the ADI mixture did not induce observable effects. None of the selected
chemicals were tested individually and the doses in this study were based on ADI values
proposed by the Japanese Government reflecting a diversity of endpoints. These results
can be interpreted as “syncarcinogenic” in the sense of augmentational effects.

In a further study from this group (Ito et al. 1995b; Ito et al. 1996), tumours were initiated
by five carcinogens in combination. By using a multi-term, multi-organ protocol in the
rat, a mixture of 40 pesticides combined at their ADI’s was administered for 28 days. The
same protocol was also used to evaluate a different mixture of 20 pesticides, all suspected
carcinogens. None of the mixtures produced enhancements of tumour formation.
However, this study is difficult to interpret, mainly because the experiment might have
been under-powered, explaining the absence of effect.

4.1.1.4 Evidence of antagonistic effects between several carcinogens

Ruediger (2006) has reviewed evidence for antagonistic effects of carcinogenic agents,
with emphasis on agents relevant to occupational settings. In principle, such effects can
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arise when one chemical leads to the induction of detoxifying enzyme system that then
eliminate a second mixture component at elevated rates. An example is 3-
methylcholanthrene (3-MC), an agent capable of inducing cancers of the mammary gland
and the skin. 3-MC is also a potent inducer of CYP 1A monoxygenases, and can
therefore be expected to suppress the carcinogenicity of chemicals that are metabolized
by this pathway. Accordingly, 3-MC which does not produce liver tumours on its own
can inhibit liver tumours produced by 3-methyl-4-dimethylaminoazobenzene, a strong
liver carcinogen (see references in Ruediger 2006).

Polychlorinated dioxins and furans (PCCD/F) as well as polychlorinated biphenyls
(PCBs) are well-known inducers of liver tumours and cholangiocarcinomas in the rat.
When administered together with other liver carcinogens such as 3-methyl-4-
dimethylaminoazobenzene or diethylnitrosamine, reductions in tumour incidences occur.
However, this suppressive effect is dependent on the timing and order of administration:
Only when the inhibitory substance was given prior to administration of the other liver
carcinogen, was a reduction in tumorigenicity observed. Enhanced tumour formation
occurred when e.g. PCBs were administered after treatment with the other liver
carcinogens (Ruediger 2006).

Aberrant crypt foci are preneoplastic lesions that are regarded as intermediate biomarkers
for colon cancer. This endpoint was used by Steffensen et al. (1995) for investigations of
different classes of colon carcinogens, 1,2-dimethylhydrazine (DMH), its metabolite
azoxymethane (AOM) and 3,2’-dimethyl-4-aminobiphenylhydrochloride (DMAB). The
chemicals require metabolic activation via CYP (DMAB through CYP 1A, DMH through
CYP 2E1) to form ultimately active genotoxic intermediates. F344 and Lewis rats were
treated with each carcinogen alone, or in combinations sequentially. Strikingly, the
combinations produced reductions in the number of aberrant crypt foci when compared
with the numbers seen after single administration. The authors were unable to offer an
explanation for these effects, but ruled out metabolic interactions as the reason for these
suppressive effects.

In summarizing the evidence, Ruediger (2006) listed various mechanisms that might lead
to attenuations of carcinogenic effects of chemicals. Mechanisms for which there is good
experimental evidence include: inhibitions of metabolic activations of procarcinogens,
induction of metabolic inactivation, slow-down of cell cycle progression, and induction
of apoptosis. He pointed out that all these proposed mechanisms of cancer suppressing
effects of a chemical are not linked to the carcinogenicity of a substance. Rather, an
inhibitory effect appears to be possible only if the suppressing component has a weaker
carcinogenic potency than the other chemical in the combination.

4.1.1.5 Summary carcinogencity studies
There is overwhelming evidence that carcinogens work together to exert tumorigenic
responses after sequential or simultaneous exposure. Joint carcinogenic action occurs

when carcinogens are combined at doses that individually are without observable effects.
It is to be expected with combinations of carcinogens that target the same organ or tissue.

50



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Suppressions of carcinogenic effects have also been described, and such effects are
highly likely when the inhibitory agent is either not carcinogenic to the tissue in question,
or has a much lower potency than the second carcinogen.

Due to the specific ways in which the question of “syncarcinogenesis” has been framed,
there are very few studies that allow assessments of combination effects in terms of
additivity expectations derived from DA or IA. The few examples that permit such
evaluations indicate agreement with DA or IA. This suggests that many
“syncarcinogenic” effects do not represent true synergisms in terms of responses greater
than expected according to DA or IA, but rather are consistent with those additivity
concepts.

4.1.2 Mutagenicity and genotoxicity

For the purposes of this appraisal, combination effects observed with mutagenic
chemicals and those that induce genotoxicity are discussed together. Mutagenicity in the
narrow sense of the word can be defined as the induction of heritable changes in the DNA
sequence of the affected organism, whereas genotoxicity is often used in an overlapping,
but wider sense, including chromosome mutations, chromosomal aberrations and sister
chromatid exchanges. The induction of micronuclei is also judged to be a genotoxic
effect.

There is a fair amount of data available on the combined effects of mixtures of chemicals
that induce mutagenic and genotoxic effects, but again only a limited number of these
studies are informative with respect to the type of combination effect (CA or 1A).

Lutz et al. (2002) tested a mixture of benzo[a]pyrene, benz[a]anthracene, and
dibenz[a,c]anthracene in the Ames test, using Salmonella typhimurium TA100 and rat
liver S9 fraction. Based on experiments with the individual chemicals, low effect doses
were established that produced a doubling of revertants in the Ames assay. Lutz et al.
termed these doses lowest observable effect level (LOEL). The three chemicals were then
combined at 1/3 of their individual LOEL, with the expectation that the mixture should
also not produce more than a doubling of the number of revertants. This expectation is in
line with dose addition. Combined treatment produced responses in good agreement with
dose additivity.

Lutz et al (2002) also investigated the induction of micronuclei in vitro with ionizing
radiation from a Cs-137 source and ethyl methanesulfonate. Mouse lymphoma L5178Y
cells revealed a significantly higher than dose additive effect in an experiment based on
three independent replicates for controls and single and combination treatments.
However, this synergism was dependent on the cell line used. When alternative cell lines
were employed (human lymphoblastoid cell lines TK6 and WTKI1, human primary
fibroblasts from fetal lung) dose additive effects were observed.
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Kligerman et al. (1993) used analytical data about chemicals found in US groundwaters
to reconstitute laboratory mixtures, with the aim of assessing cytogenetic toxicity in
rodents. This study was not motivated by establishing the type of combination effect (in
terms of additivity, synergism, antagonism), but rather by investigating whether mixture
effects would be observed at environmentally relevant concentrations of pollutants.
Mixtures representative of measured ground water concentrations were administered to
F344 rats and B6C3F1 mice; 10- and 100-fold higher concentrations were also tested.
After 71 days of continuous dosing of rats, and 91 days of mice, lymphocytes were
harvested, cultured and analyzed for sister chromatid exchanges, chromosome aberrations
and micronuclei. Induction of sister chromatid exchanges was seen at all concentrations
in the rat, but with chromosome aberrations and micronuclei as endpoints of evaluation,
effects did not become apparent. Mice did not show any effects. Considering the
pollutant profile in these mixtures, 1,2 dichloropropane, 1,2 dibromo 3-chloropropane
and ethylene dibromide can be thought of as candidate chemicals responsible for these
effects. However, single chemical studies were not conducted, making it difficult to
attribute the observed effects in the rat to any specific combinations of chemicals.

Dolara and colleagues have presented a series of genotoxicity studies in cultured human
lymphocytes where chemicals were combined at concentrations that individually did not
produce any discernible effects. These studies do not permit identification of the type of
combination effect involved, nor were they designed to support such assessments. Dolara
et al. (1992) tested dimethoate and omethoate (two organophosphate pesticides),
deltamethirn, and benomyl and observed dose-related increases in the frequency of sister
chromatic exchanges. The four chemicals were combined at effect doses that produced
sister chromatid exchanges in the range of untreated controls. Statistically significant
effects were observed with the mixture. This study demonstrates that mixture effects can
occur when concentrations associated with non-detectable effects are combined.

Based on analyses of common food items in Italy, Dolara et al. (1993) prepared a mixture
of 15 pesticides which they tested for bacterial mutagencity, induction of sister chromatid
exchanges in cultured human lymphocytes and micronuclei in the bone marrow of rats.
Small effects were observed in the human lymphocyte assay, but the other test systems
did not reveal any effects.

In a further report on a mixture of 15 pesticides, combined in proportion to the levels
found in food, Dolara et al (1994) detected concentration-dependent increases in the
number of non-synchronous centromeric separations in cultured human lymphocytes.
Other cytogenetic effects were not observed, and the effect disappeared when benomyl
was removed from the mixture.

Staal et al. (2007a) used human hepatoma cells to assess whether the effects of binary
PAH mixtures on gene expression, DNA adduct formation, apoptosis and cell cycle are
additive compared with the effects of the individual compounds. Equimolar and equitoxic
mixtures of benzo[a]pyrene (B[a]P) with either dibenzo[a,l]pyrene (DB[a,l]P),
dibenzo[a,h]anthracene (DB[a,h]JA), benzo[b]fluoranthene (B[b]F), fluoranthene (FA) or
I-methylphenanthrene (1-MPA) were studied. DBJ[a,l]P, B[a]P, DB[a,h]A and B[b]F
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dose-dependently increased apoptosis and blocked cells cycle in S-phase. Binary PAH
mixtures showed an additive effect on apoptosis and on cell cycle blockage, but this
evaluation was based on the idea of effect summation. DNA adduct formation in mixtures
was higher than expected according to simple effect summation, which the authors
interpreted as a synergistic effect.

The same group also investigated gene expression and DNA adduct formation in liver
slices (Staal et al. 2007b). The effects of benzo[a]pyrene or dibenzo[a,h]anthracene
(DBJ[a,h]A) alone and in binary mixtures with another PAH (DB[a,h]A,
benzo[b]fluoranthene, fluoranthene or dibenzo[a,l]pyrene) were analyzed. All mixtures
showed a response on total gene expression profiles that fell short of what the authors
expected based on effect summation. In contradiction to the findings communicated
earlier by this group with DNA adduct formation as the endpoint (Staal et al. 2007), the
binary mixtures generally also caused effects smaller than expected according to effect
summation.

4.1.2.1 Summary of mutagenicity and genotoxicity mixture studies

As with the carcinogenicity studies discussed earlier, there is a dearth of mixture
experiments with mutagencity and genotoxicity as the endpoints for evaluation that allow
clear assessments of the usefulness of CA or IA as prediction concepts. Some
publications however show that genotoxic and mutagenic agents, combined in sufficient
numbers, can work together at very low concentrations to produce mixture effects.

4.2 Reproductive and developmental toxicity, teratogenicity

A series of papers on the effects of combinations of anti-androgens on male offspring
exposed during development in utero has been published and will be discussed in more
detail in Section 4.4.2.3. of this report. These publications will be briefly summarized
here. In all these studies, explicit additivity expectations formed the basis for mixture
effect assessments.

Hass et al. (2007) and Metzdorff et al. (2007) found dose additive effects with a mixture
of androgen receptor antagonists (vinclozolin, flutamide, and procymidone), when
disruption of hallmarks of male sexual differentiation (changes in anogenital distance,
retained nipples, reproductive organ weights, androgen-related gene expression) were
analyzed. The effects on nipple retention, however, were slightly stronger than expected
by dose addition.

Howdeshell et al. (2007) examined the effects of a binary mixture of the phthalates
dibutyl-benzyl-phthalate (DBP) and di-(2-ethylhexyl)-phthalate (DEHP) after exposure
of pregnant rats. The male offspring was examined for a wide range of effects typical of
disruption of male sexual differentiation. This study indicates that dose addition provides
fairly good predictions of the effects typical of disruption of male sexual differentiation.
Independent action often underestimated the observed responses.
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Using a similar experimental model, Rider et al. (2008) conducted mixture experiments
with the three phthalates BBP, DBP, and DEHP in combination with the antiandrogens
vinclozolin, procymidone, linuron, and prochloraz. In calculating additivity expectations,
the authors used historical data from their laboratory. Despite some uncertainty inevitably
introduced by those assumptions, dose addition gave predictions of combination effects
for the mixed-mode antiandrogens that agreed better with the observed responses than the
expectations derived from independent action.

Other mixture studies with endpoints relevant to reproductive and developmental toxicity
have been conducted, but little attention was paid to formulating additivity expectations.
Often, the study design does not permit re-analysis of the published data in order to
determine the underlying type of combination effect.

Narotsky et al. (1995) chose to investigate a mixture of trichloroethylene, DEHP and
heptachlor on the development of F344 rats. All three chemicals compromised maternal
weight gain, and combination effects between trichloroethylene and DEHP occurred
which the authors interpreted as synergistic. With the same endpoint, there was
antagonism between DEHP and heptachlor. Without further justification, the authors
expected that the joint effect of the chemicals should be equal to the arithmetic sum of
their individual effects, and additivity expectations according to dose addition were not
calculated. Consequently, the synergistic mixture effects could have been in line with
dose addition. Similar considerations apply to the apparent synergism between
trichloroethylene and DEHP on prenatal loss, and some other interactions described int
his paper.

Calciu et al. (1997) investigated the teratogenic effects of camphechlor, two of its
congeners T2 and T12, and combinations of T2 and T12 in cultured rat embryos.
Morphological scores, crown-rump length and head length were all affected by all
treatments, including single chemicals and mixtures. The mixture of T2 and TI2
exhibited what the authors interpreted as synergism on decreasing crwon-rump and head
lengths, but this evaluation was conducted implicitly assuming simple effect summation.

You et al. (2002) presented a study of the effects of the phytoestrogen genistein on the
developmental toxicity of the pesticide methoxychlor in the rat. Effect outcomes
considered were accelerated vaginal opening and delayed preputial separation in female
and male offspring, respectively. The joint effect of the two chemicals was greater than
each individual effect, but there was insufficient dose-response information to assess the
type of underlying combination effect.

Lee et al. (2006) analyzed the joint effects of coadministration of cadmium and retinoic
acid on developing limbs in C57BL/6 mice. Pregnant mice were treated with different
doses of cadmium chloride and/or RA on gestational day (GD) 9.5. The chemicals were
administered by intraperitoneal injection, a mode of delivery that is regarded as
problematic because it may lead to disturbances during gestation. The fetuses were
collected on GD 18 and double stained for examination of skeletal defects. Retinoic acid
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and cadmium together induced a significant increase in the incidence and severity of
forelimb ectrodactyly, relative to the effects seen with retinoic acid or cadmium alone.
When mice were exposed to what the authors refer to as “subthreshold doses” of both
cadmium (0.5 mg/kg) and retinoic acid (1 mg/kg), the combined treatment led to
observable effects, with forelimb ectrodactyly in 19% of the fetuses. At higher doses, the
two chemicals showed what the authors interpreted as synergistic effects, that is effects
far exceeding the simple arithmetic sum of the chemicals’ single responses. However,
this could also have been a dose additive effect, but for lack of dose response information
in this paper, this idea cannot be investigated.

Very recently, Christiansen et al. (2009) communicated the results of a mixture
experiment with di-ethylhexyl-phthalate, vinclozolin, finasteride and prochloaz in a
reproductive toxicology model for the evaluation of disruption of male sexual
differentiation. With respect to changes in anogenital distance in the male offspring of
exposed pregnant rats, there was dose additvity. Similar effects were observed when
other hallmarks of male sexual development, including retained nipples and organ weight
of sex organs and accessory glands, were evaluated. Strikingly, there was a pronounced
synergistic effect with penile malformations, exceeding the responses expected on the
basis of both DA and IA.

4.3 Respiratory toxicity

Comparatively few studies have been conducted with mixtures of toxicants affecting the
respiratory system. Noteworthy are the results of model experiments published by Cassee
and colleagues (Cassee et al. 1996; Cassee, Groten, & Feron 1996) on the effects of
combinations of formaldehyde, acetaldehyde and acrolein on the respiratory system of
the rat.

Various vapours and gaseous compounds can induce irritation of the nasal mucosa. The
exposed animals react to this toxic insult by reducing their respiratory rate, an effect
associated with direct stimulation of the trigeminal nerve endings in the nasal mucosa.
Cassee et al. (1996a) have used this endpoint to study the irritant effects of formaldehyde,
acetaldehyde and acrolein in Wistar rats. Dose-response relationships for the individual
chemicals were established, and mixtures of all three compounds with varying mixture
ratios tested. The observed effects were compared with additivity expectations derived
from simple addition of the effects of the single aldehydes (effect summation), and by
using a competitive agonism model. The observed responses were stronger than those
predicted by effect summation, but agreed reasonably well with the agonism model.

A similar system was used by Cassee et al. (1996b) to assess histopathological and
proliferative changes of the nasal epithelium after exposure to formaldehyde, acrolein and
acetaldehyde, and their mixtures. Formaldehyde and acrolein produced adverse changes
of the nasal epithelia, while the effects of acetaldehyde were classed as being of doubtful
toxicological relevance. When the animals were exposed to a mixture of all three
chemicals at high doses, changes in the epithelia and the olfactory region of the nose
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were observed that were more severe than those with the single chemicals. Binary
mixtures of formaldehyde and acrolein were also studied, and the authors assessed these
effects as additive. Acrolein and/or formaldehyde seemed to potentiate the effects of
acetaldehyde. At low doses of all three chemicals, changes were observed that were very
similar to those of acrolein at the doses present in the mixture, suggesting that a true
combination effect was not induced.

Schlesinger et al. (1992) exposed rabbits to sulfuric acid vapours in combination with
ozone. The animals were sacrificed and the lungs lavaged in order to obtain various cells
of the immune system, including macrophages. What the authors evaluated as an
antagonistic effect was observed when phagocytic activity of macrophages was analyzed.
Similar antagonisms were observed with superoxide production by stimulated
macrophages as the endpoint. In contrast, combination effects assessed by the authors as
synergistic were seen with tumour necrosis factor-induced cytotoxicity as the endpoint of
evaluation. However, this study used simple effect summation as the basis for these
evaluations, with no supporting dose-response analyses. The type of combination effect is
therefore indeterminate.

It is quite well established that ultrafine particulate matter can exacerbate the respiratory
toxicity of corrosive gases, but experimental studies that recapitulated such combined
effects in animals could not be located, and have not been carried out to our knowledge.

4.4 Endocrine disruption

In studying endocrine disrupter mixtures, many researchers have followed what has been
called a “whole mixture approach” where a combination of many chemicals is
investigated as if it were a single agent, without assessing the individual effects of all the
components. This type of experiment is useful for studying complex mixtures, or on a
case-by-case basis, but leads to difficulties in extrapolating from one mixture to the other
because small variations in composition may lead to significant changes in its toxic
effects. But whole mixture approaches do not answer whether chemicals act in an
additive, antagonistic or synergistic fashion. However, one of the major difficulties in
assessing endocrine disrupters is uncertainty about their potential to act together in an
additive or synergistic manner. To address these concerns the review focuses on studies
that have assessed endocrine disrupter mixtures in terms of additivity, antagonism or
synergy. Typically, such studies attempt to predict additive combination effects on the
basis of information about the effects of all components in the mixture.

In the following, work with the three most frequently studied hormone receptors, the
estrogen, androgen and thyroid receptors, will be considered. There is a rich literature
concerning the Ah-receptor (AhR), which will be reviewed in Section 4.8., but
interactions between AhR agonists and other endocrine disrupters will be dealt with here.
Section 4.4. is an extended and updated version of an earlier review by Kortenkamp et al
(2007).
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4.4.1 Mixtures of estrogenic chemicals

Estrogenic chemicals have been the focus of most of the work on endocrine disrupters.
While the earlier efforts have mainly employed binary mixtures (reviewed in
(Kortenkamp & Altenburger 1998), work carried out since 1998 has made significant
contributions to the analysis of multi-component mixtures containing three, often five and
up to 12 estrogenic chemicals.

“Estrogenicity” can be defined in various ways. At the functional, physiological level, the
term denotes the ability of a chemical to evoke responses similar to 17B-estradiol (E2),
such as cornification of the vaginal epithelium, and uterine cell proliferation. Of
toxicological concern is the role of estrogens in breast and ovarian cancer, and 17f-
estradiol and synthetic estrogens are recognised human carcinogens. Advances in the
understanding of the mode of action of estrogens have led to further definitions which
refer to specific steps at various molecular levels, and this suggests itself as a way to
structure the evidence on estrogen mixtures: Thus, “estrogenicity” can mean affinity to
the estrogen receptor (ERa or ) (although this does not distinguish agonists from
antagonists), the ability to activate expression of estrogen-dependent genes, or
stimulation of cell proliferation of ER-competent cells. At the time of writing, no post-
1998 multi-component study with ER binding as the endpoint was available.

4.4.1.1 Estrogen receptor activation

Payne et al. (2000) studied combinations of two, three and four estrogenic chemicals in
the yeast estrogen screen (YES), an ERa-based gene reporter system. Individual dose-
response curves for 0,p’-DDT, genistein, 4-nonylphenol and 4-n-octylphenol were
recorded and this information was used to successfully predict the joint effects of 0,p’-
DDT, genistein, 4-nonylphenol and 4-n-octylphenol for mixtures with a fixed ratio.
Rajapakse et al. (2002) and Silva et al. (2002) have extended this approach to the analysis
of mixtures involving eight and twelve estrogenic agents, respectively. In both cases, the
mixture responses seen with the YES agreed excellently with the effects predicted by
concentration addition. In an attempt to verify the assumption that concentration addition
is an appropriate model for estrogen mixtures, the observed mixture effects were also
compared with additivity predictions calculated using independent action. In the paper by
Payne et al. (2000) both concepts produced very similar predictions. However, Silva et al.
(2002) and Rajapakse et al. (2002) found that independent action underestimated the
observed mixture effects by a large margin.

Examinations of the effects of ternary mixtures of estrogenic chemicals in an ERa gene
reporter system based on MCF7 cells were carried out by Charles et al. (2002a). All
mixtures were examined in a factorial design involving 64 treatment groups, and
response surfaces constructed. Combinations of E2, 17a-ethynyl estradiol (EE2) and
diethylstilbestrol showed concentration additive effects when all components were
present at levels that fell within the linear range of their individual dose-response curves.
At higher concentrations, however, the combined effect of the three estrogens fell short
of expected additivity, a phenomenon which the authors attributed to saturation effects. In
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a second paper, the same group investigated ternary combinations of further estrogenic
chemicals. While combinations of benzo-[a]-pyrene, 1,2-benzanthracene and chrysene,
and of methoxychlor, 0,p’-DDT and dieldrin showed concentration additivity over a wide
range of mixture ratios, the joint effects of E2, genistein and 0,p’-DDT were antagonistic
both in the low and the high concentration range (Charles et al. 2002b).

Activation of ERa was monitored by measuring expression of the TFF1 gene (coding for
the pS2 protein) to study the effects of combinations of estrogenic UV filter substances
(Heneweer et al. 2005). Binary mixtures of 2-hydroxy-4-methoxy-benzophenone and its
metabolite 2,4-dihydroxybenzophenone showed concentration additive effects, as did a
combination of these two chemicals with octyl methoxycinnamate and 3-(4-
methylbenzylidene) camphor. In a TEQ approach the authors expressed effect
concentrations of the test chemicals in terms of 17B-estradiol equivalents. Le Page et al.
(2006) developed a reporter gene assay based on glial cells (U251-MGQG) transfected with
three zebrafish ER subtypes and the brain aromatase promoter linked to luciferase. This
system was used to study a mixture of E2, EE2, estrone, genistein and a-zeralenol, with
effects well in agreement with concentration addition.

Fent et al. (2006) reported on the effects of various pharmaceuticals in the YES assay and
found that combinations of furosemide and E2, and of furosemide and phenazone were
dose additive.

Kunz and Fent (2006) studied the effects of combinations of two, four and eight UV filter
substances, with and without E2, and observed synergistic effects in the YES assay.

Van Meeuwen et al. (2007) investigated combinations of endogenous estrogens, such as
E2 and various phytoestrogens and synthetic estrogens, with upregulation of the pS2 gene
in MCF-7 BUS cells as the endpoint. Transcription of the pS2 gene is controlled by the
ERa. Phytoestrogens (coumestrol, genistein, naringenin, catechin, epicatechin, quercetin)
or synthetic estrogens (4-nonylphenol, octylphenol, beta-hexachlorocyclohexane,
bisphenol A, methoxychlor, dibutyl phthalate) were mixed either in concentrations
reflecting human serum concentrations or at equipotent concentrations for estrogenicity.
Observed combination effects were assessed against additivity expectations derived from
an application of the TEF approach, by using “estrogen equivalency factors”. No
departures from additivity were observed.

Charles et al. (2007) used an in vitro human estrogen receptor (ER) transcriptional
activation assay to evaluate a mixture of six synthetic estrogens, methoxyclor, o,p-DDT,
octylphenol, bisphenol A, p-hexachlorocyclohexane and 2,3-bis(4-hydroxypbenyl)-
propionitrile. Dose-response curves were characterized for each of these chemicals,
which were then combined at equipotent mixture ratios. Small deviations from expected
concentration additivity (in the direction of an antagonism) were observed with this
mixture. It is unclear whether these small deviations were due to true interactions, or
whether they were a consequence of the effect of regression modeling for the individual
chemicals. Fixed concentrations of the mixture of the six synthetic estrogens were also
tested in the presence of varying levels of the two phytoestrogens genistein and daidzein.

58



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Low concentrations of the synthetic estrogen mixture failed to increase estrogenic
responses relative to those induced by phytoestrogens alone. However, significant
increases in response occurred when each chemical in the synthetic estrogens mixture
was near or above its individual response threshold. The authors evaluated the mixture
effect between high doses of synthetic estrogens and phytoestrogens as greater than
additive, but this evaluation was based on the assumption that departures from
concentration additivity can be recognized when the dose response curve of the synthetic
estrogen/phytoestrogen mixture shows a gradient different from that of the phytoestrogen
combination. This is only the case if all chemicals in the mixture show parallel dose
response curves, a pre-condition not fulfilled with the tested chemicals.

4.4.1.2 Cell proliferation

The effects of 0,p’-DDT, p,p’-DDT, p,p’-DDE and B-HCH on the proliferation of
estrogen dependent MCF7 cells (E-Screen assay) were found to be concentration additive
at two different mixture ratios, but the observed responses were equally well predicted by
independent action (Payne, Scholze, & Kortenkamp 2001).

Suzuki et al. (2001) tested binary mixtures of natural and synthetic estrogenic chemicals
including E2, estrone, bisphenol A, butyl benzylphthalate, endosulfan, methoxychlor and
pentachlorophenol for proliferative effects in MCF7 cells. Using an effect multiplication
method to construct contour plots, the authors observed apparent synergisms with E2 and
bisphenol A, while the remaining eight binary combinations gave additive, antagonistic
or weakly synergistic effects. However, the interpretation of these results is complicated
by the fact that additivity expectations were calculated by multiplication of unscaled
effect measures, a method inconsistent with independent action.

Rajapakse et al.(2004) analysed mixtures containing E2, EE2, genistein, bisphenol A, 4-
nonylphenol and 4 tert-octylphenol in the E-Screen assay. A small deviation from
concentration additivity was observed. Interestingly, the omission of genistein produced
an even more pronounced antagonism. However, a three-component mixture composed
of E2, EE2, and genistein produced excellent agreement with predicted concentration
additivity, and the same was observed for a four-component mixture with E2, EE2,
genistein and bisphenol A. The presence of 4-nonylphenol and 4 tert-octylphenol
appeared to be associated with the observed antagonisms. It is conceivable that
differential activation of metabolising enzymes (e.g. cytochrome P450) or efflux pumps
by mixture components has led to removal of other constituents, but this hypothesis
awaits experimental confirmation.

Schmidt et al. (2005) studied combinations of various phytoestrogens and E2, with the
aim of measuring joint effects on cell proliferation and apoptosis. Combination effects
were not detected. This study lacks an explicit additvity expectation, and observed effects
of mixtures were not evaluated.

Van Meeuwen et al. (2007) investigated combinations of endogenous estrogens, such as
E2 and various phytoestrogens and synthetic estrogens, with cell proliferation in MCF-7
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BUS cells (E-Screen) as the endpoint. Phytoestrogens (coumestrol, genistein, naringenin,
catechin, epicatechin, quercetin) or synthetic estrogens (4-nonylphenol, octylphenol,
beta-hexachlorocyclohexane, bisphenol A, methoxychlor, dibutyl phthalate) were mixed
either in concentrations reflecting human serum concentrations or at equipotent
concentrations for estrogenicity. Observed combination effects were assessed against
additivity expectations derived from an application of the TEF approach, by using
“estrogen equivalency factors”. No departures from additivity were observed.

4.4.1.3 Uterotrophic assays

Charles et al. (2002a) were the first to confirm the additive effect of combinations of E2,
ethynyl estradiol and diethylstilbestrol using uterine proliferation in immature CD-1 mice
as the endpoint. Response surfaces constructed for permutations of each chemical at three
dose levels demonstrated that the combined effects of all agents were additive.

Tinwell and Ashby (2004) have presented a study involving eight estrogenic chemicals
using the uterotrophic assay with immature rats, but in this study no explicit additivity
expectation was derived. The combined effect of all chemicals was always larger than the
responses observed with individual components.

Diehl et al. (2006) conducted studies of combinations of genistein and E2 in the
uterotrophic assay with ovariectomised Wistar rats. Dose-response studies for the
individual chemicals were not conducted, and this study operates without any explicit
additivity expectation. The authors seem to have fallen into the trap of effect summation,
with the implicit observation that the effects seen with single chemicals should add up
arithmetically. Sometimes, combination effects smaller than, or equal to the effects of the
single chemicals were observed, but due to the lack of dose-response information in this
study, these effects cannot be evaluated in terms of type of combination effect.

Charles et al. (2007) studied a mixture of six synthetic estrogenic chemicals
(methoxyclor, 0,p-DDT, octylphenol, bisphenol A, -hexachlorocyclohexane, 2,3-bis(4-
hydroxypbenyl)-propionitrile)), together with a combination of the phytoestrogens
genistein and daidzein in the uterotrophic assay with immature rats. The mixture
responses were consistent with dose additivity.

4.4.1.4 Summary: estrogen mixtures

The available evidence shows clearly that dose (concentration) addition proved to be a
valid tool for the prediction and assessment of combination effects of estrogen mixtures.
Independent action led to underestimations of the observed effects.

4.4.2 Mixtures of androgen receptor antagonists and other anti-androgens

Androgens are key regulators of male sexual differentiation during the in utero and early
postnatal development. Chemicals that counteract androgen action at some stage in this
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period can lead to malformations of the reproductive tract. Changes in the anogenital
distance, retained nipples and alterations in the weight of sexual organs and accessory
glands are frequently studied endpoints. These effects can arise through antagonism of
androgens at the steroid receptor level and/or via suppression of testosterone synthesis in
Leydig cells. Thus, anti-androgens can be defined narrowly as androgen receptor (AR)
antagonists, but a broader definition in terms of counteracting the effects of androgens in
a functional sense (which would include inhibition of uptake of testosterone precursors,
and of testosterone synthesis steps) has also been proposed.

Anti-androgens can disrupt male sexual differentiation in different ways. In fetal life,
testosterone is a key driver of the differentiation of the Wolffian duct system into the vas
deferens, epididymis, and seminal vesicles. Phthalates with a certain ester side-chain
length can lower testosterone levels by interfering with the uptake of cholesterol
precursors into fetal Leydig cells, where testicular androgen production takes place. In
the rat, malformations of internal reproductive organs (epididymis, testes) are the
consequence. Because dihydrotestosterone (DHT) is derived from testosterone through
enzymatic conversion by aromatase, lower testosterone concentrations also affect the
development of tissues that rely on DHT (prostate and external genitalia). DHT is further
required for the regression of nipple anlagen in male rats and for the growth of the
perineum to produce the normal male anogenital distance (AGD) which is longer than in
females. Due to reduced DHT levels in the wake of suppressed testosterone synthesis,
retained nipples and feminised AGDs are also seen in male rats exposed to phthalates in
fetal life. AR antagonists impact more directly on the development of DHT-dependent
tissues by blocking the androgen receptor (AR). Disruption of the enzymatic conversion
of testosterone to DHT through inhibition of aromatase induces an effect spectrum
similar to AR antagonists.

4.4.2.1 Androgen receptor antagonism

By applying the isobole method it was found that procymidone and vinclozolin, both AR
antagonists, additively inhibited testosterone binding to the AR (Nellemann et al. 2003).
Administration of a 1:1 mixture of both fungizides to castrated, testosterone-treated male
rats led to dose additive alterations in reproductive organs weights, androgen levels and
androgen receptor-dependent gene expression.

Birkhoj et al. (2004) have extended the use of the isobole method to three-component
mixtures of the pesticides deltamethrin, methiocarb and prochloraz. An equimolar
mixture of the three pesticides additively suppressed AR activation in vitro. When a
combination of these three chemicals with simazin and tribenuron-methyl was given to
castrated testosterone-treated rats, weight changes of the adrenal gland and the levator
ani, as well as alterations in gene expression of AR-associated genes were observed. The
combination of all five chemicals showed effects that were not found for the individual
pesticides, but whether these responses were additive could not be assessed.
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A mixture of the AR antagonists procymidone and vinclozolin was evaluated in the
Hershberger assay where they acted additively in reducing ventral prostate and levator
ani weights (Gray et al. 2001).

4.4.2.2 Suppression of testosterone synthesis in vivo

Recently, Howdeshell et al. (2008) presented the results of a mixture study with five
phthalates, in which suppressions of fetal testosterone production at gestational day 18
were measured as a result of exposure of pregnant Sprague-Dawley rats. Butyl-benzyl
phthalate (BBP), di-butyl phthalate (DBP), di-(2-ethylhexyl) phthalate (DEHP), di-
(isobutyl) phthalate (DiBP), and di-propyl phthalate (DPP) were combined at a fixed
mixture ratio. Over a large range of effect levels, the observed reductions in testosterone
production agreed well with the responses anticipated by dose addition. The study
provides good evidence that for mixtures of phthalates capable of suppressing fetal
testosterone synthesis dose addition provides a better prediction of joint effects than
independent action.

4.4.2.3 Demasculinisation in male offspring exposed in utero

Wolf et al. (2004) observed that vinclozolin and testosterone proprionate, two chemicals
with opposing effects on male sexual differentiation, antagonized one another during
sexual development of the male rat.

Hotchkiss et al. (Hotchkiss et al. 2004) investigated a mixture of BBP and linuron, an
antiandrogen capable of antagonizing the androgen receptor and of disrupting steroid
synthesis. The combination induced decreased testosterone production and caused
alterations of androgen-organized tissues and malformations of external genitalia.
Quantitative additivity expectations based on the effects of the single chemicals were not
calculated in this study, and therefore assessments concerning agreement with dose
addition or independent action are not possible. However, the combination of BBP and
linuron always produced stronger effects than each chemical on its own.

Jarfelt et al. (2005) studied changes in anogenital distance and retained nipples of male
offspring of female rats treated with DEHP and di-(2-ethylhexyl)adipate (DEHA), but the
effects of the mixture were not different from those of the single chemicals.

Hass et al. (2007) examined a mixture of three androgen receptor antagonists
(vinclozolin, flutamide, and procymidone) in an extended developmental toxicity model
in the rat. Disruption of sexual differentiation in male offspring was studied with changes
in anogenital distance (AGD) and retained nipples (NR) as endpoints. Based on AGD
changes, the joint effect of the three chemicals was predicted well by dose addition, but
with NR the observed effects were slightly stronger than those anticipated by dose
addition.

Metzdorff et al. (2007) analyzed further the material from the Hass et al. (2007) study by
following effects typical of antiandrogen action through different levels of biologic
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complexity. Changes in reproductive organ weights and of androgen-regulated gene
expression in prostates from male rat pups were chosen as endpoints for extensive dose-
response studies. With all the endpoints, the joint effects of the three anti-androgens were
dose-additive.

Howdeshell et al. (2007) examined a binary mixture of the phthalates dibutyl-benzyl-
phthalate (DBP) and di-(2-ethylhexyl)-phthalate (DEHP). Female pregnant Sprague-
Dawley rats were exposed to the phthalates during gestational days 14 to 18 at a dose of
500 mg/kg-day each, both singly and in combination. The male offspring was examined
for a wide range of effects typical of disruption of male sexual differentiation, including
altered fetal testosterone production, changes in anogenital distance, epididymal agenesis,
retained nipples, gubernacular agenesis, hypospadias, and total number of animals with
malformations. Dose addition generally predicted larger effects than independent action,
although for certain endpoints, both concepts anticipated equal effects. Unfortunately, it
is not possible to recapitulate the dose-addition predictions given by the authors, because
they were based on unpublished dose-response data for the individual phthalates.
However, the authors observed that the responses generally agreed well with dose
addition and were higher than the additivity expectations derived from independent
action for changes in anogenital distances, epididymal agenesis, and total number of
malformed males. This study indicates that dose addition provides fairly good predictions
of the effects typical of disruption of male sexual differentiation. Independent action
often underestimated the observed responses.

Recently, Howdeshell et al. (2008) presented the results of a mixture study of five
phthalates in which suppression of fetal testosterone production at gestational day 18 was
measured as a result of exposure of pregnant Sprague-Dawley rats. BBP, DBP, DEHP,
DIBP, and DPP were combined in a fixed ratio. Over a large range of effect levels, the
observed reductions in testosterone production agreed well with the responses predicted
by dose addition.

Rider et al. (2008) conducted mixture experiments with the three phthalates BBP, DBP,
and DEHP in combination with the antiandrogens vinclozolin, procymidone, linuron, and
prochloraz. The mixture was given to pregnant rats with the aim of examining the male
offspring for a variety of developmental effects typical of antiandrogens. This mixture
contains components that act by a variety of antiandrogenic modes of action. Vinclozolin
and procymidone are androgen-receptor antagonists, and linuron and prochloraz exhibit a
mixed mechanism of action by inhibiting steroid synthesis and antagonizing the steroid
receptor. In calculating additivity expectations, the authors used historical data from their
laboratory; however, the studies sometimes had employed dosing regimens that differed
from those employed in the mixture experiments. Data about the effects of some
individual phthalates were not available. To bridge that data gap for the purpose of
computing additivity expectations, it was assumed that the three phthalates were
equipotent. Despite a certain degree of uncertainty inevitably introduced by those
assumptions, dose addition gave predictions of combination effects for the mixed-mode
antiandrogens that agreed better with the observed responses than the expectations
derived from independent action. For a number of endpoints, including seminal vesicle
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weights, epididymal agenesis, and retained nipples, there was reasonable agreement with
dose addition. For others, such as hypospadias, the observed effects exceeded the dose
addition expectation. In all cases, independent action led to considerable
underestimations of the observed combined effects.

Very recently, Christiansen et al. (2009) communicated investigations of the
consequences of simultaneous exposure to anti-androgens that exert their actions by
differing molecular mechanisms. Mixtures of DEHP, two fungicides present in food,
vinclozolin and prochloraz, and a pharmaceutical, finasteride were administered to
pregnant rats and their effects on landmarks of sexual development in male offspring
were analyzed, including changes in anogenital distance, retained nipples, sex organ
weights and malformations of genitalia. Strikingly, the effect of combined exposure to
the selected chemicals on malformations of external sex organs was synergistic, and the
observed responses were greater than would be predicted from the toxicities of the
individual chemicals. A dose of the mixture predicted by DA to elicit only marginal
incidences of malformations produced effects in nearly all the animals. These
observations substantiate earlier indications reported by Rider et al. (2008) of synergisms
with hypospadias. However, the molecular mechanisms that might explain this synergism
remain elusive. In relation to other hallmarks of disrupted male sexual development,
including changes in anogenital distance, retained nipples, and sex organ weights, the
combined effects were dose additive. When the four chemicals were combined at doses
equal to no-observed-adverse-effect levels estimated for nipple retention, significant
reductions in anogenital distance were observed in male offspring.

4.4.2.4 Summary: anti-androgen mixtures

In general, mixtures of anti-androgens followed dose addition, for a variety of endpoints
typical of disruption of androgen action. This held true even for mixtures composed of
anti-androgens that display a variety of mechanisms of action. No example could be
identified, where independent action provided a mixture effect prediction that was more
conservative than dose addition, and at the same time proved to be in good agreement
with experimental data.

4.4.3 Mixtures of thyroid-disrupting chemicals

Compared with estrogens and anti-androgens, thyroid-disrupting chemicals are the least
well studied endocrine disrupters. It is therefore not surprising, that few mixture studies
exist using this kind of agents.

Thyroid-disrupting chemicals can alter structure and function of the thyroid gland, as
well as the homeostasis of thyroid hormones by interfering with associated regulatory
enzymes. Changes in the circulating levels of thyroid hormones are often the
consequence. A wide variety of chemicals are able to affect thyroid hormone levels in
differing ways. PCDDs, PCDFs and PCBs are thought to suppress circulating thyroid
hormone levels by up-regulating hepatic enzymes that glucuronidate thyroxin (T4). Most
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of the studies of thyroid disrupting effects have analysed the effects of mixtures without
recording responses induced by individual mixture components, and this complicates
assessment of combination effects in terms of additivity, synergism or antagonism. Wade
et al. (Wade et al. 2002) exposed rats to a combination of organochlorines and two heavy
metals and analysed effects on thyroid histopathology. Desaulniers et al. (Desaulniers et
al. 2003) used the TCDD equivalents method and found that the effects of 16
polychlorinated biphenyls, dioxins and furans on circulating thyroxin levels could be
predicted well.

Crofton et al. (2005) have presented an in-depth study of a mixture of 18 polyhalogenated
hydrocarbons (2 PCDDs, 4 PCDFs and 12 co-planar and non-coplanar PCBs) to
investigate the hypothesis that their joint effect on reducing T4 levels is dose-additive.
Young female rats were treated for four days with individual mixture components and
dose-response relationships with altered T4 levels as the endpoint recorded. This
information was used to predict the dose-additive response to a mixture of all 18
chemicals. The mixture ratio was chosen to be proportional to the levels of the chemicals
reported in breast milk, fish and other human food sources. The dose additivity model
yielded anticipated effect doses that were higher by a factor of 2-3 than the observed
responses. This deviation was statistically significant, and the joint effect of all
polyhalogenated pollutants in this model can therefore be classed as synergistic.
Nevertheless, the extent of underestimation of observed effects was small.

4.4.4 Summary of mixture studies with endocrine disrupters of the same class

Taken together, there is good evidence that endocrine disrupting chemicals produce
combination effects in a dose additive manner. This applies to a wide range of endpoints
reflecting various hierarchical levels of hormone action in a variety of organisms. Where
deviations from expected additivity occurred (Charles et al. 2002ab; Crofton et al. 2005;
Rajapakse et al. 2004) the differences between anticipated and observed effects were
small. Thus, it is safe to say that for regulatory purposes the concept of dose addition is
sufficiently accurate for predicting combination effects of groups of endocrine disrupters
with similar effects.

The reported deviations are nevertheless interesting from a conceptual view point.
Toxicokinetic interactions such as differential activations of metabolising enzymes in the
mixtures may have played a role, and this requires further experimental study. For
example, some estrogenic organochlorines may induce specific subsets of cytochrome
P450 enzymes involved in steroid metabolism thus leading to increased removal of
steroidal estrogens from the mixture, with a certain loss of activity. This may explain the
slightly lower than expected combination effects observed in the E-Screen by (Rajapakse
et al. 2004). Similar considerations may apply to the mixture of thyroid disrupting
chemicals analysed by Crofton et al. (2005) where many diverse mechanisms are at play
leading to reductions in circulating thyroxin levels.
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4.4.5 Combination effects between different classes of endocrine disrupters

Comparatively little work has been carried out with mixtures of different classes of
endocrine disrupters, such as estrogenic agents combined with anti-estrogenic chemicals,
or endocrine disrupters combined with other toxicants. In terms of design and data
assessment, these studies differ from those discussed so far, because not all components
present in the mixture may induce the effect chosen for analysis. In these cases, a
“modulatory” influence of toxicants on the effects of other chemicals is studied. It is
important to realise that the magnitude of such effect modulations cannot be predicted by
adopting additivity concepts such as concentration addition or independent action.

Perhaps the best-known example of “effect modulation” is the inhibitory effect of AhR
agonists, such as polychlorinated dioxins and co-planar polychlorinated biphenyls, on the
action of estrogenic chemicals. Themselves not estrogenic, AhR agonists are reported to
suppress some E2-induced responses not by antagonising hormone binding to the ER, but
by down-regulation of ER expression, induction of steroid-metabolising enzyme systems
such as CYP 1Al and 1A2, and by inhibiting various growth factors and cell cycle
regulators (Chen et al. 2001; Reen, Cadwallader, & Perdew 2002; Safe 1998).

Somewhat misleadingly, the action of AhR agonists has been called “anti-estrogenic”,
when it is perhaps more appropriate to view them as disrupters of estrogen signalling.
The dioxin TCDD was reported to inhibit the estrogen-induced proliferation of uterine
tissue in immature mice (Gallo et al. 1986) and to lead to diminuitions of ER levels in the
liver and the uterus. Modulations of ER levels by TCDD were also described in rats
(Astroff & Safe 1988; Romkes, Piskorskapliszczynska, & Safe 1987; Romkes & Safe
1988). While down-regulation of ER expression by AhR agonists in cell models is not
controversial, difficulties with reproducing the effects in rodents have led to questions
about the relevance of “anti-estrogenic” effects of AhR in vivo. White et al. (White et al.
1995) examined the impact of TCDD on the keratinisation of the vaginal epithelium and
uterine proliferation in Sprague-Dawley rats induced by E2, but failed to observe any
inhibitory effects of TCDD. Uterine ER and progesterone receptor levels were also not
affected, although toxicity typical of TCDD (reductions in thymus weight, induction of
hepatic CYP 1A1) occurred. Similarly, Desaulniers et al. (2003) did not observe an
influence of a mixture of 16 AhR agonists (various polychlorinated dioxins, furans and
bipenyls) on uterine growth stimulated by EE2 in pre-pubertal female Sprague-Dawley
rats. Although the reasons for these contradictory findings remain to be fully elucidated,
Desaulniers et al. (2003) pointed to reports by Petroff et al. (2001) and Sarkar et al.
(2000) of enhancements of TCDD-induced AhR expression and CYP 1A1 induction in
the presence of E2. This could explain the lack of “anti-estrogencity” of AhR agonists in
their hands. White et al. (1995) even questioned the validity of ascribing a specific “anti-
estrogenic” property to TCDD in the rat. They pointed out that inhibitory actions of
TCDD on E2-induced effects reported by Safe and associates occurred at TCDD doses
similar to the LD50 for the Sprague-Dawley and Long-Evan strains. Since TCDD
induces a well-known wasting syndrome, it is conceivable that the “anti-estrogenicity” of
TCDD is in fact the result of such systemic toxicity, rather than due to specific effects
opposing the action of the hormone. Thus, more work is required to evaluate whether
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disruption of estrogen signalling by AhR agonists occurs at realistic doses, and whether
doses shown to interfere with estrogen-mediated biochemical effects, such as changes in
gene expression, also lead to suppression of estrogen action with more apical endpoints
such as cell proliferation.

Epidermal growth factor (EGF) and insulin-like growth factor (IGF) are able to enhance
estrogen signalling by inducing ER phosphorylation and other signalling events (Aronica
& Katzenellenbogen 1993; Ignar-Trowbridge et al. 1996). These observations prompted
Charles et al. (2002a) to study the impact of EGF and IGF on E2-induced activation of
ER in a MCF7 cell-based reporter gene system. Several combinations of all three agents
were investigated and response surfaces recorded. Although EGF and IGF on their own
did not promote gene transcription in this model, there were enhancements of the effects
of E2, mostly due to EGF. These results indicate that the presence of growth factors may
sensitise ER-competent cells to the action of the hormone, with significant consequences
in terms of lowered effect thresholds. It remains to be seen whether similar effects also
occur with estrogen-like environmental pollutants. Without a doubt, the potential for
greater than additive interactions through interference with interacting signalling
pathways deserves further attention and should be investigated systematically.

4.5 Immunotoxicity

Very few immunotoxicological studies have been conducted with mixtures, and even
fewer allow assessments of mixture effects in terms of synergism, additivity or
antagonism. Because toxic responses to the immune system entail a variety of different
effects, this section is sub-divided into studies indicative of direct toxic effects and
investigations of allergic responses.

4.5.1 Direct toxicity to the immune system

In a whole mixture design, Germolec et al. (1989) monitored immune function in female
B6C3F1 mice exposed to a mixture of 25 common groundwater contaminants. Mice
exposed to the highest dose of this mixture for 14 or 90 days showed immune function
changes which could be related to rapidly proliferating cells, including suppression of
hematopoietic stem cells and of antigen-induced antibody-forming cells. Altered
resistance to challenge with an infectious agent also occurred in mice given the highest
concentration, which correlated with the immune function changes.

Schlesinger et al. (1992) exposed rabbits to sulfuric acid vapours in combination with
ozone. The animals were sacrificed and the lungs lavaged in order to obtain various cells
of the immune system, including macrophages. What the authors evaluated as an
antagonistic effect was observed when phagocytic activity of macrophages was analyzed.
Similar antagonisms were observed with superoxide production by stimulated
macrophages as the endpoint. In contrast, combination effects assessed by the authors as
synergistic were seen with tumour necrosis factor-induced cytotoxicity as the endpoint of
evaluation. However, this study used simple effect summation as the basis for these

67



State of the Art Report on Mixture Toxicity — Final Report, Part 1

evaluations, with no supporting dose-response analyses. The type of combination effect is
therefore indeterminate.

4.5.2 Allergies and patch testing

Skin contact with certain chemicals can induce contact sensitization, which, once
established, can persist over the entire life time. Patch testing in humans is widely used to
investigate contact sensitization. When performed with commercial preparations, such as
cosmetic products, positive results were often seen, although the individual components
in these preparations did not produce effects when tested as chemically pure agents.
Clinicians have often interpreted this phenomenon as evidence of false-positive outcomes
of the patch test. However, the occurrence of positive patch tests could also be the result
of interactions between the chemicals in producing contact sensitization. There is limited
evidence that this might indeed be the case.

Johansen et al (1998) studied groups of eczema patients suffering from contact
sensitization to two fragrance substances, and a second group who were allergic against
only one of the substances of the first patient group. The single chemicals and their
binary mixtures were applied to the upper back. The assessment of reactions was carried
out on day 3, and the extent of the reaction was measured in millimetres. The data were
analysed by logistic dose-response models. The combination of two allergens in
individuals allergic to both substances had a synergistic effect. Equimolar mixtures of the
two allergens elicited responses as if the doses were three to four times higher than those
actually used, a greater response than expected if an additive effect had been present. The
authors concluded that the synergistic effect demonstrated is likely to apply to other
contact allergens and should be taken into account in designing diagnostic tests and
performing safety assessments.

4.6 Neurotoxicity

The nervous system is particularly vulnerable to the effects of chemicals when exposure
occurs during development, when there is extensive interaction between the brain and
other organs. With a few exceptions, the majority of studies conducted with mixtures of
neurotoxicants preclude any definitive conclusions about the type of combination effect.
Well-designed experiments will be considered first.

Rebert et al. (1995) investigated the ototoxic effects of mixtures of organic solvents on
Long Evans rats. Dose-response curves for the individual chemicals were recorded after
inhalative exposure, with the aim of establishing equi-effective exposures.
Isobolographics (dose addition) were employed to assess the joint effects of the following
binary combinations: trichloroethylene plus toluene, mixed xylenes plus
trichloroethylene, mixed xylenes plus chlorobenzene, and chlorobenzene plus toluene.
The binary mixtures produced responses well in line with dose additvity predictions.
Similar results were obtained in experiments with binary combinations of styrene and
trichloroethylene (Rebert et al. 1993).
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Very recently, Wolanski et al. (2009) published the results of experiments with
pyrethroid mixtures designed to test the idea that combined neurotoxic effects in the rat
follow DA. A fixed mixture ratio design was adopted, with a mixture ratio in proportion
to the ED30 of each individual pyrethroid. The highest dose of each pyrethroid in the
mixture was below its threshold for inducing behavioural effects. Significant dose-related
decreases in motor activity of the treated rats were observed, and these effects followed
the predictions derived from DA. This study is important because it is the first in vivo
evidence to show that the default assumption of DA is corrected when dealing with
pyrethroid mixtures, independent of the mixture dosing protocol used.

A few studies could be identified whose outcome can be interpreted as indicative of
potentiations although additivity expectations were not employed.

Oskarsson and Lind (1985) administered various carbamates to rats dosed with lead, with
the aim of investigating the effects of the pesticides on blood and brain lead levels. Co-
administration of thiram, disulfiram, diethyldithiocarbamate or dimethyldithiocarbamate
led to increased lead levels in blood and brain of the rats. The resulting lead brain levels
were similar to those assumed to cause serious CNS damage in humans. Similar results
were obtained in combination experiments with other metals, such as mercury, cadmium,
copper, zinc and nickel, and dithiocarbamates (Aaseth, Alexander, & Wannag 1981;
Aaseth, Soli, & Forre 1979; Cantilena, Jr. & Klaassen 1982; Oskarsson & Tjalve 1980).

The following studies show deficiencies in their design which preclude identification of
the type of mixture effect:

Nagymajtenyi et al. (1998) studied neurophysiological changes caused by combinations
of lead and the pesticide dimethoate as a consequence of exposure of Wistar rats during
gestation and lactation. At the age of 12 weeks, electrophysiological parameters were
measured among F1 male rats. Both spontaneous and evoked electrophysiological
phenomena showed dose-, treatment- and combination-dependent changes (e.g.
significantly decreased mean amplitude and increased frequency of the
electrocorticogram, lengthened latency and duration of the somatosensory, visual and
auditory evoked potentials). These changes seemed to be more pronounced in the groups
treated with the combination of lead and dimethoate than in the groups given lead or
dimethoate alone. It is not possible to assess these effects in terms of synergisms,
additivity or antagonisms.

Thiruchelvam et al. (2000a; 2000b) studied the role of the herbicide paraquat and the
dithiocarbamate maneb on idiopathic Parkinson’s disease in C57BL/6 mice. Effects on
locomotor activity, density of tyrosine hydroxylase-positive neurons and levels of
dopamine were measured. With all investigated endpoints, a binary combination of
paraquat and maneb produced responses that were larger than those observed with the
individual chemicals.
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4.7 Metals

A few reports with combinations of metals have been published that used endpoints
relevant to human and mammalian toxicity.

Riley et al. (2003) prepared binary combinations of zinc with other metals, such as
copper, vanadium, nickel and iron, and exposed cultures of rat lung epithelial cells to
these mixtures. In the mixture experiments, the effect of the metal compounds on
decreases in mitochondrial succinate dehydrogenase was measured. Most binary
combinations showed effects that fell short of expected additivity. Mixtures of nickel and
zinc were the exception: at low concentrations of both metals, effects smaller than
expected occurred, but with nickel concentrations in the range between 0.04 and 0.08
mM, combined with zinc at 0.05 mM, stronger than additive effects became apparent.
However, this publication lacks detail in terms of the precise method used to calculate
additivity expectations.

Pounds et al. (2004) conducted series of mixture experiments with binary combinations
of cadmium and mercury, methyl mercury and methyl tin by using monkey kidney cells.
The effects of a sham combination of mercury with itself were also investigated.
Cytotoxicity was evaluated, with excretion of lactate dehydrogenase as the endpoint of
assessment. Detailed dose-response analyses with the individual metal compounds were
conducted, and these data were used to derive additivity expectations according to
various methods (isobole method, other approaches consistent with dose addition,
independent action, and a non-interactive model). With the aim of estimating effect
doses, the single chemical dose-response data were subjected to linearization methods,
but also used for non-linear regression analysis.

The joint toxicity of mercury with itself was investigated as a test case for dose additivity.
Strikingly, larger than expected effects were observed when the data were assessed in
relation to all utilized additivity concepts. The authors speculated that this surprising
finding might be due to saturation of transport processes. A binary combination of
cadmium with mercury was chosen as a test case for putative independent action, and the
observed mixture effects fell between the range of combination effects predicted by dose
addition and independent action. Finally, a binary combination of methyl mercury and
methyl tin hydroxide was studied as an example of a mixture containing only one toxic
metal compound. There were difficulties with the modeling of the dose response data of
the individual chemicals, but the isobolographic method suggested dose additive effects.

Nampoothiri et al. (2007) dosed Charles River rats with lead and cadmium acetate for 15
days. After this period, the animals were sacrificed, their ovaries removed, and ovarian
cells cultured, with the aim of assessing various parameters related to oxidative status,
including the levels of reduced glutathione and of lipid peroixides. The uptake of the
metal into the ovaries was also measured. The animals received lead and cadmium at a
dose of 0.05 mg/kg/d. The binary mixture contained lead and cadmium at 0.025 mg/kg/d
each. It was observed that the lead/cadmium combination led to reductions in the levels
of lead and cadmium in the ovaries, respectively. The authors did not carry out
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supporting dose-response analyses, nor did they operate on the basis of an explicit
additivity expectation. Consequently, the data are indeterminate with respect to the type
of combination effect.

4.8 Dioxins, polychlorinated biphenyls and other chlorinated hydrocarbons

Polychlorinated dioxins cause a broad spectrum of toxic effects, ranging from lethality,
immunotoxicity, cancer, liver toxicity, reproductive toxicity and many more. The most
potent congener of this class of compounds is 2,3,7,8-TCDD, here referred to as TCDD.
Most of the effects of TCDD are thought to involve interaction with the Ah receptor. To
bring about toxic responses, this interaction is necessary, but not sufficient, and the
specific effects of TCDD are determined by other, often tissue-specific, factors. With
increasing knowledge about the function of the Ah receptor there is an emerging
consensus that chemicals other than dioxins should also be considered as “dioxin-like”.
Classically, this group includes polyhalogenated dibenzofurans, and also co-planar
polychlorinated biphenyls (PCBs), and collectively these chemicals are referred to as
“dioxin-like compounds” (DLCs).

DLCs always occur as mixtures of various congeners, never as single chemicals. Driven
by the need to evaluate the effects of such mixed exposures, an interim approach has been
adopted internationally that assigns relative potency factors to this class of chemicals,
compared to TCDD. Relative potency factors (REPs) form the basis of the toxic
equivalency factor (TEF) concept for assessing mixtures of DLCs. However, the nominal
value of REPs does not necessarily equal a TEF; TEFs are decided upon by WHO
committees, using REPs as guiding principles (van den Berg et al. 2006). By using a
TEF, the toxicity of a specific DLC can be expressed as “TCDD equivalents” (TEQ). The
concept has evolved during the last 20 years for arriving at estimates of combination
effects, but it is worth remembering that in its original conception it was intended to be
used to estimate the potency of untested congeners.

4.8.1 The toxic equivalency factor (TEF) concept for evaluating mixtures of DLCs —
an application of dose addition

The TEF concept rests on the assumption that all compounds produce effects via a similar
mechanism (binding to the Ah receptor), and that their potency can be expressed in
relation to a reference chemical (2,3,7,8 TCDD). Based on relative effect potency (REP)
values that are determined for specific DLCs in relation to specific endpoints, a TEF is
assigned to that DLC congener. The combined effect of a mixture of DLC is estimated by
adding their TCDD “equivalent” doses (or concentrations) (TEQs). Thus, the TEF
concept is an application of dose addition.

In assigning a global TEF to a specific DLC, the assumption is made that maximal
response and shape of the dose-response curves, especially their slopes, should be similar
for DLC congener and the reference chemical TCDD. Essentially, the curves should be
parallel. If the demand for parallel curves is not met, the REPs (and consequently the
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TEFs) should change according to the effect level that is chosen for analysis. In practice,
this would make the entire concept unworkable, and global TEFs could not be assigned.
With these complications in mind, a WHO study group has defined criteria for an “ideal”
REP study design (van den Berg et al 2006):

e A full dose-response for the congener and 2,3,7,8 TCDD should be determined.

e REP values should be derived based on effect doses corresponding to median
effects (ED50).

In practice however, these requirements are not always fulfilled. In particular, the
demand of parallelity of dose-response curves is often not met, with the consequence that
the value of REPs depends on the effect level chosen for potency comparisons (Devito et
al. 2000). A refined database of mammalian REPs for DLCs has recently been developed
(Haws et al. 2006). This database has facilitated comparisons of the ranges of REPs for
individual DLC congeners in relation to various evaluation endpoints: these can vary by a
factor of between 10 and 10,000. A TEF is then often chosen to represent the midpoint of
ranges of REPs.

4.8.2 Validation of the TEF concept through experimental mixture studies with
DLC mixtures

Many attempts have been made to anticipate the toxic effect of a DLC mixture by
calculating its TEQ, with TEFs and DLC doses (or concentrations) as input values. These
anticipated TEQs were then compared with experimentally measured toxicities. For many
PCDD/PCDF mixtures it turned out that the TEQs calculated in this way agreed
reasonably well with the experimentally determined TEQs (Desaulniers et al. 2003;
Hamm, Chen, & Birnbaum 2003, Safe 1998; van den Berg et al. 2006). However, it is
important to realize that this approach is only an indirect test of the validity of the
implicit dose additivity assumption, because the “official” TEFs that were used in these
assessments might not have been an accurate reflection of the relative potency of various
DLCs, for the endpoints chosen. Often, relative potencies were not measured in these
studies. An additional complication was that the underlying dose-response curves for the
individual DLC congeners might not have been parallel (this was rarely tested directly),
thus skewing the calculation of the expected TEQs.

Relatively few studies have examined the validity of the dose additivity assumption for
mixtures of DLC directly, by using the dose addition concept, without applying TEFs.

In a series of papers Petersen and coworkers have tested the toxicity of binary DLC
mixtures on trout early life stages. By using the isobole method, Zabel et al. (1995) found
concentration additivity on rainbow trout early life stages with binary mixtures of
1,2,3,7,8 PeCDD and TCDD; 2,3,4,7,8 PeCDF and 1,2,3,7,8 PeCDD; PCB77 and
PCB126; PCB105 and TCDD; and PCB105 and PCB126. However, synergisms were
identified with PCB126 in combination with TCDD and with PCB77 and TCDD. The
latter mixture also exhibited antagonisms, depending on the mixture ratio. However, with
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lake trout eggs, the toxicity of PCB126 and TCDD turned out to be concentration
additive (Zabel, Cook, & Peterson 1995).

However, there were notable exceptions: A mixture composed of 2,3,7,8 TCDD,
3,3°,4,4’,5 PCB and 2,3,4,7,8 PCDF was evaluated for induction of cytochrome P450
1A1 and 1A2 (Toyoshiba et al. 2004) and for carcinogenicity (Walker et al 2005) in rats.
Dose-response curves for the individual congeners were not parallel, and the dose
additivity assumption of the TEF approach was not fulfilled.

4.8.3 Synergistic and antagonistic effects between DLCs and non-coplanar PCBs

It is generally accepted that co-planar PCBs are DLCs and should be evaluated together
with other PCDDs and PCDFs, by using the TEF concept. A debate has concerned the
question has to whether non-coplanar PCBs should also be included. In reviewing this
topic, van den Berg et al. (1998) have highlighted various examples of synergistic or
antagonistic effects that were observed with combinations of non-coplanar PCBs and
DLCs. Antagonistic effects were observed with respect to inductions of EROD activity in
chicken embryo hepatocytes, spleen responses to sheep erythrocytes in mice, induction of
cleft palates in fetal mice, and malformations in chicken embryos.

There were also synergistic effects non-coplanar PCBs and dioxins in the development of
porphyria in rats, CYP1A1 induction, changes in thyroid hormone levels and associated
enzyme activities. Van den Berg et al. (1998) emphasized that these deviations from
additivity require further investigation in order to assess the extent to which they
undermine the usefulness of the TEF concept.

4.9 Deviations from expected additivity suggestive of synergisms or antagonisms

Deviations from expected additivity were observed quite rarely. Notable are the
observations of Nesnow et al. (1998) who analysed mixture effects of five poly-cyclic
aromatic hydrocarbons on lung tumours in A/J mice, with mixture ratios representative of
ambient air levels of these carcinogens. At low doses, greater than additive effects were
seen, at high doses the observed responses fell short of additivity expectations which
were derived from independent action in an effect surface analysis. However, the
observed deviations were rather small.

Another example is the study by Walker et al (2005) who employed a two year rodent
cancer bioassays with female Harlan Sprague-Dawley rats given 2,3,7,8-
tetrachlorodibenzo-p-dioxin  (TCDD), 3,3'4,4',5-pentachlorobiphenyl (PCB-126),
2,3,4,7,8-pentachlorodibenzofuran (PeCDF), or a mixture of the three compounds. The
three chemicals, both singly and in combination induced hepatic, lung, and oral mucosal
neoplasms. A re-analysis of the data, without utilizing the WHO TEF values, but by
employing the concept of dose addition directly showed that the experimentally observed
tumour incidences fell short of those anticipated by dose addition (Kortenkamp,
umpublished).
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There are a few examples from the area of endocrine disruption that indicated
antagonisms in the joint effects of estrogenic agents (Rajapakse et al. 2004, Charles et al.
2007), but these deviations were rather small. Similarly, the study by Hass et al. (2007)
on the feminizing effects of androgen receptor antagonists on male offspring of dams
dosed during gestation indicated a weak synergism with respect to induction of nipple
retention. Similar deviations from additivity were not observed with other endpoints of
evaluation that were used in the same study.
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5. The ecotoxicology of chemical mixtures

As there are tens of thousands of publications in the scientific literature that deal with the
toxicity of chemical mixtures from one perspective or another, it is impossible to
specifically list and discuss each and every individual publication. This part of the review
therefore focuses on studies that provide either empirical or conceptual input on the
ecotoxicology of chemical mixtures. It examines and discusses the key publications and
gives selected examples from publications that provide empirical details about the
specific behaviour of chemical mixtures that contain certain environmentally relevant
chemicals (industrial chemicals, surfactants, heavy metals, pharmaceuticals, biocides or
pesticides) or about specific approaches that are relevant for the field. The joint effects of
endocrine disrupters have been very recently re-viewed thoroughly by Kortenkamp
(2007). Those compounds were therefore not included in this review.

The aim of this review is to analyse (a) how good the classical concepts of concentration
addition (CA) and independent action (IA) are for describing and predicting the toxicity
of mixtures, how often and to what extent synergistic or antagonistic mixture effects
occur, whether there are particularities among the individual groups of substances, and
which experimental designs and bioassays were predominantly used.

5.1 Summary

The documented mixture studies can be grouped into two broad categories, depending on
the aims and approaches: Component Based Approaches (CBA) and Direct Toxicity
Estimation (DTE). CBAs are typically based on the classical mixture toxicity concepts,
concentration addition (CA) and independent action (IA), while DTE experiments are
either conducted hypothesis-free (that is, they empirically describe the toxicity of a
mixture without any implicit or explicit assumption on a particular behaviour) or they
also refer to CA and (rarely) IA in order to unravel the causing agents of the analysed
mixture (Toxicity Identification and Evaluation (TIE) and Effect Directed Analysis
(EDA)). PBPK/PB models are rarely applied, as they are generally considered to data-
demanding and the available biological knowledge does not allow their application.
Please refer to section 3 of the review for an in-depth introduction to the concepts, their
different names, and their power and limitations.

The results of this part of the review can be summarised as follows:

1. Documented mixture studies were mainly conducted with one of the following
aims: (a) to evaluate and quantify the overall toxicity of complex environmental
samples using whole mixture approaches, or (b) to describe the (non)-interaction
between selected pure compounds.

2. In the later type of study, concentration addition was usually employed implicitly
or explicitly for formulating the null hypothesis for non-interactive mixture
toxicity. Only a few studies compared the observed toxicity of the mixture instead
or also with predictions by independent action.
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3. When both concepts are comparatively evaluated in the same study concentration
addition provided a slightly more conservative mixture toxicity estimate in the
vast majority of cases. The mixture EC50 predicted by concentration addition is
usually not more than a factor of 5 lower than the EC50 predicted by independent
action.

4. Concentration addition has a high predictive power, especially for mixtures
composed of simple industrial chemicals, (xeno)estrogens and many
pharmaceuticals and pesticides. However, mixtures of heavy metals and
antifouling biocides seem to have a notable tendency to deviate from the mixture
toxicity predictions made by CA.

5. Claims of synergisms or antagonisms are most of the time explicitly or implicitly
made in the sense of “more (or less) toxic than expected by concentration
addition”. The pharmacological and/or physiological reasons for the observed
deviations are usually not specifically investigated. Two different types of
comparisons were found in the literature: either the predicted and observed
mixture effects are compared, or predicted and observed mixture effect
concentrations such as EC50 values are contrasted with each other. Claims of
“strong” or “remarkable” synergisms are only made on the basis of the first type
of comparison, the evaluation of predicted and observed effects, and they are
restricted to mixtures with 2-3 compounds only. When effect concentrations are
compared, most deviations (synergisms and/or antagonisms) are within a factor of
3 of the EC50 predicted by concentration addition. In none of the documented
multi-component mixtures mixture toxicities higher than predicted by
concentration addition were found.

6. Most analysed studies were conducted using simple aquatic bioassays with
bacteria, algae or daphnids. Several studies used fish, fewer worked with
terrestrial invertebrates such as earthworms or collembola. Studies with other
groups of invertebrates such as molluscs or insects are confined to whole mixture
studies. Mixture experiments with natural or artificial biocoenoses are confined to
aquatic communities.

Comparatively few studies aimed to bridge the gap between whole mixture studies and
component based approaches and applied a combination of whole mixture studies and
component based approaches for stressor diagnosis in aquatic or terrestrial ecosystems.

The majority of the studies that analysed the joint action of defined mixtures were
combinations of only 2 compounds. Comparatively few studies analysed the joint action
of more than 2 chemicals (up to 50 compounds in one case). Mixture components were
usually selected from within a specific class of compounds only (defined either
chemically, pharmacologically or on the basis of their use pattern). Studies with mixtures
composed of compounds with different mechanisms of action or from different chemical
and use classes are extremely rare.

Typical mixture designs are isobolographics, point-, fixed-ratio and surface designs. The
latter design has only been applied to binary mixtures. Full or fractional factorial designs
are rarely used.
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It has been suggested to use concentration addition as a first, pragmatic default approach
for describing the joint action of chemicals for regulatory purposes in environmental risk
assessments (Backhaus et al. 2000; Boedeker et al. 1993; Faust et al. 2003; Junghans et
al. 2006). In view of the available evidence, this claim still seems to be defendable for
most types of mixtures. However, this notion does not deny the principal existence of
statistically and/or biologically significant synergistic or antagonistic interactions
between certain mixture components, nor does it imply that the joint action of all
mixtures can be precisely described by concentration addition. Biology is certainly far
too complex and dynamic to be reduced to such as simple concept as concentration
addition, especially when considering the reaction to an exposure toward compounds that
act on dissimilar receptors, processes and physiological pathways. But deviations from
CA-expected mixture toxicities seem to be in general antagonistic (i.e. the observed
mixture toxicity is smaller than predicted), rather rare, comparatively small (within a
factor of maximum 3-5 when predicted and observed EC50 values are compared, with
only a very few exceptions in which a factor of 10 lay between predicted and observed
mixture toxicities, see the collection of evidence from biocide mixtures below) and seem
to be largely limited to mixtures with only a few compounds.

Given a bioassay with a sufficient capacity and low variability, it might be hardly
surprising to discover a deviation between simple concepts and complex biological
reality, especially as only the very fewest of the tested mixtures fully comply with the
idea of a completely similar or completely dissimilar mode of action of all the
components in the tested mixture. In this context it might not be sufficient to point out
deviations between predictions and observations based only on a statistical test (deviation
from prediction “yes” or “no”), as long as the quantity of the deviations is not discussed.

Figure 5.1 illustrates two particularities of the application of CA for the judgement of a
“synergistic” or “antagonistic” effect. The mixture toxicity of the depicted 16 compound
mixture was precisely predicted by IA, which simultaneously led to a misjudgement
(overestimation) by CA. Following the most common mixture design, the sole
comparision with CA, the observed mixture toxicity would be classified as a clear
“antagonism” (The same holds true, if a mixture of similarly acting substances would be
solely compared to the prediction by IA). Hence, the choice of a prediction concept and a
(valid) classification of the (dis)similarity of the mixture components, which requires a
solid basis of pharmacological knowledge prior to the interpretation of the mixture
experiment, are of paramount importance for the assessment of a mixture as “synergistic”
or “antagonistic).

There was only a factor of 2 between the EC50 values predicted by both concepts, which
could be distinguished experimentally, given the experimental capacity and low
variability of the employed algal growth inhibition assay — but still is comparatively
small when considering e.g. the typical inter-laboratory variability or the general
reproducibility of mixture toxicity experiments (Cedergreen et al. 2007). On the other
hand there was a difference of 65% in the predicted effect level at a concentration of 14.8
umol/L, where the observed mixture effect was 18.4 % while CA predicted 75% effect
(vertical arrow in Figure 5.1), which seems to suggest a far bigger deviation than the
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mere factor of 2 between the predicted EC50 values. As mentioned in point 4 above, the
claim of synergistic (higher than predicted) or antagonistic (lower than predicted) mixture
toxicities is therefore often done using the seemingly larger differences of predicted and
observed mixture effects. From a risk assessment perspective, though, this approach is
somewhat problematic as risk quotients (PEC/PNEC ratios) are based on the comparison
of effect concentrations.

The following main empirical and conceptual knowledge gaps were identified:

1.

Mixtures in the environment are usually composed of multiple components from a
range of different sources from different chemical classes having dissimilar
modes of action. Unfortunately, this is exactly the type of mixture that has been
least frequently studied. Hence, more empirical evidence on the joint action of
environmentally realistic mixtures, composed of members from different
chemical and functional classes is needed in order to further substantiate the
above statement that concentration addition might be applicable as a general “rule
of thumb” for describing the joint action chemical mixtures and to explore its
limitations.

In this context, it would be especially valuable to get further insight into the
question as to whether low, individually non-toxic concentrations of dissimilar
compounds might lead to a significant mixture effect. This question is of major
importance, because of its direct relevance for the question of environmental
quality standards. However, to our knowledge only two studies, both from of
aquatic toxicology and both using unicellular organisms and specifically designed
“artificial” mixtures are documented in the literature.

The empirical evidence on the joint action of chemicals in the marine
environment is, compared to the available data for freshwater and terrestrial
system, limited. It is hence unclear, whether the special chemistry of natural
marine waters in combination with the type of pollutants typically found in the
marine environment has an impact on the predictive power of either concept.
Organisms are not only exposed to mixtures of chemicals simultaneously, but also
sequentially to pulses of contaminants that enter an ecosystem e.g. after run-off
events or pesticide application. Although the first approaches have been published
that start bringing forward a conceptual framework for modelling of such
dynamic exposure situations (Ashauer et al. 2006), this work has only just started.
Both, concentration addition and independent action work well if the
concentration-response curves of the individual toxicants have the typical
sigmoidal shape on a log-scaled concentration (or dose) axis. However, if some of
the components show biphasic response patterns (“hormesis”, such as it is often
observed for essential metals), independent action cannot be applied as the
probabilistic background of the concept implies a response scaled from 0% to
100%. Also the application of concentration addition is limited, as the concept
assumes a principally similar shape of the concentration-response curve of all
components, due to the idea that all components behave as if they were simple
dilutions from each other. Hence both concepts cannot be applied to mixtures of
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e.g. nutrients and toxicants, although such an exposure situation might certainly
be considered environmentally relevant.

6. Concentration addition and independent action have been conceptually developed
and validated for chemical mixtures. Although the joint action of chemical and
physical stressors, such as oxygen depletion or drought, is a very typical
environmental scenario, it is far from being clear on what conceptual grounds
Concentration addition and Independent action could be applied also for these
circumstances.

Whole mixture studies that go beyond the mere quantification of the toxicity of a
complex environmental sample from water, air or soil aim at the identification of the key
toxicants and the quantification of their contribution to the overall toxicity of the sample.
For this purpose they combine an array of biological and chemical analyses with
physicochemical manipulation and fractionation techniques. Three different but in
principal similar methods can be applied. Whole effluent toxicity testing (WETT) and
toxicity identification and evaluation (TIE) both originate from the toxicity evaluation of
effluents by the US EPA. Here they are important parts of the US EPA programs to
assess and finally reduce the impact of pollutants in the environment and to support the
Clean Water Act. Since their original development TIE methods have also been
developed in most other environmental compartments. Effect-based assessment (EDA) is
a closely related, but more general, scientific approach developed by analytical chemists
to identify unknown hazardous compounds in various environmental or technical
matrices. A major difference between TIE and EDA might be that the former usually
only employs in vivo tests with whole organisms, while EDA uses a broader suite of test
systems, including e.g. in vitro receptor activation assays such as the yeast estrogen
screen.

The first step in any such an analysis is to separate the toxicants from the matrix, which is
usually a selective extraction of organic compounds. Hence, metals, although a group of
major environmental pollutants, are typically excluded from the very beginning of the
study. The subsequent fractionation of the samples might also affect the bioavailability of
the toxicants in the sample, which might result in an over- or underestimation of the
actual environmental hazard of the sample. Subsequent steps then involve a series of
biotest-directed fractionations of the sample into smaller and smaller subfractions, until
their chemical composition is simple enough to allow a causal link between their toxicity
and the presence of identified classes of compounds or even individual substances to be
made. A later confirmation step then aims at comparing the amounts and individual
toxicities of the identified individual toxicants (or groups of toxicants) with the total
toxicity of the original sample.

Due to the different compounds that might be present in any complex environmental
sample a battery of complementary biotests that cover different molecular receptors,
pyhsiological pathways, organism groups and levels of biological complexity might be
the best option for any TIE or EDA study. However, current investigations are often
restricted to the use of simple, acute microbial assays such as the Microtox test with the
bioluminescent bacterium Vibrio fischeri. If so, a range of compounds that are potentially
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highly toxic to other organisms might go undetected. Also the chemical identification and
quantification of individual components is limited, due to the multitude of chemicals in
the environment for which no adequate standards are at hand.

The final confirmation step aims to provide evidence that the toxicants that were
identified during the fractionation and testing steps are actually the drivers for the total
toxicity in the environmental sample or even in Situ. This can be done by a re-
combination of fractions of the original sample or by a component-based approach which
is usually employing CA for providing a causal link between the toxicity of the sample
and the presence of the individual toxicants. However, most mixtures found in
environmental samples are obviously not composed of similarly acting substances only
(one of the major assumptions of the CA concept, see section 3). It has hence been
suggested to extend this approach and also include the competing concept of A, but this
might drastically increase the data demands of a EDA/TIE study (see the input
requirements for the application of IA as put forward in section 3).

5.2 Empirical evidence on the mixture ecotoxicology of selected groups of chemicals
5.2.1 Industrial Chemicals

The toxicity of mixtures of simply industrial mixtures was first investigated and
published in a series of publications from the Netherlands in the 80’s (Deneer et al.
1988a; Deneer et al. 1988b; Hermens et al. 1984b; Hermens et al. 1984a; Hermens et al.
1985b; Hermens et al. 1985a; Hermens & Leeuwangh 1982; Hermens et al. 1984c; Wolf
et al. 1988). In all studies CA provided excellent to good approximations of the toxicity
of the test mixtures. In a study that was published in 1984 by Hermens and his
colleagues, mixtures of 4 groups of chemicals (chloroanilines, chlorophenols, aldehydes
and non-reactive so called “narcotic” chemicals) were tested. The observed mixture
toxicity was close to additivity or slightly below. As the competing concept of IA was not
applied to the test data it is difficult to assess whether the slight overestimation by CA
can be considered a sign of a more independent action of the mixture components from
different chemical classes.

The notion that the mixture toxicity of simple organic chemicals is very precisely
predictable by concentration addition, or is very close to it, has since then been confirmed
in a number of studies (Altenburger et al. 2000; Broderius & Kahl 1985; Dawson et al.
2006; Lu et al. 2007; Merino-Garcia et al. 2003; Nirmalakhandan et al. 1994;
Nirmalakhandan et al. 1997; Shirazi & Linder 1991; Xu & Nirmalakhandan 1998).
However, it should be pointed out that in several cases when the mixtures was not
entirely composed of compounds for the same chemical class, toxicities lower than
predicted by CA were observed that — depending on the used statistical methods and the
characteristics of the applied biotest — were sometimes judged to be statistically
significant (Dawson et al. 2006).
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Deviations from concentration additivity were observed by Tichy and his coworkers for
the effects of a binary mixture of benzene and ethanol in a short term assay with Tubifex
(Tichy et al. 2002). However, the maximum observed deviation was by only a factor of
1.5, between a predicted EC50 of 0.4 mol/L and an observed EC50 of 0.6 mol/L and no
estimates of the uncertainty around the prediction or the observations were prodvided.
Unfortunately, the authors did not calculate the prediction according to Independent
action for this mixture, hence an analysis of whether the mixture of those two chemically
dissimilar compounds is better described by IA is not possible.

Already in 1991 Broderius concluded that “for most complex organic mixtures the joint
acute action of toxicants is either strictly additive or slightly less than strictly additive and
that antagonistic or more than additive effects are not prevalent” (Broderius 1991). This
view was explicitly confirmed by a recent data compilation by ECETOC (ECETOC
2001) and seems to be also confirmed by the studies published afterwards.

The good predictive power of CA for this type of chemicals led to the development and
application of Quantitative-Structure-Activity Relationships (QSARs) that aim to replace
the need for an experimental EC50 values for each compound in the mixture by QSAR-
modelled values (Escher & Hermens 2002; Hermens et al. 1984a; Hermens et al. 1985a;
Lu et al. 2007; Xu & Nirmalakhandan 1998).

5.2.2 Heavy metals

Heavy metals are ubiquitous pollutants in the aquatic as well as the terrestrial
environment, hence the assessment of their environmental risks is an active field of
research which currently undergoes a transition phase from a focus on persistence and
bioaccumulation to more environmentally realistic approaches that also take
bioavailability, tolerance development and natural occurrences into account (Chapman
2008). In contrast to e.g. the previously discussed organic pollutants, a range of metals
are also essential elements, such as for example copper or zinc. Toxic effects are usually
associated with the concentration of the free bioavailable metal ions, although recently
discussions about the potential impacts of metal nanoparticles have begun in the scientific
literature (Navarro et al. 2008). Because free-ion activity depends on the water chemistry,
metal toxicity is intricately connected to water chemistry (pH, water hardness,
concentration of dissolved organic matter, concentration of divalent cations such as
Calcium or Magnesium). In general, greater water hardness, higher dissolved organic
matter or anorganic cations, and lower pH all reduce the toxicity of metals.

An extensive review of the effects of metal mixtures in aquatic organisms has been
provided by Norwood and co-workers (Norwood et al. 2003). Data of more than 77
species were evaluated, covering the whole range of aquatic organisms, including algae,
bacteria, crustaceans, insects, fish, protozoans, and macrophytes at various life stages
(egg, embryo, larval, juvenile, fry, and adult). Analysed endpoints included mortality,
growth, phosphorescence, enzyme production, metallothionein production, feeding rates,
cough response and bioaccumulation. 191 experimental mixture studies were evaluated,
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156 of those investigated binary metal mixtures, 18 ternary mixtures and only 17 studies
investigated mixtures with more than three metals.

In 191 cases the data provided by the respective authors were sufficient to allow
Norwood and his colleagues to actually analyze the predictive power of CA. They
concluded that in 27% of the cases the mixtures followed strict additivity, in 30% of the
cases a higher than additive joint toxicity was observed and in 43 % the mixtures were
less than additive (see also Figure 5.2). As binary mixtures were the most commonly
studied type of mixture, a detailed analysis of the outcome of the available studies is
given in Figure 5.3. As can be seen, the majority of the studies focused on binary
mixtures with zinc, copper, cadmium, mercury, nickel and lead. The interactions between
binary combinations of these metals are given in Figure 5.4.

No clear pattern is discernible from the analysis of Norwood and his colleagues. Even the
same mixtures are judged to be additive, less than additive or more than additive, even if
only studies with fish are considered (see the discussion in (Kamo & Nagai 2008)). If a
pattern actually exists, current limits of empirical evidence and the inconsistencies in
study design blur the picture beyond recognition. In his recent review Chapman
concluded that “it is presently not possible to accurately predict interactions among
metals” (Chapman 2008). This follows earlier reviews that concluded that “interactions
between heavy metals appear to be without pattern” (Wang 1987).

However, it should be noted that the conclusion “more than additive” or “less than
additive” alone does not allow any assessment on the quantity of the observed deviations
and hence its relevance for any practical purposes. Depending on the used statistical
methodology, the variability in the employed bioassay and assessment criteria of each
study, even minute deviations from the CA expectation might become visible — or coarse
deviations might go unnoticed. Furthermore, most studies only compared the observed
toxicity with the expectations according to CA (which assumes a similar mode of action),
although conceptually IA would perhaps be more appropriate. Considering the rather
distinct interactions that each metal undergoes with the exposed biota, it might not be
surprising that the CA-predicted mixture toxicity deviates somewhat from the observed
mixture toxicity.

The Biotic Ligand Model (BLM) can be considered the model for describing the
relationship between water chemistry and metal toxicity. It computes the expected
amount of metals binding to organisms and hence aims to predict the toxicity of a given
metal, taking into consideration its speciation which in turn is dependent on the chemistry
of the surrounding matrix. Recently, suggestions have been put forward on how to extend
the application of the BLM to the bioaccumulation and interactions of mixtures of heavy
metals (Borgmann et al. 2008; Kamo & Nagai 2008), see also comments in (Chapman
2008). Currently the suggested BLM-extensions are largely a theoretical construct, but if
successfully validated it might provide a powerful tool for unraveling the mixture toxicity
pattern of heavy metals, especially for finding (and predicting) specific interactions. First
experimental studies include the work by Hatano and coworkers who successfully
applied the BLM to binary mixtures of copper and cadmium in studies with the duckweed
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Lemna minor (Hatano & Shoji 2008). Other efforts to consider the influence of water
chemistry on the toxicity of metal mixtures include the study by Yim and coworker on
the effects of water hardness on the toxicity of selected metal mixtures (Yim et al. 2006).

An additional way of improving our current understanding of the toxicity of metal
mixtures would be to include the potential interactions between genetic variability and
environmental factors, as put forward by Barata et al (Barata et al. 2002).

For terrestrial systems especially the interaction of metals on the level of sorption to soil
has been discussed as a reason for interactions. However, experimental results that aimed
to confirm this idea concluded that besides the influence on their sorption, other as yet
unknown factors also play a role (Jonker et al. 2004).

Recent experimental studies of the toxicity of heavy metals in terrestrial systems include
the study by Chaperon et al (Chaperon & Sauve 2007; Chaperon & Sauve 2008), who
analysed the effects of mixtures of copper, lead and cadmium on the activity of soil
urease and hydrogenase. The predominant outcome was an antagonism in comparison to
both, CA and IA. On an effect level the maximum deviation was nearly 100% (i.e. the
observed effects were 100% lower than predicted by the concepts). It should be
mentioned that several of the tested metals and their mixtures actually stimulated the
enzyme activity, which is conceptually problematic, especially for the application of A
(Backhaus et al. 2004). An and coworkers investigated the power of CA for describing
the toxicity of binary and one ternary mixture of heavy metals (copper, cadmium, lead)
on the growth of cucumber plants (An et al. 2004). Again, concentration-additive, less-
than-CA and higher-than-CA mixture toxicities were observed. The authors discuss
bioaccumulation as a main factor for describing the joint action of the heavy metals but
acknowledge that other as yet unknown factors seem to contribute to the deviation from
CA. The observed deviations again were comparatively small. The smallest sum of toxic
units needed for provoking a 50% growth reduction was 0.75, i.e. the ratio between CA-
predicted and observed EC50 values was 1.3. The highest sum of toxic units was 1.6
(ratio predicted/observed EC50 of 0.63), observed for a binary mixture of copper and
cadmium and a ternary mixture of copper, cadmium and lead. No comparison with the
predictions by IA was made. A quantitative similar deviation from the CA expected
mixture toxicity was found in mixture studies with Lemna (Charles et al. 2006). 1.35
toxic units were needed in a binary mixture of copper and uranium in order to achieve
50% effect (factor of 0.74 between prediction and observation).

Vibrio fischeri, a marine bacterium was used in a series of experiments with binary
mixtures by Fulladose and coworkers (Fulladosa et al. 2005). The mixture toxicity was
found to be less than additive for cobalt-cadmium, cadmium-zinc, cadmium-lead, and
copper-lead combinations, more than additive for copper-cobalt and zinc-lead mixtures
and additive in all other investigated binary combinations (cobalt-lead, cobalt-zinc,
cadmium-copper, cadmium-lead, zinc-copper). However, deviations again were within a
factor of 2 of the CA-predicted EC50.
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CA-expected and observed toxicities of binary mixtures of copper, zinc and cadmium to
Tetrahymena were reported by (Gallego et al. 2007). Most mixtures proved to be slightly
antagonistic (32 out of 36 reported mixtures).

Mixtures of cadmium and phenanthren were investigated by Gust in 2006. Interestingly,
even sub-lethal concentrations of phenanthren shifted the EC50 for cadmium from 523 to
263 mg/kg, although phenanthren alone did not provoke any mortality in the exposed
population of the freshwater amphipod Hyalella (Gust 2006).

Mixture studies that do not relate to any of the mixture toxicity concepts but describe
effects of metal mixtures and interactions of their compounds in a purely empirical sense
include the studies by (Demuynck et al. 2007), (Fortier et al. 2008).

5.2.3 Pharmaceuticals

Some of the recent ecotoxicological studies on the ecotoxicology of pharmaceuticals
came to the conclusion that clearly toxic effects occur only at concentrations well above
environmentally realistic levels and consequently the potential environmental risk of the
investigated pharmaceuticals has been assumed to be negligible (Han et al. 2006; Stuer-
Lauridsen et al. 2000). However, a broad range of different substances is used
simultaneously in human and veterinary medicine in any given area, so pharmaceuticals
occur as multi-component mixtures in the environment. Hence the issue of possible
combination effects from low concentrations of a whole range of very different
compounds is an especially important issue for this class of chemicals.

Whole mixtures of pharmaceuticals were tested in the form of complex environmental
samples (Schallenberg & Armstrong 2004) as well as lab-generated mixtures (Borgmann
et al. 2007; Brain et al. 2004; Christensen et al. 2006; Christensen et al. 2007; Cleuvers
2003; Cleuvers 2004; Cleuvers 2005; Eguchi et al. 2004; Escher et al. 2005; Fent et al.
2006; Han et al. 2006; Pomati et al. 2006; Richards et al. 2004; Wilson et al. 2004).
Whole-mixture approaches were also often combined with component-based modelling
approaches in order to verify the quality of the applied mixture concepts (see below).

A recent example of the whole-mixture approach for a mixture of pharmaceuticals is the
study by Pomati and coworkers, in which the effects of a mixture of 13 human
pharmaceuticals to human embryonic cells were analysed (Pomati et al. 2006). At
assumed environmental exposure levels, cell growth was significantly inhibited. Results
from more ecologically oriented studies can be found in a series of publications from the
university of Guelph which describe the ecotoxicology of various pharmaceutical
mixtures in aquatic microcosms (Brain et al. 2004; Richards et al. 2004; Wilson et al.
2004). For example, the impact of a mixture of four tetracyclines on plankton structure
and function was documented by Wilson and coworkers (Wilson et al. 2004). Effects on
algal communities were observed only at concentrations greater then 200 nmol/L, which
is well above environmentally realistic concentrations. Zooplankton was not affected
significantly at the tested concentrations. However, it should be pointed out that the
effects on the bacterial populations in the microcosms were not recorded, although these
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organisms are vastly more sensitive to tetracyclines than algae. For example, an EC50 of
4 nmol/L chlorotetracycline has been determined already in a simple single species assay
with Nitrosomonas (Halling-Sérensen 2001).

Borgmann and coworkers analysed the effects of a seven compound pharmaceutical
mixture on the amphipod Hyalella (Borgmann et al. 2007). At environmentally realistic
concentrations a significant change in sex ratio as well as small, non-significant
reductions in survival and number of offspring were observed. In order to maximise the
number of replicates and hence the statistical power, only one mixture concentration was
tested. Hence the study does not allow mixture NOECs to be estimated or any margin of
safety to be determined.

If there are major changes in the mixture ratio — either due to different degradation
kinetics of the individual components in experiments with prolonged exposure or due to
the specific design of the experiment (e.g. (Brain et al. 2004)) — regression techniques
that are normally applied for the determination of e.g. EC50 values are of only limited
use. Under these circumstances the EC50 values that result from the interpolation
between tested concentrations are extremely difficult to assess, as it is unclear which
specific mixture composition lead to the assumed 50% effect.

The joint ecotoxicity of a complex environmental sample can in principle be assessed
without any knowledge on its chemical composition. For example, a study by
Schallenberg and Armstrong investigated the effects of water from a drainage area that
was supposedly contaminated by a mixture of veterinary antibiotics on the bacterial
community of a supposedly uncontaminated lake (Schallenberg & Armstrong 2004). The
authors did see sporadic ecotoxic effects of the drainage water, but were not able to
connect them with a specific exposure towards veterinary antibiotics, as the actual
contamination of the different drainage water samples was not determined. The study
clearly demonstrated the limits of ecotoxicological studies that investigate complex
environmental samples without analytical determination of the actual exposure situation.

Comparing results from a whole-mixture study in terms of a Predicted No Effect
Concentration (PNEC) with a Predicted Environmental Concentration (PEC) implicitly
assumes that both PEC and PNEC refer to the same mixture, i.e. with an identical
composition and mixture ratio. Otherwise, the resulting mixture risk quotient
(PEC/PNEC ratio) only allows very limited conclusions (Brain et al. 2004). Furthermore,
the contribution of the individual compounds to the observed mixture toxicity and their
specific interactions cannot be inferred from a whole-mixture study alone. For example,
in a study by Richards and coworkers strong and unexpected fish mortalities were
observed after exposure to a three component mixture of fluoxetine, ibuprofen and
ciprofloxacin (Richards et al. 2004). Although the authors hypothesise that it could be
either an unexpected high single substance toxicity of fluoxetin or synergistic mixture
effects, the actual reasons for the observed high mixture toxicity remain to be elucidated.
Similarly, in the study by Pomati et al. it remained unclear how the effects of
cyclophosphamide — a mixture components which actually stimulated cell growth if
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applied singly — relate to the overall growth-inhibiting effects of the mixture (Pomati et
al. 2006).

Current empirical knowledge convincingly shows that the toxicity of mixtures composed
of pharmaceuticals for which a similar mode or mechanism of action has been described
in the target organisms can be predicted by CA. Figure 5.5 gives an example for the
precise predictions that CA provided for the toxicity of 10 component quinolone mixtures
(Backhaus et al. 1999). A similar high predictive power of CA was also observed by
Cleuvers for mixtures of the anti-inflammatory drugs diclofenac, ibuprofen, naproxen and
acetylsalicylic acid in a study with daphnids and algae (Cleuvers 2004), as well as for
mixtures of the B-blockers propranolol, atenolol and metoproplol (Cleuvers 2005). Also
studies with binary mixtures of selective serotonin re-uptake inhibitors citalopram,
fluoxetine, fuvoxamine, paroxetine and sertraline did not find any significant deviations
from CA-expected mixture toxicities in studies with algae and daphnids (Christensen et
al. 2007). Estrogenic mixture effects of furosemide and 17B-estradiol as well as
furosemide and phenazone followed CA-expectations closely in a study by Fent and
workers, employing the yeast estrogen screen (Fent et al. 2006), although small effect
level dependent deviations were observed. In the same studies, deviations from CA
expectations were observed for several mixtures containing pharmaceuticals for which
only low effects were observed. These deviations were at least partly attributable to the
resulting necessity to base the CA-calculation largely on extrapolations (see discussion
above and in (Fent et al. 2006)). Finally, even in a multi-species test with sewage sludge
bacteria, the toxicity of a binary mixture of the two quinolone antibiotics oxolinic acid
and flumequine followed the predictions made by CA (Christensen et al. 2006).

Only comparatively few studies with mixtures of dissimilar pharmaceuticals have been
documented in the scientific literature. The results from the only multi-component study
that we are aware of with strictly dissimilarly acting pharmaceuticals are given in Figure
5.6. 1A predicted the mixture toxicity very well over the whole range of tested
concentrations and mixture ratios (Backhaus et al. 2000). An algal toxicity study with the
5 dissimilar pharmaceuticals propranolol, sulfamethoxazole, ethinylestradiol (EE2),
diclofenac, ibuprofen and the herbicide diuron resulted in a mixture toxicity that followed
IA expectations in the lower tested concentration range and CA in the region of higher
concentrations (Escher et al. 2005). As four of the components (sulfamethoxazole, EE2,
diclofenac, ibuprofen) were classified as acting primarly as baseline toxicants in algae
and hence sharing an identical mode of action, a two-stage prediction combining CA and
IA according to (Junghans 2004) improved mixture toxicity predictions.

Studies with binary mixtures of dissimilar pharmaceuticals give a somewhat
heterogeneous picture. While the toxicity of a binary mixture of clofibric acid and
carbamazepine to algae was indeed predictable by 1A, the effects of the same mixture to
daphnids could be better described by CA (Cleuvers 2003). A mixture of diclofenac and
ibuprofen was slightly more toxic to Daphnia than predicted by both of the concepts,
while it had an intermediate toxicity to algae (Cleuvers 2003). The toxicity of binary
mixtures of oxytetracycline and erythromycin to algae could be predicted by IA as well
as the toxicities of oxytetracycline + florfenicol, oxytetracycline + flumequine and
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flumequine + erythromycin to activated sludge microorganisms (Christensen et al. 2006).
However, in the same study clear synergistic effects to algaec were observed for mixtures
of flumequineterythromycin and oxytetracyclinet+flumequine. This heterogeneous
pattern could point to misclassifications of the modes of action of the mixture
components in some of the test organisms, as the assessment of the components
(dis)similarity was largely based on argumentation by analogy from knowledge in the
target organisms or QSAR approaches that have not been validated for pharmaceuticals
so far.

However, the results could also indicate interactions between the mixture components.
Chemical as well as pharmacokinetic interactions between the components can lead to
higher or lower mixture effects than expected from conceptual predictions. In a multi-
component mixture a plethora of interactions might occur, shifting the overall joint
toxicity in both directions — and thus ultimately cancelling each other out. This might be
the reason why the predictive power of CA and IA seems to be higher for multi-
component mixtures than it is for mixtures of comparatively few compounds. This
pattern has also been observed for mixtures of narcotic chemicals and pesticides (Warne
& Hawker 1995).

It should be noted that empirical evidence of the capability of CA and IA to accurately
predict the toxicities of multi-component pharmaceutical mixtures is currently extremely
scarce and in the documented multi-component studies the mixture ratios were adjusted
to the toxicities of the individual components. Hence no single component dominated the
mixture, which might very well be the case for environmentally realistic mixtures, as has
already been demonstrated for herbicide mixtures (Junghans et al. 2006). Binary
interactions might then lead to deviations from the conceptual expectations, if they occur
between the most important components.

A quantification of the documented deviations between CA-predicted and observed
mixture toxicities is hampered by the plethora of different data analyses, aggregations,
visualisations and documentation gaps in the different publications. Nevertheless it can
be preliminary concluded that mixture toxicities much higher than predicted — which
would be most dangerous from an environmental risk assessment perspective — have not
been recorded yet. The ratio between predicted and observed effect concentrations (e.g.
EC50s) seem to be always lower than a factor of 5, with the vast majority of studies
showing a clearly lower ratio.

It should be pointed out, that for both archetypal cases — a mixture of strictly similarly
acting pharmaceuticals (Figure 5.5) as well as a mixture of strictly dissimilarly acting
pharmaceuticals (Figure 5.6) low-effect concentrations (below the individual NOECs) of
the individual pharmaceuticals clearly contributed to the overall joint ecotoxicity.
Especially from a mixture perspective, NOEC’s thus never describe an environmentally
“safe” concentration. Whether certain fractions of individual NOECs — such as PNECs,
which are based on NOECs divided by an assessment factor — are environmentally
acceptable from a mixture perspective, depends on the specific exposure situation and
particularly on the number of involved components.
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5.2.4 Pesticides

As for other compounds, most studies on the mixture toxicity of pesticides focus on the
aquatic environment. In the published literature there is an unanimous agreement that the
toxicity of similarly acting pesticides is accurately predictable by CA (Altenburger et al.
2003; Backhaus et al. 2002; De Zwart & Posthuma 2005; Escher & Hermens 2002). The
comparatively few studies that analysed mixtures of dissimilarly acting pesticides
concluded that IA is more powerful for this type of mixture, but that CA also gives at
least a rough approximation of the expected joint action, with a tendency to a slight
overestimation of the actually observed toxicity (Faust et al. 2003).

Already in 1994 and 1996 two large studies on the chronic algal toxicities of binary
mixtures were published by Faust and Altenburger (Altenburger et al. 1996; Faust et al.
1994). 137 binary mixtures of different pesticides were studied by Altenburger with the
result that CA provided the better overall prediction for the observed toxicity data. A
similar result was obtained by Faust who concluded that the toxicity 66% of the tested 38
binary pesticide mixtures was predictable by CA — although all the test mixtures were
composed of a herbicide and an insecticide or fungicide.

A review by Deneer (Deneer 2000) re-evaluated the results from 202 mixtures of
pesticides. In total 26 studies were evaluated in which insecticides, fungicides and
herbicides made up the mixtures which were studied in bioassays with fish, crustaceans,
insects, molluscs and algae. Deneer came to the conclusion that in more than 90% of the
cases, CA proved to be accurate within a factor of 2. It is especially important to note that
this also holds true for the 85 re-evaluated mixtures that were composed of pesticides
with dissimilar mechanisms of action. Strong deviations from CA were mainly observed
for mixtures containing organophosphates or carbamates mixed with other
organophosphates or pyrethroids. An extensive follow-up study was published by Belden
(Belden et al. 2007), which confirmed these earlier findings. 207 pesticide mixture
experiments in which CA was used for evaluating the outcome of the mixture
experiments, and 37 experiments in which IA was applied were evaluated. The ratio
between predicted and observed mixture toxicities was expressed as the model deviation
ratio (MDR) (Figure 5.7). The median MDR for CA was 1, with 5% of the analysed
experiments having an MDR>2 and 5% having an MDR<O0.5, indicating a high average
predictive power of CA. The authors conclude that “[...] results indicate that the CA
model may be used as a slightly conservative, but broadly applicable model with a
relatively small likelihood of underestimating effects due to interactions.” (Belden et al.
2007).

Another comprehensive review of the available mixture data which is mentioned by
Warne (Warne 2003) has been conducted by Ross (Ross 1996). Unfortunately, this
analysis was never published in the peer-reviewed literature. According to Warne (Warne
2003) 75-80% of the re-evaluated mixtures behaved according to CA while 20-25% of
the mixtures were showing deviations. For only 5% of the mixtures the CA prediction
differed by more than a factor of 2.5 from the experimental observation, and for only 1%
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did the deviation exceed a factor of 5. Unfortunately, no further indications were given on
how those deviations distribute between over- and underestimations.

Cases of synergisms between pesticides include the recent study by Laetz and his co-
workers ((Laetz et al. 2008), see also Figure 5.8. Binary mixtures of organophosphate and
carbamate pesticides, already highlighted as being “special” in the review by Deneer
(2000) consistently provoked more-than-concentration additive mixture effects.
However, it should be kept in mind that the comparisons between CA-prediction and
observations were done only in relation to the effect level. Hence a comparison of the
EC50-values is not possible on the basis of the presented data and in fact, they can still be
close together if the concentration-response curves of the individual compounds are steep
(see discussion above and Figure 5.1).

5.2.5 Biocides

Antifoulants are a group of biocides that are used to prevent the biofouling on submerged
surfaces, in particular the hulls of marine ships. The joint action of those compounds is
reviewed here as a special case of mixtures of pollutants that are important for marine
ecosystems. The number of very recent publications also indicates that the field of the
combination ecotoxicology of these compounds is starting to grow rapidly, most likely
because of the ban of TBT, which was formerly used as an “all-round” antifoulant.

Given the strong association of these compounds with the marine aquatic environment,
no studies that employed soil or sediment organisms were identified. As with the other
substances, the investigations of the combined action of those compounds focus to a large
extent on the investigation of binary mixtures. In contrast to many of the other chemical
groups that have been reviewed above, however, comparatively strong deviations from
the predictions were observed frequently, with no distinguishable relation to the used test
organisms or specific mixture components. Similar to the situation with mixtures of metal
compounds, the factors responsible for the toxicity of antifoulant mixtures are not fully
understood. In fact, copper is one of the most common antifoulants at the moment and
hence a compound of many of the tested mixtures.

Strong synergistic effects between diuron and irgarol in the marine algae Chaetoceros
were described by Koutsaftis and his co-workers (Koutsaftis & Aoyama 2006). Only 5%
of the individual EC50’s of both compounds were needed to provoke 50% effect, which
is a factor of 10 lower than expected. In the same study, more than concentration-additive
effects were also observed for mixtures of diuron and Zn-pyrithion and irgarol+Zn-
pyrithion. Antagonistic combination effects were observed in binary mixtures of Zn-
pyrithion+Zn and Zn-pyrithion+copper, but only to a smaller extent.

The strong synergism between diuron and irgarol that has been observed by Koutsaftis
and his colleagues is surprising as all our current knowledge on the behaviour of PSII-
inhibitors (to which both compounds belong) from studies in freshwater ecotoxicology
indicate a strictly concentration-additive behaviour (Backhaus et al. 2002; Chevre et al.
2006; Faust et al. 2001), which is in agreement with the identical mechanism of action of
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those compounds. Also a study by DeLorenzo (DeLorenzo & Serrano 2006) concluded
that the mixture toxicity of irgarol and atrazine is concentration-additive. Chesworth and
his co-workers investigated a binary mixture of irgarol and diuron in an assay with the
seagrass Zosteria (Chesworth et al. 2004), but used only IA for formulating the null-
hypothesis of the expected joint action. The authors showed that the observed mixture
effects are either close to the predictions by IA or slightly lower.

In 2007 Koutsaftis and his co-workers published a follow-up study in which a series of
binary mixtures of Zn-pyrithione, Cu-pyrithione, chlorothalonil and diuron were tested
for their toxicity to Artemia (Koutsaftis & Aoyama 2007). The mixtures of Zn-pyrithion
and Cu-pyrithione were clearly more toxic than predicted by concentration addition,
independently of the investigated mixture ratio (again up to a factor of 10 was between
predicted and observed mixture toxicities). The other investigated mixtures followed the
CA predictions closely or were less toxic (especially chlorothalonil and Cu-pyritione).
Mixture ratio-dependent deviations between predicted and observed mixture toxicities
frequently became apparent with the employed isobolographic mixture design. The
quaternary mixture of Cu-pyrithione, Zn-pyrithione, chlorothalonil and diuron was
slightly more toxic than predicted by CA, but the ratio of predicted and observed mixture
toxicity was only 2.1.

Another series of binary mixtures with the antifoulants irgarol, seanine, chlorothalonil,
diuron, dichlofluanid, 2-thiocyanomethlythiobenzothiazole (TCMBT) and TBT was
tested by Ferndndez-Alba and co-workers in assays with the freshwater green algae
Selenastrum, the freshwater crustacean Daphnia and the marine bacterium Vibrio
(Fernandez-Alba et al. 2002). Unfortunately, a range of inconsistencies in the original
publication complicates the assessment of the data. For example, the authors concluded a
2-10 tenfold higher mixture EC50 than predicted, but also state that both compounds
singly were not toxic enough to provoke a 50% reduction in bioluminescence. Higher
than expected toxicities were also observed for the binary mixures of TCMBT+Irgarol
and chlorthalonil+irgarol (only for Vibrio and Selenastrum) and the ternary mixture of
irgarol+ TCMTB+dichlofluanid (only Selenastrum and Daphnia).

One consistent trend seems to be prominent in a range of studies: Zn-pyrithione
combinations with copper were usually noticeably more toxic than expected by
concentration addition (Koutsaftis & Aoyama 2007; Mochida et al. 2006, Bao et al.
2008), (see also the visualisation in Figure 5.9), which might be traced back to the
transchelation of Zn-pyritione in the presence of ionic copper to Cu-pyrithione (Dahlloff
et al. 2005) which is far more toxic to most organisms.

The mixture toxicity of three antifoulants (TBT, seanine and irgarol) was investigated by
Arrhenius and colleagues in natural marine algal communities and a single species algal
growth inhibition assay (Arrhenius et al. 2006). Both concepts, IA and CA, were applied,
but failed to accurately describe the observed mixture toxicity. Clear concentration-
dependent deviations between predicted and observed mixture toxicity were recorded.
CA predicted a toxicity that was up to a factor of 7 higher than observed, 1A
overestimated the actual toxicity by up to a factor of 4. Synergistic effects were observed
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for the ternary mixture at low concentrations (a factor of 4 with respect to IA and 2.4 in
comparison to CA).

Manzo and his colleagues investigated the applicability of CA and IA for mixtures of
copper, irgarol and diuron with the sea urchin Paracentrotus (Manzo et al. 2008). Two
endpoints (embryotoxicity and spermiotoxicity) were analysed and in both cases the joint
action of the ternary mixture was clearly lower than predicted by both concepts.

The predictive power of both concepts was also comparatively analysed in a very recent
study by Bellas with the sea urchin Paracentrotus, who investigated the mixture toxicity
of binary and ternary mixtures of Zn-pyrithione, chlorothalonil and seanine (Bellas 2008)
and came to comparable conclusions. Both concepts failed to accurately predict the
mixture toxicity, but deviations were comparatively small (CA overestimated by a factor
of maximum 1.6). In most cases, [A was not significantly more powerful than CA, with
the exception of the mixture of Zn-pyrithione and seanine. None of the tested mixtures
was more toxic than predicted by CA.

In summary, for combinations of antifoulants, the predictive power of CA seems to be
notably lower than e.g. for mixture studies with pesticides in freshwater systems. Reasons
for this might be found in the very nature of the investigated compounds. First of all, the
compounds obviously do not follow the inherent assumption of CA of a similar mode of
action. But secondly, most of the novel so-called “booster” antifoulants such as
chlorothalonil or seanine are rapidly degraded in aqueous solutions. Even minute
differences in the experimental protocols between the single substance tests (that were
used to produce the data for the predictions) and the mixture experiment itself might
hence introduce a considerable bias. Last but not least, the complex chemistry of copper
in seawater might also be a complicating factor. Obviously, these hypotheses warrant
further investigation.

5.3 Whole mixture studies and their use for unravelling cause-effect relationships
with individual compounds in complex environmental samples

Methods that use a whole mixture approach are based on the direct ecotoxicological
assessment of a given complex chemical mixture, such as the effluent from a waste water
discharge. The main purpose of such an analysis is usually to assess whether the mixture
causes adverse effects and to quantify their magnitude. In investigations of such an
unknown chemical mixture the combined effects of all components are captured by
appropriate bioassays, including any antagonistic or synergistic effects.

A potential next step is then to reveal which toxicant or group of toxicants in the sample
is responsible for the observed toxicity, in order to rank and prioritise them for a possible
remediation and to identify specific pollution sources. The overall aim is then to assess
(with the aim of reducing) the impact of chemicals in the environment and to set
environmental quality standards (such as in the context of the European Water
Framework Directive).
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In general three different approaches or methods are used to assess whole mixture
toxicities and to identify the causative components. Effect-directed analysis (EDA) and
toxicity identification and evaluation (TIE) are more general approaches, while Whole
Effluent Toxicity Testing (WETT) applies specifically to the analysis of effluents
(Gutierrez et al. 2008; La Point & Waller 2000). TIE originates from effluent control in a
regulatory context in the USA while EDA is an approach developed mainly by analytical
chemists in order to to identify unknown hazardous compounds in various environmental
or technical matrices (Brack 2003). WETT is one instrument within the Clean Water Act
of the USA that was enacted in 1972 with the objective of “restoring the chemical,
physical, and biological integrity of the Nation’s waters”.

The TIE approaches that have been put forward by the US EPA are based on specific
guidelines from the late 1980s onwards (US EPA 1989; US EPA 1991a; US EPA 1991b;
US EPA 1992; US EPA 1993; US EPA 1996; US EPA 2007). A specific guideline on
WETT approaches has also been assembled by the US EPA (US EPA 2000). OSPAR has
developed a Whole Effluent Assessment (WEA) where WETT is extended to not only
focus on the toxicity (T) of the chemicals but also to include the determination of
persistence (P), bioaccumulation (B) i.e. the PBT-criteria that are used within OSPAR’s
Hazardous Substances Strategy (OSPAR Commission 2005). The difference being that
the WEA are applied to the entire effluent sample instead of to the individual substances.
There are currently no generally agreed guidelines available for on how to perform an
EDA. It should be mentioned, that all these approaches are site-specific and as such any
guidelines needs to be adjusted to the local conditions of each site.

These three methods, WETT, EDA and TIE, share the same basic principles for
identifying the toxicity of a sample and its causes. The complexity of the whole chemical
mixture present in a given sample is reduced step by step through various fractionation
techniques. Each fraction is then assessed for its toxicity and the toxic fractions are then
further dismantled, in the perfect case down to the single chemicals. This combination of
biological and chemical analysis with physicochemical manipulation and fractionation
techniques has been applied to the various environmental matrices (e.g. water, sediment
and soil, air) and for a range of toxicological endpoints (Brack et al. 2008). TIE and
WETT are based only on in vivo testing while EDA is applied both in vitro and in vivo in
order to detect toxicologically active fractions and compounds (Brack et al. 2008).

EDA has so far mainly proven useful for detecting and identifying specifically acting
toxicants close to the source of emission and at comparatively high concentrations. It is
of only limited use for screening purposes in remote areas with low concentrations of
individual compounds where the toxicity is relatively low compared to the unspecific
effects of anthropogenic and natural compounds (Brack et al. 2008). Hence, there are
currently efforts underway to improve the EDA methodology to allow the identification
of potentially hazardous components in the environment even when occurring at low
concentrations that do not cause acute effects. The EU-project Modelkey
(www.modelkey.org) is working towards that goal.
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Different types of TIEs and EDAs are set up for different environmental compartments
such as the water column (e.g. effluents and receiving waters), sediments (marine and
limnic), interstitial waters (pore water) and soil (Brack 2003). EDA has also been applied
to air particulate matter (Brack 2003). WETT methodologies are obviously focusing
mainly on effluents, but there are also few studies that focus not only on the discharged
water but also made complementary field assessments as reviewed by LaPoint and Waller
(La Point & Waller 2000).

Toxicity Identification and Evaluation (TIE)

TIE consists of three hierarchical phases: characterization, identification and
confirmation (US EPA 2007). However, as pointed out by Burgess, before a full TIE
investigation is started, a first step should be to investigate whether the sample of interest
is actually toxic, in order to prevent wasting time and resources on a non-toxic sample
(Burgess 2000). This very first step is crucial for the overall TIE study for several
reasons. First a biotest or a biotest battery that is relevant for the environmental
compartment of concern and expected pollution scenario has to be selected. For example,
it would be quite obviously not sufficient to base the study on tests with daphnids if the
expected main pollutants are herbicides because the sample originates from an
agricultural area. Secondly, the sample in its original state might be non-toxic, however it
might contain compounds that show a profound toxicity as soon as the environmental
conditions change. For examples pH shifts might increase the toxicity of metals, or an
increased bioturbation might alter the bioavailability of toxic compounds in the sediment.
Hence, even if a sample does not show any direct toxic effects in a bioassay, this finding
does only allow limited conclusions on the presences of principally toxic compounds.

The three main phases in the TIE-approach are as follows (US EPA 2007):

e Phase I — Characterization of the sample—> a suite of physical/chemical
manipulations is used to build a general “profile” of the causative toxicant(s) and
aims to determine the general groups of toxicant involved (e.g. metals, nonpolar
organics, volatiles, ammonia)

e Phase II — Identification of toxicant(s) = more refined procedures are used to
focus on the specific groups identified in Phase I, with the aim to simplify the
sample for chemical analysis and usually ends with the analytical identification of
the suspected toxicant

e Phase III — Confirmation of causality = corroborating data are collected to build
a weight-of-evidence case and to finally establish causality between measured
effects and identified toxicant(s).

Effect Directed Analysis (EDA)
The first step in the EDA 1is to extract or separate the toxicants from the matrix (Brack
2003). There is no single method that works for all chemical compounds, hence specific

extraction techniques are used for different types of chemical and usually make use of
specific physico-chemical parameters such as lipophilicity, boiling point or molecular
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size or are limited to aromatic or volatile compounds. This extraction step is crucial, as
only the extracted compounds have a chance to be later picked up in the bioassays and
the subsequent, refined, analytical steps. A major problem, as pointed out in the review
by Seiler and co-workers (Seiler et al. 2008) is that already the extraction procedures for
soil and sediments have a strong influence of the bioavailability of toxic compounds and
hence the “true” environmental hazard might be over- or underestimated due to biases in
the extraction methods.

Only a comparatively few EDA studies with volatile compounds in water environments
have been conducted so far, mainly because the extraction process for this type of
compounds is far from simple (Brack 2003). In order to get a rough idea on the toxicity
contribution of volatile compounds, analytical procedures normally include a stripping of
volatile compounds (e.g. aerating the sample) and the toxicity is measured before and
after this process.

5.3.1 Fractionation

Through the fractionation process the complexity of the mixture is gradually reduced by
removing non-toxic components to enable a chemical identification of the remaining
toxicants (Brack 2003). It is based on variations in the physicochemical and chemical
properties of the analytes such as polarity, hydrophobicity, molecular size, planarity and
presence of specific functional groups. Hence, the fractionation itself generates
information about the properties of the compounds/fractions present that can be useful for
the chemical identification and subsequent hazard assessment.

5.3.2 Biotesting

The toxic potency of the whole sample and of its fractions guides the further steps
including the biotesting. Species fundamentally differ in their sensitivity to stressors
including chemical ones (Cairns 1986; Seiler et al. 2008). Hence there is no such thing as
a most sensitive species for all kind of chemicals and the choice of test species will
always have a strong influence on which compounds are finally identified in an unknown
sample containing a multitude of different components. If a comprehensive assessment of
toxic hazard from an unknown environmental sample or chemical mixture should be
assessed properly a biotest battery is therefore required. The “biological tools have to be
carefully selected with respect to their ability to detect specific effects and their
significance in hazard assessment” (Brack 2003).

A number of different assays have therefore been developed and applied in EDAs (Brack
2003; Seiler et al. 2008), the TIE and WETT testing are so far limited to in vivo test
including many of those used in EDAs;

5.3.2.1 Aquatic organisms

EDAs and TIEs in the 1980s usually employed aquatic toxicity assays with invertebrates
such as Daphnia magna, Daphnia pulex, Ceriodaphnia dubia and the fish Pimephales
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promelas. However since then, the acute bioluminescence test with Vibrio fischeri
(Microtox) has become the predominant test because it is highly reproducible, rapid, easy
to handle and has a low sample demand (Brack 2003). However, it covers only acute
effects on the bacterial energy status (ATP/ADP status) and the supporting physiological
pathways (such as the respiratory chain) and logKow-dependent non-specific effects
including narcosis, uncoupling and some electrophilicity-based effects. This can be
considered a fundamental drawback, as many ecotoxicologically important compounds
either effect molecular targets that are not present in bacteria (such as the D1-protein of
plants to which all the PSII-inhibiting herbicides bind, or the mammalian estrogen
receptor to which xenoestrogens bind) or they target physiological processes whose
inhibition becomes only apparent after pro-longed exposures (Backhaus et al. 1997;
Froehner et al. 1999). Hence the sole use of this assay runs a strong risk of a systematic
toxicity underestimation.

5.3.2.2 The cellular and subcellular level

Other frequently used aquatic assays include oyster embryo assays with Crassostrea
gigas and reproduction or growth inhibition assays with green algae, such as
Scenedesmus vacuolatus (Brack 2003). Also assays that cover developmental toxicity are
being applied in EDAs (e.g. the FETAX, the frog embryo teratogenesis assay with
Xenopus laevis larvae).

There is a number of promising assays that are supposed to be rapid, reproducible, easy
manageable and require only low sample volume, often based on specific bacterial strains
or cell line-based testsystems. The resulting high throughput capacity and robustness
makes them ideal candidates for EDA (Brack 2003). These assays cover toxicological
endpoints such as genotoxicity, mugtagenicity and carcinogenicity that are important
properties when assessing risk and hazard especially to human health. However, despite
their appealing practical features, the biological or even ecological relevance of such
highly simplified testsystems needs to be critically evaluated.

5.3.2.3 Cytochrome P4501A-dependent monooxygenase induction

Induction of the cytochrome P4501A-dependent monooxygenase system is commonly
measured as 7-ethoxyresorufin-O-deethylase (EROD) activity and is often used as a
surrogate measure for the identification of hazardous aromatic compounds in EDA using
chick embryos, fish, rat liver cells and rainbow trout liver cells (Brack 2003).

5.3.2.4 Endocrine disruption

Xenoestrogens are one important and frequently occurring group of pollutants that can be
identified by a yeast estrogen screen (YES) using Saccharomyces cerevisisiae with the
human estrogen receptor stably integrated into the yeast genome (Brack 2003; Seiler et
al. 2008). Androgenic compounds can be identified through a yeast androgen screen
(YAS). The specific mixture related problems that can be encountered during the
application of such assays have recently been discussed by Frische and coworkers (2009).
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5.3.3 Confirmation of toxicants

Analytical confirmation is a stepwise approach that starts with a tentative identification of
toxicants based on mass spectra as described by Brack et al. (Brack et al. 2008). This
approach is leading to increasing evidence rather than a yes/no answer. An extensive
fractionation and high chromatographic resolution prior to the recording of mass spectra
are a major prerequisite for a successful chemical confirmation. Also, any GC/MS
analysis is based on a comparison to a spectral library and only those that are present in
the library can be correctly identified. However, for many compounds there are no
analytical standards available that would allow their inclusion in a spectral library — and
even if so, this does not necessarily allow full confirmation if the compounds are present
in different isomers. Nuclear magnetic resonance (NMR) has been used in EDA but it is
difficult to perform for many environmental trace contaminants because of high amounts
and the purities of the analytes required (Brack et al. 2008). However as pointed out in
the review by Brack and co-workers there are some analytical and computational
techniques that can be combined to possibly identify and confirm also unknowns (i.e.
those not present in reference libraries). They further point out that the detection of trace
contaminants detected in EDA studies is still a challenging task and that there are no
agreed guidelines and that the effort required depends on the sample complexity and
composition as well as on the individual components.

5.3.4 Confirmation of causality

The toxicity confirmation aims to provide evidence that the identified compounds are
actually responsible for the measured effects. Confirmation procedures in a TIE should
be based on the original sample and sample manipulation should be minimised or
completely avoided as far as possible (Brack et al. 2008; Seiler et al. 2008;US EPA
2007). The inclusion of a specific confirmation step into into the TIE/EDA investigation
has two main reasons: (a) during the characterisation and identification of toxicity
effluents/samples are manipulated in a way that may “create artefacts that lead to
erroneous conclusions about the cause of toxicity” (Brack et al. 2008) and (b) a major
aim for a TIE is effluent control and the confirmation should hence account for the
variability of an effluent from sample to sample and from season to season (Brack et al.
2008).

Two different approaches have been suggested to confirm the identified toxicants that
focuses on the identified mixture components; testing a synthetic mixture or calculation
of an expected mixture toxicity (Grote et al 2005). Almost all confirmation studies in TIE
and EDA have been based on the concept of concentration addition (CA) (Brack et al.
2008) assuming a similar mechanism of action of the mixture components. However, for
compounds in environmental mixtures, the modes of toxic action are commonly
unknown, probably not strictly similar acting and interactions might be present between
the compounds in the mixture. Hence the use of CA and toxic unit summation might
overestimate toxicity and consequently the hazard of the sample. However, as pointed out
by Grote and co-workers (Grote et al. 2005) an overestimation of the combined effects of
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a mixture is not necessarily a matter of concern, as long as this overestimation is
comparatively small. However, during the confirmation step the sole application of CA
could result in an underestimation of the unresolved toxicity and hence some additional
components in the mixture might be overlooked and not identified. Grote and co-workers
(Grote et al. 2005) therefore suggest using both CA and A models to define a “prediction
window” to describe the area between the predictions which can be used for the
confirmation step.

A second limitation of the toxic unit approach is that it is usually only applied to the
EC50. As concentration-response curves are known to differ in their shape and slope this
may result in different conclusion on confirmation. Grote and co-workers (Grote et al.
2005) clearly showed for two different sediments that the confirmation varied between
effect levels with a smaller difference between mixture toxicity and the extract toxicity
for higher effect levels. Therefore they additionally suggested that the confirmation
should be based on a range of different effect levels, rather than being restricted to the
EC50. However, it should be pointed out that the suggestion to include also TA in the
confirmation step tremendously increases the data demands for any study (see xy). Grote
et al also introduced the Index of Confirmation Quality (ICQ) as a way to illustrate the
quantitative measure of confirmation over a range of different effect levels.

5.3.5 Hazard confirmation in the field

The validation that the identified toxicant(s) of a sample are actually responsible for
adverse effects in situ is the final important confirmation step. That is, in order to
establish that the key toxicants identified in a complex mixture really have caused or are
likely to cause damages in the field a confirmation must be performed under realistic
exposure conditions or even in situ. This should include confirmation for higher
biological levels such as whole organism, populations and communities (Brack et al.
2008).

Especially for solid samples such as soil and sediment such a confirmation is more
difficult than for water samples because of the differences in bioavailability and
difficulties to estimate this (reviewed by Seiler et al. 2008). Therefore, although the TIE
approach has been applied repeatedly to sediment compartments concern has been raised
because of the fragile chemistry and biology of these media (Burgess 2000). Severe
changes might already occor during the collection of the sediment samples, which
continues during the manipulation and storing of the samples (Burton & Nordstrom
2004a). These processes run the risk that the chemistry and bioavailability of potential
toxicants may be altered. Therefore an in situ TIE (iTIE) has been developed for
sediments to conduct initial TIE evaluations of sediment pore water with minimal
sediment manipulations (Burton & Nordstrom 2004a). This method uses different kinds
of resins (e.g. zeolites) that selectively extract ammonia, metals, and non-polar organics
respectively and thereby can identify dominant toxicant classes of compounds and aid to
identify chemicals of concern without labour-intensive extractions and a large number of
tests. Current limitations of this method are the initial assembly time, the restricted
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deployment to moderate flow and wadeable sites, and cross-sorption of compounds
(Burton & Nordstrom 2004b).

Another way of confirming effects in the field is to sample indigenous species and
analyse biochemical markers, which has been termed the “biomarker approach” (Brack et
al. 2008). The biomarkers can then be correlated with concentrations of identified or
expected key toxicants to provide further evidence to causality. There are several
biomarkers available for invertebrates and fish that are closely linked to many of the
assays frequently used in the EDA, TIE and WETT approaches. However, most of them
such as e.g. cytochrome P-450 activity indicate exposure of organic pollutants in general
and hence give information only on the total exposure of all mixture components that
trigger the cytochrome P-450 induction. Other examples include vitellogenin in fish as a
marker for exposure endocrine disruptors and DNA-damage, which mainly indicates
exposure to PAHs. Biomarkers differ in their specificity and hence depending on their
specificity it mainly gives information on presence of chemical groups according to their
mode of action rather than on an individual toxicant. Yet, they contribute in providing
complementary lines of evidence in the confirmation of key toxicants. Direct EDA and
chemical analysis in tissues of benthic organisms is a straightforward way to assess
bioavailability however this only considers toxicants that do bioaccumulate (Brack et al.
2008).

Approaches for establishing causality for identified toxicants and effects at the level of
ecological communities (biocoenoses) are lacking to a large extent. Brack et al (Brack et
al. 2008) suggests using pollution-induced-community-tolerance (PICT) as a tool to
confirm impact of identified toxicants. The concept is an ecotoxicological tool based on
the assumption that toxicants exert a selection pressure on the members of a community
(Blanck 2002). The most sensitive organisms will become excluded and the more tolerant
organisms favoured and consequently, the community will change its structure in a way
that increases the community tolerance. However, although proven valid for confirming
hazard due to individual compounds (Blanck & Dahl 1996; Schmitt-Jansen &
Altenburger 2005) its applicability to confirm hazards posed by mixtures are limited.
Currently no concept is available for using PICT for communities exposed to mixtures of
toxicants (Brack et al. 2008).

WETT is a collection of useful tools for predicting the effect to individual species, yet
they are not meant to directly measure natural population or community responses (La
Point & Waller 2000). In situ toxicity tests or ecosystem-level testing should offer the
best description to actually describe field conditions if they are conducted for long
enough time (Chapman 2000). LaPoint and Waller further conclude that due to species-
specific differences in sensitivity to contaminants, field assessments of effluents may be
difficult to perform when more than one contaminant is present (which is the usual case).
Interactions between constituents of effluents and the receiving waters could also
contribute to reduce the agreement between WETT test and field assessment results. Also
if a stream has several effluent discharges in close proximity mixture effects are likely
and difficult to predict, especially if the effluents contain unknown pollutants or unknown
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concentrations of known pollutants. Hence, getting the full picture of effluents and
thereby mixture components in the receiving waters is difficult to achieve.

5.3.6 MODELKEY - a FP6 research programme

The ongoing EU-project (FP6 2005-2010) — MODELKEY (“Models for assessing and
forecasting the impact of environmental key pollutants on freshwater and marine
ecosystems and biodiversity”, www.modelkey.org) - with 26 partners started with the
inspiration from the professed aim of the Water Framework Directive to achieve a good
ecological status for European river system by 2015. It is a multidisciplinary research
programme aimed at “interlinking tools for an enhanced understanding of cause-effect-
relationships between insufficient ecological status and environmental pollution as
causative factors and for the assessment and forecasting of the risks of the key pollutants
on freshwater and marine ecosystems at a river basin and adjacent marine environment
scale”. The subproject KEYTOX - key toxicant identification — aims to develop tools on
how to apply effect-directed identification of site- and basin-specific key toxicants for the
establishment of cause-effect relationship and improved risk assessment. The project
aims at improving current gaps concerning analytical techniques for identifying toxicants
and compare laboratory and validate available techniques (Brack 2005).

5.4 Eco-epidemiology of complex mixtures

In contrast to the heavily experimentally oriented work using EDA, WETT and TIE, eco-
epidemiological studies focus on unravelling potential causes for effects observed in the
field from available data on the expected and actual ecological status of an ecosystem
(biodiversity, species composition) and its physico-chemical parameters. Although this
application of the classical concepts of CA and IA is only in its infancy, both concepts
have been successfully applied in a large-scale eco-epidemiology study in the Ohio river
basin where they were instrumental in exploring the factors that are responsible for
shaping fish populations at polluted and non-polluted sites (de Zwart et al. 2006,
Posthuma & de Zwart 2006).
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Figure 5.1: Observed (bullets) and predicted mixture toxicity of a mixture of 16 strictly
dissimilarly acting toxicants.

Solid line: prediction by Concentration Addition (CA),
Dashed line: prediction by Independent Action (IA).
Horizontal arrow: the difference between the CA- and [A-predicted EC50 is a mere factor of
3.

Vertical arrow: the differences of CA- and [A-predicted effect levels are seemingly larger
(65%).

For details see text. From (Faust et al. 2001), with permission.
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In a field No. of Less Than Strictly More Than Total Tests Could Not
setting Metals in  Additive Additive Additive Test
Mixture
2 69 42 45 156 14
3 7 6 5 18 4
4 1 0 0 1 2
5 3 0 3 6 2
6 1 3 2 6 1
7 0 ] 0 0 1
8 1 1 0 2 0
10 0 0 1 1 1
11 1 0 1] 1 0
This Total 83 52 56 191 25
Analysis Percent 43.5 27.2 29.3 100.0 13.1
Author Total 89 58 63 210 12
Interpretation Percent 42.4 27.6 30.0 100.0 57

Figure 5.2: Toxicity of metal mixtures with different number of components to aquatic
organisms. From (Norwood et al. 2003), with permission.

“This analysis” refers to the analysis done by Norwood and co-workers; “Author

interpretation” refers to the judgements of the original authors of the experimental study.
Additivity refers to CA.
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Figure 5.3: Number of mixture studies conducted with different metals and analysis of
whether their toxicities are predictable by CA. From (Norwood et al. 2003), with

permission.
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Less Than Strictly More Than Total Tests
Additive  Additive  Additive
Cu-Zn 11 i 9 21
Cd-Zn 9 5 5 19
Cd-Cu 1 3 4 8
Cd-Hg 1 4 4 9
Cu-Ni 2 1 6 9
Pb-Zn 2 | 2
Hg-Se 5 0 1 6
Hg-Ni 2 1 2 5
Hg-Zn 2 0 2 4
Al-Zn 1 1 0 2
All Others 27 9 10 46
This Total 63 26 45 134
Analysis Percent 47.0 19.4 33.6 100.0
Author Total 72 60 49 181
Interpretation Percent 39.8 33.1 27.1 100.0

Figure 5.4: Analysis of the mixture toxicity of binary metal mixtures. From (Norwood et
al., 2003), with permission.
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Figure 5.5: Observed and predicted mixture toxicity of a 10 component mixture of
quinolone antibiotics

Experiments were conducted in a chronic bioluminescence-inhibition assay with the gram-
negative bacterium Vibrio fischeri (for details see Backhaus et al. 1999). Mixture ratio: EC01
of the components. CA: Predicted mixture effect / mixture toxicity by Concentration
Addition; TA: Predicted mixture effect / mixture toxicity by Independent Action (see later for
a discussion of these concepts).

Inset: Comparison of predicted concentration response curves with experimental
observations. Vertical arrow indicates the mixture concentration at which every component
was present at exactly its ECy; (0.95 umol/L).

Main figure: Comparison of the predicted mixture effects for this concentration with the
experimentally observed mixture effect and the underlying single substance effects. It should
be noted, that each individual ECy;-concentration is well below the corresponding NOEC.
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Figure 5.6: Observed and predicted mixture toxicity of a 14 compound mixture (12

pharmaceuticals +  Dodecylpyridiniumbromide (DPB) and  Actinomycin)

e‘(\

Experiments were conducted in a chronic bioluminescence-inhibition assay with the gram-
negative bacterium Vibrio fischeri (for details see (Backhaus et al. 2000). Mixture ratio:
ECO1 of the components. CA: Predicted mixture effect / mixture toxicity by Concentration
Addition; IA: Predicted mixture effect / mixture toxicity by Independent Action (see later for
a discussion of these concepts).

Inset: Comparison of predicted concentration response curves with experimental
observations. Vertical arrow indicates the mixture concentration at which every component
was present at exactly its ECy; (0.95 pumol/L).

Main figure: Comparison of the predicted mixture effects for this concentration with the
experimentally observed mixture effect and the underlying single substance effects. It should
be noted, that each ECy;-concentration is well below the corresponding NOEC.
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Figure 5.7: Analysis of the mixture toxicity of pesticide mixtures.

Cumulative Model-Deviation Ratio (MDR) for Concentration Addition for mixtures of
pesticides with a similar mode of action (MOA), for pesticide mixtures composed from the
same pesticide group but with different MOAs and for mixtures with components from
different pesticide groups. The MDR gives the ratio between the CA-predicted and observed

EC50 of each mixture.

From (Belden et al. 2007), with permission.
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Figure 5.8.: More than concentration-additive mixture toxicity (inhibition of
acetylcholine esterase activity) of binary mixtures of carbamates (CB) and
organophosphate (OP) pesticides.

DZN: Diazinon; MLN: Malathion; CRL: Carbaryl, CBN: Carbofuran; CFS: Clopyrifos. From
(Laetz et al. 2008), with permission.
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Figure 5.9: Isobolographic analysis of a binary mixture of Copper and Zn-Pyrithion.

TU= Toxic Unit, i.e. the concentration of a compound divided by its EC50. The dashed line
gives the sum of toxic units for all possible mixture ratios that are needed for provoking 50%
mixture effect according to Concentration Addition, which is always 1. The black squares, the
experimental results, show that considerably less TU’s are in fact needed to reach 50%
mixture effect.

From Bao et al 2008, with permission.

119




State of the Art Report on Mixture Toxicity — Final Report, Part 1

5.5 References

Altenburger, R. et al. 2000, "Predictability of the toxicity of multiple chemical mixtures
to Vibrio fischeri: Mixtures composed of similarly acting compounds", Environmental
Toxicology and Chemistry, vol. 19, no. 9, pp. 2341-2347.

Altenburger, R. et al. 1996, "Regulations for combined effects of pollutants:
consequences from risk assessment in aquatic toxicology", Food and Chemical
Toxicology, vol. 34, pp. 1155-1157.

Altenburger, R. et al. 2003, "Mixture toxicity and its modeling by quantitative structure-
activity relationships", Environmental Toxicology and Chemistry, vol. 22, no. 8, pp.
1900-1915.

An, Y. J. et al. 2004, "Combined effect of copper, cadmium, and lead upon Cucumis
sativus growth and bioaccumulation", Science of the Total Environment, vol. 326, no. 1-
3, pp. 85-93.

Arrhenius, A. et al. 2006, "Effects of three antifouling agents on algal communities and
algal reproduction: mixture toxicity studies with TBT, Irgarol, and Sea-Nine", Archives
of Environmental Contamination and Toxicology, vol. 50, no. 3, pp. 335-345.

Ashauer, R. et al. 2006, "Predicting effects on aquatic organisms from fluctuating or
pulsed exposure to pesticides", Environmental Toxicology and Chemistry, vol. 25, no. 7,
pp. 1899-1912.

Backhaus, T. et al. 2000, "Predictability of the toxicity of a multiple mixture of
dissimilarly acting chemicals to Vibrio fischeri", Environmental Toxicology and
Chemistry, vol. 19, no. 9, pp. 2348-2356.

Backhaus, T. et al. 2004, "Toxicity of a mixture of dissimilarly acting substances to
natural algal communities: predictive power and limitations of independent action and
concentration addition", Environmental Science and Technology, vol. 38, no. 23, pp.
6363-6370.

Backhaus, T. et al. 2002, "The joint action of phenylurea herbicides is equally predictable
by Concentration Addition and Independent Action", Environmental Toxicology and
Chemistry, vol. 23, no. 2, pp. 258-264.

Backhaus, T. et al. 1997, "Toxicity testing with Vibrio fischeri: a comparison between the
long term (24 h) and the short term (30 min) bioassay", Chemosphere, vol. 35, pp. 2925-
2938.

Backhaus, T. et al. 1999, "The single substance and mixture toxicity of quinolones to the
bioluminescent bacterium Vibrio fischeri", Aquatic Toxicology, vol. 49, pp. 49-61.

120



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Bao, V. W. W. 2008, “Synergistic toxic effects of zinc pyrithione and copper to three
marine species: Implications on setting appropriate water quality criteria”, Marine
Pollution Bulletin, vol. 57, no. 6-12, pp. 616-623.

Barata, C. et al. 2002, "Genetic variability in sublethal tolerance to mixtures of cadmium
and zinc in clones of Daphnia magna Straus", Aquat Toxicol, vol. 60, no. 1-2, pp. 85-99.

Belden, J. B. et al. 2007, "How well can we predict the toxicity of pesticide mixtures to
aquatic life?", Integrated Environmental Assessment and Managment, vol. 3, no. 3, pp.
364-372.

Bellas, J. 2008, "Prediction and assessment of mixture toxicity of compounds in
antifouling paints using the sea-urchin embryo-larval bioassay", Aquatic Toxicology, vol.
88, no. 4, pp. 308-315.

Blanck, H. 2002, "A critical review of procedures and approaches used for assessing
pollution-induced community tolerance (PICT) in biotic communities", Human and
Ecological Risk Assessment, vol. 8, no. 5, pp. 1003-1034.

Blanck, H. & Dahl, B. 1996, "Pollution-induced community tolerance (PICT) in marine
periphyton in a gradient of tri-n-butyltin (TBT) contamination", Aquatic Toxicology, vol.
35, no. 1, pp. 59-77.

Boedeker, W. et al. 1993, "Combined effects of toxicants: the need and soundness of
assessment approaches in ecotoxicology", The Science of the Total Environment, vol.
Supplement, pp. 931-938.

Borgmann, U. et al. 2007, "Effect of a mixture of seven pharmaceuticals on Hyalella
azteca over multiple generations", Chemosphere, vol. 66, no. 7, pp. 1278-1283.

Borgmann, U. et al. 2008, "Modelling bioaccumulation and toxicity of metal mixtures",
HERA, vol. 14, no. 2, pp. 266-289.

Brack, W. 2003, "Effect-directed analysis: a promising tool for the identification of
organic toxicants in complex mixtures?", Analytical and Bioanalytical Chemistry, vol.
377, no. 3, pp. 397-407.

Brack, W. et al. 2005, “MODELKEY - Models for assessing and forecasting the impact
of environmental key pollutants on freshwater and marine ecosystems and biodiversity”,

Environmental Science and Pollution Research, vol. 12, no 5, pp. 252-256.

Brack, W. et al. 2008, "How to confirm identified toxicants in effect-directed analysis",
Analytical and Bioanalytical Chemistry, vol. 390, no. 8, pp. 1959-1973.

121



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Brain, R. A. et al. 2004, "Microcosm evaluation of the effects of an eight pharmaceutical
mixture to the aquatic macrophytes Lemna gibba and Myriophyllum sibiricum", Aquatic
Toxicology, vol. 70, no. 1, pp. 23-40.

Broderius, S. J. 1991, "Modelling the Joint Toxicity of Xenobiotics to Aquatic
Organisms: Basic Concepts and Approaches", Aquatic Toxicology and Risk Assessment,
ASTM STP, vol. 14, pp. 107-127.

Broderius, S. J. & Kahl, M. D. 1985, "Acute toxicity of organic chemical mixtures to the
fathead minnow", Aquatic Toxicology, vol. 6, pp. 307-322.

Burgess, R. M. 2000, "Characterizing and identifying toxicants in marine waters: a
review of marine toxicity identification evaluations (TIEs)", International Journal of
Environment and Pollution, vol. 13, no. 1-6, pp. 2-33.

Burton, G. A. & Nordstrom, J. E. 2004a, "An in situ toxicity identification evaluation
method part I: Laboratory validation", Environmental Toxicology and Chemistry, vol. 23,
no. 12, pp. 2844-2850.

Burton, G. A. & Nordstrom, J. E. 2004b, "An in situ toxicity identification evaluation
method part II: Field validation", Environmental Toxicology and Chemistry, vol. 23, no.
12, pp. 2851-2855.

Cairns, J. 1986, "The myth of the most sensitive species", Bioscience, vol. 36, no. 10, pp.
670-672.

Cedergreen, N. et al. 2007, "Reproducibility of binary-mixture toxicity studies",
Environmental Toxicology and Chemistry, vol. 26, no. 1, pp. 149-156.

Chaperon, S. & Sauve?, S. 2007, "Toxicity interaction of metals (Ag, Cu, Hg, Zn) to
urease and dehydrogenase activities in soils", Soil Biol Biochem, vol. 39, no. 9, pp. 2329-
2338.

Chaperon, S. & Sauve?, S. 2008, "Toxicity interactions of cadmium, copper, and lead on
soil urease and dehydrogenase activity in relation to chemical speciation", Ecotoxicology
and Environmental Safety, vol. 70, no. 1, pp. 1-9.

Chapman, P. M. 2000, "Whole effluent toxicity testing - Usefulness, level of protection,
and risk assessment", Environmental Toxicology and Chemistry, vol. 19, no. 1, pp. 3-13.

Chapman, P. M. 2008, "Environmental risks of inorganic metals and metalloids: A

continuing, evolving scientific odyssey", Human and Ecological Risk Assessment, vol.
14, no. 1, pp. 5-40.

122



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Charles, A. L. et al. 2006, "Toxicity of uranium and copper individually, and in
combination, to a tropical freshwater macrophyte (Lemna aequinoctialis)", Chemosphere,
vol. 62, no. 8, pp. 1224-1233.

Chesworth, J. C. et al. 2004, "The interactive effects of the antifouling herbicides Irgarol
1051 and Diuron on the seagrass Zostera marina (L.)", Aquatic Toxicology, vol. 66, no. 3,
pp- 293-305.

Chevre, N. et al. 2006, "Including mixtures in the determination of water quality criteria
for herbicides in surface water", Environmental Science and Technology, vol. 40, no. 2,
pp. 426-435.

Christensen, A. M. et al. 2007, "Mixture and single-substance toxicity of selective
serotonin reuptake inhibitors toward algae and crustaceans", Environmental Toxicology
and Chemistry, vol. 26, no. 1, pp. 85-91.

Christensen, A. M. et al. 2006, "Ecotoxicity of mixtures of antibiotics used in
aquacultures", Environmental Toxicology and Chemistry, vol. 25, no. 8, pp. 2208-2215.

Cleuvers, M. 2003, "Aquatic ecotoxicity of pharmaceuticals including the assessment of
combination effects", Toxicology Letters, vol. 142, no. 3, pp. 185-194.

Cleuvers, M. 2004, "Mixture toxicity of the anti-inflammatory drugs diclofenac,
ibuprofen, naproxen, and acetylsalicylic acid", Ecotoxicology and Environmental Safety,
vol. 59, no. 3, pp. 309-315.

Cleuvers, M. 2005, "Initial risk assessment for three beta-blockers found in the aquatic
environment", Chemosphere, vol. 59, no. 2, pp. 199-205.

Crane M, Newman MC. 2000. What level of effect is a no observed effect?
Environmental Toxicology and Chemistry vol 19 pp. 515-519.

Dahlloff, I., Grunnet, K., Haller, R., Hjorth, M., Maraldo, K., & Petersen, D. G. Analysis,
fate and toxicity of zinc- and copper pyrithione in the marine environment. 2005. Nordic
Council of Ministers.

Dawson, D. A. et al. 2006, "Chemical mixture toxicity testing with Vibrio fischeri:
Combined effects of binary mixtures for ten soft electrophiles", Ecotoxicology and
Environmental Safety, vol. 65, no. 2, pp. 171-180.

De Zwart, D. & Posthuma, L. 2005, "Complex mixture toxicity for single and multiple
species: proposed methodologies", Environmental Toxicology and Chemistry, vol. 24, no.
10, pp. 2665-2676.

De Zwart D. et al. 2006, “Predictive models attribute effects on fish assemblages to
toxicity and habitat alteration”, Ecological Applications vol. 16, no. 4, 1295-310.

123



State of the Art Report on Mixture Toxicity — Final Report, Part 1

DeLorenzo, M. E. & Serrano, L. 2006, "Mixture toxicity of the antifouling compound
irgarol to the marine phytoplankton species Dunaliella tertiolecta", J Environ.Sci.Health
B, vol. 41, no. 8, pp. 1349-1360.

Demuynck, S. et al. 2007, "Cd/Zn exposure interactions on metallothionein response in
Eisenia fetida (Annelida, Oligochaeta)", Comparative Biochemistry and Physiology - C
Toxicology and Pharmacology, vol. 145, no. 4, pp. 658-668.

Deneer, J. W. 2000, "Toxicity of mixtures of pesticides in aquatic systems", Pest
Management Science, vol. 56, pp. 516-520.

Deneer, J. W. et al. 1988a, "Growth of Daphnia magna exposed to mixtures of chemicals
with diverse modes of action", Ecotoxicology and Environmental Safety, vol. 15, pp. 72-
77.

Deneer, J. W. et al. 1988b, "The joint acute toxicity to Daphnia magna of industrial
organic chemicals at low concentrations", Aquatic Toxicology, vol. 12, pp. 33-38.

ECETOC 2001, ECETOC Technical Report No. 80 - Aquatic Toxicity of Mixtures.

Eguchi, K. et al. 2004, "Evaluation of antimicrobial agents for veterinary use in the
ecotoxicity test using microalgae", Chemosphere, vol. 57, no. 11, pp. 1733-1738.

Escher, B. I. et al. 2005, "In vitro assessment of modes of toxic action of pharmaceuticals
in aquatic life", Environmental Science and Technology, vol. 39, no. 9, pp. 3090-3100.

Escher, B. I. & Hermens, J. L. M. 2002, "Modes of action in ecotoxicology: their role in
body burdens, species sensitivity, QSARs,, and mixture effects", Environmental Science
and Technology, vol. 36, no. 20, pp. 4201-4217.

Faust, M. et al. 2003, "Joint algal toxicity of 16 dissimilarly acting chemicals is
predictable by the concept of independent action.", Aquatic Toxicology, vol. 63, no. 1, pp.
43-63.

Faust, M. et al. 2001, "Predicting the joint algal toxicity of multi-component s-triazine
mixtures at low-effect concentrations of individual toxicants", Aquatic Toxicology, vol.

56, pp. 13-32.

Faust, M. et al. 1994, "Algal toxicity of binary combinations of pesticide", Bulletin of
Environmental Contamination and Toxicology, vol. 53, pp. 134-141.

Fent, K. et al. 2006, "Estrogenic activity of pharmaceuticals and pharmaceutical mixtures
in a yeast reporter gene system", Reproductive Toxicology, vol. 22, no. 2, pp. 175-185.

124



State of the Art Report on Mixture Toxicity — Final Report, Part 1

Fernandez-Alba, A. R. et al. 2002, "Toxicity of single and mixed contaminants in
seawater measured with acute toxicity bioassays", Analytica Chimica Acta, vol. 456, pp.
303-312.

Fortier, M. et al. 2008, "Effects of physiological concentrations of heavy metals both
individually and in mixtures on the viability and function of peripheral blood human
leukocytes in vitro", Journal of Toxicology and Environmental Health - Part A: Current
Issues, vol. 71, no. 19, pp. 1327-1337.

Frische, T., Faust, M., Meyer W., Backhaus T.: Toxic Masking and Synergistic
Modulation of the Estrogenic Activity of Chemical Mixtures in a Yeast Estrogen Screen
(YES). Env. Science and Pollution Research, online first, doi: 10.1007/s11356-009-0184-
7

Froehner, K. et al. 1999, "Bioassays with Vibrio fischeri for the assessment of delayed
toxicity", Chemosphere, vol. 40, pp. 821-828.

Fulladosa, E. et al. 2005, "Study on the toxicity of binary equitoxic mixtures of metals
using the luminescent bacteria Vibrio fischeri as a biological target", Chemosphere, vol.
58, no. 5, pp. 551-557.

Gallego, A. et al. 2007, "Flow cytometry assessment of cytotoxicity and reactive oxygen
species generation by single and binary mixtures of cadmium, zinc and copper on
populations of the ciliated protozoan Tetrahymena thermophila", Chemosphere, vol. 68,
no. 4, pp. 647-661.

Grote, M. et al. 2005, "Identification of toxicants from marine sediment using effect-
directed analysis", Environmental Toxicology, vol. 20, no. 5, pp. 475-486.

Gust, K. A. 2006, "Joint toxicity of cadmium and phenanthrene in the freshwater
amphipod Hyalella azteca", Archives of Environmental Contamination and Toxicology,
vol. 50, no. 1, pp. 7-13.

Gutierrez, S. et al. 2008, "A new hazard index of complex mixtures integrates
bioconcentration and toxicity to refine the environmental risk assessment of effluents",
Environment International, vol. 34, no. 6, pp. 773-781.

Halling-Sorensen, B. 2001, "Inhibition of aerobic growth and nitrification of bacteria in
sewage sludge by antibacterial agents", Archives of Environmental Contamination and
Toxicology, vol. 40, pp. 451-460.

Han, G. H. et al. 2006, "Ecotoxicological risk of pharmaceuticals from wastewater

treatment plants in Korea: occurrence and toxicity to Daphnia magna", Environmental
Toxicology and Chemistry, vol. 25, no. 1, pp. 265-271.