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Chapter I

1.1 Introduction

The work described in this thesis concerns the toxicity of chemical mixtures. A key

question concerning the toxicity of a mixture of chemicals is whether the effects of a

mixture deviate from what could have been expected from the known effects of the

individual chemicals. This question was addressed as early as 1870, when Fraser

introduced a graphical tool (the isobologram) to determine whether the effect of a

combination of drugs was 'less than expected' (Calabrese, 1991, p.26). For many

years thereafter, there was no general agreement on the interpretation of mixture data,

which has led to situations in which different conclusions were drawn from the same

data set. To resolve this problem, Bliss (1939) introduced a conceptual framework in

which he defined three types of joint action: independent joint action, similar joint

action, and synergistic action. These basic concepts are still widely used today

(Mumtaz et al., 1994; Feron and Groten, 2002) and are explained further in section 1.2.

The early work on chemical mixtures was undertaken to understand whether the

joint application of two pesticides or of two or more drugs led to outcomes that were

greater than the sum of the outcomes predicted on the basis of individual applications

of the substances (National Research Council, 1988). It was not focused on the

unintended, usually low-level exposure to chemicals in the environment. As far as

environmental health is concerned, the field of toxicology and risk assessment which

addresses the toxicological consequences of exposure to chemical mixtures has

exploded in the 1980s (Calabrese, 1991). The studies described in this thesis are an

example of the efforts made to gain insight in the toxicological impact of exposure to

chemical mixtures at levels around the toxicity threshold of the individual chemicals.

The rationale for concern regarding potential toxicity from the exposure to multiple

chemicals is obvious. First, people's actual exposures are to a complex and ever-

changing mixture of environmental agents in the air they breathe, the water they drink,

the food and beverages they consume, the surfaces they touch, and the consumer

products they use (Sexton et al., 1995). Second, in contrast to the reality of multiple

chemical exposure, toxicity testing to predict effects on humans has traditionally

studied substances one at a time and the vast majority of established exposure standards

are for single compounds. To illustrate, a rough estimation by Yang (1994a), based on

a cursory survey of toxicology literature and chronic toxicity/carcinogenicity studies

from the U.S. National Toxicology Program, indicated that over 95Vo of the resources

in toxicology is devoted to single chemical studies. Thild, many studies in experimental

animals exposed to chemical mixtures have shown unexpected responses. i.e. toxicity
greater or less than that predicted from the constituents, and, though limited, there is
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Chapter 1

some evidence for the occurrence of such a phenomenon in humans (for reviews, see

Calabrese, 1991; Krishnan and Brodeur, 1991,1994; Schilling, 1987; WHO, 1981;

Yang, 1994b).

1.2 Terminology

When reviewing the literature on the toxicity of chemical mixtures, the reader may

easily become confused by the many terms which are inconsistently used to describe

the joint action of chemicals (see overviews in Calabrese, 1991; Kodell and Pounds,

199 1 ; Kcinemann and Pieters, 1996). The same term may be used to describe different
types ofjoint action (e.g. the term 'additivity' generally implies absence of slmergism,

but has sometimes been used to indicate a special case of synergism). Also, different
terms are used to describe the same phenomenon. The fact that many investigators do

not clearly define their terminology further adds to the confusion.

In this thesis, a (chemical) mixture is deflned as any combination of two or more

chemicals, regardless of source or of spatial or temporal proximity. Combined or joint
action is defined broadly as any outcome of the exposure (via the same or different
routes) to a mixture.

To evaluate the safety of chemical mixtures, Feron et al. (1995) recommend to

distinguish between simple and complex mixtures. A simple mixture is defined as a

mixture that consists of a relatively small number of chemicals, say ten or less, the

composition of which is qualitatively and quantitatively known (e.g. a cocktail of
pesticides, a combination of medicines, or the mixtures studied in this thesis). A
complex mixture is defined as a mixture that consists of tens, hundreds, or thousands of
chemicals, and its composition is qualitatively and quantitatively not fully known (e.g.

diesel exhaust, cigarette smoke, a workplace atmosphere, drinking water or food).

Based on the pioneering conceptual framework described by Bliss (1939), the

various types of joint action are often classified into the following three categories

(Mumtaz et al,1994):

1) Independent ioint action:

Independent joint action (Bliss, 1939) is also referred to as simple independent action
(Finney, l91l), dissimilar joint action (Plackett and Hewlett, 1952) or response

addition (EPA, 1986, 2000). This type of joint action is non-interactive, i.e. the

chemicals in the mixture do not affect the toxicity of one another. In other words, the
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Chapter I

chemicals are assumed to behave independently of one another, so that the body's

response to the first chemical is the same whether or not the second chemical is present.

The modes of action and possibly the nature and site of the toxic effect differ among

the chemicals in the mixture.

The toxicity of the mixture can be predicted (calculated) from the dose-response

curves of the individual chemicals. Response is expressed as the probability that an

effect is elicited (viz. the likelihood of an individual showing effects, or the proportion

of a population showing effects).

The response to a mixture depends not only on the dose, but also on the corelation

of the tolerances, which can vary between -1 and +1. In case the individual most

sensitive to chemical 1 is also most sensitive to chemical 2, the susceptibilities

(tolerances) are considered to show complete, positive correlation (r = 1). In this case,

the response to the mixture of chemicals 1 and 2 would be equal to that attributed to the

most toxic chemical (e.g. if the amounts of chemicals 1 and 2 in the mixture would

elicit responses of, respectively,25Vo and l07o when given alone, the response to the

mixture would beZ5Vo).

In contrast, if the correlation of tolerances would be completely negative (r = - I ; the

individual most sensitive to chemical 1 is least sensitive to chemical 2), the response to

the mixture would be equal to the sum of the responses of the individual chemicals (in

the above example the mixture response would be25 + l0 =35Vo). This formula is the

most 'conservative' form of independent joint action and is equivalent to dose addition.

It is extensively used for assessing the risk of mixtures of carcinogens (EPA, 2000).

If there is no correlation of tolerances (r = 0), then the chemicals are assumed to

produce toxicity independently, and the mixture response is calculated by the standard

formula for statistical independence:

P.;*(d1,d2) = Pr(dr) + P2(d2) - [Pr(dr) * Pz(dz)]

Pr(dr), Pz(dz) and P*,(d1,d2) are the probabilities that an effect is elicited by,

respectively, chemical 1 at dose d1, chemical 2 at dose d2, and their mixture. This

formula is also used to calculate the probability of an effect in an individual exposed to

a mixture of independently acting chemicals.

An important characteristic of response addition is that a chemical does not

contribute to the mixture response when it is present at a level below its individual

effect threshold. So, if the doses of all chemicals in a mixture are below their respective

thresholds, their individual responses will be zero and the response to the mixture will
also be zero.

10



Chapter 1

2) Similar ioint 4ction

Similar joint action (Bliss, 1939; Plackett and Hewlett, 1952) is also referred to as

simple similar action (Finney, 1971; Plackett and Hewlett,1952 ), dose addition (EPA,

1986, 2000) or concentration addition (Kodell and Pounds, 1991). Like independent
joint action, similar joint action is non-interactive. The chemicals produce similar but
independent effects, so that one chemical can be substituted at a constant proportion for

the other. Under the narrow definition of dose additionl (as given by Bliss, 1939), the

chemicals are assumed to behave similarly in terms of mode of action and primary
physiologic processes (uptake, metabolism, distribution, elimination), and to have

similarly shaped (parallel) dose-response curves and complete positive correlation of
individual susceptibilities. The chemicals differ only in their potencies. In practice,

since information on the mode of action and toxicokinetics is often lacking, the

requirement of toxicological similarity is usually relaxed to that of similarity of target

organs (EPA, 2000).

I 
Broader definitions allow for non-linear or non-parallel dose-response curves, imperfbct correlation

of tolerances, or different modes (not sites) of primary action (Calabrese, 1 99 1 ; Kodell and Pounds,

1 99 1 ; Svendsgaard and Hertzberg, 199 4').

The toxicity of the mixture can be calculated using summation of the doses of the

individual chemicals after adjustment for the differences in potencies:

P,,i^(dr,d2) = f(dr + t*d2) where 't' is the relative potency of chemical 2 to l, and the

mixture response P-i* &t dose d1 of chemical 1 and dose d2 of chemical 2 is given in
terms of the equivalent dose and dose-response function (f(d)) for chemical 1.

The adding of doses implies that the summed dose can be high enough to induce a

toxic effect even when the dose of each individual chemical is at a level below its

individual effect threshold (recall that response addition at subthreshold levels would
result in a zero response for the mixture). The higher the number of chemicals in a
mixture, the higher the likelihood that addition of low (subthreshold) doses predicts a

mixture response which is of health concern.

It should be realized that the above theoretical distinction between dose and

response addition generally does not hold so strictly in whole organisms due to the

complexity and interdependence of their physiological systems. When a mixture
contains many chemicals, it is unlikely that the mode of toxic action is the same for all
chemicals and the application of full dose addition would overestimate the toxicity of
the mixture. On the other hand, it is also unlikely that all chemicals in such a mixture

11
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have completely different modes of action. It is more reasonable to assume an

intermediate form of non-interactive joint action. Chemicals with different mechanisms

for their primary, specific effect may have a cofirmon mechanism for some less specific,

secondary effect. In case of such overlapping mechanisms partial dose additivity may

occur. This phenomenon is well known in the aquatic toxicology where chemicals have

been found to contribute to a narcotic mode of action at levels below the threshold for

their specific mode of action. This narcotic effect (also termed baseline toxicity) is

considered due to general membrane perturbation or membrane depolarisation

(ECETOC,2001).

3) Interaction:

In a broad sense, interaction is characterised by one chemical influencing the

biological action of the other (Kodell and Pounds, 1991). Operationally, interaction can

be defined as the type ofjoint action showing a mixture response which deviates from

that expected on the basis of (dose or response) addition. Interactivejoint actions can

be less than additive (e.g. antagonistic, inhibitive, infra- or sub-additive) or greater than

additive le.g. synergistic, potentiating. supra-additive). Though synergistic interactions

can result in novel effects, such effects seem to be rare. Instead, combinations ofagents

acting synergistically tend to do so through an increase in the effects of one of the

agents (National Research Council, 1989).

Note that in the above definition the term interaction has a different meaning than in

the physiological sense where it describes biological interference with a cellular target

molecule or receptor.

Terms such as antagonism or synergism indicate in which direction a response to a

mixture differs from what is expected under the assumption of additivity. However,

they provide no information about mechanisms or quantitative aspects of interactions.

Moreover, it should be emphasized that the nature of the interaction may change with

altered exposure conditions (e.g. dose, duration, sequence). For example, upon chronic

exposure the neurotoxicity of the solvent n-hexane was potentiated by the non-

neurotoxic solvent methyl ethyl ketone (as seen in glue sniffers which developed

neuropathy after methyl ethyl ketone was added to an n-hexane containing glue). On

the other hand, acute ( l5 minutes) co-exposure to these solvents was associated with

decreased formation of n-hexane's neurotoxic metabolite 2,5-hexanedione, indicating

an antagonistic interaction (Engelen et aI,1997).
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1.3 Mechanisms of interaction

The mechanisms underlying interactions are often divided into three categories:

direct chemical-chemical, toxico/pharmacokinetic, and toxico/pharmacodynamic

mechanisms. A short explanation of these mechanisms follows below. Numerous

examples can be found in the extensive literature on drug-drug interactions (e.9.

Aarons, 1986; Calabrese, 1991) and in several reviews focused on chemicals of
occupational or environmental concern (e.g. chapter 5 in Calabrese, 1991; chapter 4 in

Vouk e/ al,1987; World Health Organization, 1981).

In direct chemical-chemical mechanisms, one chemical directly interacts with
another, causing a chemical change in one or more of the compounds. In many cases

this mechanism results in decreased toxicity (less than additive effect), and it is one of
the common principles of antidotal treatment. Chemical-chemical interactions leading

to greater than additive effects have been much less frequently documented. A well
known example of the latter type is the formation of carcinogenic nitrosoamines in the

stomach through the reaction of non-carcinogenic nitrite (from drinking water or food)

with amines (e.g. from fish protein).

Toxicokinetic mechanisms involve alterations in metabolism (biotransformation) or

disposition of a chemical and are often divided into effects on absorption, distribution,
metabolism and excretion. Essentially, toxicokinetic interactions alter the amount of the

toxic agent(s) reaching the cellular target site(s) without qualitatively affecting the

toxicant-receptor site interaction. With respect to their toxicological consequences at

low doses, interactions in the process of metabolism (enzyme induction or inhibition)
are considered most relevant. The impact of alterations in absorption, distribution or

excretion is expected to be small at low dose levels (Konemann and Pieters, 1996).

Toxicod)mamic interactions do not directly affect the metabolism or disposition of a

chemical, but affect a tissue's response or susceptibility to toxic injury. They include,

for example, immunomodulation, alterations in protective factors (depletion or
induction), and changes in tissue repair or hemodynamics (EPA, 2000). Alternatively,
toxicodynamic interactions are described as interactions occurring at or among cellular
receptor sites. Interactions at the same receptor site resulting in antagonism have been

termed 'receptor antagonism' (e.g. the antagonistic effect of oxygen on carbon

monoxide). Interactions resulting from different chemicals acting on differentreceptor
sites and causing opposite effects have been termed 'functional antagonism' (e.g.

opposing effects of histamine and noradrenaline on vasodilatation and blood pressure)

(Mumtaz and Hertzberg, 1993).

l3



Chapter I

1.4 Experimental approaches to assess the toxicity of mixtures

Given the diversity of mixture exposure scenarios, the questions to be addressed in

mixture studies vary widely and, consequently, there is no 'one size fits all' design and

analysis suitable for all mixture studies (Simmons and Gennings, 1996). Factors that

influence study design and analysis include the number of chemicals in the mixture, the

availability of the mixture for testing in its entirety, the extent to which the toxicity of
the mixture needs to be characterised in terms of dose-response relationship or

departure from additivity, and available resources.

1.4.1 Detectinginteraction

There are several graphical or statistical/mathematical methods to detect and

characterise interactions (departures from additivity) between mixture components. A
few commonly used methods are presented in this section. Experimental designs which

can be used to generate the data required for detecting interaction are the subject ofthe
next section.

The isobolographic method is the classical approach to determine whether two

chemicals interact (Calabrese, 1 99 1 ; Carter and Genning s, 1994; Gessner, 1 995 ; Loewe

and Muischnek,1926; Tallarida, 2000). An isobologram is a graphical representation

of the joint effect of two chemicals in which the doses of chemicals I and 2 are given

on the x- and y-axis, respectively, and the experimentally determined dose

combinations of 1 and 2 which all cause the same effect (e.g. 507o mortality) are

plotted and connected by a line: the iso-effect line or isobole (or contour of constant

response). This experimentally determined line is then compared with the theoretical

iso-effect line based on the assumption of additivity. Differences between these lines

indicate departure from additivity. Isoboles below the line of additivity indicate

synergism (in the presence of chemical 1 , less of chemical2 is required to generate the

specified response than would be the case under additivity), those above it indicate

antagonism. A major disadvantage of the isobolographic method is its extensive data

demand. Also, because of its graphical nature and use of perpendicular axes,

isobolograms are unsuitable for mixtures of more than three chemicals.

TheinteractionindexmethodproposedbyBerenbaum(1981,1985)isrelatedtothe

isobolographic method (both use iso-effective doses) but does not require plotting of
the isobologram and can be used for mixtures of any number of chemicals. Under

Berenbaum's definition of additivity, non-interactive combinations satisfy the equation

d1lD1 + d2lD2+... +di/Di= 1.
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Dr, Dz, ... D1 are doses of the individual chemicals 1,2, ... i that produce some

specified effect when given alone, and d1, dz, ...di are their doses in a combination that

produces the same effect. The sum of the fractions on the left side of the equation is

termed the interaction index which is < 1 for synergy, 1 for zero interaction (additivity),

and >1 for antagonism. These criteria are independent of the type of effect under

consideration, the shapes of the dose-response curves or the homogeneity of the target

population, and do not require any assumptions about mechanisms of action of the

chemicals. The interaction index covers combinations of an active chemical with a

chemical that does not affect the endpoint of interest (for the inactive chemical Dl may

be assumed to be infinite so that d/D1 is zero).

A problem with both the isobolographic and the interaction index method is that it
is not clear how large the difference between an isobole and the line of additivity must

be, or how different from unity the interaction index must be before a departure from
additivity is likely to be 'real' (as opposed to the result of the biological and

experimental variation in the data used to construct the isobole or to calculate the

index).

A method which permits the use of well known and readily available statistical
methods to analyse the data from mixture studies, and thus accounts for variability in
the data, is response surface anallzsis (Carter and Gennings, 1994 Carter, 1995). This
method assumes the existence of a mathematical relationship (a statistical model or
equation) between the response variable (effect) and the concentrations of the

chemicals in the mixture. This concentration-response relationship describes the

mathematical 'surface' of a mixture. An example for a 2-component mixture is given

below:

E = Bo + B1dl + [Jzdz + Br2drd2 .

E is the effect produced by the mixture, d1 and d2 are the concentrations of chemicals 1

and 2, respectively; Bo is an unknown constant representing the control situation
(concentration zero for each chemical); B; and 82 are unknown constants associated

with the effect of chemicals I and 2, respectively; Brz is an unknown constant
associated with the interaction between the two chemicals (this constant has been

shown to be linked to the interaction index). The analysis consists of estimating the

unknown constants (parameters) in the model from the experimental results (e.g. by
multiple linear regression), testing the goodness of fit of the model to the data, and

testing the statistical significance of the constants. If the interaction parameter 812

deviates significantly from zero, the joint effect of the two chemicals differs
significantly from additivity. In addition, 812 indicates the direction and magnitude of
the interaction.
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When a mixture contains more than two chemicals, the response surface analysis

method enables detection and characterisation of two-factor interactions between

specific pairs of chemicals as well as possible higher order interactions (e.g. a three-

factor interaction in case chemical 3 modulates the interaction between chemicals I and

2). In contrast, the index method only indicates whether the overall effect of the

mixture departs from additivity.

1.4.2 Experimentaldesigns

Whether or not the toxicity of a mixture needs to be characterised in terms of
departure from additivity, and, if so, which method is desired for detection of such

departures, has major implications for the design of a mixture study. This section

describes a few widely used experimental designs with their applications and

limitations.

In a whole mixture study, a given mixture is tested as a whole, the mixture may be

viewed as a 'single chemical'. This approach has been recommended for complex

mixtures with a poorly characterised, but stable composition (e.g. industrial effluents,

municipal waste), for semicharacterised mixtures (e.g. jet fuels, diesel, gasoline), and

for specially designed mixtures with completely characterised composition(Mumtazet

al., 1993). Obviously, the results of whole mixture studies do not support definite

conclusions on the presence or nature of possible interactions among components of the

mixture, nor do they enable identification of toxic components or fractions. A whole

mixture study can be conducted as an initial screening for toxic effects and followed by

testing of submixtures and, eventually, individual chemicals to tease out the

component(s) responsible for toxic effects or interactions. Such an approach is called a

top-down approach. Conversely, the investigation can start with the toxicity of the

individual components, i.e. a bottom-up approach (Yang et al,1995).

A factorial desien is a design in which each level (concentration) of each factor

(chemical) is combined with each level (concentration) of every other factor (chemical).

The number of groups in a factorial design is mr where k is the number of chemicals

and m the number of concentrations of each chemical. The simplest form of factorial

design is a 2x2 design which measures the responses to the control situation

(concentration zero for both chemicals), to one dose of each of two chemicals, and to

the same doses of these two chemicals combined (Calabrese, 1991; Michaud et al.,

1994). The 2x2 design has been used in many mixture studies and can support the

conclusion that the chemicals interact antagonistically. However, it does not permit

definite conclusions on whether the joint action is synergistic or additive. In case the
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response to the mixture is greater than that to the individual chemicals, proving
synergism or additivity requires knowledge of the responses to the individual chemicals
at higher dose levels.

If proper identification of interactions is required, larger factorial designs can be
used since these permit estimation of the interaction parameters in a concentration-
response surface model. The required number of dose levels in such designs increases
with the complexity of the mathematical model, e.g. when terms for higher order
interactions are included (Carter, 1995). The number of treatment groups in a full
factorial design increases so rapidly with the number of chemicals that it is unfeasible
when a mixture contains more than four or five chemicals, especially in case of
complex and costly in vivo studies.

The number of groups can be limited by considering specific fractions of the
complete factorial design in a so-called fractional factorial design. A good experimental
illustration hereof is the fractional two-level factorial design used by Groten and
colleagues (1996, 1997). They examined the toxicity of a mixture of nine chemicals
(chosen because of their relevance to the general population) in a subacute rat study,
using 16 carefully selected combinations (out of the 5I2 required for a full factorial
design) and were able to identify cases of non-additivity a well as causative chemicals
of effects on specific endpoints. Other efficient designs which sample only part of the
mixture's response surface include ray designs and (augmented) central composite
designs (Gennings, 1996; Michaud et a\,1994; svendsgaard and Hertzberg, 1994).

Instead of modeling the concentration-response relationship for a mixture of
chemicals to detect departures from additivity, Berenbaum (1989) and Gennings (1995,
1996) have proposed methods based on the concentration-response relationships of
each individual chemical. In this 'additivit), approach' the concentration-response
relationships of the individual chemicals are used to calculate the expected response for
a given combination, under the assumption of additivity. Then the predicted response is
compared with the response for that combination observed experimentally. For a
mixture of k chemicals, the number of groups required would be (m * k) + 1 (ru levels
of ft chemicals + the combination) which is much less than the mr groups required for a
complete factorial design. A disadvantage of this additivity approach is that it can only
show whether the effect of the whole mixture deviates from additivity, it is unable to
identify the chemicals which cause the interaction.
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1.5 Repeated-dose mixture toxicity studies at low dose levels

Most of the published mixture toxicity studies involve simple mixtures of only two

or three chemicals and acute exposure to high, often lethal, dose levels (Yang and

Rauckman, 1987; EPA, 1990; Mumtaz and Hertzberg, 1993). Though these studies

have clearly demonstrated that combinations of chemicals may act synergistically, and

thus raise concern about unexpected toxicity upon exposure to chemical mixtures, their

use for (quantitatively) assessing health risk from the usual long-term exposure of

humans to low levels of multiple chemicals is highly questionable (EPA, 1986).

Unfortunately, however, toxicological data on more realistic exposure conditions are

scarce. In the late 1980s, when the studies described in this thesis were initiated, only

very few studies had addressed the adverse effects ofrepeated or long-term exposure to

more than two chemicals at low dose levels. As illustrated below, the experimental

approaches in these studies differed widely, both in terms of the complexity of the

mixture and the exposure level or duration.

1.5.1 Sub-acute and sub-chronic studies with contaminants in the Great Lakes

For several decades now, research has been undeftaken on mixtures of chemical

contaminants found in the Great Lakes region of North America (Yilleneuve et al.,

lgg4). This research included animal studies using simple chemical mixtures and

studies in which rats were fed contaminated Great Lakes fish.

A study of the first category is the 28-day feeding study in rats which aimed to

determine whether mirex-related compounds (mirex, photomirex or kepone)

potentiated the toxic responses produced by halogenated biphenyls (Aroclor 1254,

Aroclor 1260 or polybrominated biphenyl) and vice versa (Chu et al., 1980). The

dietary concentrations used were selected to be at or close to the lowest levels reporled

to produce toxic effects. Each chemical was given alone and in a binary mixture (each

mirex-related compound was combined with each of the three biphenyls). Growth, food

consumption and routine hematology/clinical chemistry parameters were not affected

by any treatment. When given alone, the biphenyls induced liver enlargement,

increases in hepatic microsomal mixed-function oxidases and histopathological

changes in the liver and thyroid, whereas the mirex-related compounds induced

changes in liver morphology only. The results of the mixture groups showed that the

chemicals acted in an additive manner. Remarkably, the levels of mirex and

photomirex in the livers of rats co-exposed to biphenyls were four to six times
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increased compared with rats fed (photo)mirex alone, whereas the toxic response in the
liver was not increased as a result of this increased tissue accumulation.

In a subsequent study, Chu and coworkers investigated the toxic effects of a mixture
of I I heavy metals and trace inorganic substances, at three dose levels, in a sub-chronic
(l3-week) drinking water study in rats (chu er al., l98l). At the lowest level, the
concentration of each element was equal to that specified by the Great Lakes Water
Quality Objectives (established to protect the most sensitive species which, in most
cases, is an aquatic organism). The concentrations at the other levels were 5 and 25
times higher, respectively. For most elements, the concentrations at the 25x level
exceeded those recommended to be safe levels for drinking water. None of the
mixtures induced any sign of toxicity as shown by the results of routine toxicological
examinations. In another sub-chronic study, mixtures of 15 persistent contaminants
(mostly organochlorine pesticides) were fed to rats at levels of 1, 10, 100 and 1000
times the Great Lakes Water Quality Objectives (C6td et a1.,1985). No toxic effects
were observed and hepatic microsomal aniline hydroxylase and aminopyrine
demethylase activities in the mixture groups were within the control range. These
results indicate that the water quality objectives established for single chemicals afford
some measure of safety when exposure to mixtures occurs.

A limitation of the above studies is that the synthetic mixtures may not accurately
reflect the qualitative or quantitative pattern of contamination that exists in the
environment. As an alternative approach, laboratory rats were fed diets containing 5-
20Vo (on a wet weightbasis) contaminated Lake Ontario salmon for4 or 13 weeks
(villeneuve et al., 1981; chu et al., 1984). This way, the rats were exposed to
environmentally relevant levels of the whole range of organic and inorganic
contaminants which may accumulate in food chains. Control groups received diet
without salmon or diet with salmon from the Pacific Ocean. In general, the contaminant
levels in Pacific salmon were two orders of magnitude lower than those in Lake Ontario
salmon. The results showed dose-dependent and reversible, minor histological changes
in the liver and thyroid, increases in hepatic microsomal mixed function oxidase
activities, and a gradual build-up of organochlorine residues in the liver upon
prolonged exposure. Because the levels of polychlorinated biphenyls and z,3,J,g-
tetrachlorodibenzo-p-doxin in the contaminated fish were far below the minimum
required for enzyme induction, the authors speculated that 'the enzymeinduction was
probably associated with the presence of a multitude of the contaminants rather than
the only individual one found in Lake Ontario fish' or 'due to the presence of some
unidentified contaminants'.
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The above fish studies used traditional toxicity endpoints which may not be

sensitive enough to detect subtle effects of constant low level exposure to

environmental contaminants. On account of lessened psychomotor development

observed in children of mothers who ate about 0.5 kg of Lake Michigan fish per month

(and had increased levels of polychlorinated biphenyls in their cord blood), some

further rat studies with contaminated Lake Ontario salmon addressed behavioral

changes. Rats fed the contaminated fish showed increased reactivity to aversive events,

but not to positive events (Daly et al., 1.989; Daly, 1991). Though some of the

contaminants found in the fish and rat brain have been shown to cause similar

behavioral changes, it remains unclear which chemical or combination of chemicals

caused these changes in rats fed Lake Ontario salmon.

1.5.2 Lifespan studies with drinking water contaminants

Early in the 1980s, two lifespan studies in rats were conducted to investigate the

toxicity of contaminants found in drinking water in the Netherlands. The first study was

conducted with a mixture of eleven volatile halogenated hydrocarbons which were

chosen on the basis of their occunence in ground wells used for drinking water supply

(Wester et aI.,1985). During 25 months, the rats received drinking water containing a

mixture consisting of equal quantities of the eleven contaminants. The mixture was

studied at three dose levels, the highest level being three orders of magnitude higher

than found in several water wells. The results revealed no toxic or carcinogenic effects.

Whereas the mixture in the first study was chemically defined and not mutagenic,

the mixture in the second study was a complex drinking water concentrate of unknown

organic composition and positive in the Ames test (Kool et al., 1985). The organic

concentrate (in dimethylsulphoxide, prepared by XAD-4/8 concentration procedure)

was given in the drinking water, at three dose levels, for nearly 25 months. The highest

dose was at least 40 times higher than the expected human exposure level. Lifespan

consumption of the concentrate, which represented only about l7o of lhe total organic

material present in drinking water, did not result in an increased tumor incidence.

1.6 Scope of the work described in this thesis

In 1985 , the Health Council of The Netherlands published an advisory report on the

setting of health-based standards for non-carcinogenic substances (Health Council of

The Netherlands, 1985). One of the issues addressed in this advisory report was the

question as to whether (uncertainty about the toxicological consequences of) combined
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action should be incorporated in the standards for individual substances. The Health

Council concluded that there was no immediate reason to take combination effects into
account at concentrations well below the standards for the individual substances.

Furthermore, the Council was not aware of useful data on the effects of prolonged

exposure to combinations of substances at concentrations around the experimental No-

Observed-Adverse-Effect Levels (NOAELs) of the individual substances and,

therefore, recommended research to fill this data gap.

A few years thereafter, the Dutch Ministry of Housing, Spatial Planning and

Environment funded a research programme on combination toxicology with the general

aim to obtain a better understanding of the importance of mixture toxicity, and, if
possible, to obtain enough information to support some general statements that can be

helpful to responsible authorities (Zorge,1996). The research programme was stafted

by Feron at TNO Nutrition and Food Research, and included, among others, the studies

described in chapters 2-5 of this thesis. One of the maj or aims of the programme was to

test the hypothesis that as a rule exposure to mixtures of chemicals at (low) non-toxic
doses of the individual chemicals is of no health conceffl (Feron et al, 1995).

Following the Health Council's recommendation, we initially carried out arepeated-

dose (4-week) oral toxicity study in rats with a combination of eight chemicals with
different primary target organs (chapter 2). The objective of this study was to determine

whether simultaneous administration of the chemicals at dose levels equal to the

NOAEL of each of the individual chemicals would result in a NOAEL or and adverse-

effect level for the combination. This study and the next studies were empirical studies

intended to examine the toxicity of the mixtures as a whole. They were not designed to

detect interactions between specific pairs of mixture components, to identify
components responsible for specific mixture effects, or to investigate mechanisms

underlying these effects.

As a sequel to this study with chemicals acting on different target organs, a 4-week

repeated-dose study (chapter 3) and an acute study (chapter 4) in rats were conducted

with mixtures of four chemicals with the same target organ, viz. the kidney, but
presumably different modes of action. Again the objective was to examine whether the

combined action of the four chemicals at dose levels equal to their individual 'No-
Observed-Nephrotoxic-Effect Level' would result in an effect level.

The next study was conducted with mixtures of three or four chemicals which affect

the same target organ, again the kidney, through a similar mode of action (chapter 5).

The toxicity of a mixture of similarly acting systemic toxicants is commonly predicted

by a model based on dose addition (EPA, 1986). Though the assumption of dose

addition for such mixtures has been shown to be valid in acute, high-dose studies in
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rats, its validity under conditions more relevant to human environmental exposure has

been examined poorly. The major goal of our study was, therefore, to test the additivity

assumption (dose addition) under conditions ofconcurrent, repeated exposure (32 days)

at non-toxic dose levels slightly below the 'Lowest-Observed-Nephrotoxic-Effect

Level' of the individual chemicals.

In chapter 6, the above studies are discussed and an overview is given ofapproaches

to risk assessment of chemical mixtures. This chapter also contains a summary of
(complementary) low-dose studies conducted by other investigators and ends with the

conclusions drawn.
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Chapter 2

INTRODUCTION

Toxicological research for the assessment of hazards
associated with chemical exposure has traditionally
focused on single substances in isolation. However, in
reality, humans are simultaneously exposed to a
multitude ofchemical substances, ofboth natural and
synthetic origin, which necessitates knowledge of the
health effects of combined exposures. There is some
experience of exposure to combinations, for example
of drugs (Szrnigielski, 1983), metals (Chmielnicka,
1983), solvents (Ikeda, 1983 and 1988) and pesticides
(Kaloyanova, 1983; Kommission ftir Pflanzenschutz,
Pfl anzenbehandlungs- und Vorratsschutzmittel, I 975).
Combined exposure studies encountered in the litera-
ture normally use only two or three compounds and
relate to acute toxicity or to carcinogenicity. In fact,
very little is known about the adverse effects of
subacute or subchronic exposure to combinations of
more than three chemicals at concentrations around
the "no-observed-adverse-effect level" (NOAEL).

In the present study eight different chemicals, of
which the subacute oral toxicity in rats had pre-
viously been studied in our laboratory, were simul-
taneously administered to male and female rats by the
oral route for a period of 4 wk. Each compound was
administered at its "minimum-observed-adverse-

Abbreuiations: ALAT: alanine aminotransferase; ALP =
alkaline phosphatase; ANOVA: analysis of variance;
ASAT = aspartate aminotransferase; DOTC = di-n-
octyltin dichloride; LAL = synthetic lysinoalanine;
LSD = least significant differenc€; MOAEL = minimum-
observed-adverse-effect level; NOAEL =no-obrerved-
adverse-efct level.

4-WEEK ORAL TOXICITY STUDY OF A COMBINATION
OF EIGHT CHEMICALS IN RATS: COMPARISON WITH

THE TOXICITY OF THE INDIVIDUAL COMPOUNDS

D. JoNxrn, R. A. WourERsEN, P. J. vAN Br.loansN, H. P. TrL and V. J. Frnor
TNHM Toxicology and Nutrition Institute, PO Box 360, 3700 AJ Zeist, The Netherlands

(Receioed 15 Nnember 1989; raisions receioed 2l May 1990)

Abstract-In a 4-wk oral toxicity study, 4wk-old male and female Wistar rats were exposed to a
combination of arbitrarily chosen chemicals comprising sodium metabisulphite, Mirex, Loperamide,
metaldehyde, di-n-@tyltin dichloride, stannous chloride, lysinoalanine and potassium nitrite. The dose
levels used were based on the "no-obsewed-adverse-effect level" (NoAEL) and the "minimum-observed-
adveree-eflect lev€I" (MOAEL) of the individual compounds obtained in similar studies with Wistar rats
previously performed at TNG{IYO, and comprised 0 (controls), l/10 and l/3 of the NOAEL, the
NOAEL and the MOAEL. In comparison with the adverse effects of the individual ompounds, both more
severe and less severe adverse eff€ts were obserued at the MoAEL of the combined compounds,
indicating interaction of efftrts at this exposure level. Slightly decreased haemoglobin content and slightly
increased relative kidney weight were the only treatment-related adveme effects seen in the NOAEL group.
In the li l0 and l/3 NOAEL groups no untoward effects were found that could be related to treaament.
The presnt study clearly demonstrates absence of a simple additive effrct, and provides some, but no
convincing, evidene for an increased risk from exposur€ to a combination of chemicals when each
chenical is administered at its own individual NOAEL. At lower dom levels no incrmsed risk appears
to exist. Thes generalizations may not be fully justifiable from a purely scientifrc point of view but are
the most important practical lesson leamt from the present study.

effect level" (MOAEL), at its NOAEL, and at one-
third and one-tenth of the NOAEL. The choice ofthe
chemicals was neither based on similar or dissimilar
action or target organ nor on expected interaction or
expected independent action (Plackett and Hewlett,
1948 and 1952). In fact the choice was fully arbitrary
with respect to type of action, target organ and
(un)expected interaction. The major criteria for
selecting a chemical were: (l) the existence of freely
available data on subacute oral toxicity in rats
produced in our laboratory; and (2) the absence of
markedly reduced food or water intake at the
MOAEL. Eight chemicals were considered suitable
for use in the present study.

The main purpose of this study was to determine
whether simultaneous administration of the com-
pounds at a concentration equal to the NOAEL for
each of the chemicals would result in a NOAEL or
an adverse-effect level for the combination. In case
this level would indeed turn out to be an adverse-
effect level for the combination, it would be highly
relevant to know whether such interactive effects
would also occur at lower dose levels. Therefore, the
l/3 and l/10 NOAEL groups were included in this
study. Finally, the MOAEL group was included to
ensure the possibility of studying interactive toxic
effects; such information was considered necessary
for the interpretation of the results obtained at the
lower dose levels.

MATERIALS AND METHODS

Source of test compounds

Nitrite (KNOr; al least 97o/o pure by analysis)
was obtained from E. Merck (Darmstadt, FRG),
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stannous chloride (SnClr'2HrO; 97%) from Analar,
BDH Chemicals Ltd (Poole, Dorset, UK), sodium
metabisulphite (Na2S2O5; at least 95% pure) from
Brocades-acf (Maarssen, The Netherlands), Mirex
from Riedel-de-Ha€n (Seelze-Hannover, FRG), Lop-
eramide (Loperamide hydrochloride) from Janssen
Pharmaceutica (Goirle, The Netherlands), and met-
aldehyde (technical gtade, 99.5oh) from AAgrunol
(Groningen, The Netherlands). DOTC (di-n-octyltin
dichloride; purity at least 98%) was a gift from Dr E.
J. Bulten (Institute for Applied Chemistry, TNO,
Utrecht, The Netherlands). Free synthetic lysino-
alanine.2HCl (LAL) was synthesized in the former
Organic Synthesis section of TNO-CIVO, following
the directions of Okuda and Zahn (1965).

Animals and matntenance

Weanling, Wistar-derived SPF-bred male and
female rats (Bor:WISW) were obtained from F.
Winkelmann (Institute for the Breeding of Labora-
tory Animals GmbH & Co. KG, Borchen, FRG).
They were housed in groups of five males or females
in stainless-steel cages with wire-mesh floors in an
animal room maintained at 22 * 2'C, a relative hu-
midity of at least 40%, and a l2-hr light/dark cycle.
The percentage composition of the Institute's cereal-
based, open formula diet, used as basal diet in this
study, was as follows: soya-bean meal I l, fish meal 7,
meat and bone scraps 4, wheat 36, maize 29.7,
brewers' yeast 3, alfalfa meal 3, soya-bean oil 3, whey
powder 2, defatted bone meal 0.4, trace mineral salt
0.5, vitamin B mixture 0.1, and vitamin ADEK
mixture 0.3. To compensate for destruction of vita-
min B, by sulphite, the basal diet was fortified with
l0mg vitamin B,/kg diet. Test diets were prepared
every 2 wk by blending the test compounds and basal
diet in a Stephan cutter, and were then stored in a
freezer at -20'C until use. Test solutions were
prepared every 2 days by dissolving potassium nitrite
in tap-water, and stored in a refrigerator at 4"C.

Experimental design

Following a 6-day acclimatization period, during
which basal diet and tap-water were available ad lib.,
the rats were allocated randomly to groups of l0
males and 10 females each, such that the mean body
weights were about the same in all groups (56 g for
males, range 48 to 65 g; 62 g for females, range 57 to
67 g). Next, the rats were allowed free acc€ss to test
diets and test solutions for 4wk. The study included
one control group, given basal diet and tap-water
without test compounds, and four test groups. Rats
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of each test group received eight test compounds
simultaneously in their drinking-water (nitrite) and
feed (stannous chloride, sulphite, metaldehyde, Lop-
eramide, Mirex, LAL and DOTC). In the highest
dose group (indicated by MOAEL) all test com-
pounds were administered at levels that had been
found to induce minimal effects when administered
separately. The levels given in the next lower dose
group (indicated by NOAEL) were found to be
NOAELs on separate administration. The levels in
the two remaining test groups amounted to one-third
(indicated by l/3 NOAEL) and one-tenth (indicated
by l/10 NOAEL) of those in the NOAEL group. The
concentrations of the test compounds in water and
feed are presented in Table l.

Obsentations and, analyses

The rats were weighed weekly and observed daily
for condition and behaviour. Food intake was
measured weekly and fluid intake daily, on a cage
basis, by weighing feeders or drinking-bottles, re-
spectively.

Haematology and clinical chemistry. Blood samples
were collected from the tip of the tail of all males on
day 22 a:ad of all females on day 23, and examined
for haemoglobin and methaemoglobin concentration,
packed cell volume, prothrombin time, counts of
erythrocytes, reticulocytes, thrombocytes, and total
and differential leucocytes. Whole blood taken from
the tip of the tail from each rat after overnight fasting
on day 25 was examined for glucose (Boehringer
Glucoquant No. 245-178; Boehringer Mannheim
GmbH, Mannheim, FRG). At autopsy (for males on
day 28 and for females on day 29), blood samples
collected from the abdominal aorta of all rats were
centrifuged at 1250 g for 15 min and then analysed
for alkaline phosphatase (ALP), aspartate amino-
transferase (ASAT), alanine aminotransferase
(ALAT), total protein, albumin, total bilirubin, urea,
creatinine, cholesterol, triglycerides, phospholipids,
inorganic phosphate and calcium (Cobas-Bio Cen-
trifugal Analyzer), chloride (Chloro Counter), and
sodium and potassium (Electrolyte-2-Analyzer).

Urinalysis. In wk 4, rats were deprived ofwater for
24 hr and of food for 16 hr. Urine was collected for
the last 16 hr of the deprivation period and its volume
(calibrated tubes) and density (Bellingham and
Stanley refractometer) were determined, Semi-
quantitative observations in the individual urine
samples included appearance (visual inspection),
protein, glucose, ketones, occult blood, urobilinogen
and bilirubin (Combur-7-Test strips; Boehringer

Table l. Con@ntratiotrs of test compounds in food or drinking-water for various
dose groups in a 4-wk oral toxicity study of a combination of 8 chemicals in rats

Con@ntrstiotr (ppm) in food or drinking-Baterr
given to th€ group indiqted by:

Test compound NOAEL/Io NOAEL/3 NOAEL MOAEL

KNO,
SnCl2.2H2O
NarSrO5
Mctaldehyde
Loperamide
Mirex
Lysinoalanine
DOTC

10
r00
500

20

0.5
0.5
3

0.6

300
3000

20000
1000

25
80

100

30

100
1000

5000
200

5

5

30
6

33

330
1670

70

1.

L
l0
2

rOnly KNO2 was administcred in the drinking-water.
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Mannheim GmbH, Mannheim, FRG). The sediment
of pooled samples (one sample per group) was exam-
ined microscopically for red and white blood cells,
epithelial cells, amorph material, crystals, casts, bac-
teria, worm eggs and sperms. Urinary pH was deter-
mined (pH meter) in early-morning, 2-hr urine
samples collected on day 24 ftom unfasted rats.

Pathology. On day 28 (males) or 29 (females) the
rats were killed by exsanguination from the abdomi-
nal aorta whilst under light ether anaesthesia, and
a thorough autopsy was performed. The weights
of adrenals, brain, heart, kidneys, liver, ovaries,
spleen, testes, thymus and thyroid were recorded
and the organ-to-body-weight ratios were calculated.
Samples of these organs and of the epididymides,
mesenteric lymph nodes, pancreas, prostate, seminal
vesicles, stomach and small intestine were fixed in 470
neutral buffered formalin, and processed for histo-
pathological examination. Sections were cut at 5 pm
and stained with haematoxylin and eosin.

Statistical analysis

Body weights were evaluated by one-way analysis
of covariance followed by Dunnett's multiple com-
parison tests. Water intake was evaluated by analysis
of variance (ANOVA) repeated measures design.
Data on food intake and food conversion emciency
were evaluated by one-way ANOVA followed by
least significant difference (LSD) tests, and haematol-
ogy, clinical chemistry, organ weights and urinary

volume and density by one-way ANOVA followed by
Dunnett's multiple comparison tests. Differential
white blood cell and reticulocyte counts and the
results of urinalysis, except for volume and density,
were analysed by the Mann-Whitney U-test. The
histopathological changes were examined by Fisher's
Exact Probability Test.

NESULTS

No mortality occurred. Clinical signs of ill-health
were limited to the MOAEL group, in which all male
and female rats exhibited emaciation and abdominal
distension from wk 2 onwards. Other signs of im-
paired health observed in this group included rough
fur, serous or haemorrhagic discharge from the nose,
encrustations around the nose, focal alopecia and
red, scaly paws.

Compared with controls, rats of the MOAEL
group showed growth retardation, reduced food
and water consumption and lower food efficiency
(Table 2). At the lower dose levels there were no
significant changes in these parameters.

Haemoglobin concentration, mean corpuscular
haemoglobin and prothrombin time were lower in
males and females of the MOAEL group than
in controls (Tables 3 and 4). Female rats of the
MOAEL group also showed a lower mean corpuscu-
lar haemoglobin concentration, and higher counts of
total white blood cells and lymphocytes. A slightly

Table 2. Mean values of body weight, food intake, food efficiency and water intake of rats given a combitration of 8

chcmicals io the food (7 chemicals) or drinking-water (l chemi@l) for 4wk

Values for rats in the various doE groups

Parameter Control NOAEL/Io NOAEL/3 NOAEL MOAEL

M116
Body weight (g)

on day 0
1

l4
21

28
Food itrtake (g/rat/day)

inwk I
1

3

4
Food efficiency over 4 wkt
Water intake (g/ratlday)

over 4 wk

Body wcight (8)
on day 0

1

t4
2l
28

Food intakc (ghatlday)
inwk I

2

3
4

Food cfhciency over 4 wkf
Water intake (glrutlday)

ovcr 4 wk

56 t 1.4
90 t 1.9

127 t2.4
163 t 2.9
197 t4.2

56 t 1.5

92 ! t.7
132 t22
t7t t2.7
203 t 3.0

s6 t 1.4

9l !2.4
129 t3.2
t6't t3.9
199 + 4.7

56 + 1.4
9l t 1.7

t29 t2.t
tilt2.7
196 t 3.9

56 + 1.6

77 t2.241
98 t 3.r.r

120 t 4.3r.
136 t z't '*

t2.2
16.9

17.5
16.0
0.32

19.3

t2.1
t't.l
t7.9
16.3

0.32

19.2

62 t 0.8
92 t 1.2

l19t 1.6

138 t 1.8
154 t 2.3

t3_2'
17.4
18.2
16.4

0.32

Fem116

8.8rr*
10,6&!
12.9...
12.4...
0.26..

12.4
16.3

l?.5
16.2

0.32

21.21,20.5

62 t 0.9
92 ! 1.9

ll8 t 2.7
135 t 3.3
153 t 3.3

0.9
1.2

1.9
2.1

2.2

62 t 0.9
93 t r.4
l19t 1.8
139 t2.6
157 t2.7

62t
92t

117 t
132 t
l5l I

t1.21.

62 t 0.9
8l + 1.0"
96 t 1.8"

I l0 + 2.7..
I l9 t 4.6.r

12.4
14.8

14.4

l3.t
0.25

I 1.6
14.4

13,7
12.6

0.25

9.2..
I 1.9
ll.4..r
10. lr.
0.19

13.0
15.4
14.9

13.4

0.23

20.0

12.'1

14.1
14.5

I 1.8

0.24

18.9

fwcight gained (g)/food consumcd (d.
Body.wcight valrcs arc means t SEM for groups of tcn rats. Food and watcr intak€ arc thc mcans for two ego of 6vc

animals @h. Although water itrtake wa6 rcordcd daily, only thc mean ovcr 4 wk is pre*ntcd in thc tablc. Tta valucs
markcd with asterisks diffcr signifi€rtly (body wcight: CovarianrDunnett's tast; food intakc atrd €mciency:
ANOVA-LSD t6ti water intake: ANOVA-repeat€d mcasures design) from thc control value (rP < 0.05;'rP < 0,01;
rrP < 0.001).

18.8 18.5 t6.3
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Valws for rats of th€ goup iodietcd by:

Parameter Control l/r0 NoAEL l/3 NOAEL NOAEL MOAEL

Chapter 2

Table 3. Ef@ts on hacmatological and plasma biochcmiel pammcte$
(7 ch€miels) or drinking-water

in male rats givm a @mbination of 8 chcmi€ls in thc food
(l chemiel) for 4wk

RBC (10r'z/litre)
Hb (mmol/litre)
PCV (lilre/litre)
MCv (fl)
MCH (fmol)
MCHC (mmol/litre)
PTT (sec)

wBC (10'/litre)
Neutrophils (1o'/litre)t
Lymphocytes (loe/litre)+

Glucose (mmol/litre)
ALP activity (U/litre)
ALAT activity (U/litre)
ASAT activity (U/litre)
Total protein (g/litre)
Albumin (g/litre)
Urea (mmol/litre)
Creatinine (pmol/litre)
Cholesterol (mmol/litre)
Triglycerides (mmol/litre)
Phospholipids (mmol/litre)
Calcium (mmolTlitre)
Potassium (mmol/litre)
Sodium (mmol/litre)
Chloride (mmol/litre)
Inorganic phosphate (mmol/litre)

6.0 t 0.1
8.3 t 0.1

0.433 t 0.004
12.7 t0.9
1.40 t 0.01
19.2 t 0.1
46, l t 0.5
12.7 t 1.0

1.0 t 0.1
l 1.6 t 1.0

3.1 1 0.0
334.2 t 18.9
40.8 t l.6
56.8 I L9
55.6 1 0.4
33.9 t 0.4
5.32 t 0.16
60.5 t l.r
2.09 i 0.05
r.09 t 0.18
1.60 t 0.07
2.71 !0.02
3.60 t 0.05

140.6 t 0.6
100.3 t 0.5
2.56 t 0.03

5.8 t 0.1
8.3 t 0.1

0.427 t0.oo4
73.7 t 0.8
1.43 t 0.01
19.3 t 0.1
45,5 t 0.5
10.6 t 0.7

1.1 t 0,2
9 4 to.'l
3.3 t 0.1

317.9 t 16.0
40.5 t 1.4
61.5 t 1.8

56.0 t 0.3
33.5 1 0.3
5.43 I 0.28
60.7 t t.'t
2.10 t 0.05
0.98 t 0.12
1.57 t 0.05
2.71x0.02
3.75 t 0.10

140.9 t 0.6
100.9 t 0.8
2.64 t0.04

5.8 t 0.1
8.0 t 0.1 '

0.428 t 0.005
74.0 t 1.0

6.0 t 0.1
7.9 t 0.1..

0.422 t0.004
70.0 t l. I
1.32 t 0.02*.
18.8 t 0.2
41.3 t 0.8r*
t5.2 t2.0

1.3 t 0.2
13.7 t 1.8

3.8 t 0.1+r
266.8 x t4.5.
102.6 I 26.8.*
123.9 *29.0"
51.5 t 0.9..
28.9 1 0.7t'
5.63 I 0.31
50.1 t 1.3"
2.67 t 0.16+'
0.46 t 0.04*+
1.93+0.llr
2.68 t 0.04
4.02 I 0.09'!

139.0 t 0.5
98.2 t 0.6
2.60 t 0.10

41.0

6.0
8.2

0,438
72.1
1.36
18.7

46.4
I 1.4
n1

10.6

3.6
376.6

58.2
56.0
34.2
5.20

2.t3
1.09

1.66

2.72
3.67

141.4

101.5

2.'t0

1.39 t 0.01
18.8 t 0.2
44.8 t 0.5
12.2 t 0.8
0.7 t 0.1

I 1.4 t 0.8

3.5 t 0.1'
328.9 t 13.6
43.0 t 3.0
61.9 t 2.1

55.9 t 0.5
33.6 t 0.3
5.31 tO.22
61.4 + 1.3
2.31 + 0.09
0.94 t 0.14
I.54 t 0.07
2.76 t0.02
3.66 t 0.08

14t.7 t0.7
r01.3 t 0.5
2.78 t 0.03

t 0.1

t 0.1

1 0.005
t 0.9
+ 0.01

10.2
10.3
10.5
1 0.1
+ 0.5

I 0.1'
+ 26.4

t 1.9

t 0.6

I 0.4
t 0.31

!2.1
t0.ll
t 0.15
t 0.07

t 0.03
t 0.04
+ 0.4
t 0.6
t 0.04

RBC = red blood ell count Hb = haemoglobin conetrtrution PCV = packcdqtl volumc MCV : mean orpuscular volumc MCH = mcan
corpuscular hremoglobin MCHC = mean corpusular ha€moglobin con@ntration PTT = prothrombin time WBC = whitc blood ell

coutrt
tNeutrophils and lymph@ytes: @lculatcd from total aDd difolertial while blood ell counts.

The values ar€ means t SEM for groups of ten rats. The valrcs markcd with astcrisks differ signifiently (ANovA-Dunnett's tso from
the control value (*P < 0.05; .*P < 0.Ql; trrP < 0.001). AII other haemtological and plasma biochcmi€l paramelen measured showcd
no differences from the controls.

Table 4. Effsts on haematological and plasma biochemiel paramctels in
(7 chemiels) or ddnking-water (l

fmalc rats givcn a combination of 8 chemicals in the food
chcmi@l) for 4 wk

Valucs for rats of the group indieted by:

Parameter Control l/10 NoAEL u3 NOAEL NOAEL MOAEL
RBC (10''?/litre)
Hb (mmol/litre)
PCV (litre/litre)
MCv (n)
MCH (fmol)
MCHC (mmol/litre)
PTT (sec)

WBC (1o'o/litre)
Neutrophils (10'/litre)t
Lymphocytes (1o'/lir.e)l

Glucose (mmol/litre)
ALP activity (U/litre)
ALAT activiry (U/litre)
ASAT activiry (U/li!re)
Total protcitr (g/litre)
Albumin (g/lit.e)
Urea (mmol/litre)
Creatinine (tmol/litre)
Cholesterol (mmol/litre)
Triglyerides (mmol/litre)
Phospholipids (mmol/litre)
Calcium (mmol/litre)
Potassium (mmoulitre)
Sodium (mmol/litre)
Chloride (mmol/lire)
Inorganic phosphate (mmol/litre)

t 0.1

t 0.1

t 0.004

t 0.6
t 0.01

t 0.1

t 0.9
t 0.4
t 0.1

t 0.4

t 0.1

t 10.7

t 1.2

t 1.8

x0.7
t 0.3
t 0.25
t 1.4

8.7

6.1
8.6

0.447
73.6
1.42
19.3

42.2
9.6
0.8

4.0
244.3

41.1
@.2
56.4
36.4
5.86
55.1
L88 t 0.08
0.70 t 0.07
1.64 t 0.05
2.60 t 0.02
3.59 t 0.08

144.2 x0.5
101.6 t 0.4
2.214 t 0.10

6.0 t 0.1

8.6 t 0.0
0.448 t 0.004

75.0 t 1.0
1.44 t 0.02
19.l t 0.2
40.9 + t.0

9.7 !0.4
0.7 t 0.1
8.9 t 0.4

3.9 j 0.1
206.6 I 9.lr

40.8 t 1.6
58.2 t 1.7

55.7 t 0.3
36.3 + 0.4
6.56 t 0.35
55.8 t 1.8
1.96 t 0.06
0.79 t 0.08
1.72 t 0.04
2.62 !0.02
3.59 t 0.15

142.5 t 0.5
101.5 t 0.4
2.36 t 0.06

6.2 t 0.1

8.7 t 0.1
0.452 t 0.005

72.8 + t.2
1.40 t 0.02
19.3 I 0.1
42.1 !0.4
9.7 +0.1
0.7 + 0.2
9.0 t 0.6

3.9 t 0.1
241.2 t 14.5

36.7 t 1.8
58.3 t 1.9

55.6 t 0.7
36.7 t0.7
6.72 t 0.51
53.3 t 1.3
1.77 t 0.03
0.58 t 0.04
1.55 t 0.04
2.57 t 0.03
3.36 t 0.09

143.2 t 0.5
t02.2 t0.4
2.32 I 0.08

6.0 t 0.1
8.5 t 0.1

0.444 t 0.006
73.8 t 1.4

t.42 t0.02
19.2 !0.2
,10.2 t 0.5

8.8 t 0.4
0.7 t 0.2
8.0 1 0.3

4.0 J 0.1
206.3 t 8.8r

33.6 t l.2r
55.0 I 1.5
56.8 t 0.6
36.5 t 0.4
5.99 t 0.37
s5.5 t 2.0
2.05 I 0.07
0.75 t 0.10
1.68 t 0.04
2.66 t 0.02
3.59 t 0.08

143.9 t 0.5
r01.5 r 0.4
2.35 t 0.0s

6.2 t 0.1
8.1 t0.l'a

0.435 t 0.005
70.5 t 0.9
l.3l t 0.02*r
18.6 I 0.2'
38.9 t 0.8*
t3.6 t 0.5rr
0.8 1 0.1

12.6 i 0.5{
3.8 I 0.1

188.3 t 7.4$
46.8 1 3.2
72.3 !4.5"
53.0 t 0.8ri
31.2 1 0.8"
6.31 t 0.46
48.7 j l.3r
3.19 t 0.23.r
0.49 t 0.04
2.42 t 0.08r'
2.72 !0.02..
3.93 t 0.09

143.3 t 0.8
98.8 j 0.4'.
2.39 t 0.08

RBC : red blood cell count Hb = haemoglobin con@ntration pCV = packcdcll volumc MCV = mcatr corpusular volumc MCH = mean
corpusular haemoglobin MCHC = mean corpuscular hremoglobin con@nration PTT = prothrombin time WBC = white blood cell

tNeurophils and lymphocytes: calculated from total and diferentiaclllite blood ell counts.
The valucs are means t SEM for groups of tcn (hacmatology and glucose) or ninc (biochemistry) rats.
The valucs marked with asterisks difrer significantly (ANOVA-Dunnett's tcst) from thc control value (.P < 0.05i {P < 0.Ol; .'*P < 0.001).
All oth€r hacmatological and plasma biochemical parametcm measured showed tro difercnces from the ontrols.
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decreased haemoglobin concentration in males of
the NOAEL group was the only change observed
at lower dose levels.

Urinalysis revealed a decreased pH in males and
females of the MOAEL group (males: control 6.24,
MOAEL 5.89; females: control 6.56, MOAEL 6.02;
P < 0.02), and brownish-yellow urine in males of this
group. Other semi-quantitative observations and uri-
nary volume and density did not show differences
among the various groups.

The results ofclinical chemistry are given in Tables
3 and 4. In the MOAEL group, many statistically
significant differences from control values were ob-
served. They occurred in both sexes, unless indicated
otherwise, and included decreased values for the
activity of ALP and the plasma concentrations of
total protein, albumin, creatinine, triglycerides, and
chloride (females only), and increased values for
blood glucose (males only), the activities of ALAT
(males only) and ASAT, and the plasma concen-
trations of cholesterol, phospholipids, calcium
(females only) and potassium (males only). In the
lower dose groups only a few changes were noted-
decreased ALP activity in females of the NOAEL and
1/10 NOAEL groups, decreased ALAT activity in
females of the NOAEL group, and increased concen-
tration of blood glucose in males of the NOAEL and
1/3 NOAEL groups. The changes in blood glucose
are believed to be unrelated to treatment, because
there was no clear dose-effect relationship or (micro-
scopic) evidence of adverse effects on liver or pan-
creas, organs involved in regulating blood glucose in
fasted rats.

With a few exceptions, the absolute organ weights
were decreased in rats of the MOAEL group com-
pared with those of the controls. The exceptions were
increased absolute liver weight in rats of both sexes,
and unchanged absolute weights of the adrenals (in
males only), brain and thyroid. The organ-to-body-
weight ratios are shown in Table 5. The relative
weights of the testes, thyroid, adrenals (in males
only), kidneys (in males only), brain and liver were

statistically significantly higher in rats of the MOAEL
group than in controls, whereas the relative weights
of the ovaries, thymus (in males only) and spleen (in
males only) were significantly lower. Moreover, rela-
tive kidney weights were increased in males of the
NOAEL group and in females of the l/3 NOAEL
group.

Gross examination at autopsy revealed a pro-
nounced limiting ridge of the stomach in four males
and two females of the MOAEL group, and swollen
and/or dark livers in five male and seven female rats
of the MOAEL group. These liver changes were also
seen in three males of the NOAEL group. Treatment-
related histopathological changes were observed in
the MOAEL group only (Table 6). In the livers of
all rats of this group hepatocellular swelling ac-
companied by vacuolation and/or single-cell necrosis
was observed. The forestomach offive males and six
females showed epithelial hyperplasia accompanied
by hyperkeratosis of the limiting ridge. Lymphoid
depletion occurred in the thymus of seven male rats.
The number ofcorpora lutea was decreased in six out
of ten females, while the epididymides of six out of
ten males showed accumulation of a few to several
multinucleated giant cells. Although special attention
was paid to the adrenals, kidneys, pancreas, prostate,
spleen and small intestine, which are target organs for
one or more of the test compounds, no morphologi
cal changes were detected that could be related to
treatment.

DISCUSSION

To facilitate the evaluation of the results of the
present study, the data of this study as well as those
of the studies with the individual chemicals have been
summarized in Table 7.

As expected, a wide range of adverse effects was
found at the MOAEL. In view of the toxicity data of
the individual compounds we indeed expected to see
growth retardation, reduced food and water intake,
reduced food efficiency, decreased haemoglobin and

Table 5. Relative organ weights ofrats given a combination of8 chcmicals in the food (7 chemicals) or drinking-water
(l chemical) ior 4wk

Relative organ weights (g/kg body w€ight) in the group indicated by:

Organ Control l/10 NoAEL l/3 NOAEL NOAEL MOAEL

Thyroid
Adrenals

T6tes

Kidneys
Thymus
Brain
Splren
Heart
Liver

Ovaries

Kidneys
Thy0us
Brain
Spleen
Heart
Liver

12.44 ):0.28
0.084 t 0.003
0.174 t 0.008

7.31 t 0.16
2.93 1 0. l9
8.54 t 0.21
2.42 t 0.10
3.73 t 0.08
46.2 ! 1.0

0.456 t 0.020
0.il 1 1 0.004
0.291 t 0.032

7.81 t 0.13
2.87 t 0.r0

10.03 t 0.14
2.43 t 0.08
4.19 I 0.09
43.9 t L0

12.U t0.29
0.089 t 0.004
0.190 t 0.006

?.51 t 0.13
2.56 t 0.18
8.48 t 0.19
2.35 t 0.09
3.96 t 0.06
46.4 t 0.8

0.425 t 0.020
0.108 t 0.006
0.319 t 0,013

7.90 t 0.20
3.00 t 0.10

10.42 t 0.17
2.38 t 0.09
4.2t t0.12
45.2 t0.9

M116
12.16 t0.21
0.090 t 0.004
0.192 t 0.007

7.38 t 0.10
2.70 t 0.15
8.37 t 0.09
2.41 t 0.07
3.78 t 0.09
48.6 t 0.6

Fems16
0.,141 t 0.031

0.108 t 0.006
0.335 t 0.013

8.42 t o.l8r
2.89 t 0.06

10.58 t 0.31

2.22 t0.09
4.21 t 0.08
43.8 t 0.4

12.94 x0.29
0.092 t 0.006
0.193 t 0.004

?.86 t 0.12r
2.96 !0.t2
9.00 j 0.19
2.30 1 0.15
3.8? I 0.10
50.8 t l.l

0.453 t 0.018
0.lll 10.005
0.327 t 0.013

7.76 t 0.15
2.78 t 0.09

10.35 t 0.22
2.37 I 0.08
4.08 t 0.09
46.3 t 0.8

15.82 + 1.12..
0.121 t 0.006*.
0.254 t 0.0l2rr

8.39 t 0.20*r
1 83 :t 0.21'r

11.98 t 0.52r'
1.97 t 0.1 lr
3.72 t 0.1 r
84.8 t 2,3+*

0.327 1 9.92srr
0.151 t 0.007'r
0.294 t 0.007

8.39 t 0.15
2.53 t 0.17

13.r7 t 0.35n
2.31 t 0.05
4.16 t 0.12
81.6 t 2.lrr

Thyroid
Adrenals

The values are means t SEM for groups of ten rats. Those marked with asterisks differ significantly (ANOVA-
Duonett's test) from the corresponding control weights (*P < 0.05; rrP < 0.01).
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albumin content, increased relative testes and thyroid
weights, increased liver weights, swollen and vacuo-
lated hepatocytes, hyperplasia and hyperkeratosis of
the forestomach, and reduced weight and lymphoid
depletion ofthe thymus. However, several effects, for
example growth retardation, reduced food intake and
liver damage, were more severe than seen with the
individual compounds. Moreover, the clinical signs of
impaired health observed in the present study were
absent or less pronounced with the individual com-
pounds, indicating a rather severe effect on the
general health condition of the animals at the
MOAEL of the combination. On the other hand,
changes in weight and morphology of the thymus
were less pronounced on combined exposure than
after exposure to DOTC alone. A large number of
adverse effects seen at the MOAEL such as decreased
prothrombin time, clearly increased ALAT and
ASAT activity in blood plasma, increased kidney
weight, reduced number of corpora lutea in ovaries,
and increased numbers of multinucleated giant cells
in the epididymides had not been seen at all or had
been encountered at levels higher than the MOAEL
of the individual chemicals. Although the toxicologi-
cal relevance of some of the alterations is question-
able because they may be related to the rather severe
growth retardation, and several of the affected par-
ameters had not been included in each of the studies
with the individual compounds, these findings do
suggest some kind ofinteraction resulting in a slightly
more s€vere and maybe broader range of toxic re-
sponse.

In terms of human health risk, interactions leading
to increased toxicity are more relevant than those
resulting in decreased toxicity. However, from a
scientific point of view, it is of interest to note that
several adverse effects such as decreased number of
red blood cells, increased urea blood levels, nephrocy-
tomegaly, hypertrophy of the zona glomerulosa of
the adrenals, necrosis of pancreatic acinar cells, and
swollen intestinal epithelium cells seen at the
MOAEL on exposure to individual compounds were
not observed at all at the MOAEL of the combi-
nation. The absence of these effects in the MOAEL
group indeed may indicate decreased toxicity of some
of the compounds.

Though comparison of the results of the present
study with those previously obtained with the individ-
ual compounds is hampered by slight dissimilarities
in experimental conditions, it seems fully justifiable to
conclude that the simultaneous administration ofthe
eight chemicals in effective (toxic) doses resulted in
positive (more severe) and negative (less severe) inter-
active effects. The fact that these chemicals were
arbitrarily chosen with respect to mechanism of
action or target organ strengthens the general validity
of this conclusion.

In contrast to the great number of adverse effects
and conspicuous interactions occurring in the
MOAEL group, only a few minor changes were
found in the NOAEL group (in fact the group
receiving the combination of chemicals at their indi-
vidual NOAEL). These changes included decreased
haemoglobin content in males, decreased ALP and
ALAT activities in blood plasma in females, and
increased relative kidney weights in males. The de-
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creases in ALAT and ALP activities are considered to
be chance findings unrelated to treatment; the former
because higher dosed females in the MOAEL group
showed normal ALAT activities, and the latter be-
cause a similarly low activity was also seen in the l/10
NOAEL group, whereas the ALP value for the 1/3
NOAEL group was comparable with (in fact even
slightly higher than) the value of the controls. This
leaves two adverse effects (decreased haemoglobin
content and increased relative kidney weight) in the
NOAEL group which most probably are treatment-
related, but are of a slight degree and occurred in one
sex only. Obviously the simultaneous administration
of eight chemicals at their NOAEL produced a
MOAEL (the observed adverse effects indeed being
only minimal) for the combination allowing the
conclusion that the present study provided some, but
no convincing, evidence of increased risk from ex-
posure to a combination of chemicals when each
chemical was administered at its individual NOAEL.
The present study also demonstrated absence of a
simple additive effect.

At the lower dose levels only three of the many
parameters measured differed in a statistically signifi-
cant manner from the r€spective control values, that
is, blood glucose (increased in males), ALP activity
(decreased in females) and relative kidney weight
(increased in females); the changes in these par-
ameters are considered isolated findings of no toxico-
logical relevance. Clearly, at the dose levels below the
NOAEL there was no indication of increased toxicity
of the combination of chemicals in comparison with
the toxicity of the individual compounds.

Although the number of combinations of chemi-
cals is nearly infinite and generalizations may be
unjustifiable from a purely scientific point of view, by
far the most important practical lesson that can be
learnt from the present study is that in comparison
with exposure to single compounds, exposure to a
combination of compounds does not constitute an
evidently increased risk provided the exposure level of
each individual compound of the combination is a
NOAEL. Although there was some evidence of inter-
active effects, a distinct additive effect was not ob-
served at the NOAEL, and certainly no synergistic
effect. Since in practice the levels of (combinations
of) compounds to which humans are exposed are
generally much lower than the experimentally ob-
tained NOAELs, the possibility of interactive effects
of combinations seems to be low (Groupement Inter-
national des Associations Nationales de Fabricants
de Produits Agrochimiques, 1988). On the other
hand, it should be realized that what is valid for one
combination of chemicals may not necessarily be true
for other combinations. Exposure to a combination
of compounds with the same target organ and the
same or a very similar mechanism of action may
cause additive (Kdnemann, 1980 and 1981) or syner-
gistic (Reuzel et al.,1990) effects. However, also with
combinations of chemicals with the same target organ
or similar mechanism of action the chance of additive
or synergistic effects will most probably decrease with
decreasing exposure levels. To examine possible inter-
actions with this type of combination, studies with a
combination of nephrotoxic compounds, similar in
design and conduct to those presently reported, have
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recently been completed and will be the subject of a

subsequent paper.
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SUBACUTE (4-WK) ORAL TOXICITY OF A
COMBINATION OF FOUR NEPHROTOXINS IN RATS:

COMPARISON WITH THE TOXICITY OF THE
INDIVIDUAL COMPOUNDS

D. JoNxrn, R. A. WourERsEN, P. J. vlN BLADEREN, H. P. Ttr and V. J. FunoN

TNO Toxicology and Nutrition Institute, PO Box 360, 3700 AJ Zeist, The Netherlands

(Accepted 5 October 1992)

Abstrrct-In a 4-wk study, lO-wk-old Wistar rats were fed the nephrotoxins hexachloro-1,3-butadiene
(HCBD), mercuric chloride, d-limonene and lysinoalanine either alone or in combination. These

nephrotoxins damage epithelial cells of the proximal tubules, but by different mehanisms. Each chemical
was given alone at a Minimum-Nephrotoxic-Eflect kvel (MNEL), and at a No-Nephrotoxic-Effect lrvel
(NNEL). The combination was given at the MNEL, the NNEL and one'quarter of the NNEL of the
individual chemicals. The individual nephrotoxins Gused slight growth depression in mals at the MNEL,
but not at the NNEL, whereas the combination depressed growth slightly at the NNEL and severely at
the MNEL. In females at the MNEL, only HCBD retarded growth; in contrast to the eflect in males this
was not aggravated by combined treatment. Nephrotoxicity was more revere in males fed the combination
than in males given the nephrotoxins alone. The fomer showed dmeared renal mnentrating ability and
moderate histopathological changes in the kidneys at the MNEL, and a dos€-dependent incres in kidney
weight and number of epithetial ells in the urine at the NNEL and the MNEL. The males treated with
a single agent showed slightly increased kidney weights, and/or slight histopathological changes in the
kidneys at the MNEL, and (with d-limonene only) epithelial cells in the urine at the NNEL and MNEL.
In females, renal changes indued by the combination were not more revere than those ob*rued with
individual mmpounds. No adverse changes attributable to treatment were observed in rats fed the
combination at one-quarter of the NNEL. In the presnt study, combined exposure to four nephrotoxins
at their individual NNEL did not constitute an obviously incremed hazard, indicating absence of
synergistic interaction, whereas at the MNEL clearly enhaned (renal) toxicity oeuned in males, although
not in females.

INTRODUCTION

In evaluating health hazards from exposure to chemi-
cals, compounds have traditionally been considered
on an individual basis (Henderson and Schlesinger,
1989). However, in the human real world most
chemical exposures are to mixtures rather than single
agents, raising the possibility of toxicological inter-
actions. Concern about such interactions is evidenced
by, for example, the report of the National Research
Council (1988) on this topic, and by the extensive
research programme that has been in progress since
1987 at the National Toxicology Program in the
National Institute of Environmental Health Sciences

(Yang er al., 1989; Yang and Rauckman, 1987).

Reported toxicological studies on combinations, for
example of drugs (Sanigielski, 1983), metals
(Chmielnicka, 1983), solvents (Ikeda, 1983 and 1988)

and pesticides (Kaloyanova, 1983; Kommission
fir Pflanzenschutz, Pflanzenbehandlungs- und
Vorratsschutzmittel, 1975), mostly involved only two
or three compounds, in general with the emphasis on
acute toxicity (Ikeda, 1988; Yang and Rauckman,

1987), or related to carcinogenicity. There is clearly
a dearth of experimental information on prolonged,
repeated exposure to combinations of more than
three chemicals. Moreover, emphasis should be

placed on interactions at concentrations that are

non-toxlc individually. The importance of research

into this typ€ of combined exposure, which closely

reflects the actual human exposure situation, is

stressed by the well known lethal interaction of
chlordecone and carbon tetrachloride at non'toxic
doses (Mehendale, 1989).

In our laboratory, research regarding the

toxicology of combinations was started with a 4-

wk oral toxicity study in which Wistar rats received

a combination of eight chemicals that exert their
toxic effects on various organ systems (Jonker et al.,
1990). The chemicals were incorporated in the

feed and drinking water at four levels, namely

at the'Minimum-Observed-Adverse-Effect Level'
(MOAEL), the'No-Observed-Adverse-Effect Level'
(NOAEL) and at one-third and one-tenth of the
NOAEL of the individual compounds' The results of
this study provided some, but no convincing, evidence
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of increased toxicity upon combined exposure at the
individual NOAELs, and demonstrated the absence
of an increased toxicity at lower levels. Furthermore,
clear additivity was not observed at the NOAEL,
let alone synergism.

As a sequel to this study with chemicals acting on
different target organs, 4-wk feeding studies were
conducted to examine the toxicity of a combination
of chernicals with the same target organ. As humans
may be exposed to nephrotoxic agents, for example
during drug treatment or in industrial or domestic
settings where heavy metals or organic solvents are
used, it was decided to investigate a combination of
nephrotoxins. Suitable nephrotoxins should damage
cells of the proximal tubule, the part of the nephron
that is the target of a majority of the known nephro-
toxins (Commandeur and Vermeulen, 1990), in a
4-wk feeding study, without concurrently producing
severe depression of food intake or effects on other
organs that might obscure the renal effects. Addition-
ally, in this study compounds were chosen which,
although all acting on tubular epithelial cells, do so
by way of different mechanisms. Nephrotoxicity in-
duced by hexachloro-1,3-butadiene (HCBD) has
been shown to result from initial conjugation
to glutathione (e.g. Dekant et al., 1990). The gluta-
thione conjugate is converted into a cysteine conju-
gate, catalysed by y-glutamyl transpeptidase, which
in turn is bioactivated by the cysteine conjugate
BJyase present in cells of the renal proximal tubules.
d-Limonene and, more specifically, its metabolite
d-limonene-1,2-dioxide, associate, with the male rat-
specific protein c2r-globulin, and this interaction may
be responsible for the excessive accumulation of
crr-globulin in kidneys of male rats given d-limonene
(Lehman-McKeeman et a1,,1989). When exposure to
dlimonene continues, this primary response is
followed by degeneration and necrosis of individual
cells lining the P2 segment of the proximal tubule,
the formation of granular casts at the junction of
the thin loop of Henle and the P, segment of the
proximal tubule, and regeneration ofproximal tubule
epithelium (Swenberg et al.,1989; Webb e, al.,1989).
The processes involved in renal toxicity induced by
mercuric chloride are still poorly understood. Pro-
posed mechanisms ate mitochondrial dys-
functioning due to ischaemia mediated by an-
giotensin-renin or inhibition of enzymes by direct
binding to sulphhydryl groups (Commandeur
and Vermeulen, 1990). In addition, the mechanisrfis
underllng the nephrocytomegaly induced by
lysinoalanine have yet to be elucidated, although
it has been suggested that lysinoalanine may act as
a metal ion chelator and, through this property,
inactivate metalloen4mes (Pearce and Friedman,
1988). Other factors in the nephrotoxicity of
lysinoalanine may be its incorporation into pro-
tein, which may result in the formation of
proteins with compromised function, or its action
as an inhibitor of lysyl-tRNA-synthetase and thereby
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of the synthesis of normal proteins (Lifsey et al.,
1988).

In a subsequent study the effect of a combination
of chemicals with the same mechanism of action will
be investigated.

The purpose of the study reported in this paper
was to find out whether simultaneous administration
of four nephrotoxic chemicals at a concentration
equal to their individual'No-Nephrotoxic-Effect
L,evel' (NNEL) would result in an effect level for
the combination. Should it transpire that com-
bined NNELs do, indeed, induce (nephro)toxic
effects, it would be highly relevant to know whether
such interactive effects occur also at lower dose
levels; the one-quarter NNEL group was therefore
included in this study. Finally, a group fed the
four toxins at their individual 'Minimum-Nephro-
toxic-Effect Level' (MNEL) was included to ensure
that interactive toxic effects could be studied; such
information was considered necessary for the
interpretation of the results obtained at the lower
dose levels.

MATERIAIS AND METHODS

Test compounds

Hexachloro-1,3-butadiene (HCBD, at least 98%
pure) and mercuric chloride (HgCl, atleast99.5yo
pure) were obtained from E. Merck (Darmstadt,
Germany), and d-limonene from Sigma Chemical Co.
(St Louis, MO, USA). Free synthetic lysinoala-
nine'2HCl was synthesized in the former Organic
Synthesis section of our Institute, following the
directions of Okuda and Zahn (1965).

Animals and maintenance

Weanling or adult Wistar-derived SPF-bred rats
(Bor:WISW or CrI:WI(WU)BR) were obtained
from F. Winkelmann (Institute for the Breeding of
Laboratory Animals GmbH & Co. KG, Borchen,
Germany) (range-finding studies) or from Charles
River Wiga GmbH (Sulzfeld, Germany) (main
study). They were housed conventionally, in stainless-
steel cages with wire-mesh floor and front, five rats
per cage, in a room maintained at 22 + 2'C, a relative
humidity of at least 40oh, and a l2-hr light/dark
cycle. Feed and tap water were available ad lh.,
except during urine collection when they were de-
prived of water for 24hr and of food for l6hr.
During the last 16 hr ofdeprivation, the animals were
kept individually in stainless-steel metabolism cages
for urine collection.

Diets

The percentage composition of the Institute's ce-
real-based open-formula diet, used as basal diet in
this study, was as follows: soya bean meal 11, fish
meal 7, meat and bone scraps 4, wheat36,maize29.7,
brewer's yeast 3, alfalfa meal 3, soyabean oil 3, whey
powder 2, defatted bone meal 0.4, trace mineral salt
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0.5, vitamin B mixture 0.1, and vitamin ADEK
mixture 0.3. Test diets were prepared by blending the
test compounds and basal diet in a Stephen cutter,
and were then stored at 4"C until use. The prepared
amounts were sufficient for 2 wk (diets containing
HCBD or d-limonene) or for 4 wk. During the main
study, the feed in the animal room was refreshed
daily.

Exryrimenls

Range-finding studdes. Following a 6-day acclimat-
ization period, the 4wk-old rats were allocated ran-
domly to groups of l0 (controls) or 5 rats/sex, in such
a way that the mean body weights were about
the same in all groups. Controls were kept on
the basal diet and the other groups received diets
containing the individual nephrotoxins for 4wk.
Each nephrotoxin was administered at three levels
(Table 1). The lowest dose level should be without
evidence of kidney damage production, whereas one
or both of the higher doses should produce renal
adverse effects within 4wk without seriously de-
pressing food intake or growth. In addition, lO-wk-
old males were distributed over two groups of five
rats each, comprising one control group kept on the
basal diet and one group kept on a diet containing
4000ppm d-limonene for 4wk. Lysinoalanine was
not included in the range-finding studies described
here because information on this compound was
available from studies conducted previously in our
laboratory.

Main study.In the range-finding study d-limonene
appeared to induce obvious renal changes in adult
male rats but not in young rats; adult rats, about
l0wk old at the start of treatment, were used,

therefore, in the main study. The animals were ran-
domly assigned to one of 12 goups, each containing
l0 (controls and groups given the combination) or
five (groups given the individual nephrotoxins)
rats/sex. After an acclimatization period of 10 days
(males) or 13 days (fanales), the rats were placed on
the test diets or the control (basal) diet for 4 wk. The
dose levels used are given in Table 2. Each compound
was givOn alone at two different dose levels, selected
on the basis of the results of the range-finding studies,
namely at a level intended to be a NNEL and at a
MNEL. Three additional groups received the four
nephrotoxins simultaneously, at their individual
MNEL, NNEL or one-quarter of the NNEL,
respertively.

Table l. Dow levcls ued in 4-wk rang+finding studias with various
n phrotoxins in mts

Ncphrotoxin

Mcrcuric chloddc
Hcxachloro- 1,3-butadime
d-Limoncnc

Tablc 2. Do* lwcls uscd in a +wk f€ding study to cxamirc thc
cfccts of @mbincd cxpcurc to four nqphrotoxins in ruts

Ncphrotoxin NNEL/4

Minifrm-
No-Naphrotoxic- Ncphrotoric-

Efet lrvGl Efcat I*l
(r.{NEL) (MNEL)

Lysinosluinc
Mcrcuric chloridc
Hcrehloro-

7.5
3.75

IDo h tL. d.t
30
t5

t25
20

500

Observations and analyses

The rats were weighed weekly and observed daily
for condition and behaviour. Food intake was
measured weekly over l-wk periods and water intake
daily, on a cage basis, by weighing the feeders or
drinking bottles, respectively.

Haematology and clinbal chembtry. Blood samples
were collected from the tip of the tail of all animals
in the fourth week of treatment, and examined for
haemoglobin concentration, packed cell volume, and
counts of red blood cells and total white blood cells
(Coulter Counter model ZF, Coulter Electronics Ltd,
UK, used only in the range-finding study with
HCBD, or Sysmex K-1000 Haernatology Analyzer,
Toa Medical Electronics Co. Ltd, Japan). Blood
samples collected from the aMominal aorta at the
time of killing were entrifuged at 12509 for 15 min
and then analysed for alkaline phosphatase (ALP),
aspartate aminotransferase (ASAT), alanine amino-
transferase (ALAT), total protein, albumin, total
bilirubin, urea, creatinine, inorganic phosphate and
calcium (Cobas-Bio Centrifugal Analyzer), chloride
(Chloro Counter), and sodium and potassium
(Electrolyte-2-Analyzer).

Urinalysis. In wk I (after 3 days of treatment) and
wk 4, rats were deprived of water for 24 hr and of
food for l6hr. Urine was collected during the last

l6 hr ofdeprivation and its volume (calibrated tubes)
and density (Bellingham and Stanley refractometer)
were determined. Semiquantitative observations in
the individual urine samples included appearance
(visual inspection), pH protein, glucose, ketones,

occult blood, urobilinogen and bilirubin (Combur-7-
Test strips; Boehringer Mannheim GmbH,
Mannheim, Germany). After centrifugation (5 min at
500g,), the sediment of individual samples was exam-
ined microscopically for red and white blood cells,

epithelial cells, amorphous material, crystals, casts,

bacteria, wonn eggs and spermatozoa.
Pathology. At the end of the +wk trcatment

period, the rats were killed by exsanguination from
the aMominal aorta under light ether anaesthesia,

and a thorough autopsy was performed. The weights
of the kidneys, adrenals and liver were recorded and
the ratios of organ weight to body weight were

calculated. After fixation in a 4o/o neutral buffered
solution of formaldehyde, the kidneys were pro-
cessed, embedded in paraffin, sectioned at 5lm,

I ,3-butadicnc
d-Limonmc

2&
120

tm
4000

75 150 300
25 100 4{x)
2S l(m 4000

40

Dos (ppm itr th. dict)

Low Mid Top



stained with haematoxylin and eosin and examined
by light microscopy.

Statistical analysis

Body weights were evaluated by one-way analysis
of covariance (covariate: body weight at the start
of treatment) followed by Dunnett's multiple com-
parison tests. Haematology and clinical chemistry
values, organ weights and urinary volume and density
were evaluated by one-way analysis of variance
(ANOVA) followed by Dunnett's multiple compari-
son tests. The results of urinanalysis, except for
volume and density, were analysed by the
Mann-Whitney U-test, and the histopathological
changes by Fisher's exact probability test. All analy-
ses were two-sided.

RESULTS

Range-finding studies

Results of the range-finding studies with HCBD
and mercuric chloride are summarized in Tables 3

and 4, respectively.
HCBD. This induced signs of toxicity at 100 and

400 ppm in both sexes. These signs included growth
retardation, decreased intake of food and water,
increased volume and decreased density of the urine
(males receiving 100ppm only), increased level of
ketones (at 400ppm only) and number of epithelial
cells in the urine, increased plasma levels of ASAT
and bilirubin, decreased plasma concentrations of
total protein, albumin and calcium (males receiving
zt00 ppm only), decreased plasma urea levels (in males
receiving 400 ppm and all treated groups of fernales),
increased relative kidney weight, decreased absolute
weight of the adrenals and/or liver, and increased
relative weight of the adrenals (males receiving
400 ppm) or liver (males receiving 100 ppm). Females
fed 400ppm HCBD also showed clinical signs of
poor health and one of them died on the fifth day of
treatment. Microscopy (no table presented) revealed
diffuse tubular cytomegaly in the inner cortex of
kidneys of males and females fed 400 ppm HCBD,
and of females fed l0Oppm HCBD. In addition,
males of the 400 ppm group showed focal nephrosis.
The dietary concentrations of HCBD selected for the
combination study were 20 and lOOppm for the
NNEL and MNEL, respectively.

Mercuric chloride. With mercuric chloride, treat-
ment-related changes were seen at 75, 150 and
300ppm. The changes at 300ppm consisted of
growth retardation, decreased intake of food and
water, decreased urinary density (males only), the
presence of ketones in the urine (males only), in-
creased plasma ASAT and ALP activity, increased
plasma concentration of sodium and inorganic phos-
phate (females only), increased relative kidney
weight, decreased absolute weight of the adrenals
andlor liver, and increased relative weight of the
adrenals (males only). Most of these changes were

Chapter 3

also observed in one or both sexes at l50ppm,
although to a lesser degree. The treatment-related
changes at 75 ppm comprised slightly decreas€d water
intake, the presence of ketones in the urine (males
only), and increased relative kidney weight. In the
absence of a dose-response relationship, the in-
creased number ofepithelial cells in the urine ofmales
at 75 ppm cannot be ascribed with certainty to treat-
ment. Histopathological findings were nephrosis and
proteinaceous casts in the kidneys, which were ob-
served in all groups fed mercuric chloride (no table
presented), the changes being most clear in the
75 ppm group of males. Because the lowest level
tested in this study was not without treatment-related
effects, the results of a previously conducted range-
finding study with 4, 16 and 64 ppm mercuric chloride
(no data presented) were taken into account in the
selection of the dose levels for the combination study.
Thus, 15 and l2Oppm mercuric chloride were se-
lected as the NNEL and MNEL, respectively, for the
combination study.

d-Limonene. The effects of d-limonene (no table
presented) in the 4-wk-old rats were limited to in-
creases in the relative kidney weight and volume of
the urine collected in wk I in males fed 4000 ppm
(mean relative kidney weight was 8.04glkg at
4000ppm a. 7.42glkg in controls; mean urinary
volume was 2.4mlll6hr at 4000 ppm u. 1.4 ml/16 hr
in controls). The l0-wk-old males fed 4000ppm
dJimonene showed an increased number of epithelial
cells in the urine collected in wk 4 (mean score was 3

at ll()00 ppm u. I in controls) and microscopic renal
changes consisting of nephrosis and accumulation of
proteinaceous droplets in tubular epithelial cells. For
the combination study, 500 and 4000ppm were
selected as the NNEL and MNEL, respoctively.
Because only 4000 ppm was tested in adult males in
the range-finding study, the choice of 500ppm
(providing about 3Omg/kg body weight/day) as a
NNEL was based on data reported by Kanerva et al.
(1987), who found histopathological effects in the
kidneys of adult male Fischer-344 rats given d-
limonene at 75, 150 or 300mg/kg body weight by
gavage (5 days/wk) over a 26-day period.

Lysinoalanine. The levels of lysinoalanine for the
combination study, namely a NNEL of 30 ppm and
a MNEL of 2,10 ppm, were selected on the basis of
results obtained from earlier studies conducted in our
laboratory (De Groot et al., 1976; Feron et al., 1978').

In those studies lysinoalanine induced typical renal
changes, termed nephrocytomegaly, when fed at
dietary levels of 100 ppm and above.

Combination study

All rats survived to scheduled autopsy. Clinical
signs of ill-health consisted of emaciation, seen in two
of five females fed the MNEL of HCBD and in six
of l0 females fed the MNEL of the combination, and
rough fur or weakness seen in one female of the latter
group. Data on body weights, food and water intake,
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Chapter 3

Tablc 7. Histopathologiel changcs in kidneys of mts fcd four nephrotoxins either @ncurcntly or individully for 4 wk at on€-qurt€r of
thc NNEL, thc NNEL or the MNEL

Group

Combimtion HCBD
Mercuric
chloride /-Limoncne Lysinoalanine

Obsrvation

Md6
Basophilic tubules in out€r

@rtcx
single to a few
sveral
maly

Proteina@us casts
Dil.tcd tubules
Corticel mononusl@r

@ll infiltrate
Inner @rtex:

Karyomegaly
Hypcrellularity
Variablc nuclear sie

Incrcawd aeumulation of
protcitraeous droplets in
tubular epithelial ells

Femds

l0/r0* 015
10/10.. ol5
l0/r0$ 0/s

Control NNEL NNEL MNEL MNEL MNEL NNEL MNEL MNEL

3/r0
3
0
0

0/10
0/10

l/r0

0/10
0/10
0/r0

6/10
6
0
0

?lt0 loi r0r. 415
754
050
000

ulo zlto 015
0/10 2lt0 o/5

r/10 0/10 tls

5
0
0

015
0/5

0/5

0/5
0/5
0/5

015

ols
n

0
0

tl5
ol5

tl5

5/5"
0/s
0/s

0ls

2ls

015

tl5

5/5"
5/s"
5/5t'
5/5r*

5/5u
I
I
3

tl5
0ls

215

0/5
015
015

5/5'r

3ls

I
0

0/s
0/5

0/5

0/5
015
0/s

5/5t'

l/10
0/10

0/10

0/r0
0/10
0/10

2lt0

0il
0/l
0/l

0/10 4lto 8/roft tls

cortex, single to a few
Cortical mononuclear

@ll innltrate
Corticomedullary

mincralization
Inner cortex:

Nrcrosis
Karyomegaly
Hypcr@llularity
Variable nuclcar size

0/10

l/10

0/10

0/10

I /10

0i l0

3/10

0/10

0/r0

r/10

0/r0

0/10

0/5

0ls

0i5

tls

0ls

015

0/10 0/10 0/10 l
0/10 0/10 0/10 l
0/10 0/10 0/10 l
0/10 0/10 0/10 r

0/lor*
0/l0r'
0/l0r'
0/lo**

s/5.r ols ols 0/s
5/5'. 0/5 0/s 0/5
5/5.. 0/5 ols 0/s
s/s'r ols 0/5 0/5

0/5

0ls

0/5

tl5

015

tls

Values arc numben of rats with thc indiqtcd obscryation, bascd on microrcopic assosmsnt of wtions staincd with haematoxylin and @sin.
Thc groups fed hexachloro-1,3-butadicne (HCBD), mcrcuric chloridc or lysinoalaninc individully at their NNEL did not show signifiBnt
changc and arc thercfore not prc*ntcd in this table. Valucs marked with asterisks differ signifiently (Fisher's exact t6t) from thc
@ntrols: .P < 0.05; r'P < 0.01.

selected results of urinanalysis and clinical chemistry,
and organ weights, are presented in Tables 5 and 6,
with histopathological findings in Table 7. Apart
from pale or soft kidneys in two of five males fed
the MNEL of d-limonene and in three of l0 males
fed the MNEL of the combination, no significant
gross abnormalities were observed at autopsy.
Haematology data and part of the urinary and
clinical chemistry parameters measured did not show
any abnormality attributable to treatment and there-
fore are not presented.

At the NNEL, combined exposure induced slight
growth retardation and increases in the relative kid-
ney weight and number of epithelial cells in the urine
of males, whereas no alterations were seen in co-
exposed females. Contrary to expectation, some stat-
istically significant differences from the controls were
seen in two single-agent NNEL Broups: with mercuric
chloride a higher kidney weight was noted in females;
with d-limonene there was a higher plasma concen-
tration of calcium in females, a lower urinary density
and relative adrenal weight in males, a higher number
of epithelial cells in the urine in males, and increased
accumulation of proteinac€ous droplets in tubular
epithelial cells in males. The changes in calcium,
urinary density and adrenal weight are not considered
to be compound related, because higher-dosed ani-
mals from both the range-finding and the combi-

nation study did not show such changes. In the
one-quarter NNEL combination group, only a slight
(although statistically significant) increase in the ab-
solute kidney weight of females was observed; how-
ever, as the relative kidney weight in this group was
not significantly increased and, moreover, females of
the higher-dosed groups showed normal kidney
weights, this increased absolute kidney weight in the
one-quarter NNEL group is judged to be a chance
finding unrelated to treatment.

As anticipated, several changes indicative of renal
or general toxicity were observed at the MNEL of the
individual compounds and the combination. Each of
the four compounds induced slight growth retar-
dation in male rats when administered alone at its
MNEL. This effect appeared to be significantly en-
hanced when the compounds were given simul-
taneously, as indicated by the nearly complete
cessation of growth in males of the combination
MNEL group. Female rats exhibited markedly de-
pressed weight gain on administration of the MNEL
of the combination or of HCBD only. However, in
contrast to males, there was no evidence of aggrava-
tion of the effect by combined treatment.

In male rats of the combination MNEL group,
changes indicative of nephrotoxicity comprised in-
creased volume and decreased density of the urine
collected in the first week of treatment (pointing to
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impaired concentrating ability of the kidneys), in-
creased number of epithelial cells in the urine col-
lected towards the end of treatment, increased
absolute and relative kidney weight, and histopatho-
logical alterations. The histopathological changes
consisted of an increased number of basophilic
tubules in the outer cortex of the kidney, increased
accumulation of proteinaceous droplets in tubular
epithelial cells, and diffuse signs of regeneration in the
inner cortex characterized by karyomegaly, hypercel-
lularity and variable nuclear size. Males of the single-
agent MNEL groups showed only slightly increased
relative kidney weights (with HCBD and mercuric
chloride), more epithelial cells in the urine (with
dJimonene), an increase in the number of basophilic
tubules in the outer cortex of the kidney (with
mercuric chloride and d-limonene), karyomegaly
(with lysinoalanine), or increased accumulation of
proteinaceous droplets in tubular epithelial cells (with
d-limonene). Clearly, at the MNEL in males, nephro-
toxicity of the combination was more severe than that
of the individual compounds.

The slight, but statistically significant increase in
relative kidney weight in males of the combination
NNEL group might suggest increased nephrotoxicity
on combined exposure at the NNEL as well. It should
be realized, however, that relative kidney weights in
two single-agent NNEL groups (HCBD and mercuric
chloride) were also higher than those ofthe controls,
although the differences did not reach the level of
statistical significance. For this reason, the increased
kidney weight in the combination NNEL group is not
convincing proof of increased renal toxicity. Further-
more, the only other significant renal change ob-
served in males of the combination NNEL group (an
increase in epithelial cells in the urine) is not con-
sidered to be a reflection of increased toxicity, either,
because a similar change occurred in males of the
d-limonene NNEL group.

Renal toxicity in females co-exposed at the MNEL
was evident from the presence ofepithelial cells in the
urine, slightly decreased urinary density, and severe
renal necrosis. The necrosis was diffuse and charac-
terized by degeneration of tubular cells in the cortex,
and accompanied by signs of regeneration (hypercel-
lularity, karyomegaly and variable nuclear size).
However, the renal effects in females given the com-
bination were not more severe than those seen with
the individual nephrotoxins. At the NNEL or one-
quarter NNEL, females of the combination group
did not exhibit any renal change attributable to
treatrnent.

The increased plasma ALAT and ASAT activities
seen in females given the effective dose of HCBD are
suggestive of hepatotoxicity. HCBD-induced liver
changes, consisting of increased liver weight and
cytoplasmic basophilia of hepatocytes, were also ob-
served by Harleman and Seinen (1979) in a 13-wk
gavage study. In that study, plasma ASAT activity
was unaffected and the hepatic changes were more
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marked in males than in females, which is contrary to
our findings. Remarkably, females of the combina-
tion MNEL group did not show an increase in ASAT
or ALAT activity, suggesting some kind ofantagon-
istic interaction with respect to these endpoints.

A number ofother changes observed at the MNEL
of HCBD or the combination (decreased absolute
organ weights and decreased plasma levels of ALP,
albumin, total protein and calcium) were considered
to be secondary effects related to the reduced growth
and food intake in these groups, rather than primary
effects of the compound(s) (Feron er a/., 1973; Oishi
et al., 19791, Falke and Til, unpublished observations,
1984-85).

DISCUSSION

The results of the study reported here demon-
strated that combined exposure to four nephrotoxins
at effective, minimally nephrotoxic levels resulted in
increased general toxicity (growth depression) and
increased renal toxicity (reflected in renal weight,
morphology and urine-concentrating ability) in male
but not in female rats. This sex difference may be
related to the facts that d-limonene is nephrotoxic in
male rats only (Kanerva and Alden, 1987; Lehman-
McKeeman et al., 1989; Webb el al., 1989) and that
female rats are less susceptible to mercuric chloride
toxicity than male rats (Harber and Jennings, 1965).

On the other hand, female rats are more susceptible
than male rats to HCBD nephrotoxicity (Harleman
and Seinen, 1979; Hook et al.,1983); our study, also,
showed that HCBD was more toxic to females than
to males. In fact, the effects of HCBD on body weight
and kidneys of females fed HCBD alone at its MNEL
were already so severe, that this might have precluded
the manifestation of a possible enhancement of
toxicity by the combination.

In contrast to the obviously increased toxicity at
the MNEL, simultaneous administration of the four
nephrotoxins at their NNEL produced only weak
indications of increased toxicity, again in males only
(slightly retarded growth and, even less convincing,
increased kidney weight). Combined exposure below
the NNEL produced no signs of toxicity at all. As in
our previous study of eight compounds with different
target organs (Jonker et al.,1990), the study, reported
here, of compounds with the same target organ,
clearly demonstrated absence of synergistic effects
upon combined exposure when each compound is
present at a sub-toxic level. A similar result was
obtained in a 24-hr single-dose experiment in which
a combination of the nephrotoxins mercuric chloride,
potassium dichromate, d-limonene and HCBD was
examined (D. Jonker et al., 1993). Our findings are
consistent with the results reported in a majority of
the papers on combined exposure reviewed by Ikeda
(1988), who detected no case to indicate that assump-
tion of additive effects is unsafe. Similarly a commit-
tee of the National Research Council found that, in

4l



Chapter 3

most cases, the additive approach for dealing with the
components of mixtures was appropriate (Henderson
and Schlesinger, 1989). Contrary to these reassuring
findings, we are faced with the recently reported
synergism in induction of preneoplastic foci on com-
bined exposure to five heterocyclic amines at levels as

low as l/25 of the carcinogenic doses of the individual
compounds (lto et al., l99l). Furthermore, results
from National Toxicology Program studies with a

chemically defined mixture of 25 groundwater con-
taminants, administered at environmental levels,
raised the possibility of synergistic interaction be-
tween a background long-term, lowJevel exposure to
a chemical mixture and a subsequent acute dose
resulting from accidental exposure or drug intake,
including alcohol abuse (Yang el a/., 1989). Clearly,
these examples call for further research in the area of
the toxicology ofchemical mixtures in order to detect,
from the infinite number of possible combinations,
those that present an increased hazard to health due
to additive, synergistic or potentiating effects.
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Chapter 4

INTRODUCTION

Although exposure to combinations of compounds is

the human 'real world' exposure situation, the great
majority of toxicological studies still involve exposure
to single compounds (Henderson and Schlesinger,
1989). On the other hand, the number of papers

dealing with the toxicology of mixtures has gradually
increased, indicating the interest of toxicologists in
that branch of toxicology designated the 'toxicology
of the 1990s and beyond' (Yang et al., 1989).

Recently we have published a subacute oral study
in rats in which the toxicity of a combination of eight
chemicals was compared with that of the individual
compounds, using dose levels equal to the'Minimum-
Observed-Adverse-Effect Level' (MOAEL), the'No-
Observed-Adverse-Effect Level' (NOAEL) and
one-third and one-tenth ofthe NOAEL (Jonker et a/.,
1990). The choice of the compounds was fully arbi-
trary with regard to type of action, possible inter-

*To whom correspondence should be addressed.

tPre*nt address: University of Limburg, PO Box 616, 6200
MD, Maastricht, The Netherlands.

Abbraiations: ALP: alkaline phosphatase; 661: y-glu-
tamyl transferase; HCBD = hexachloro- I : 3-butadiene;
LDH : lactate dehydrogenase; MNEL: minimum-
nephrotoxic-effect level; MOAEL = minimum-observed-
adverse-effrct level; NAG=N-acrtyl-p-glucosamini-
das€; NNEL: no-nephrotoxic-effect level; NOAEL =
no-observed-adverse-etrect level.
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Abstract-To identify possible hazrds of combined exposure to chemicals with the same target organ,
a 24-hr single dose €xperiment was carried out in which the renal toxicity of mercuric chloride, potassium
dichromate, dlimonene and hexachloro-l :3-butadiene administered simultaneously was compared with
the nephrotoxicity of the individual compounds, using a total of I I groups each consisting of five
l2-wk-old male Wistar rats. The dos levels used were based on the results ofa range-finding study with
the individual compounds in the same strain of rats kept under similar experimental conditions, and
comprisd the 'Minimum-Nephrotoxic-Effect Lcvel' (MNEL) and the 'No-Nephrotoxic-Effect lrvel'
(NNEL) of each of the four compounds alone and in combination. A group of vehicle-treated mts serued
as controls. At the MNEL of the combination, antagonism of effects was encountered, seen for example
as less severely increased activity of 1-glutamyl transferase in the urine. Synergism of effects was also
observed, for example increased severity of renal tubular necrosis, and more markedly increased activity
of urinary lysozyme, lactate dehydrogenase, alkaline phosphatase and iy'-aetyl-B-glucosaminidase. More
importantly, however, at the NNEL of the combination no signs of impaired renal function or renal
damage were obrened, suggesting absence of both do* additivity and potentiating interaction at the
tested subeffetive levels of the individual nephrotoxicants.

action and target organ. In contrast to a great

number of adverse effects and conspicuous inter-
actions found at the MOAEL, there was no convinc-
ing evidence of increased toxicity of the combination
of compounds at and below the NOAEL of the

individual chemicals. For a combination of com-
pounds with the same target organ and a similar
mechanism of action, it is common practice to assume

additivity of effects (Ikeda, 1988). To examine the
possible additivity and/or interactions of chemicals

with the same target organ, acute and subacute

toxicity studies in rats were carried out with a combi-
nation of nephrotoxic compounds. The nephrotoxi-
cants used affect the same part of the kidney, namely

the proximal tubule, although presumably by differ-
ent modes of action. The nephrotoxicity of hexa-

chloro-l:3-butadiene (HCBD) has been shown to
result from initial conjugation to glutathione (e.9.

Dekant el al., 1990). In a reaction catalysed by
y-glutamyl transpeptidase, the glutathione conjugate
is converted into a cysteine conjugate, which is bioac-
tivated by cysteine conjugate B-lyase present in cells

of the renal proximal tubules. d-Limonene is one of
a diverse group ofchemicals that produce nephrotox-
icity, specific to male rats, manifested acutely as an

exacerbation of hyaline (protein) droplets in renal
proximal tubular c€lls (Swenberg et a/., 1989; Webb
et al., 1989). d-Limonene and, more specifically, its
metabolite d-limonene-1,2-oxide, associates with the
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male rat-specific protein d2p-globulin, and this inter-
action may be responsible for excessive accumulation
of c2r-globulin in kidneys of male rats exposed to
dJimonene (Lehman-McKeetnan et a/., 1989). The
mechanisms underlying the renal toxicity ofthe heavy
metal salts mercuric chloride and potassium dichro-
mate are still poorly understood. Proposed mechan-
isms involved in mercury-induced tubular toxicity are
mitochondrial dysfunctioning due to angiotensin-
renin-mediated ischaemia or inhibition of enzymes by
direct binding to sulphhydryl groups (Commandeur
and Vermeulen, 1990). The toxicity of hexavalent
chromium is thought to be related to its intracellular
reduction to trivalent chromium (Ryberg and Alex-
ander, 1984); this process was suggested as a possible
explanation for the impaired mitochondrial respir-
ation observed soon after injection of dichromate
(Kim and Na, 1990).

This paper describes the acute (24 hr) toxicity
studies, comprising a range-finding study con-
ducted to establish a'No-Nephrotoxic-Effect Level'
(NNEL) and a'Minimum-Nephrotoxic-Effect Level,
(MNEL), for each of the individual nephrotoxicants,
and a main study. The goal of the main study was to
compare, at a subtoxic and a toxic level, the toxicity
of the four toxicants when given in combination,
with the toxicity of the individual compounds.
Because our intention was to identify possible
hazards ofcombined exposure rather than to investi-
gate the mechanism underlying such hazards, the
studies are of a descriptive rather than a mechanistic
nature.

MATERIALS AND METHODS

Te s t sub s t ance s. Hexachloro- 1 : 3-butadiene (HCBD,
at least 98% pure) and mercuric chloride (HgClr, at
leasl 99.5yo pure) were obtained from E. Merck
(Darmstadt, Germany), dJimonene from Sigma
Chemical Co. (St Louis, MO, USA) and potassium
dichromate puriss.cryst. (KrCrrOr) from De Onder-
linge Pharmaceutische Groothandel G. A. (Utrecht,
The Netherlands).

Animals and maintenance. 9-wk-old male Wistar
rats [CrI:WI(WU)BR] were purchased from Charles
River Wiga GmbH (Sulzfeld, Germany). They were
housed conventionally, in a room controlled to main-
tain a temperaturc of 2215.C, a relative humidity of
50-80% and a 12-hr light/dark cycle. Throughout the
study the Institute's cereal-based stock diet and tap
water were provided ad lib. On arrival, the rats were
housed in groups of five in suspended stainless-steel
cages with wire-mesh floor and front, and acclimat-
ized for at least 6 days. Two or three days before
dosing, the rats were weighed, distributed randomly
and proportionately according to body weight over
the various groups (five rats/group), and placed in
stainless-steel metabolism cages (one rat/cage) until
they were killed. The rats were dosed at the age of
l0 wk (range-finding study) or l2wk (main study),
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and were killed 24 hr after dosing by exsanguination
from the abdominal aorta while under light ether
anaesthesia.

Treatments. HCBD and dlimonene were dissolved
in corn oil (Remia, Den Dolder, The Netherlands)
and administered by oral gavage in a volume of
l0ml/kg. HgCl2 and K2CrrOT were dissolved in
demineralized water and injected sc (neck region) in
a volume of lml/kg. For simultaneous adminis-
tration of the four chemicals, two solutions were
prepared: these were water containing both HgCl,
and K2CrrO7, and corn oil containing both HCBD
and d-limonene. The aqueous solutions were neutral-
ized, using a 0.5 N-KOH solution, to minimize the
possibility of tissue damage at the site of injection.
The animals received a single dose of the nephrotox-
icants or the vehicles at about 09.00 hr and were
killed 24 hr thereafter.

Range-finding study. Three different doses ofeach
nephrotoxicant were administered (Table l). The
lowest dose should be without evidenc€ of kidney
damage, whereas one or both of the higher doses
should produce renal adverse effects within 24hr.
Two concurrent control groups received demineral-
ized water (sc, I ml/kg) or corn oil only (orally,
l0ml/kg). The dose levels and routes of adminis-
tration tested in the range-finding study were selected
on the basis of literature data on the acute renal
toxicity of the individual nephrotoxicants.

Main study. The doses used in the main study are
shown in Table 2. Each nephrotoxicant was given
alone at two different dose levels, selected on the basis
of the results of the range-finding study, namely at a
dose intended to be an NNEL and at an MNEL. Two
additional groups received the four nephrotoxicants
simultaneously at their individual NNEL and
MNEL, respectively. Controls were dosed sc with
water and orally with corn oil.

Collection of urine and blood

Two portions ofurine were collected from each rat:
the first portion was collected during the first 6 hr
after dosing (09.00-15.00hr), the second portion
during the next l8 hr (15.0G{9.00 hr). During collec-
tion all samples were kept cold in insulated containers
filled with ice. At the time of killing, blood was
sampled from the abdominal aorta in heparinized
plastic tubes.

Table l. Dow levcls ued in a 24-hr singte dose range-finding study
with four nephrotoxins in rats

Dos level (mg/kg body weigho

Ncphrotoxitr Iow mid top
Potassium dichromate.
Mercuric chlorider
Hexachloro. I :3-butadien€f
d-Limonen€t

0.25
l0
l0

t0
0.5

100

50

.0
20

I
200
2N

rlnjeted sc as an aqueous solution, neutmliz€d with 0,5 N-KOH, in
a volume of I ml/kg.

tAdministcrcd by oral gavage u a solution in corn oil in a volume
of l0 ml/kg.
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Obseroations and analyses

The rats were weighed shortly before and 24hr
after dosing. Food and water intake over this 24-hr
period were measured for each rat individually.
Abnormalities in appearance or behaviour were
recorded.

Urinalysis. At the end of each collection period,
each sample was characterized with respect to volume
(calibrated tubes), density (Bellingham and Stanley
refractometer), appearanc€ (visual inspection), and
pH, protein, glucose, occult blood, ketones, uribilino-
gen and bilirubin (Combur-7-Test strips; Boehringer
Mannheim GmbH, Mannheim, Germany). Aftercen-
trifugation (5 min at 5009), the sediment was exam-

ined microscopically for red and white blood cells,

epithelial cells, amorphous material, crystals, casts,

bacteria, worm eggs and sperms. In the centrifuged
urine samples, the following parameters were deter-
mined quantitatively: creatinine, alkaline phospha-
tase (ALP), ?-glutamyl transferase (GGT), lactate
dehydrogenase (LDH), total protein and glucose
(Cobas-Bio Centrifugal Analyzer), N-acetyl-B-glu-
cosaminidase (NAG; Boehringer reagent kit no.
815406, Boehringer Mannheim GmbH, Mannheim,
Germany), potassium and sodium (Electrolyte-2-
Analyzer), and lysozyme (as described by Harrison
et al.,1968, except that extinctions were measured at
37'C instead of 25'C). The quantitative parameters

were expressed as units excreted per 6 hr (first por-
tion) or l8hr (second portion) by multiplying the

concentrations measured by the volume of the urine
excreted in these periods.

Plasma analyses. The blood samples were cen-
trifuged at 1250 g for about I 5 min, using Sure-sep II
dispensers from General Diagnostics. In the plasma,

urea and creatinine concentrations were measured

with a Cobas-Bio Centrifugal Analyzer.
Pathology. The kidneys of all rats were weighed

and the ratios of kidney weight to body weight were

calculated. After fixation in 107o neutral buffered
formalin, samples of the kidneys were embedded in
paraffin, sectioned at 5 pm, stained rvith haematoxy-
lin and eosin, and examined by light microscopy. In
addition, kidney sections from control rats and rats
treated with dlimonene were stained with Mallory
trichrome (Azan) to facilitate detection of hyalin
droplets in tubular epithelial cells.

Statistical analyses. Body weights were evaluated
by ooe-way analysis of covariance (covariable: body

weight before dosing), followed by Dunnett's mul-
tiple comparison tests. Food and water intake, organ
weights, plasma urea and creatinine, urinary volume
and density, and the results of quantitative measure-

ments in the urine were evaluated by one-way analy-
sis of variance, followed by Dunnett's multiple
comparison tests,

Semiquantitative observations in the urine were

analysed by the Kruskal-Wallis nonparametric
analysis of variance followed by the Mann-Whitney
U-test. The histopathological changes were examined

by Fisher's exact probability test. All analyses were

two-sided.

RESULTS

Range-fnding study

Results of the range-finding study are summarized

in Tables 3 and 4. There were no deaths.
Mercuric chlori.de. Treatment-related effects were

seen io animals receiving the mid and top doses.

Effects in the top dose group (l mg/kg) comprised
reduced weight gain, decreased food and water in-
take, increased urea and creatinine blood plasma

levels, increased number of epithelial cells in the

urine, increased glucose excretion in the urine, de-

creased sodium excretion in the urine, strongly in-
creased GGT, ALP and LDH activities in the urine,
and extensive tubular necrosis in the outer strip of
the outer renal medulla. At the mid-dose level
(0.5 mg/kg), which was only a factor of two lower
than the top dose level, the only adverse effects found
were relatively low sodium excretion and slight
renal tubular necrosis in two of five rats. The levels

selected for the combination study were 0'25

and l.0mgHgCl/kg for the NNEL and MNEL,
respectively.

Potassium dichromate. This induced fairly severe

(renal) changes in the groups receiving the mid
(l0mg/kg) and top (20mg/kg) dose groups' The
effects consisted of reduced weight gain and food
intake, increased urea and creatinine levels in blood
plasma (top dose only), decreased urinary pH (top

dose only), the presence of occult blood and fewer

crystals in the urine (top dose only), increased urinary
excretion of protein and glucose, decreased sodium
excretion in the urine, increased lysozyme, GGT,
ALP, LDH and NAG activity in the urine, and
moderate focal necrosis in the outer renal cortex' In

Tabl€ 2. Dose lev€ls u*d in a 24-hr single dosc cxperiment to study the eff@ts ofcombined
exposur€ to four n€Phrotoxins

No-Nephrotoxic- Mioimum-Ncphrotoxic-
Efr€t kvel (MNEL)
(mq/ks body w€ighl)

Eff{t lavel
Nephrotoxin (mg/kg

Potassium dichromstet
Mercuric chloridc'
Hexehloro- I :3-butedienef
d-Limonenet

l0
1.0

100

200

0.25
l0
l0

rlnj@tcd s as an aqueous solution, neutrElizcd with 0.5 N-KOH, in a volume of I ml/kg.

tAdministcr€d by oBl Savage as a solution in @m oil in a volume of l0ml/kg.
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the low dose group (2.5 mg/kg) there was a tendency
towards decreased sodium excretion and increased
GGT and ALP activity in the G{-hr urine. The levels
chosen for the combination study were 1.0 and
l0mgKrCrrOr/kg for the NNEL and the MNEL,
respectively.

d-Limonene. The effect was restricted to exacer-
bated accumulation of protein (hyalin) droplets in
epithelial cells ofthe renal proximal tubules (arr-glob-
ulin nephropathy) of rats of the two highest dose
groups (200 and 50mg/kg). No significant changes
were observed at l0mg/kg. The levels selected

for the combination study were 10 and 200mg
dJimonene/kg for the NNEL and the MNEL,
respectively.

Hexachloro - I :3 -butadiene. HCBD induced a var-
iety of adverse effects at the two highest dose levels.
In the top dose group (200 mg/kg), weight gain, food
intake and density of the urine were decreased,
whereas kidney weight, urea and creatinine blood
plasma levels, urinary pH, occult blood and number

Chapter 4

of epithelial cells in the urine, urinary volume, ex-
cretion of protein, glucose and potassium, together
with activities of GGT, ALP, LDH and NAG were
increased. In the mid-dose group (100 mg/kg), kidney
weight, blood plasma creatinine level, urinary pH,
protein and glucose excretion, occult blood, number
of epithelial cells, and activities of GGT, ALP, LDH
and NAG were increased. These changes did not
always reach the level of statistical significance, owing
to the sometimes large variation in responses of
individual animals. Microscopic examination of the
kidneys revealed extensive tubular necrosis in rats
given the top dose and limited, focal necrosis in those
in the mid-dose group. No compound-related effects
were found in the low dose group (10 mg/kg). For the
combination study, 10 and l0OmgHCBD/kg were
selected for the NNEL and MNEL, resp€ctively.

Combination study

No deaths occurred. Animals given the MNEL of
the combination showed a swollen nose and lethargy

Table 3. Etrets on elcctcd paramctcrs in lats administered different does of mcrcuric chloride or potassim dichromate; data from a 24-hr
single dose studyl

Trcatment

Puam€ter
Control

(water, I ml/kg)

Mercuric chloride (mg/kg) Potassium dichromate (mg/kg)

0.25 0.5 1.0 2.5 l0 20

Body weight, g
Food intakc, g/24hr
Wattr intake, g/24hr
Kidney weight, g/kg
Ur@, mmol/litre
Crcatinine, lmollitre
Urinalysis M hr

pH
Osult blood (0-3)
Volume, ml/6 hr
Density, kg/litre
Protein, mg/6 hr
Glucos, mM/6 hr
Pot6sium, tMl6 hr
Sodium, pM/6 hr
GGT, U/6hr
ALP, U/6hr
LDH, mU/6 hr
NAG, mU/6hr
Lysozyme (G-4)

Urimlysis G24 hr
Occult blood (0-3)
Epithelial @lls (0-5)
Crystals (G-5)
Volume, ml/18 hr
Dcnsity, kg/litre
Protcin, mg/I8 hr
Glucos, mM/18 hr
PotasEium, lM/18 h,
Sodium, pull8 ht
GGT, U/t8 hr
ALP, U/18 hr
LDH, mu/l8hr
NAG, mu/l8hr
Lysozyme (H)

Rcnal microrcopy
Tubular n€rosis
(number of rats)

3@.2 t3.4
18.? I 0.2
23.2 t 1.6
6.42 t0.16
5.sl t 0.36
65.9 t2.4

't.t
I

2.6 t 0.5
1.032 t 0.002
5.22 t0.76
1.90 t 0.29
453 t62
426 !85
8.6 1 2.0

0.47 t 0.15
84.8 I 28.3
4t.7 !8.4

0

I
I
4

6.3 t 0.8
1.051 t 0.001
18.82 t 2.86
10.61 t l.l3
2205 !268
1590 t 183
17.4 t3.0
Ll5t0.l4
3',t8 t15
185 t 35

0

308.4 * 5.4
t't.4 t0.4
20.8 I 1.4

6.64 !0.21
5.63 t 0.28
65.6 t 1.0

310.8 t 5.t
l7.l t 0.8
22.1 ! 1.2

6.34 t 0.06
5.72 t 0.19
69.2 t 2.7

295.0 t 6.5.
l0.l t t.3r
11.5 x2.9
't.@ t0.25
6.01 t 0.35
18.5 !2.7

295.1 t 1.5*
6.3 t 0.8r

23.7 x4.8
6.94 t0.24

12.05 t 0.85.
135.3 1 10.0r

5.6t
2

2.6 t 0.3
1.038 r 0.003
15.08 t l.16r
90.17 t48.43r

620 t33
r53 t 16.

34.3 t 3.0'
2.42 !0.23.

563.2 t I 10.1.
254.7 t 53.5.

4

3
1

lr
15.3 t 3.2'

1.030 t 0.006r
61.41 !3.6'l'
18.23 t4.5
2199 t I 16

r406 t 171

23.5 t t.2
3.10 t 0.1 l*

5465 t 90r.
1707 t 139.

4

30t.7 t4.3' 311.6t5.6
10.8 t l.lr 20.3 t t.l
15.5 t 1.2. 23.2!1.3
6.94t0.11 6.4610.32
7.98 t 0.49' 5.58 1 0.28
85.4 t 7.6. 6s.9 !2.t

6.7 6.9 1.6
100

2.3 toj 2.4 t0.5 1.8 t 0.3
1.038 t 0.0M 1.033 t 0.006 1.032 t 0.003
5.t1 t 1.28 4.49 1 0.51 3.73 t 0.58
1.14 !0.22 1.55 I 0.20 1.24 +0.25
400 i 39 36',1 + t9 348 + 65
329!54 287!N 223t421
10.2 t2.2 9.2 t 1.8 6.3 1 1.3

0.53 t 0.1 I 0.46 t 0.06 0.26 I 0.08
55,7 t 8.4 54.8 t 5.9 39.1 j 3.0
36.1 t 8.1 28.2 x4.5 20.6 t 5.8

000

6.8 6.6
II

2.010.3 2.9 t0.1
.031 t 0.003 1.037 t 0.006
4.84 t0.71 10.17 t t.72.
1.63 1 0.34 3.37 t 0.58
375 t 83 649 t1'1
224 !73 206 t 36
12.7 !1.9 24.5t5.44
0.62 t 0.08 1.46 t 0.29r
't8.4 t9.4 253.8 i 53.7
35.4 x1.1 84.1 t t4.6

0l

I
I
4

6.5 t 0.3
1.052 t 0.003
21.28 t 1.51
ll.49t 1.21
2423 L2Ot
1421 t 148
r9.0 t 3.0
1.35 t 0.16
467 t78
172 t t6

0

0
I
4

5.9 t 0.8
1.054 t 0.004
t't.17 t2.44
9,81 t 1.36

I
3

4
5.3 t 0.3

1.059 t 0.002
22.80 t 3.30
52.88 t 23.67
2252 t 132

863 x72'
't0.9 x22.t1
4.97 t1.61*
3l25tll07r

166 t l7
0

2194 t265
ll7lt93
t6.7 t4.0
0.93 t 0.2r
422 X86
122 t t4

0

1l
t2
33

6.510.7 9.6t 1.7

1.055 t 0.002 1.039 t 0.004
21.62 ):2.34 49.90 t 4.01'
|.22t0.39 10.44 t 1.02

2425 t t92 2t69 !206
tu2 t 163 1608 t 168

24.t !2.4 25.3 x 1.1

1.33 t 0.19 2.35 t0.34.
336 I 3l 3095 t 657*
201 xt9 817 t431

03
5r0 5. 5*

GGT = I-glutamyl transftrase ALP = alkaline phosphatase LDH = lactate dchydrogenar NAG = Ar-actyl-r-glu@eminidas
tRats r@iv€d a single & dose of the individul nephrotoxins and were killcd 24 hr later.
Values are m€ms t SE (n = 5); for paramcters mcasurcd semi-quntitatively, only thc mcans arc givcn.

'Statistically significantly difrerent from cortrol (P < 0.05),
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Tablc 4. EffEts on sl@ted parmctcE in mts administcred diffwnt dos of dlimonenc or hcxrchloro-l:3-butadime, data from a 2+hr
singlc dos srudyt

P&rmctcr

Control
(com oil,
l0 ml/kg)

d-Limonene (mg/kg) Hexachloro-l :3-butadime (mg/kg)

50 200 l0 100 200

Body rcight, I
Food int8ke, g/24 hr
Water intake, g/24 hr
Kidncy weight, g/kB
UB, mmol/litrc
Crcatinine, / molnitrc

Urimlysis M hr
No tqtmctrt-rcl&tcd changB

Urimlysis 5-24 hr
pH
Oocutt blood (G3)
Epithelial ells (0-5)
Volme, ml/18 hr
DcDsity, kg/litrc
Prctcin, mg/I8 hr
Glucw, mM/18 hr
Pota$iu, txl18 hr
Sodium, pull8 hr
GGT, U/l8hr
ALP, U/18 hr
LDH, mU/18 hr
NAG, mu/l8hr

Renal microopy
nmltr of mts with:

Tubulu nerqis
Aqmulation of
Drotein droDlets

302.8 t 5.0 296.3 t4.6
I 1.7 t 0.7 I 1.9 t 0.5
2t.6 t 1.1 21.2 !0.7
6.36 t 0.06 6.17 t 0.15
5.17 t 0.19 5.27 !0.26
u.'t t2.3 65.9 t 2.5

5.6 5.6
0l
tl

4.7 t0.4 5.8 t 0.6
1.052 j0.001 1.053 10.002
11.42tr.52 20.31 j l.l4
8.58t0.76 9.601 1.06
1494t 138 t',t75tt13
890 t 92 1038 t 54

24.0 1 1.3 3l.l t 4.4
0.88 t 0.13 1.29 t 0.18
275 t4O 437 t75
il5 t ll t54t7

299.1 I 6.8
12.2 + 1.0
20.3 1 0.8
6.60 I 0.12
5.31 t 0.22
61.4 t2.3

297.6 t 6.7
ll.7 t r.l
17.6 t 0.8
6.31 10.11
5.37 !O.39
68.5 t 3.0

297.0t3.9
10.0 t 0.6
19.2 t 1.4
6.54 t 0. t7
5.02 t 0.14
63.3 t 1.7

29s.7 x4.3
8.9 t 1.3

19.4 t 3.3
7.t5 t 0.25.
5.46 tO-27
80.6 t 5.5'

295.5 t4.3.
6.9 t 0.9.

36.4 t 8.8
7.d to.lo.
8.73 t 0.40.

125.9 + 3.1.

5.4
0
I

4.2 t0.7
t.058 t 0.003
t4.42 t2.05
9.07 i r.53
1500 1 245
795 ! 170

26.4 t 4.1
0.94 t 0.16
309 t 60
143 t24

5.3
0
I

4.6 tO.2
r.058 t 0.001
13.68 t 2.19

5.4
0
I

4.5 t 0.?
1.057 t 0.001
15.87 t 2.89
7.98 t 1.30
1412 !245
685tl19

25.8 t 5.3
0.70 I 0.09
318 t 54
134 t21

6.9*
2.
4t

8.5 t 3.8
1.046 t 0.007
24.3814.59
25.14 t 13.90
l7l3 t 133

897 t 168

62.2 ! t9.',1

3.40 t 0.90
3453 t 1084r
3031g

7.2r
2.

26.5 !1.4.
1.021 t 0.003.
48.31 I 3.79.
699.9 t 1lE.5.
2371 t lot.
llt0t 172

176.9 * 14.3.
13.'11 t2.31.

12655 t 583.
582 f 69*

8.73 t 0.52
14l I t 12l
795 t 56

20.3 t 2.3
0.'t2 x0.t2
339 1 48
140 t l9

0

0

0 5r 5.

5r 0 0

Velu arc mans t SE (n = 5); fq paramctils mcasurcd emi-quantitatively, only the means arc givcn.
lR8ts @ivad a singlc olal doe of thc individul nephrotoxins and werc ki,led 24hr later.

'Ststistically signifiendy diffcrcnt from control (P < 0.05).

shortly after dosing, and encrustations around the
nostrils when killed. Lethargy and swollen noses were
also observed in the group given the effective dose of
chromate. Tables 5 and 6 show that many of the
parameters measured were adversely aflected at the
MNEL of both the combination and the individual
compounds, with the exception of d-limonene that, as
expected, only induced excessive accumulation of
protein droplets in renal proximal tubular epithelial
c€lls. At the NNEL, dlimonene (contrary to expec-
tation) and the combination appeared to have exacer-
bated protein droplet accumulation; otherwise, no
treatment-related changes were observed following
combined or single exposure at the NNEL.

DISCUSSION AND CONCLUSION

The results of the study described here suggest that
simultaneous administration of four nephrotoxicants
in effective (toxic) doses results in a myriad of (renal)
adverse effects that, in comparison with the effects of
the individual compounds, are similar or different in
type, and range from less to (much) more severe.

The marked increases in the urinary activities of
LDH, NAG and lysozyme in the combination
MNEL group were much greater than those induced
by the individual nephrotoxicants, indicating syner-
gistic interaction (Fig. l). Enhancement of effects on
combined exposure, although less pronounced, was
also seen with blood plasma creatinine and urea.

When evaluating the effect on plasma urea, the
decrease in urea concentration in the HCBD MNEL
group (Table 5) was considered to be a casual finding
unrelated to HCBD, because in the range-finding
study plasma urea either was not affected or was
increased in the HCBD groups (Table 4). On the
other hand, the increase in urinary GGT excretion
(G24 hr) in the combination MNEL group was
smaller than that in the mercury and HCBD MNEL
groups, suggesting antagonism of efects for this
endpoint.

Approximately additive responses were observed
for the excretion of glucose and protein in the urine
(G24 hr). Combined exposure appeared to a@elerate
the onset of the effect on protein excretion, as only
the combination group showed a significantly in-
creased protein excretion between 0 and 6 hr after
dosing. Urinary ALP (6-24hr) showed partially ad-
ditive responses, the response in the combination
goup being larger than that induced by the individ-
ual nephrotoxicants, but smaller than the sum of the
individual responses.

The findings for urinary sodium and potassium
excretion are difficult to interpret. The urinary
sodium excretion in the combination MNEL group
was similar to that in controls, despite a strikingly
decreased urinary sodium excretion in the mercury
MNEL group. On the other hand, urinary potassium
excretion was increased in the combination group but
not in any of the single agent groups. The increased
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Tablc 5. Selated parmetes influened by the individul ncphrotoxins or thcir combination at the Minimm-Nophrotoxic-Effet t vcl of
the individual ompoundsf

Group

Parameter Control Combination
Mercuric
chloridc

Potassim
dichromaG

Hcxrchloro-
I :3-butadicnc

Food intak€, g/24 h!
Water intakc, g/24hr
Kidncy weight, g/kg
Uru, mmol/litro
Crcatinine, pmol/litrc

Urimlysis O-6 hr
pH
Occult blood (O-3)
Volme, ml/6 hr
Density, kg/litre
Protein, mg/6 hr
Glucoe, mu/6 hr
Potassium, /M/6 hr
Sodium, pul6 hr
GGT, U/6hr
ALP, U/6 hr
LDH, mU/6 hr
NAG, mU/6hr
Lysozyme, pg/6 hr

Urinalysis 6_24 hr
pH
O@ult blood (0-3)
Epithelial @lls (O 5)
Crystals (O 5)
Volume, ml/l8 hr
Density, kg/litrc
Protein, mg/I8 hr
Gluoe, mu/18 hr
Potassium, lM/I8 hr
Sodium, pMl18 h!
GGT, U/l8hr
ALP, U/18 hr
LDH, mU/18 hr
NAG, mU/18 hr
Ly$zyme, pgll8 h!

9.9 t 0.2
15.1 t 0.9
6.23 t 0.08
6.00 + 0.21
59.2 t2.t

2.8 t 0.6*
23.9 t 5.8
7.91t0.241

13.89 I 1.52*
179.9 t 21.0r

6.4i
2r

3.9 t 1.4
1.039 t 0.009
12.12 t 1.59r
5.70 !2.t4
674 xU*
228 t 37
19.4 t l.9
1.06 t 0.18*

204.3 t 50.8i
85.5 t 9.li

6+3

3*
0*

18.6 t 2.8i
1.023 t 0.003r
73.87 I 5.86i
63.13 ! 27.95
2148 t 176*

728 !76
43.8 t 6.0*
4.6t !0.14'

32269 t 6888r
1812 t 460*
r 140 t 163.

4.41t.2.
10.6 t l.2r
?.43 1 0.38*
8.64 I 0.45r
95.8 1 9.6r,t

8.6
l3.l
7.39
4.95
67.1

t
t
+
I
t

15.5

6.43
5.26
71.6

l.l *
4.6
0.15t
0.20t
3.3..1

t
t
t
t
t

r.4t
1.9

0. t3r
0.23.,1
3.0t

7.2
0

2.9 !0.2
1.033 t 0.003
6.91 t 1.06
2.01 t 0.15
398 t 38
258 I 39
14.9 I 2.0
0.60 I 0.07
73.8 t 13.5
53.8 t 4.8

0t0

5.2
I
I
3

4.5 1 0.3
1.065 I 0.003
t9.44 t t.1t
10.47 t 0.62
1637 t 57
796 t 56

27.5 !2.6
0.83 t 0.09
318 t 78

175 t20
0t0

6.9
I

1.8 I 0.3r
1.043 I 0.006
5.20 1 0.99
1.76 1 0.31
350 t 64
182 t37

14.9 t2.9
0.51 I 0.1 I
50.7 t l 1.9

38.8 t 7.0t
0t0

7.'1

I
1.6 t 0.4.

1.032 t 0.001
3.96 t 1.32
l.19 t 0.34r
287 t210
143 t 40
7.8 !2.2.

0.24 t 0.1 l*,t
3',1.7 t13.7
22.9 t9.6t,t

0t0

6.2r
I

4.2 t t.9
1.033 t 0.0r0
9.78 I 0.60

10.01 1 2.75'
394 t 28

l4l I 28.
26.t I1.2.
1.98 + 0.23.,1

374.6 !78.2r
88.5 t 3.6i

Itl

6.4*6.7r 5.8",1

3.? + 0.3t
1.062 t 0.003t
18.25 !1.22t
60.21 !22.23.
13001 ll8
243 t 88i

69.4 t 8.2t,t
3.52 t 0.51.

3576 t 671',t
150 t 20t

I t0

6.8r
2a

4
6.4 t 0.4r,t

1.052 t 0.0051
29.0t + 2.22.,t
17.17 t2-60.
t192 ! t34
768 + lot

50.3 t 5.9.
2.18 + 0.20.,1

2565 t 253',t
301 t 19.,1

010

2
ll
2

10.5 + l.9r,l
1.033 t 0.004.
45.46 t3.l2r'l
8.56 + 0.97
1608 t 172
856 :I 93

35.0 j 2.4
2.88 t 0.25r,t
968 t l27r,l
502 t 56.,t
478 t25t

tRats @ived a singlc dos of the individul nephrotoxins or their @mbination, at th€ no-nephrotoxic (NNEL) or the naphrotoxia (MNEL)
level of the individual torins, and were killed 24 h later. V.lues at thc NNEL scre uffcmarkable and arc thcrcforc not prc$trtcd.
d-Limonm€ wa$ rot included in thc Table becaus the only r€nal effect wn was protein droplct a€mulation in proximsl tubular
epithelium.

rstatisti@lly signifiently different from @ntrol (P < 0.05).
tstatisti@lly significantly different from the MNEL of thc combination (P < 0.05).
Differcnes betwecn the combination and the individul toxins were evaluatcd statisti€lly otrly where both thc combimtion and one or morc

of thc individual toxiDs differed statisti@lly signifi@ntly from controls.
Values are mean t SE (n = 5); for parameters measurcd miquantirativ€ly only thc m@ns arc givm.

potassium excretion may have resulted from ex-
trarenal tissue damage induced by the combination
but not by the individual compounds.

This study focused exclusively on establishing the
presenc€ or absence of interactive effects, and eluci-
dating their nature if present. Explanatory studies

Group (fivc rats/group)

Combination Mercuricchloride
Pota$ium
dichromate

Hexachloro-
I :3-butsdiene d-Limoncne

Obsryation Control NNEL MNEL NNEL MNEL NNEL MNEL NNEL MNEL NNEL MNEL
Necrosis

minimal
slight
moderate
svele

Protcin droplet
a@umulation
++
+++

5r

fRats r@eived a single dose ofthe individual nephrotoxins or their combinstion, at thc no.ncphrotoxic (NNEL) or the nephrotoxic (MNEL)
level of the individual toxins, and wcre killcd 24 hr later.

xstatistically significantly differert froE control (P < 0.05).
Valucs are the number of rats with the indicated obscryation, based on miclosopic assssment of wtio$ staincd with hematoxylin and

eosin or with Mallory trichromc.

0
0
0
5r

0
0

0
0
5r
0

0
0

0
0
0
0

0
5i

0
0

0
0

0
0
0
0

5r
0

0
5*
0
0

0
0

0
0
0
0

0
0
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Table 6. Histopathological changes in kidneys of rats administcred four different ncphrotoxins either alone or in mmbinationt

1

0
I
0

0
0

0
0
0
0

0
0
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should include combinations of two compounds,
more specific endpoints and pharmacokinetic/
dynamic analyses. In this regard it would be of
interest, for example to determine why the specific

A

B
E oontrol

I comblnatlon

7- xsct,

liji]:-:Il x.cr.o,

El xcao

Wl d-tiron"n"

a

c a

Fig. l. Diagrams illustrating (A) additivity, (B) synergistic
interaction and (C) antagonistic interaction. The excretion
of glucose, il-acrtyl-p-glucosaminidase (NAG) and y-glu-
tamyl transferase (CGT) in the urine was measured between
6 and 24 hr after administration of the individual nephro-
toxins or their combination at the nephrotoxic (MNEL)
level of the individual compounds. Bars represent
means t SE (n = 5). 'Significantly different from the control

group (P < 0.05).

d-limonene effect (accumulation of hyaline droplets
in renal tubular cells; Webb et al., 1989) was absent
after the combined treatment at the MNEL. Further,
it is challenging to detect the mechanisms underlying
the high excretion of potassium, LDH, NAG and
lysozyme in the urine on combined exposure.

No signs of impaired renal function or renal dam-
age were observed at the NNEL of the combination,
suggesting absence of both dose additivity and poten-
tiating interaction at the subtoxic effect levels of the
individual substances. Clearly, the simultaneous
treatment of rats with subtoxic doses of the four
nephrotoxicants did not lead to any serious renal
toxicity, despite the fact that these compounds have
the same critical target organ. An obvious expla-
nation for the absence of additivity is that the mode
of action including the critical renal target cells of the
various agents was sufficiently different to avoid
additivity. Another (trivial) explanation could be that
the gap between those NNELs tested and the (un-
known) true minimum adverse effect levels was too
large to detect possible additivity. However, narrow-
ing down further the gap between the NNELs and
MNELs tested would have increased the chance of
using one or more NNELs that, because of interstudy
variability, for example, in the combination study
turned out to be an effect level. The increased protein
droplet accumulation at the NNEL of dJimonene
(l0mg/kg), observed in the combination study but
not in the range-finding study, illustrates that such an
unwanted situation may occur easily.

The absence of potentiating interaction on com-
bined exposure at the NNEL in this study is in
contrast with the potentiating action of KrCrrO,
reported in the literature. Co-administration of a

subtoxic dose of KrCrrO, (10 mg/kg) with minimally
toxic or ineffective doses of various, chemically unre-
lated, nephrotoxicants (HgC!, citrinin or maleic
acid) invariably resulted in enhanced nephrotoxicity
(Baggett and Berndt, 1984, 1985 and 1986; Christen-
son et al., 1989; Haberman et al., 1987). The differ-
ence in the subtoxic chromate doses used (l u.

l0 mg/kg) may explain this discrepancy.
A logical sequel to the study described in this paper

would be a study in which the renal toxicity of a

combination of a number of nephrotoxicants with
very similar, if not identical, mechanisms of action
would be compared with the renal toxicity of the
individual nephrotoxicants. Such a study is currently
being performed in our laboratory. In this respect it
may be of interest to refer to a recent study by Ito
et al. (1991), who demonstrated additive and syner-
gistic effects on the rat liver of five heterocyclic
amines administered simultaneously at concen-
trations of one-fifth or one-twenty-fifth of the effec-
tive (carcinogenic) levels of the individual amines.
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Chapter 5

The additivity assumption tested for mixtures of similarly acting nephrotoxicants

Abstract

The present study was conducted to test the additivity assumption (dose addition)

under conditions of concurrent, repeated exposure to similarly acting nephrotoxicants,

at subtoxic levels of the individual chemicals. Tetrachloroethylene, trichloroethylene,

hexachloro-1:3-butadiene and 1,1,2-trichloro-3,3,3-trifluoropropene were used as

model compounds. Their nephrotoxicity results from initial conjugation to glutathione

in the liver, followed by further biotransformation to cysteine conjugates and cysteine

conjugate B-lyase-mediated formation of reactive metabolites in the renal proximal

tubular epithelial cells. The nephrotoxicants were given to female Wistar rats by daily

oral gavage for 32 days either alone, both at a Lowest-Observed-Nephrotoxic-Effect

Level (LONEL) and at a No-Observed-Nephrotoxic-Effect Level (NONEL, equal to

1/4 LONEL), or in combinations of four (at the NONEL and l/2 LONEL) or three (at

1/3 LONEL). Relative kidney weight was increased following exposure to the

individual nephrotoxicants at their LONEL and, to about the same extent, following

combined exposure at the NONEL or 113 LONEL. The other endpoints used to assess

renal toxicity (viz. renal morphology and concentrating ability, plasma levels of
creatinine and urea, urinary excretion of glucose, protein and marker enzymes) were

not or only scarcely affected upon combined exposure at the NONEL or 1/3 LONEL.

Interpretation hereof is complicated because these endpoints, unlike kidney weight,

were not affected at the LONEL of each of the individual chemicals. Combined

exposure at 1/2 LONEL resulted in clear nephrotoxicity as indicated by the effects on

most of the above endpoints. At this level the increase in kidney weight was clearly less

than expected on the basis of dose additivity. It was concluded that the results of this

study provided support for the assumption of dose additivity for mixtures of similarly

acting systemic toxicants under conditions of concurrent, repeated exposure at dose

levels below the toxicity thresholds of the individual chemicals.

Abbreviations
ALAT = alanine aminotransferase; ALP = alkaline phosphatase; ASAT = aspartate

aminotransferase; GGT = y-glutamyl transferase; HCBD = hexachloro-1,3-butadiene;

LDH = lactate dehydrogenase; LONEL = Lowest-Observed-Nephrotoxic-Effect Level;

NAG = N-acetyl-p-glucosaminidase; NOAEL = No-Observed-Adverse-Effect Level;

NONEL = No-Observed-Nephrotoxic-Effect Level; TCTFP = 1,1,2-trichloro-3,3,3-

trifluoropropene; TETRA = tetrachloroethylene; TRI = trichloroethylene.
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Introduction

The assessment of health hazards from exposure to mixtures of chemicals, which is

the usual human exposure situation, is complicated by a relative paucity of empirical
data on the toxicity of mixtures, especially under conditions of prolonged exposure to

low, non-toxic levels of the individual chemicals. Therefore, one of the major aims of
our laboratory's research programme on mixture toxicity is to test the hypothesis that as

a rule exposure to mixtures of chemicals at (low) non-toxic doses of the individual
chemicals is of no health concem (Feron et al, 1995).

In previously conducted subacute toxicity studies in rats with mixtures of eight or
nine chemicals with different primary target organs or mixtures of four chemicals with
the same target organ (the kidney) but dissimilar modes of action we found that

combined exposure at non-toxic levels of the individual chemicals did not constitute an

obviously increased hazard (Groten et al., 199'7 Jonker et al., 1990, 1993a,b). The

highest non-toxic level tested in these studies was the No-Observed-Adverse-(Renal)

Effect Level (NOAEL) of the individual chemicals, which was only 3-5 times lower
than the individual chemicals' minimally toxic level in most cases. The absence of
obvious toxic effects upon combined exposure at the NOAEL, therefore, allowed the

conclusion that there were no marked synergistic effects at this level.

When assessing the health risk from exposure to chemical mixtures it is also

important to know whether mixture components act in a dose-additive manner because

this type of joint action implies that the summed dose can be high enough to elicit toxic
effects even when the components are present at individually non-toxic levels (Bliss,

1939; Plackett and Hewlett, 19521' Finney, l91l). The assumption of dose addition is

most clearly justified for chemicals which produce the same effect by a similar mode of
action. In practice, however, a chemical's mode of action is generally unknown and,

therefore, the justification of the assumption of dose addition will often be limited to

similarities in toxic effects or target organs (EPA, 1986).

There is not much experimental evidence to support the validity of additivity
assumptions in mammalian species, partly because most of the published studies on

mixture toxicity, including our above mentioned studies with nephrotoxicants, did not
use experimental designs or statistical methods suitable for (quantitative) evaluation of
the type of joint action (Mumtaz and Hertzberg, 1993). The results of a few older

studies, in which many pairs of industrial organic chemicals were administered to rats,

demonstrated that dose additivity predicted reasonably well the acute toxicity (LD50 or

LC50) of mixtures of randomly selected chemicals (Pozzani et al. , 1959 Smyth et al.,
1969, 1970). The assumption of dose addition was also supported by the results of an
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in vitro study in which blood of sheep was exposed to binary or ternary mixtures of
methaemoglobin-producing agents (chlorite, nitrite, copper) at minimally effective

concentrations (Langlois and Calabrese, 1992). We were not aware of any studies

examining the validity of dose addition under conditions of concurrent, repeated

exposure to more than two similarly acting systemic toxicants at exposure levels

slightly below the toxicity thresholds of the individual chemicals. Therefore, the aim of
the present study was to test the additivity assumption (dose addition) under such

conditions, using the same test system (rat), exposure route and duration (oral, about 4

weeks), and target organ (kidney) as in our previous study with dissimilarly acting

nephrotoxicants (Jonker et al, 1993a).

Tetrachloroethylene (TETRA), trichloroethylene (TRI), hexachloro- 1 :3-butadiene

(HCBD) and 1,1,2-trichloro-3,3,3-trifluoropropene (TCTFP) were selected as model

compounds for this study on the basis of the availability of data indicating that these

chemicals affect the same organ by a similar mode of action. Though occurrence of
simultaneous exposure of humans to these chemicals was not a criterion for selection,

TETRA and TRI are organic solvents of widespread industrial use and frequently occur

together in contaminated media (soil, air, water) near hazardous waste sites (Johnson

and DeRosa, 1995). HCBD is also a widely distributed environmental contaminant. It
is a by-product of the manufacture of chlorinated hydrocarbons such as TETRA, TRI

and carbon tetrachloride and has a variety of industrial and commercial applications

(IARC, 1979). Consequently, human occupational or environmental exposure to

mixtures including these chemicals is likely to occur. TCTFP has no widespread uses.

Its nephrotoxicity was examined to verify predictions for metabolic pathways based on

its chemical reactivity and structural similarity to TETRA (Vamvakas et a\.,1989).

The nephrotoxicity of the model compounds has been shown to result from initial

conjugation to glutathione in the liver (Anthony et aL.,1994;Dekantet aI.,1986a,b and

1990; Goeptar et aI.,1995; Odum and Green, 1987;Vamvakas et ct\.,1989).In several

steps, catalysed by gamma-glutamyl transpeptidase and cysteinylglycine dipeptidase,

the glutathione conjugate is converted into a cysteine conjugate. The cysteine

conjugate, in turn, is bioactivated by the cysteine conjugate B-lyase present in epithelial

cells of renal proximal tubules. For TETRA and TRI, which are primarily metabolised

by the cytochrome P450 mixed function oxidase system, the glutathione pathway is

minor at low dose levels in the rat. However, it increases markedly at higher dose levels

following saturation of the cytochrome P450 pathway (Dekant et al., 1986c; Green et

al.,1990).
The four nephrotoxicants were given to the rats by daily oral gavage either alone,

both at a Lowest-Observed-Nephrotoxic-Effect Level (LONEL) and at a No-Observed-
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Nephrotoxic-Effect Level (NONEL), or as ternary or quaternary mixtures at fractions

of the individual LONELs. Prior to the mixture study, the individual chemicals were

tested in a range-finding study to establish their LONEL and NONEL under

experimental conditions similar to those of the mixture study; the results are included

in this chapter. For each nephrotoxicant the NONEL and LONEL were selected such

that the NONEL was one fourth of the LONEL, to enable comparison of the effect of
combined exposure to four different chemicals at their respective NONELs with the

effect of exposure to four times the NONEL (= the LONEL) of a single chemical. The

groups given a mixture of three chemicals received each chemical at a level equivalent

to one third of its LONEL. When full additivity is assumed, the effects of these

mixtures and those of the single chemicals at their LONEL are expected to be the same

('toxicity unit method'). Additionally, the study included a group given the four
chemicals simultaneously at one half of their LONEL to enable evaluation of the

predictive value of mixture results obtained at minimally toxic levels for what would

occur at non-toxic levels of the individual chemicals.

Materials and methods

Materials

Hexachloro-1,3-butadiene (987o) was obtained from Aldrich-Chemie (Steinheim,

Germany), tetrachloroethylene (99.9+7o, HPLC grade) from Aldrich Chemical Co.,

Ltd. (Dorset, England), trichloroethylene (99+7o, spectrophotometric grade) from

Aldrich Chemical Company, Inc. (Milwaukee, USA), and 1,1,2-trichloro-3,3,3-

trifluoro-l-propene from ABCR GmbH & Co (Kalsruhe, Germany). Corn oil was

obtained from Remia (Den Dolder, The Netherlands).

Animals and maintenance

Weanling female SPF-bred Wistar rats (CrI:WI(WU) BR) were obtained from
Charles River Wiga GmbH (Sulzfeld, Germany). Male rats were considered less

suitable for this study. Firstly because male rats are burdened with an extra load of
physiological proteins in the urine which might obscure possible treatment-related

changes in urinary protein excretion. Secondly, TETRA induces the male-rat specific

cr2u-globulin nephropathy by a mechanism that differs from the mechanism of concem

in this study (Goldsworthy et a|.,1988). At initiation of treatment, the rats were about

five weeks old (except for the range-finding study with TCTFP in which they were

eight weeks old). The rats were housed conventionally, in suspended stainless-steel

cages with wire-mesh floor and front, five rats per cage, in a room maintained at
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22+2"C with a relative humidity of 40-10Vo and a l2-hr lighVdark cycle (lighting by

fluorescent tubes between 7:30 and 19:30 hr). For collection of urine, the animals were

placed individually in stainless-steel metabolism cages. Feed (our routinely used cereal-

based rodent diet, described in Rutten and De Groot, 1992) and tap water were freely

available except during the urine concentration test.

Admintstration route and duration

The nephrotoxicants were dissolved in corn oil, either alone or in combination, and

administered by oral gavage in a volume of 10 ml per kg body weight, once daily for 32

consecutive days (exceptions: in the range-finding study TCTFP and HCBD were

given for 27 and 33 days, respectively, and in the second range-finding study with
TETRA and TRI treatment lasted29 days). Concurrent controls were dosed with corn

oil only. The dose volumes were adjusted twice per week for changes in body weight.

Fresh dosing solutions were prepared once (mixture study, second range-finding study

with TETRA and TRI) or twice, divided over portions for one week (second range-

finding study with TETRA and TRI) or half a week, and stored in a refrigerator
(2-10'C) until use. Stability of the nephrotoxicants under simulated experimental

conditions was confirmed by analysis.

Experiments

Range-finding studies. Range-finding studies were conducted to obtain for each

nephrotoxicant a NONEL and a LONEL under experimental conditions similar to those

of the mixture study. Following an acclimatization period of at least 6 days, the rats

were allocated randomly to groups of ten (controls) or five, in such a way that the mean

body weights were about the same in all groups. In the first range-finding study, each

nephrotoxicant was given at four levels (Table 1). Since this study did not yield a clear

LONEL for TETRA and TRI these chemicals were examined at higher dose levels in a

second study (Table 1).

Mixture study. On arrival the animals were randomly allocated to one of 15 groups

of ten (vehicle controls) or five rats each. After an acclimatization period of 16 days

treatment was started. The dose levels are given in Table2. The four nephrotoxicants

were given either alone at their NONEL or LONEL, or in combinations of four at their

NONEL or 1/2 LONEL, or in the four possible combinations of three at 1/3 LONEL.
For each chemical the NONEL and LONEL were selected such that the NONEL was

one fourth of the LONEL, to enable comparison of the effect of combined exposure to

four different compounds at their respective NONELs with the effect of exposure to
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Table 1. Dose levels used in the range-finding studies

Dose level bilday)
TETRA TRI TCTFP HCBD

First study

low-dose

mid-dose 1

mid-dose 2

high-dose

Second study

high-dose I
high-dose 2

225

450

900

1800

2500

32001D8002

200

400

800

1600

2000

28001D4002

0.2

0.6

2.0

6.0

0.4

1.3

4.0

t2.0

1 Administered on the first two days of the treatment period.
2 Administered from the third day of the treatment period.

Table 2. Treatments and dose levels in the mixture study

Treatment Total dose in
toxicity units

Control: corn oil 10 mUkg

Individual chemicals at NONEL
TETRA 600 mglkg bw/day
TRI 500 mg/kg bw/day
TCTFP 1.5 mg/kg bilday
HCBD 1 mg/kg bw/day

Individual chemicals at LONEL
TETRA 2400 mgkgbw/day
TRI 2000 mg/kg bw/day
TCTFP 6 mg/kg bdday
HCBD 4 mgkgbw/day

Mixtures of all 4 chemicals
each chemical at NONEL
each chemical at LONEL/2

Mixtures of 3 chemicals at 1/3 LONEL
TETRA +TRI +TCTFP
TETRA +TRI +HCBD
TETRA +TCTFP +HCBD
TRI +TCTFP +HCBD

0

t/4
t/4
U4
1/4

I
I
I
1

I
2

I
I
1

1

NONEL = No-Observed-Nephrotoxic-Effect Level (.= ll 4 LONEL)
LONEL = Lowest-Observed-Nephrotoxic-Effect Level

67



Chapter 5

four times the NONEL (= the LONEL) of a single chemical. Underfull dose additivity,

the effects of the combinations at the NONEL or l/3 LONEL and those of the single

chemicals at their LONEL are expected to be the same. In addition, the study initially

included a group given the four chemicals simultaneously at their LONEL to examine

the toxicity of the combination at slightly nephrotoxic levels of the individual

chemicals. However, due to the strong narcotic effect of TETRA and TRI (one rat died

after the first dose) combined exposure at this level had to be discontinued. Instead, the

group given the four chemicals simultaneously atll2 LONEL was included (this group

was formed from reserve rats and dosed from the second day of the study).

Obsen,ations and analy se s

Clinical observations were made daily before and after dosing. The rats were

weighed twice per week and at final necropsy. Food consumption was measured each

week, over 4- or 7-day periods, on a cage basis, by weighing the feeders. Water

consumption was measured on three or four consecutive days each week, on a cage

basis, by weighing the drinking bottles. In addition, water consumption of individual

animals was measured during the collectionof 24-hr urine samples in weeks one and

four.

Urinalysis. Urine was collected towards the end of the first week (or halfway the

second week in the range-finding study with TCTFP) and the fourth week of treatment.

The rats were kept in metabolism cages (one ratlcage) for three consecutive days. After

one day of acclimatizalion, 24-hr urine samples were collected, in ice-cooled

containers, from unfasted rats (food and water freely available). Each sample was

characterised with respect to appearance, volume, density (Bellingham and Stanley

refractometer), glucose, total protein, creatinine, alkaline phosphatase (ALP), y-glutamyl

transferase (GGT), lactate dehydrogenase (LDH) and N-acetyl-B-glucosaminidase

(NAG) (Automatic analyser model 911 from Hitachi, Japan). Glucose, protein,

creatinine and the errzyme activities were expressed as units excreted per 24 hr by

multiplying the concentrations measured by the volume of the urine produced in these

24 hr. Onthe third day, the rats were deprived of water for 24hr and of food during the

last 16 hr of this period. Urine was collected during the latter 16 hr and the volume and

density of the samples were recorded to assess the renal concentrating ability (in the

range-finding study with TCTFP no concentration test was caried out towards the end

of the study).

Clinical chemistry. At final necropsy, blood samples were collected from the

abdominal aorta in heparinized tubes. The samples were centrifuged and the plasma

was analysed for asparlate aminotransferase (ASAT), alanine aminotransferase
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(ALAT), ALP, GGT, LDH, total protein, albumin, glucose (non-fasting), urea and
creatinine (Automatic analyser model 911 from Hitachi, Japan).

Pathology. At the end of the treatment period, the rats were killed by
exsanguination from the abdominal aofta under light ether anaesthesia and examined
grossly for pathological changes. The liver and kidneys were weighed. After fixation in
a4Eo neutral buffered solution of formaldehyde, the kidneys were processed, embedded
in paraffin, sectioned at 5 pm, stained with haematoxylin and eosin, and examined by
light microscopy.

Statistical analysis

Body weights were evaluated by one-way analysis of covariance followed by
Dunnett's multiple comparison tests. Water consumption measured per cage was

subjected to repeated measures analysis of variance followed by pairwise comparisons

with vehicle controls using linear orthogonal components (cr=0.01) (mixture study
only). Water consumption measured per animal, the results of clinical chemistry and
urinalysis (except for appearance), and organ weights were evaluated by one-way
analysis of variance followed by Dunnett's multiple comparison tests. The
histopathological changes were analysed by Fisher's exact probability test. All analyses

were two-sided.

Results

Range-finding studies

There was no chemical-related mortality. Clinical observations revealed an
increased incidence of focal alopecia in the groups given TETRA at 1800 mglkg or
more, TRI at all dose levels except for 1600 mglkg (a dose-related response was seen

only in the second range-finding study), HCBD at l2mgkgand, less severely, TCTFP
at 6 mgkg (no data presented). In addition, rats given the high dose levels of TETRA
or TRI showed transient behavioural signs shortly after dosing (with rETRA
sluggishness in the first week and hyperreactivity thereafter, with TRI sluggishness

only), the severity of which decreased in the course of the study. Other results,

summarized in the Appendix to this chapter, are described below per chemical.
TCTFP-induced changes were observed from 2 mglkg bw. At 2 mgkg, urinary

LDH excretion was slightly increased (in week two only). At 6 mg/kg, treatment with
TCTFP resulted in a decreased urinary density (statistically significant in week four
only), an increased urinary excretion of protein (in week four only) and LDH, increased

relative kidney weight, increased plasma ALAT activity and microscopic renal changes
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consisting of diffuse or multifocal vacuolation, slight focal degeneration, and multifocal

or diffuse karyomegaly of tubular cells. For the mixture study 1.5 and 6 mg TCTFP&g

bw were selected as a NONEL and LONEL, respectively.

HCBD was toxic from 4 mg/kg bw. The effects included growth retardation,

reduced food consumption, decreased urinary density, and increases in urinary volume,

excretion of LDH, relative kidney weight and plasma ALAT activity. Microscopically,

regeneration, hyperplasia, slight necrosis, and multifocal or diffuse karyomegaly of the

renal tubular epithelium were observed. There was a clear dose-response relationship

except for the effect on urinary LDH. For the mixture study 1 and 4 mg HCBD/kg bw

were selected as a NONEL and LONEL, respectively.

The results of the first range-finding study with dose levels of TETRA up to 1800

mg/kg bw yielded no clear nephrotoxic effect level (no data presented). In the second

study, rats given TETRA at 2500 mglkg showed an increased water consumption.

decreased urinary density, increased urinary volume, increased excretion of protein,

GGT and ALP (the urinary changes occuned mainly in week one), increased kidney

weight and histopathological changes consisting of focal tubular vacuolation and

cyto/karyomegaly. The severity of these changes did not increase with the dose. On the

contrary, at 2800 mg/kg the urinary changes were even smaller or absent. TETRA was

also hepatotoxic, as shown by the increased liver weight (from 1800 mg/kg in the first

range-finding study), the increased plasma levels of ALP, ASAT, ALAT and GGT, and

the dark discoloration of the liver observed at necropsy. For the mixture study 600 and

24OO mgTETRA/kg bw were selected as a NONEL and LONEL, respectively.

In the first range-finding study with TRI, the only renal change observed consisted

of slight focal tubular vacuolation at 1600 mg/kg bw. In the second study, urinary

volume (concentration test) and kidney weight were increased dose-dependently,

urinary excretion of GGT was decreased (in week four), and focal tubular vacuolation

and cytolkaryomegaly occurred to about the same extent in kidneys of rats given 2000

or 24OO mg/kg. In addition, TRI induced signs of hepatotoxicity, viz. increased liver

weight (from 200 mg/kg bw in the first range-finding study), increased plasma levels of

ALP, ASAT, ALAT and GGT, and dark discoloration of the liver. The increase in the

plasma level of albumin observed from 400 mg/kg bw in the first range-finding study

(and in the mixture study) was not confirmed in the second range-finding study. For the

mixture study 500 and 2000 mg TRVkg bw were selected as a NONEL and LONEL,

respectively.
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Mixture study

Three rats died between the fourth and tenth day of the study: one given TETRA at

its NONEL due to a dosing elror, one given TETRA at its LONEL (this rat was

replaced) and one given TETRA, TRI and TCTFP simultaneously. During the major
part of the study, rats given TETRA or TRI individually at their LONEL, or the four
chemicals simultaneously at ll2 LONEL showed severe but transient signs of central
nervous system depression within a few hours after dosing (no data presented). In
weeks two and three such signs were also observed in the group given the combination
of TETRA, TRI and TCTFP. Rats of the other groups showed these signs only once or
twice or not at all.

Data on body weight gain and consumption of food and water are presented in
Table 3. Growth or food consumption were not adversely affected by any of the

treatments. Water consumption was increased nearly twofold in rats given TETRA
alone at its LONEL or the four chemicals simultaneously at ll2 LONEL.

Table 3. Body weight gain, food intake and water intake in the mixture study

Treatment Weight gain
(ghat/32 days)

Food
intake
(glratlday)

Water intake

per cage per rat
in wk 1-4 on day 6

per rat
onday 27

Control
Chemicals singly at NONEL
TETRA

TRI

TCTFP

HCBD

Chemicals singly at LONEL
TETRA

TRI

TCTFP

HCBD

Mixtures of 4 chemicals

at NONEL (1/4 LONEL)

at 1/2 LONEL

Mixtures of 3 chemicals

at 1/3 LONEL

TETRA+TRI+TCTFP
TETRA+TRI+HCBD
TETRA+TCTFP+HCBD
TRI+TCTFP+HCBD

64+2

12+4
64+4
64+2
61 +2

66+4
75+5

'74+2
'10+5

72+3
60+4

13.0 l'7.2 16.2 + Q.7 16.4 x.1.6

64+5
68+3
67+5
'73+5

1 1.8

13.0

13.5

12.5

18.4

t9.2

18.4

17.8

15.9 t 1.0

16.7 t0.4
16.8 + 1.1

16.5 r 1.0

18.9 t 2.5

17.6 + 1.5

13.6 + 1.4

18.4 + 3.1

29.9**

22.1

19.1

r 9.8

27.0 + 2.9+*

19.5 t 0.6

l'7 .7 + 1.4

18.2 + 2.4

18.4 + 0.2

28.5 + 1.9**

26.8 + 2.5**

22.4 t3.3
17 .5 + 1.4

18.I +2.8

18.4 + 1.3

27.9 + 3.lx*
13.0

13.2

23.8

32.6**

1s.6

14.3

14.2

14.1

19.5 + 2.2

18.4 + i.6
17.0 + 0.9

15.7 + 0.5

17 .1 + 1.5

19.2 + 1.8

18.1 + 1.4

1"7.9 + 1.5

a) /

20.0

21.1

19.8

Values for body weight gain and water intake per rat are means t sem for groups of 10 (controls) or five rats
(exception: n=4 for TETRA at NONEL and for TETRA + TRI + TCTFP).
Values for the water intake per cage are means of 14 daily measurements. Food intake was measured per cage
(five rats/cage) over 4 periods of 4 or 7 days; the values presented are the means of these periods.
Asterisks indicate significant differences from controls: ** P<0.01.
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12.7

12.5

12.4

1 1.3
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Chapter 5

Urinalysis results are given in Table 4 (week one) and Table 5 (week four). The

urine concentration test conducted after one week of treatment did not reveal

statistically significant intergroup differences, though urinary density tended to be

decreased in the groups given TETRA alone at its LONEL or the four chemicals

simultaneously at ll2 LONEL. After four weeks of treatment, the concentration test

revealed a significantly increased urinary volume and decreased density in the latter

group, and an increased urinary volume in the groups given TETRA or TRI alone at

their LONEL or the combination of TETRA, TCTFP and HCBD at 1/3 LONEL.
Analysis of the 24-hr wine samples showed that administration of the

nephrotoxicants at their NONEL, either alone or in combination, did not result in
treatment-related changes indicative of renal toxicity. Though a few statistically

significant differences between single-chemical NONEL-groups and controls were

observed, these were not considered convincing evidence of chemical-induced

nephrotoxicity for the following reasons: no dose-related response (increased creatinine

excretion with TCTFP in week one); the change was not indicative of renal damage

(decreased GGT excretion with TCTFP in week four); no similar change in the range-

finding study (increased GGT excretion with HCBD in week four; in the range-finding

study, HCBD did not affect GGT excretion despite the more severe renal damage

compared with the mixture study). The individual chemicals at their LONEL had

different effect profiles for the urinary endpoints. TCTFP-treated animals showed only

a decrease in GGT excretion in week four, a change considered of doubtful

toxicological significance (in the range-finding study, urinary GGT excretion was also

decreased in animals given TCTFP but not dose-dependently). The only statistically

significant effect of HCBD at its LONEL was an increase in GGT excretion in week

four. Administration of TRI at its LONEL resulted in significant increases in urinary

volume and excretion of glucose, ALP and NAG, and slight, statistically insignificant

changes in urinary density and protein excretion (in week four). Rats given TETRA at

its LONEL showed an increased urinary volume, decreased density, and increased

excretion of protein, glucose (not statistically significantly), GGT, ALP, LDH and

NAG in weeks one and/or four; the effects on protein, ALP, LDH and NAG were most

pronounced in week four. Simultaneous administration of the four chemicals at Il2
LONEL induced changes in almost all urinary endpoints in week four (exception: GGT

excretion), and in urinary volume, density and excretion of NAG in week one. On the

other hand, the groups given three chemicals simultaneously at 1/3 LONEL showed no

urinary changes at all (TETRA, TRI plus HCBD), or changes in one (TCTFP, HCBD
plus TETRA/TRI) or three (TETRA, TRI plus TCTFP) endpoints only.
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Chapter 5

Clinical chemistry values in plasma collected terminally are given in Table 6. A few

statistically significant changes occurred at the NONEL of the individual chemicals,

viz. increased albumin and decreased urea in the TRl-group and increased ALP in the

HCBD-group. Except for the increased albumin, these changes were considered

fortuitous findings unrelated to treatment because they did not occur at the LONEL of
the individual chemicals. The only treatment-related changes following exposure to the

individual chemicals at their LONEL consisted of increased levels of albumin (TRI-
group) or ASAT and ALAT (TETRA-group). The decrease in creatinine at the LONEL
of TCTFP was considered of no toxicological relevance because renal damage would
have resulted in an increase rather than a decrease in plasma creatinine. For the same

reason, no toxicological significance was attached to the only change (viz. decreased

creatinine) in the group given the four chemicals simultaneously at the NONEL. Co-

exposure to the four chemicals at 1/2 LONEL resulted in increased plasma levels of
glucose, ALP, ASAT and ALAT. Significant changes following combined exposure to

three chemicals at 1/3 LONEL were limited to increased levels of albumin (groups

given TRI, HCBD plus TCTFP/TRI) or ASAT and ALAT (group given TETRA, TRI
plus TCTFP).

Relative kidney weight (Table 6) was increased following exposure to the individual
chemicals at their LONEL and, to about the same extent, following combined exposure

at the NONEL or ll2 LONEL (quaternary mixtures) or 1/3 LONEL (ternary mixtures).

Relative liver weight was increased dose-dependently in the single-chemical groups

given TETRA or TRI and in all mixture groups.

Gross examination at necropsy revealed no clear treatment-related changes (no data

presented). The only renal abnormalities observed (viz. soft and/or enlarged kidney,

unilateral) occurred in one rat given the four chemicals simultaneously atll2 LONEL
and in two rats given HCBD at its LONEL.

The results of microscopic examination of the kidneys are presented in Table 7.

Except for an increased incidence of (very) slight focal tubular vacuolation at the

NONEL of TRI, there were no histopathological changes in the groups given the

nephrotoxicants at their NOEL, either alone or in combination. When given alone at

their LONEL, TETRA and TRI induced karyomegaly (very slight to slight) and

multifocal tubular vacuolation (slight to moderate), and TCTFP induced karyomegaly

only. Unexpectedly, no significant renal changes were seen in the group given HCBD
at its LONEL. Rats given the four chemicals simultaneously at 1/2 LONEL showed

moderate to severe multifocal tubular vacuolation. The renal changes observed in the

groups given the ternary mixtures ranged from no abnormalities (groups given TCTFP,

HCBD plus TETRA/TRI) to karyomegaly only (group given TETRA, TRI plus
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TCTFP) or karyomegaly and slight multifocal vacuolation (group given TETRA, TRI
plus HCBD).

Discussion

The present study was conducted to test the additivity assumption (dose addition),

under conditions of concurrent, repeated exposure to similarly acting nephrotoxicants

at exposure levels slightly below the individual chemicals' thresholds for renal toxicity.

The results showed that relative kidney weight was increased following

simultaneous exposure to four chemicals at their NONEL (=1/4 LONEL) or to three

chemicals at 1/3 LONEL, and, to about the same extent, following exposure to each of
the individual nephrotoxicants at their LONEL. The finding that the magnitude of the

increase in kidney weight was comparable in all groups treated with 'one toxicity unit'

supports the validity of the assumption of dose addition for these similarly acting

nephrotoxicants.

The other endpoints measured as indices of renal toxicity (viz. renal morphology

and concentrating ability, plasma levels of creatinine and urea, urinary excretion of
glucose, protein and marker enzymes) were not affected at all upon combined exposure

to the four chemicals at the NONEL, and showed only a few slight changes upon

combined exposure to three chemicals at 1/3 LONEL. Interpretation of the mixture

results for these endpoints in terms of presence or absence of dose additivity is

complicated because these endpoints, unlike kidney weight, were not affected at the

LONEL of each of the individual chemicals. Consequently, these endpoints could not

be evaluated by the 'toxicity unit method' for testing the validity of dose additivity.

Yet, from the absence of significant effects on these endpoints in the mixture groups

treated with 'one toxicity unit' it can be inferred that there was no marked synergistic

interaction upon combined exposure at the NONEL or 1/3 LONEL.
At a slightly higher exposure level (viz. 1/2 LONEL, corresponding to 'two toxicity

units' ), simultaneous exposure to the nephrotoxicants resulted in clear renal toxicity, as

indicated by the increased renal weight, decreased renal concentrating ability, increased

urinary excretion of protein, glucose, ALP, LDH and NAG, and histopathological

alterations. Because the study did not include single-chemical groups dosed with 'two

toxicity units', the comparison between observed and 'predicted' effects could not be

made for this exposure level. Nevertheless, it was obvious that the increase in renal

weight upon combined exposure to 'two toxicity units' was less than expected on the

basis of dose additivity, since the magnitude of the increase (viz. about l07o) was

similar to that seen after exposure to 'one toxicity unit' of a single chemical. This less
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than additive effect on kidney weight at 1/2 LONEL could not be explained by a

'maximum effect size phenomenon' because kidney weight was increased by up to
35% in the range-finding studies. The effects on other endpoints in the mixture group

dosed with 'two toxicity units' were also comparable to those observed in single-

chemical groups dosed with 'one toxicity unit', with the exception of the impairment of
renal concentrating ability and multifocal tubular vacuolation which were most severe

in the mixture group.

In the absence of data on tissue concentrations of the nephrotoxicants, their
metabolites or endogenous factors involved in theirnephrotoxicity, such as glutathione,

the less than additive effects of the mixture at ll2 LONEL cannot be explained. Given
the complexity of the metabolic pathway leading to nephrotoxicity and the existence of
other, major metabolic pathways for at least two of the mixture components, there are

many steps at which interactions may occur. For example, on the one hand it is
plausible that the four nephrotoxicants compete for glutathione and thus mutually
reduce the levels of their nephrotoxic (conjugative) metabolites. On the other hand, at

high exposure levels TETRA and TRI may inhibit each other's oxidative metabolism

via the saturable, cytochrome P45O-mediated pathway. This would result in higher
availability of the parent compounds for glutathione conjugation and, consequently, a
higher level of their nephrotoxic metabolites. The occurence of the latter metabolic

interaction has recently been demonstrated in rats exposed simultaneously to TRI,
TETRA and/or 1,1,1-trichloroethane (Dobrev et al,200l).

In conclusion, the results of this study provided support for the assumption of dose

additivity for mixtures of similarly acting systemic toxicants under conditions of
concurrent, repeated exposure at dose levels below the toxicity thresholds of the

individual chemicals. In addition, it was shown that mixture results obtained at a
slightly higher level of the individual chemicals (1/2 LONEL), which probably was

minimally nephrotoxic, were not predictive of the mixture's effect at lower, non-toxic
levels of the individual chemicals.
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Appendix Results of the range-finding studies



Endpoint Control Range-finding study: TCTFP (mg/kg bw/day)

0.2 0.6 2.0 6.0

Chapter 5

Terminal body weight (g)

Food intake wk 1-4 (elratlday)

Water intake (g/rat/day)

per cage in wk 1 -2

per rat in wk2 1=6ay 271

per rat in wk 4 1=dny 411

Urinalysis wk 2
conc. test volume (mV16h)

conc. rest density (kg/l)

volume (mV24h)

density (kg/l)

protein (mg/24h)

glucose (mmoV24h)

GGT (U/24h)

ALP (U/24h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine (pmoV24h)

Urinalysis wk 4
conc. test not performed

volume (mU24)

density (kg/l)

protein (mg/24h)

glucose (mmoV24h)

GGT (U/24U)

ALP (UD4h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine (pmoU24h)

Clinical chemistry
albumin (g,{)

protein (g/l)

glucose (mmol/l)

creatinine (pmol4)

urea (mmol/l)

ALP (UT)

ASAr (U/l)

ALAr (Un)

GGT (Un)

LDH (U )

Relative organ weights

kidney weight (glkg bw)

liver weight (g/kg b-)
Renal histopathology

vacuolati.on, (multi)focal

vacuolation. diffirse

degeneration, tbcal

karyomegaly

2O'7 +7
10.1

18.3

15.4 + 1.8

17.5 + 1.5

2.4 + 0.3

1.056 + 0.006

6.6 + 1.0

1.040 + 0.005

1.7 + 0.2

7.77 + 0.78

6.1 + 0.8

1.10 + 0.19

194 + 23

122.0 + 13.4

48.7 + 4.'7

8.3 + 1.4

1.036 + 0.003

2.2 + O.2

9.03 + 0.84

6.4 + 1.1

1.49 + 0.19

2'78 + 38

69.3 +'7.8

56.4 + 5.4

36+0
61 +0
9.49 + 0.35

40+4
9.4 + 1.9

209 + 1.9

66+3
24+1
0.0 + 0.0

200 + 26

6.19 + 0.19

34.1 + l.l

2

0

0

0

203+8
9.7

18.7

16.4 + 1.0

15.9 + 1.3

3.0 + 0.2

1.044 + 0.002

7.0 + 0.5

1.037 + 0.002

2.2 + 0.2

8.73 + 0.69

5.3 + 0.4

1.25 + 0.24

277 + 36

135.3 + 7 .4

52.9 + 1.6

5.8 + 1.3

1.036 + 0.001

1.8 + 0.3

6.73 + 1.92

3.3 + 0.9*

1.12 + 0.28

299 + 108

54.1 + 12.8

45.3 + 8.4

205+4
9_5

18.8

ll.l + 1.9

18.3 + 2.1

2.6 + 0.3

1.044 + 0.004

7.0 + 1.1

1.036 r 0.003

1.9 + O.2

8.84 r 0.76

5.4 + 0.6

1.18+0.i4
288 + I7
160.1 + 41.9

55.1 + 4.1

6.9 + 2.2

1.036 t 0.004

]-.1 + 0.2

6.70 + 0.84

4.3 + 0.9

1.12 + 0.23

200 + 31

52.3 + 9.4

46.4 + 6.O

37+0
61 +l
9.68 + 0.38

40+3
'7.2 + 1.2

190 + 18

6'7 +3

22+2
0.2 + 0.1

2ll + 11

6.19 + 0.26

33.8 + 1.2

200+9
9.4

17.9

18.4 + 0.6

15.1 + 1.0

2.1 + 0.1

1.055 + 0.001

6.2 + 0.6

i.036 t 0.003

2.1 + 0.3

8.11 + 1.35

2.6 + 0.4**
0.69 a 0.13

334 + 42*

129.0 + 17.5

50.5 + 6.1

6.6 + O.'7

1.034 + 0.003

2.2 + 0.2

8.51 + 0.53

2.2 ! 0.2++

0.80 + 0.17

297 +29

62.9 + 4.9

52.5 + 3.3

194+2
8.6

18.7

1.9.3 + 2.4

22.2 + 1.3

3.2+ 0.4

1.046 + 0.008

10.2 + 2.1

1.027 + 0.005

2.2 + 0.2

7.81 + 0.76

3.3 + 0.4x

0.51 + 0.07

389 + 69++

143.'7 + 17 .1

41 .9 + 4.4

12.0 + 0.9

1.023 + 0.0028

3.2 + 0.2*

8.81 t 0.90

2.2 + 0.3**

0.90 + 0.12

555 + 41x

73.6 + 5.3

51.6 + 3.7

35+1
59+1
9.53 + 0.33

4l+4
8.3 + 1.6

224 + 30

61 +3

28+1
0.1 + 0.1

206 + 15

35+1
59+1
9.44 + 0.47

41.+2

9.7 + 1.3

214 + 19

57 +2
26+l
0.1 r 0.0

198 + 2l

35 +0
58+i
8.86 + 0.54

34+1
7.0 + 0.6

255 + 26

72+3
34+4*
0.3 + 0.i
213 + 2l

6.37 + 0.10

34.2 + 0;7

6.43 + 0. 18

33.3 + 0.8

'7.21 + O.20**

35.6 + 0.6

1

4aa

3x

4

0

0

0

0

0

0

0

0

0

0

0

Values are means t sem (histopathology: number of affected animals) for groups of 10 (water intake per rat day 27 and
urinalysis wk 2 in controls only) or five rats (exception: n=4 for clinical chemistry in controls).
Asterisks indicate significant differences from controls: +P<0.05 ** P<0.01.
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Endpoint Control Range-finding study: HCBD (mg&g bw/day)

o.4 1.3 4.O 12.0

Weight gain (g/rat/33 days) 67 + 2

Food intake wk 1-4 (g/ratlday) 10.7

73 +'7

10.6

71+4
10.9

Water intake ( gl r at/ day)

per cage in wk 1-4

per rat on day 6

per rat on day 27

Urinalysis wk I
conc. test volume (mU16h)

conc. test density (kg/l)

volume (mV24h)

density (kg/l)

protein (mg/24h)

glucose (mmol/24h)

GGT (U/24h)

ALP (u/24h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine (1tmoU24h)

Urinalysis wk 4
conc. test volume (mV16h)

conc. test density (kg/l)

volume (mU24)

density (kgfl)

protein (mg/24h)

glucose (mmoV24h)

GGr (U/24U)

ALP (U/24h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine (.pmoU24h)

Clinical chemistry
albumin (gfl)

protein (g/l)

glucose (mmol/l)

creatinine (pmol/l)

urea (mmol/l)

ALP (UN)

ASAT (UN)

ALAT (UN)

GGr (U/l)

LDH (U/r)

Relative organ weights

kidney weight (g/kg bw)

liver weight (g/kg bw)

Renal histopathology

regeneration

hyperplasia

necrosis. focaVmultifocal

karyomegaly

2.4 + 0.3

1.048 + 0.004

5.9 + 0.1

1.042 + 0.003

1.9+0.1

9.32 + 0.14

3.9 + 0.3

1.45 + 0. 18

392 + 128

103.2 + 9.3

31.9 +2.3

2.4 + 0.3

1.056 t 0.006

6.6 + 1.0

1.040 + 0.005

1.7 + 0.2
'7.77 +0.78

6.1 + 0.8

1.10 + 0.19

194 + )3
122.0 t 13.4

48.7 + 4.7

19.8

15.6 + 1.'7

20.0 + 1.'7

2.6 + 0.5

1.045 + 0.004

6.4 + O.9

1.038 + 0.002

2.1 + 0.2

9.00 + 0.44

3.8 + 0.8

1.31 + 0.14

660 + 263

1 19.1 + 13.0

35.4 + 1.2

3.2 + 0.5

1.043 + 0.003

7.2+ l.l
1.035 + 0.003

2.1 + 0.2

7.99 + l.2O

4.9 + 0.6

0.9+ + 9.17

230 + 20

111.6 + 14.4

46.6 + 4.4

22.6

20.1 + 3.2

19.0 + 1.0

2.7 + 0.3

1.O42 t0.OO2

7.0 + 0-9

1.034 r 0.002

2.2 + 0.2

9.29 + 0.55

5.'7 + O.7

1.59 + 0.13

5ll + 175

113.4 + 15.1

33.3 +3.2

2.8 + 0.4

1.043 t 0.006

6.6 + 0.6

1.036 + 0.002

2.1 + 0.2

8.2'7 + 0.68

7.2 + 1.0

1.43 + 0.23

269 + 45

127.2 + 20.7

51 .0 + 3.7

39 a 5*x

8.4

17.2

16.0 + 2.4

15.7 + 1.5

3.1 + 0.8

1.038 r 0.005

6.9 + 1.6

1.029 + 0.003E*

3.5 + 1.2

6.85 + 1.7'7

5.6 + 0.9

1.60 + 0.21

1349 + 394**

126.3 + 20.6

27.9 + 2.9

41 r 4**
7.6

17.6

18.8 + 2.6

23.2 + 4.8

2.4 + 0.2

1.038 + 0.002

9.1 + 1.5

1.022 + 0.OO2+*

3.2 + O.7

7.56 + 1.45

3.6 + 0.8

1.06 + 0.20

741 + 129

118.1 + 12.6

28.0 + 1.0

t9.3

16.0 + 0.8

15.4 + 1.8

37 +O

60+l
8.32 + Q.41

4l+2
9.8 + 0.9

212 + 23

'70+3

29 +3

0.1 + 0.1

336 + 62

3.1 + 0.3

1.036 + 0.004*

5.5 + 0.9

1.034 + 0.005

2.3 + 0.5

5.91 + 0.86

4.2 + 0.2

0.74 + 0.06

936 + 543

115.3 + 11.8

38.1 + 1.7

3.O + O.2

1.037 + 0.003*

12.9 + 3.44

1.022 + 0.OO3

2.9 + 0.5

1.40 + 1.05

3.1 + 0.3

0.56 + 0.05

447 +32

145.2 + 1 1.8

44.1. + 3.4

6.57 + 0.25

37.'7 +0.8
6.47 + 0.18

36.1 + 0.9

6.99 + 0.10

38.0 + 0.7

7.62 + 0.28*

35.3 + 0.'7

8.87 + 0.35+*

39.8 + 0.6

36+1
59+1
8.85 + 0.18

44+3
10.0 + 0.9

258 + 27

67 +2
29+3
0.0 + 0.0

294 + 19

35+1
58+0
9.11 + 0.31

40+3
8.7 + 0.6

279 + 25

69+1

30+3
0.3 + 0.1

z)J ! l5

35+1
58+1
9.11 + 0.24

4l+3
6.9 + 0.6

253 + 28

81 +'7

44+5*
0.2 + 0.1

224 + 14

5**
2

2

5**

35+0
56+0
9.28 + 0.1'7

38+2
1.3 + 0.9

263 + 21

86+7
49 ! 5**
0.2 + 0.1

302 + 41

0

0

0

0

0

0

0

0

5rE

5**
5++

5EE

Values are means t sem (histopathology: number of affected animals) for groups of l0 (controls, except fbr clinical
chemistry and organ weights) or five rats. Asterisks indicate significant differences from conrrols: *P<0.05 sE P<0.01 .

0

0

0
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Endpoint Control Range-finding study:
TETRA (me/kC!\ry/d4D

Range-finding stdudy:
TRI (mg/kg bdday)

2500 2800 2000 2400
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Weight gain (ghatl29 days)

Food intake ( glratl day)

Water intake (glratl day)

per cage in wk 1-4

per rat on day 6

per rat on day 26

Urinalysis wk 1

conc. test voiume (mU16h)

conc. test density (kg/l)

volume (mU24h)

density (kg/l)

protein (mg/24h)

glucose (mmoV24h)

GGT (U/24h)

N,P (U/24h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine QtmoV24h)
Urinalysis wk 4

conc. test volume (mL/16h)

conc. test density (kgn)

volume (ml/24)

density (kg/l)

protein (mg/24h)

glucose (mmoV24h)

GGr (u/24U)

ALP (u/24h)

LDH (mU/24h)

NAG (mU/24h)

Creatinine (pmoV24h)

Clinical chemistry

albumin (g/1)

protein (g/1)

glucose (mmol/l)

creatinine (pmol4)

urea (mmoUl)

ALP (Un)

ASAT (UN)

ALAT (UA)

GGr (U^)

LDH (U/1)

Relative organ weights

kidney weight (e/kg bw)

liver weight (g/kg bw)

Renal histopathology

vacuolation, focal

cyo/karyomegaly

23.1

18.2 t2.4
22.8 t3.4

2.5 x.0.2

1.047 t 0.002

8.6 *.1.2

1.033 t 0.003

2.2 x.O.2

6.99 x.O.77

3.9 t0.4
1.50 t 0.14

412 + 51

105.7 + 8.3

34.1 t2.0

2.9 x.0.3

L049 1 0.003

13.6 t2.6
1.030 t 0.004

2.8 t 0.3

8.85 r 0.53

4.6 t 0.3

1.41 r 0.11

396 t34
77.1 r5.6
52.3 t2.0

59 +2
11.3

36+0
61 +l
9.64 tO.32
29 +2

10.0 a 0.8

233 i.78
60r3
39 +2
0.1 t 0.0

177 + 7'l

56r9
11.2

35.8

36.0 + 5.8*

33.0 r 4.0

4.8 + 0.7*+

1.037 + 0.003E

23.6 + 5.0**
1.018 + 0.003++

4.2 + 0.8*x

9.14 x.1.2O

6.1 + 0.8*

3.13 + 0.55x*

583 + 68

752.6 x.22.5

32.1 +2.0

45+5
10.4

53 r4
1t.7

52+2
10.9

30.1

25.1 t2.7
27.3 ! 4.9

5.I + 0.3*x

1.041 t 0.003

13.5 !2.2
1.028 t 0.003

2.8 r0.2
8.10 t 0.66

2.6 + 0.3

1.27 + 0.22

611 t263
139.1 r 10.2

32.8 r2.1

36.7

29.3 i6.4
35.9 r 4.0

3.5 to.z
1.041 a 0.003

19.8 + 5.2*

1.019 + 0.005+

2.6 x.0.3

8.05 t 0.67

5.2 r 0.5

2.22 t0.10
519 + 89

133.3 122.0

26.5 + 1.5*

24.4

22.5 t2.2
24.3 r2.1

3.7 + 0.1x*

1.047 t 0.001

11.2 t 1.8

1.032 t 0.004

3.0 r 0.5

8.58 r 0.75

4.0 r 0.6

2.04 !0.43
408 t 88

134.0 I 16.6

31.9 t 1.9

5.7 + 1.1*E

L039 a 0.005

16.5 r 4.6

1.026 t 0.006

3.4 x.0.7

9.32 i 1.62

5.7 + 1.5

4.67 + 1.3'7x*

579 r 164

85.2 r 17.2

39.8 + 5.3+

3.2 !0.6
1.056 r 0.008

18.6 t 3.7

1.026 t 0.008

3.1 t0.2
I 1.23 a 0.88

5.5 r 0.5

3.43 + 0.14x

627 i62
99.7 + ll.0
43.3 r2.9

4.4 + 0.5*

1.045 t 0.003

14.3 t2.2
1.030 t 0.004

3.0 t 0.3

9.54 !0.52
2.5 + 0.4**
1.49 t0.28
359 r 48

86.7 r7.3
44.8 t 3.0

4.J + 0.6**
i.039 r 0.002

17 .4 !2.1
1.03I t 0.002

3.0 t 0.2

9.71 t0.51
2.8 + 0.2**
1.63t0.12
539 t 89

85.9 x.4.7

45.1 x.1.3

35+1
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6.1 Introduction

Given the reality of concurrent or sequential exposure of humans to multiple

chemicals, it is important to assess health risks of exposure to chemical mixtures.

However, exposure assessment, hazardidentification and risk assessment of chemicals

has traditionally focused on single chemicals. Consequently, there is a scarcity of
scientific knowledge and understanding of mixture toxicity. Obviously, it is impossible

to examine the toxicity of the infinite number of combinations of chemicals. Yet, we

need more knowledge and better understanding of mixture toxicity to answer the

question whether current approaches to risk assessment of chemicals afford adequate

protection of public health (Sexton et al., 1995). Recognizing this, the toxicity of
chemical mixtures has received considerable attention from the international scientific

and regulatory community (Feron et al., 1998a, 1998b, 2002; Hansen et aL.,1998).

This has yielded interesting experimental results, under which data on the relatively

unexplored low dose domain, as well as new or refined approaches for risk assessment

of chemical mixtures.

In the Netherlands, the Health Council addressed the issue of mixture toxicity in her

advisory report on the setting of health-based standards for non-carcinogenic

substances (Health Council of The Netherlands, 1985). The Health Council concluded

that there was no immediate reason to take combination effects into account at

concentrations well below the standards for individual substances. Further, after having

established that there were no useful data on effects of prolonged exposure to chemical

mixtures at concentrations around the experimental No-Observed-Adverse-Effect

Levels (NOAELs) of the individual substances, the Health Council recommended

research to fill this data gap. With this as a backdrop, aresearch programme on mixture

toxicity was stafted at TNO Nutrition and Food Research. The studies described in the

previous chapters were part of this programme. One of the major aims was to test the

hypothesis that as a rule exposure to mixtures of chemicals at (low) non-toxic doses of
the individual chemicals is of no health concern. For this purpose, we conducted a

series of toxicity studies in rats with defined mixtures of chemicals with similar or

dissimilar target organs and/or modes of action. As recommended by the Health

Council, the chemicals were administered at levels at or around (viz. not more than

about an order of magnitude below or above) their individual NOAEL.

The different studies are discussed below. This discussion is followed by a brief

ovenriew of approaches to risk assessment of chemical mixtures and the experimental

support for underlying assumptions, a summary of (complementary) experimental work

in the low dose region by other researchers, and finally conclusions.
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Chapter 6

Toxicity of mixtures of chemicals with similar or dissimilar target organs
and/or modes of action

6.2.1 Chemicals with different target organs

In our first study (chapter 2), we examined the toxicity of a mixture of eight

chemicals upon continuous exposure via the diet or drinking water for four weeks. The

design of this study was similar to that routinely used to examine the sub-acute oral
toxicity of single chemicals. The choice of chemicals was based on practical criteria
(free availability of sub-acute oral toxicity data produced in our laboratory, no marked

decrease in consumption of food or water due to poor palatability), rather than on target

organ or mode of action. This yielded a selection of chemicals with different primary
target organs. The main objective of this study was to determine whether simultaneous

administration of the chemicals at dose levels equal to the NOAEL of each of the

individual chemicals would result in a NOAEL or an adverse-effect level for the

mixture. The mixture was also examined at two levels below the individual NOAELs
(ll3 and 1/10 NOAEL) to approach more closely people's actual, low-level exposure

scenarios. Though these experimental levels are still very high compared with most

human environmental exposures (for example, standards are often set 100 times below
the NOAEL from a life-span animal study), they may be realistic for accidental or
occupational exposures. In addition, the mixture was given atthe Minimum-Observed-

Adverse-Effect Level (MOAEL) of the individual chemicals.

Animals given the mixture at the NOAEL of the individual chemicals showed

minimal adverse effects on two of the nearly 70 endpoints examined (viz. decreased

haemoglobin content and increased relative kidney weight). This suggested that

combined exposure to the chemicals at their individual NOAEL represented an

increased hazard compared with single exposure at the same level. However, the effects

in the NOAEL mixture group were not considered convincing proof of such an

increased hazardbecause they were small and seen in one sex only. Moreover, it cannot
be ruled out that the presumed NOAELs of the individual chemicals actually were
MOAELs due to inter-study variation (these NOAELs were derived from previous

single chemical studies in which the experimental conditions resembled those of the

mixture study as closely as possible; they were not verified in the mixture study). As
evidenced by the absence of treatment-related changes in the 1/3 or 1/10 NOAEL
mixture groups, simultaneous administration of the chemicals at dose levels below their
individual NOAEL resulted in a clear NOAEL for the mixture. In contrast, animals of
the MOAEL group showed a large number of all sorts of adverse effects.
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Compared with the effects at the MOAEL in the single chemical studies, both more

severe and less severe effects were seen upon combined exposure at the MOAEL,

suggesting interactive joint action at the effective (toxic) levels of the individual

chemicals. The occurrence of interaction at effective dose levels in our study is not

surprising in view of the many published examples of interaction at effective dose

levels(e.g.Calabrese, 1991;KrishnanandBrodeur, 1991,1994).Giventhedescriptive

nature of our study, no attempt was made to further characterise the interactions at the

MOAEL. From a public health point of view, however, it is important to characterise

the type of joint action at non-toxic levels of the individual chemicals, since synergistic

interaction or similar joint action (dose addition) can bring the net effect of the mixture

above the threshold of toxicity even when each individual chemical is present at a level

below its own toxicity threshold. Proper characterisation of the type of joint action

requires establishing whether the obserued mixture response deviates from the response

calculated on the basis of an additivity assumption (dose or response addition). Our

study was not designed to support such a quantitative evaluation. Yet, we can make

some qualitative assessments. For most of the eight chemicals, the NOAEL was only a

factor 3-5 lower than the MOAEL. Though this leaves room for slight increases in the

toxicity of an individual chemical to occur unnoticed (assuming that effects smaller

than those at the MOAEL are below the limit of detection), the absence of obvious

toxic effects of the mixture at the NOAEL allows the conclusion that there were no

marked synergistic effects at this level. Further, the absence of obvious toxicity of the

mixture at the NOAEL indicates that the mixture response could not be predicted by

full dose additivity. This becomes evident when the individual NOAELs are expressed

as fraction of the pertaining MOAELs, and then summed. The sum approached 2.

Under dose addition, a sum of unity or greater would predict that the mixture induces

adverse effects. Clearly, dose addition overestimated the toxicity of the mixture of
chemicals with different target organs. This confirms the common idea that application

of dose additivity is inappropriate for such mixtures.

Following the above study with eight arbitrarily chosen chemicals, Groten

conducted a similar type of study using a combination of nine compounds highly

relevant to the general population in terms of use pattern and level and frequency of
exposure (Groten et aI.,1997). In this study, male rats received seven chemicals via

their diet (aspirin, di(2-ethylhexyl)phthalate, cadmium chloride, stannous chloride,

butyl hydroxyanisol, loperamide, spermine) and two by inhalation (formaldehyde,

dichloromethane), at dose levels equal to the chemicals' individual MOAEL, their

individual NOAEL or l/3 NOAEL. A few organs (liver, red blood) were targeted by

more than one of these chemicals. As in the study with eight chemicals, combined
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exposure at the MOAEL resulted in many adverse effects which were qualitatively and

quantitatively similar or dissimilar to those of the individual chemicals. At the lower

dose levels, treatment-related findings were limited to the following minor changes:

histological changes of the nasal epithelium, hepatocellular hypertrophy, decreased

plasma levels of triglycerides and alkaline phosphatase activity, and increased kidney

weight at the NOAEL, and increased kidney weight at the ll3 NOAEL.
Overall, an important practical lesson from these two studies was that simultaneous

exposure to chemicals with different target organs did not constitute an evidently

increased hazard compared to exposure to each of the chemicals separately, provided

that the exposure level of each chemical did not exceed its own NOAEL.

6.2.2 Chemicals with a similar target organ but dissimilar modes of action

The objective of the studies described in chapters 3 and 4 was to examine whether

concurrent administration of four chemicals selected to affect the same organ (the

kidney) by different modes of action would result in an effect level when each chemical

was given at its own No-Observed-Nephrotoxic-Effect Level (NONEL). In the 4-week

study (chapter 3) the mixture of hexachloro-1,3-butadiene, mercuric chloride, d-

limonene and lysinoalanine was given via the diet to male and female rats at three dose

levels, namely the individual chemicals' Lowest-Observed-Nephrotoxic-Effect Level
(LONEL), their NONEL and ll4 NONEL. The mixture in the acute study (chapter 4)

comprised hexachloro-l,3-butadiene, mercuric chloride, d-limonene and potassium

dichromate, and was examined in male rats at the LONEL and NONEL only. To enable

comparison with the toxicity of the individual chemicals, both studies included groups

administered the chemicals alone at their NONEL or LONEL.
Combined exposure to the nephrotoxicants at a level slightly below their individual

threshold for renal toxicity (1/4 NONEL) resulted in a clear no-effect level for the

mixture. When the mixture was given at the individual NONELs, slight growth

retardation (4-week study only) and a few minor signs of renal toxicity (including

increased relative kidney weight) were observed. Since none of the individual
chemicals induced growth retardation at its NONEL, exposure to the mixture

constituted a slightly increased risk in terms of general toxicity compared with
exposure to the chemicals separately. In terms of organ-specific toxicity, however, the

slight effects on renal endpoints in the NONEL mixture groups were not considered to

reflect increased toxicity upon combined exposure because similar effects were

observed in one or two single compound groups at the NONEL. As expected, animals

given the mixture at the individual LONELs showed all sorts of adverse effects. In
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comparison with the effects of the single chemicals at their LONEL, the mixture effects

ranged from less to more severe.

The design of these two studies with mixtures of chemicals with the same target

organ but different modes of action does not allow quantitative characterisation of the

type of joint action. Qualitatively, it can be concluded that the absence of increased

renal toxicity upon combined exposure at the NONEL demonstrated absence of marked

synergistic interaction when the chemicals were present at subtoxic levels. An
assessment of the appropriateness of (dose) additivity for this type of mixture at

subtoxic levels of the individual chemicals is hampered by the relatively large gap

between the NONELs and LONELs tested. For both mixtures the sum of the

NONEL/LONEL ratios was less than unity (when ignoring the finding that the NONEL
for some chemicals turned out to be an effect level, the sum of these ratios was only 0.5

or 0.6). Moreover, the chemicals showed different effect profiles for the battery of renal

endpoints examined, rendering the selection of a suitable endpoint for the assessment

problematic.

Despite these limitations, Mumtaz and colleagues (1998) were able to use the data

from the 4-week study for a quantitative evaluation of different joint toxicity
assessment methods (viz. dose addition, response addition with a completely positive

correlation of tolerances, and the weight-of-evidence method). Using the endpoint

relative kidney weight (which was significantly increased by hexachloro-1.3-butadiene

and mercuric chloride only), they compared the observed dose-response relationship

with dose-response relationships predicted based on the various joint toxicity models.

At the NONEL and ll2 LONEL, the observed responses did not deviate significantly

from the predicted responses, regardless of the model used. At the LONEL, however,

differences became apparent: in female rats all models overestimated the response, in

male rats response addition underestimated the response whereas dose addition and the

weight-of-evidence model slightly overestimated it.

The toxicity of a mixture of chemicals with the same target organ was also

addressed by Cassee who investigated the possible additive or interactive effects on the

nose of formaldehyde, acetaldehyde and acrolein (Cassee et aI.,1996). These aldehydes

targeted the same organ and exerted the same type of effect (irritatior/cltotoxicity), but

they affected different regions of the nasal mucosa. Rats were exposed by inhalation for
three days to the individual chemicals or to three mixtures at non-toxic or slightly toxic

levels. Each aldehyde was given at a low level (at which acrolein induced slight effects

whereas formaldehyde and acetaldehyde induced no effects) and a high level (at which

all three aldehydes were slightly toxic). The two mixtures containing the aldehydes at

their low level (viz. the mixture of all three aldehydes, and the binary mixture of
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formaldehyde plus acrolein) resulted in nasal histopathological changes which were

very similar to those induced by the low level of acrolein alone. The third mixture,

which included the three aldehydes at their high (toxic) level, induced nasal lesions

which were more severe than those observed after exposure to the individual aldehydes

at this dose level. Since the gap between the two levels of each aldehyde was small (a

factor of 2-3), it could be concluded that neither dose addition nor potentiating

interaction occurred when the exposure concentrations of the aldehydes were NOAELs.

In conclusion, the results of our studies with chemicals with a similar target organ

but dissimilar modes or sites of action supported the hypothesis that adverse effects are

unlikely when the components in a chemical mixture are at levels below their

individual thresholds.

6.2.3 Chemicals with a similar target organ and similar mode of action

The study described in chapter 5 was conducted to test the additivity assumption

(dose addition) under conditions of concurrent, repeated exposure to similarly acting

nephrotoxicants at exposure levels slightly below the individual chemicals' thresholds

for renal toxicity. Tetrachloroethylene, trichloroethylene, hexachloro-1,3-butadiene

(HCBD) andl,l,2-tichloro-3,3,3-trifluoropropene(TCTFP)weregiventofemalerats
by daily oral gavage for 32 days either alone at their individual LONEL and NONEL
(setatIl4 of the LONEL), or in combinations of four (at the NONEL andll2 LONEL)

or three (at ll3 LONEL). Under the assumption of full dose addition (and linear,

parallel dose-response curves in the dose range studied), the response predicted for the

ternary mixtures at 1/3 LONEL and the quaternary mixture at 1/4 LONEL would be

equal to that for the single chemicals at their own LONEL. Thus, possible departures

from additivity can be detected by comparing the responses observed for these mixtures

with those observed for the chemicals separately at their LONEL.
Based on the endpoint relative kidney weight, which was increased to about the

same extent in the groups given the mixture at ll3 or 1/4 LONEL and all groups given

the individual chemicals at their LONEL, dose addition was a valid assumption for
these similarly acting nephrotoxicants. Unlike kidney weight, the otherendpoints used

to assess nephrotoxicity (renal morphology and concentrating ability, plasma levels of
urea and creatinine, and excretion of protein, glucose and marker enzymes in the urine)

were not affected by each of the individual chemicals at their LONEL. Consequently,

these endpoints could not be analysed by the above 'toxicity unit method' for
predicting mixture responses and testing of the validity of the additivity assumption.

Nevertheless, from the finding that the observed mixture responses forthese endpoints
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were generally not significantly different from the background (vehicle control)
response (except inthe Il2 LONEL mixture group) it can be inferred that there was no

marked synergistic interaction upon combined exposure at the NONEL or ll3 LONEL.

Results from this study were reanalysed by Mumtaz and colleagues (1998) who

used dose-response modeling instead of the toxicity unit method. The dose-response

models were based on assumptions of dose addition, response addition with a
completely positive correlation of tolerances, or the weight-of-evidence method. The

latter method was based on binary-weight-of-evidence assessments which suggested a

less than additive interaction for renal toxicity for all possible binary combinations of
hexachloro- 1,3-butadiene and 1,1,2-trichloro-3,3,3-trifluoropropene (because

competition for glutathione was anticipated to reduce the toxicity of these chemicals)

and an additive renal toxicity for all possible binary combinations of tetra- and

trichloroethylene. For the endpoints relative kidney weight and relative liver weight the

analyses confirmed that the mixture responses in the subnephrotoxic dose region were

consistent with dose additivity (note: tetra- and trichloroethylene were hepatotoxic at

these dose levels). It should be added that the mixture responses predicted by the

models based on response addition or the weight-of-evidence method were also close to

the observed responses in this dose region. On the other hand, at the higher dose level
(1/2 LONEL) dose addition overestimated the effect on kidney weight, response

addition underestimated it and the weight-of-evidence method predicted it very closely.

The effect on liver weight at the higher dose 1eve1 was underestimated by all three

models. The different outcomes of the weight-of-evidence method for these two organs

clearly demonstrated that weight-of-evidence evaluations should be target-organ

specific.

In another study evaluating the weight-of-evidence method, this method was applied

on data obtained in an in vitro assay in which rat kidney slices were exposed to

mixtures of metabolites (viz. the cysteine conjugates) of the four nephrotoxicants used

in our in vivo study with similarly acting nephrotoxicant (El-Masri et al,200l).The
weight-of-evidence method predicted that dose addition would be the most likely fom
of joint action in vitro. The experimental results confirmed this prediction.

Interestingly, the in vivo joint effect (on kidney weight) of the parent chemicals at their

NONEL or ll3 LONEL was also consistent with dose addition, despite the (many)

possible interactions in toxicokinetic processes that precede the formation of the

cysteine conjugates and their disposition in the kidneys.
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6.3 Health risk assessment of chemical mixtures

6.3.1 Regulatoryapproaches

Despite the historical focus on single chemicals, approaches for health risk
assessment of chemicals have been addressing the issue of multiple chemical exposure

for many years. For example, the U.S. Food and Drug Administration mentioned the

possibility of increased toxicity due to combination effects as one of the factors

necessitating an at least 100-fold margin of safety for food additives (Lehman and

Fitzhugh, 1954).In the 1960s a law of the U.S. Food and Drug Administration required

toxicity testing of combinations of acetylcholinesterase-inhibiting pesticides for any

new anticholinesterase insecticides. This requirement resulted from the observation of
marked potentiation of malathion toxicity by another organophosphate insecticide and

the elucidation of the underlying mechanism (viz. inhibition of the carboxylesterases

which detoxify malathion) (page 364 in Calabrese, l99l). ln 1967, however, this

requirement was dropped on the grounds that 'it failed to serve any useful purpose' and

'no single, rigid, practical experimental design has been developed by which it is
possible to detect all cases of potentiation' (cited in Boyd et al, 1990).

Also in the 1960s, the American Conference of Govemmental Industrial Hygienists
(ACGIH) first recommended its additivity approach to determine whether exposure to
multiple chemicals is likely to pose an occupationalhazatd (ATSDR, 2001 chapter23

in Calabrese, l99l). According to this approach the mixture's toxicity should be

assessed on the basis of dose additivity fHazard Index (HI) approach] unless there is
good reason to expect that the components act independently. The Hl-approach for
components with similar toxic effects involves summation of the ratios (hazard

quotients) of the exposure concentration to the threshold limit value (TLV) for each

component. [f the sum exceeds unity then the TLV for the mixture is considered as

being exceeded. For independently acting components, the TLV for the mixture is
exceeded only if at least one component has ahazard quotient that exceeds unity (this

resembles dose addition with completely positive correlation of tolerances). ACGIH
further recommends to evaluate synergistic or antagonistic interaction on a case by case

basis and states that synergism is characteristically exhibited at high concentrations,
and probably less at low concentrations.

The concept of dose addition has also been applied to the standard setting of some

food additives. Examples are the polyols and poorly absorbed bulk sweeteners (based

on their laxative effect at high intake levels) and esters of allyl alcohol (based on the
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formation of a common metabolite which is responsible for the similar toxic effects of
these flavor additives) (Groten et a|,2000:. World Health Organization, 1987).

The first comprehensive approach for assessing health risks from multiple chemical

exposures has been published by the U.S. Environmental Protection Agency (EPA) in

its 'Guidelines for the health risk assessment of chemical mixtures' (EPA, 1986) and

the pertaining 'Technical support document on risk assessment of chemrcal mixtures

(EPA, 1990) which presents the scientific and technical background of the general

principles and procedures described in the guidelines. More recently, EPA published

the 'supplementary guidance for conducting health risks assessment of chemical

mixtures (EPA, 2000). This document does not replace the 1986 guidelines but

provides more specific details on the nature of the desired information and the

procedures to use in analysing the data. Current mixture risk assessment approaches

adopted by other agencies, for example the Agency for Toxic Substances and Disease

Registry in the United States (ATSDR, 2001) and the Health Council in the

Netherlands (Health Council of The Netherlands, 2OO2) closely resemble those

recommended by EPA.

The EPA guidelines emphasize that risk assessments should be conducted on a case-

by-case basis, giving full consideration to all relevant scientific information. Guidance

is given for the use of three approaches, depending on the nature and quality of the

available data. Because of the uncertainties at several decision points in the flow chart

summarizing the approaches, EPA recommends to perform all possible assessment

paths and to evaluate the range of resulting health risk estimates.

The preferred approach is to use data on the mixture of concern (i.e. treat the

mixture as a single chemical). EPA has used this method for commercial mixtures of
polychlorinated biphenyls and coke oven emissions (EPA, 2000). If data are not

available on the mixture of concern but health effects data are available on a similar

mixture or group of similar mixtures, the risk assessment may be based on data on a

sufficiently similar mixture. The determinaton of 'sufficient similarity' must be made

on a case-by-case basis, taking into account chemical composition and toxicological

activity. The comparative potency method, which has been applied to estimate cancer

risk from emissions released upon combustion of organics, is an example of a similar-

mixtures approach (EPA, 2000). The comparative potency method involves

extrapolation across mixtures and across assays which monitor the same type of health

effect. It is based on the assumption that the dose-response curves in the different

assays have the same shape and that the relationship (relative potency) between any two

mixtures is the same, whichever assay is used. In practice these two whole mixture

approaches are seldom used because of a lack of data.
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In the absence of data on an identical or reasonably similar mixture, most risk

assessments are based on the toxic properties of the components in the mixture. When

quantitative information on toxicological interactions exists, even if only on pairs of
chemicals, it should be incorporated into the component-based approach. When there is

no adequate interactions information, dose- or response-additive models are

recommended. For carcinogens. summation of risks (response addition with completely

negative correlation of tolerances) should be used. For non-carcinogenic effects, the

criterion for choosing between dose and response addition is the toxicological

similarity among the chemicals in the mixture.

If dose addition is most plausible, as supported by similarity of toxic modes of
action or, less strongly, by target organ similarity, the risk assessment usually proceeds

by the Hl-method. For mixtures including chemicals that have different effects, EPA

recommends the calculation of separate HIs for each endpoint of concern. Another

method based on dose additivity is the Toxicity Equivalency Factor (TEF) approach

which was developed as an interim procedure to assess the toxicity of complex

mixtures of polychlorinated dibenzo-p-dioxines and dibenzofurans. The TEF-method

requires more knowledge about the mode of toxic action (it assumes a common mode

of action) and is, therefore, used much less frequently than the Hl-method. In the TEF-

approach, the dose of each mixture component is normalized against the dose of one of
the components, usually the most potent and best-studied component (called the index

chemical), to derive a relative potency for each component. The relative potencies are

then summed to estimate the toxicity of the mixture. More details and limitations of this

method can be found in the guidance documents of EPA (2000) or ATSDR (2001).

For incorporation of interaction data in the component-based approach for non-

carcinogenic effects, EPA recommends a weight-of-evidence method to modify the HI
(EPA, 2000). Key assumptions are that interactions can be adequately represented as

departures from dose addition and that, at least for low doses, the influence of all

toxicological interactions in a mixture can be adequately approximated by some

function of the pairwise interactions. Higher-order interactions are assumed to be minor

compared to binary interactions. In the original method developed by Mumtaz and

Durkin (1992), the HI is modified by a single composite interaction factor. In EPA's

currently recommended method, each component's hazard quotient is modified by the

influences of all the other potentially interacting components. The interactions-

modified hazard quotients are then summed to estimate the interactions-based HI.

Another difference with the original method is the more flexible weight-of-evidence

classification system (EPA, 2000).
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Although not explicitly recommended in the EPA guidelines, physiologically based

toxicokinetic (PBTK) modeling approaches are potentially useful tools for predicting

quantitatively the consequences of interactions. Like the weight-of-evidence

approaches, the mechanistic modeling approaches incorporate binary interaction data.

In a mixture PBTK-model, the individual PBTK models for each mixture component

are interconnected at the level of the tissue compartment where an interaction is

hypothesized or known to occur. Such a model can be used to conduct various

extrapolations (e.g. high to low dose, route to route, binary to multichemical mixtures)

of the occuffence and magnitude of interactions from laboratory studies to human

environmental or occupational exposure scenarios (Haddad and Krishnan, 1998;

Haddad et aL,2000; Krishnan et a\,2002).

6.3.2 Evidence to support additivity assumptions

Central to the above risk assessment methods are assumptions about additivity. The

experimental evidence for either dose addition or response addition as a good

approximation for a mixture risk assessment is not strong, especially with respect to

prolonged multiple chemical exposure at subtoxic levels. Though the validity of
additivity assumptions for mixtures of more than two chemicals at fractions (down to

11400) of the effective concentration of the individual chemicals has been studied in

aquatic organisms (Konemann, 1981; Deneer et al., 1988a,b), similar studies in

mammals are lacking. An analysis of the U.S. EPA data base ('MixTox') on binary

interaction studies in normal, healthy animals showed that nearly all studies involved

two-chemical exposures which were mostly of short duration, at toxic levels, and often

sequential (EPA, 1990; Simmons, 1994). Moreover, in about half of these studies

statistics were not performed or not described. The papers of Pozzani (Pozzani et al.,

1959)andSmyth(Smyth eta|.,1969,1970)reporttheresultsof alargestudyintended

to explore the validity of the hypothesis that the acute toxicity of mixtures of randomly

selected chemicals can be predicted satisfactorily by dose additivity. In single dose oral

(LD50) or inhalation (LC50) studies in rats, these authors examined many binary

mixtures (350 pairs were tested orally) and a few temary or quaternary, commercial

mixtures of industrial organic chemicals (selected on the basis of their large volume in

commerce). The results supported the assumption of dose additivity for both

equivolume and equitoxic mixtures and showed that the magnitude of the few

departures from additivity was small (within a factor of 5). The Federal German

Research Society reported on over 400 combinations of pesticides (organophosphates,

carbamates and chlorinated hydrocarbons), most of which had only additive or less than
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additive effects in acute studies (cited from Groupement Intemational des Associations

Nationales de Fabricants de Produits Agrochimiques, 1988). The few combinations that

exhibited more than additive effects in acute tests showed only additive effects in

follow-up studies in which rats or dogs were fed low doses of these pesticides for

several months. More recently, binary combinations of clastogens were examined in a

mouse micronucleus assay (Suzuki et a1.,1995} The results supported the use of dose

addition for clastogens with similar targets (DNA or protein) and modes of action, and

of response addition (independent action) for clastogens with dissimilar targets and

modes of action. For combinations of clastogens with the same target but different

modes of action inconsistent results were obtained. Birgelen and co-workers evaluated

the validity of the TEF approach for the combination of PCB156 (a polychlorinated

biphenyl found at relatively high concentrations in human milk and fat tissue) and

2,3,'7,8-tetrachlorodibenzo-p-dioxin in a subchronic feeding study in rats, using

effective dose levels of the individual compounds (Birgelen et al. , 1994). They found

non-additive effects on several endpoints. However, since the magnitude of the

observed interactions was negligible compared with the uncertainty in the TEF value

(which was determined in the same study), the interactive effects were suggested to

have no implications for the TEF concept. Finally, conclusions from two literature

reviews evaluating possible interactive effects upon exposure to more than one

chemical are cited here. Ikeda (1988) reviewed environmentaUoccupational toxicology

journals over the period 198 1-1987 and concluded 'No case is detected in this search to

indicate that assumption of additive effects (dose additivity, ed.) is not safe enough.'.

Nelson (1994) searched the literature on developmental toxicology (period not

specified) and from his subjective evaluation of about 160 in vlvo studies he concluded

that 'low doses (not defined, ed.) of combinations often produced additive effects, but

higher doses produced either antagonistic or synergistic effects'. Nelson defined

additivity as effect summation (i.e. response addition with completely negative

correlation of tolerances).

The results of our studies with eight or nine chemicals with different target organs

showed no obvious toxic effects for the mixtures at subtoxic exposure levels of the

individual chemicals. Application of the Hl-method (using dose addition) on these

mixtures yielded HIs of abott 2, indicating that the assumption of dose additivity

overestimated the mixture risk. This supports the commonly adopted assumption of

response addition for chemicals with different target organs (i.e. the risk of the mixture

is assumed to be equal to the risk of the component with the highest risk quotient). Our

study with chemicals with the same target organ but dissimilar modes of action also

demonstrated absence of toxicity for the mixture at subtoxic levels of the components.
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Reanalysis of the data by Mumtaz et al. (1998) showed that both dose addition and

response addition closely predicted the mixture responses at subtoxic dose levels. At
the minimally toxic level, however, neither assumption estimated the mixture response

correctly, indicating that mixture data obtained at effective (toxic) levels did not
accurately predict what happened at nontoxic levels of the individual chemicals. Such

poor predictive value of mixture results from effect levels for no-effect levels was also

apparent from our other studies, regardless of the type of mixture. The data from our

study with similarly acting nephrotoxicants suppofted the assumption of dose additivity
for chemicals with a similar target organ and similar mode of action at non-toxic levels

of the mixture components.

A search in recent literature yielded no other studies designed to evaluate the

assumption of dose additivity for non-carcinogenic effects under conditions of repeated

exposure to more than two chemicals at no-effect levels. The search did yield one 14-

day rat study which supported dose additivity at a minimal effect level (Gennings et al.,
1997; Teuschler et al., 2000). The mixture in this study consisted of four
trihalomethanes (by-products of water disinfection) with a similar target organ (viz. the

liver; plasma sorbitol dehydrogenase activity was used as endpoint for hepatotoxicity).
The authors did not indicate whether these chemicals also had a similarmode of action.

Another study evaluated deviations from response additivity (effect summation) for
carcinogenic effects at minimally effective dose levels (Nesnow et a1.,1998). Lung
tumorigenic interactions of a five-component mixture of environmental polycyclic
aromatic hydrocarbons were examined in a medium-term bioassay (A/J strain mouse),

using a 25 factorialdesign and response surface analysis. Though the results showed
statistically significant, dose-related interactions (synergism at lower doses and

antagonism at higher doses), the departures from additivity were relatively small
(between -557o and +9'l7o of the predicted response).

6.3.3 Other studies on mixture effects at low or subtoxic dose levels

Whereas our studies focused on mixture toxicity at exposure levels round the

toxicity thresholds of the individual chemicals, the studies of the U.S. National
Toxicology Program (NTP), initiated late 1980s, aimed to investigate the long-term
health effects in laboratory animals given drinking water contaminants at

environmentally realistic levels (Yang and Rauckman, 1987; Schwetz and Yang,
1990). About a dozen of studies at NTP were conducted with a defined mixture of 25

contaminants (19 organic chemicals and 6 metals) frequently detected in U.S.
groundwater sources. In most of these studies, the highest concentration tested was
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comparable to that in the heavily polluted groundwaternearhazardous waste-disposal

sites but probably several orders of magnitude lower than that in drinking water

consumed by humans (Yang et al., 1989a,b). Seed and colleagues compared the

concentrations of the contaminants as present in the mixture with their individual
toxicity thresholds, using data from the critical studies used by U.S. EPA to derive

reference doses (Seed et a\.,1995). This comparison, which could be made for only 15

of the 25 mixture components, showed that the highest concentrations tested in the

NTP studies were well below the NOAELs from the critical studies. The findings for
the 25-chemical mixture ranged from no treatment-related changes (reproductive

toxicity and many conventional endpoints for subchronic toxicity) to subtle

immunosuppression, myelotoxicity, cytogenetic changes in bone miurow, microcytic

anemia, nephrotoxicity, increased liver weight and inflammatory lesions in the liver,

spleen, mesenteric lymph nodes and adrenals (Chapin et al., 1989l. Germolec et al.,

1989; Heindel et a1.,1995; Hong et a1.,1991,1992; National Toxicology Program,

1993a; Shelby et aL.,1990; Simmons et aL.,1994). Though none of the studies included

groups given the contaminants separately, it was stated by the authors that the

immunosuppression and inflammatory lesions in several organs could not be predicted

on the basis of the known toxic effects of the individual contaminants (Germolec et al.,

1989; National Toxicology Program, 1993a). Similarly, the unique pattern of
hepatocyte proliferation transiently observed in rats given submixtures (of the 25-

chemical mixture) containing 3,4 or 7 organic and/or inorganic contaminants was not

expected to have been induced by the individual components (Constan et a1.,1995).In

a follow-up study, using a medium-term bioassay for detection of carcinogens and

modifiers of hepatocarcinogenesis, these submixtures induced no changes indicative of
carcinogenic promotional effects (Benjamin et al,I999).

A second, smaller series of studies conducted by NTP examined the health effects

of two drinking water mixtures representing a worst-case scenario of pesticide and

fertrlizer contamination of groundwater in farming-intensive states , viz. Califomia and

Iowa (Yang,1992). These mixtures consisted of 5 or 6 pesticides and one fertilizer
(ammonium nitrate). At the lowest level tested, the pesticides were present at the

medium survey values in groundwater under normal agricultural use and nitrate was

present at the expected human exposure level. The highest dose level was 100 times

higher than the lowest level but still well below the individual chemicals' toxicity
thresholds as concluded from a comparison with literature data (Heindel et a1.,1994;

Seed el al., 1995). These studies revealed no signs of toxicity in conventional

subchronic or reproductive toxicity studies (National Toxicology Program, 1993b;

Heindel et al., 1994). However, in an (unconventional) in vivo genotoxicity study
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unexpected cytogenetic changes (viz. dose-related increases in sister-chromatid

exchanges in splenocytes) were observed in rats and mice given the California mixture

for 10-13 weeks (Kligerman et al,1993).
Chaturvedi (1993) examined the toxicity of a mixture of 10 widely used organic

pesticides of different chemical classes and/or uses in a 13-week drinking-water study

in mice. The mixture was given at four levels, ranging from 10 ppb of each pesticide at

the lowest level to 10 ppm at the highest level. For comparison, several of the

pesticides have been found in groundwater in agricultural areas at concentrations of
approximately I ppb. The results showed a dose-related increase in the activity of
several hepatic xenobiotic-metabolizing enzymes from the lowest level, which was

accompanied by an increase in liver weight and decrease in pentobarbital-induced sleep

time at the higher levels. According to the author, induction of these enzymes possibly

would not have been observed with the individual pesticides at similar dose levels (the

study did not include single compound groups). The few other endpoints examined

(viz. spleen and kidney weight, routine microscopy of the liver, and serum activities of
transaminases, alkaline phosphatase and cholinesterase) were not affected by the

mixture.

In contrast to the above mixtures of groundwater contaminants which induced no

severe health effects at non-toxic levels of the individual components, combined

exposure to non-effective doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and the

synthetic glucocorticoid hydrocorlisone (HC) induced cleft palate, an irreversible

structural change, in all exposed mouse embryos (Abbott, 1995). This marked

synergistic interaction was explained by mutual upregulation of the receptors which

mediate the biological activity of TCDD and HC (the aryl hydrocarbon receptor and

glucocorticoid receptor, respectively).

The effects of binary combinations of solvents at occupationally relevant

concentrations were examined in two human volunteer studies (Tardif et al., l99l
Engelen et al., 1997). In both studies, acute (4 hours for toluene plus m-xylene, 15

minutes for methyl ethyl ketone plus n-hexane) concurrent exposure to air

concentrations around the TLV of the individual solvents resulted in a significant

toxicokinetic interaction (metabolic inhibition), as indicated by the changes in the

blood concentrations of parent compounds (toluene and m-xylene increased) or

metabolite (2,5-hexanedione decreased). The interaction between toluene and m-

xylene, which potentially augments their neurotoxicity, was not demonstrable at

exposure concentrations which were about two times lower than the individual TLVs.

Indirectly, this suggests that a dose-additivity based occupational exposure limit for
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simultaneous exposure to toluene and m-xylene adequately protects against the acute

neurobehavioral effects of these two solvents.

The following studies addressed carcinogenic effects of defined chemical mixtures.

Though this thesis focused on non-carcinogenic effects, these studies are mentioned

here because of their relevance in relation to the question whether multi-chemical

exposure at low, non-toxic levels of the individual chemicals is of health concern.

In Japan, Ito and co-workers have extensively studied the effects of pesticide

mixtures using their medium-term rat bioassays for the detection of genotoxic and non-

genotoxic carcinogens (lto et al, l995a,b). Dietary administration of a mixture of 20

pesticides (mainly organophosphate pesticides) enhanced diethylnitrosamine-initiated

liver preneoplastic lesion development when each pesticide was present at 100 times its

own acceptable daily intake (ADD level, but had no effect when the pesticides were

present at their ADI. In a multi-organ assay, dietary administration of mixtures of 20

(suspected carcinogens) or 40 (high production volume) pesticides at their ADI did not

enhance carcinogenesis in any organ initiated by a combination of 5 potent

carcinogens. The studies did not include single compound groups. The authors

concluded that these results support the safety factor (usually 100) approach presently

used for risk evaluation of pesticides.

Ito and co-workers further used their medium-term bioassays to examine the effects

of low doses of mixtures of (carcinogenic) heterocyclic amines which might be

simultaneously generated in foods during cooking (lto et al., l99l;Hasegawa et al.,

l994a,b). The amines were given in the diet, either alone or in combinations of five or

ten, at fractions of the doses found to be carcinogenic in lifespan rat studies. Two

different five-component mixtures containing the amines at levels which were non-

effective upon single administration(viz.ll25 of the carcinogenic dose) induced effects

which were similar to those induced by the individual amines at five times higher dose

levels. This indicated that the mixture responses could be explained by dose additivity
when the individual amines were present at no-effect levels. The responses to the five-
component mixtures at the effective levels (1/5 fractions), however, were inconsistent

(viz. similar to or larger than the sums of the individual responses). The ten-component

mixture was non-effective when each amine was present at 1/100 of the carcinogenic

dose but induced a larger than expected response when each amine was present at 1/10

of the carcinogenic dose (the 1/10 fraction was a no-effect level for eight of the ten

amines when given alone).

An unexpected tumor response (viz. induction of follicular cell tumors in the

thyroid) was also observed in a lifespan carcinogenicity study in rats fed a diet

103



Chapter 6

containing 40 environmental carcinogens, with many different target organs, at low
doses (viz. 1/50 of the TD50 doses which induced tumors in 50Vo of the animals in
previous studies with the individual carcinogens) (Takayama et aI.,1989). In a follow-

up study with three known thyroid carcinogens, given simultaneously or alone at l/3 of
their TD50, the mixture response was much higher than the sum of the individual

responses (viz. 1007o incidence instead of 15Vo) (Hasegawa et al, 1994c).

6.4 Conclusions

The studies presented in this thesis demonstrated that simultaneous exposure to

eight chemicals with different primary target organs or to four chemicals with a similar
target organ (kidney) but dissimilar modes of action, at dose levels equal to or slightly
below the No-Observed-Adverse-Effect Level of the individual chemicals, was not
associated with obvious adverse effects. These results support the hypothesis that as a

rule exposure to mixtures of chemicals at (low) non-toxic doses of the individual
chemicals is of no health concern. A review of other studies on the effects of defined

chemical mixtures at non-toxic levels of the individual chemicals yielded some

additional evidence in support of this hypothesis. However, the review also showed a

few unexpected exceptions to the rule, even at levels far below the individual toxicity
thresholds.

The study with four chemicals with the same target organ (kidney) and same mode

of action provided support for the assumption of dose additivity for mixtures of
similarly acting systemic toxicants under conditions of concurrent, repeated exposure at

dose levels below the toxicity thresholds of the individual chemicals.

Additionally, our studies showed that mixture toxicity results obtained at dose levels

above the individual chemicals' toxicity thresholds were not predictive of the mixture' s

effect at levels below the individual thresholds, regardless of the type of mixture.
The data from our work and a few other studies do not indicate that (uncertainty

about the toxicological consequences of) combined action should be incorporated

routinely (by means of an extra safety or uncertainty factor) in the health-based

standards for individual non-carcinogenic substances. It should be noted, however, that

these data were not obtained under people's actual (long-term, low-level, multi-
chemical) exposure conditions, and that the few mixtures examined are not
representative of the many different mixture exposure scenarios of people. Further, the

current knowledge and understanding of mixture toxicity also suggests that it is prudent

to consider the possibility of increased toxicity due to simple similar (dose additive)
joint action or synergistic interactions when setting standards, taking into account all
available information on (similarities in) mechanisms of toxic action, toxicokinetic
processes and human exposure levels and scenarios.
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The work described in this thesis concerns the toxicity of chemical mixtures.

Historically, possible adverse health effects of chemicals have been examined almost

exclusively by studying substances one at a time. The results of studies on a single

chemical are then used to establish an exposure standard for that chemical, for example

a Threshold Limit Value (TLV) for exposure in occupational settings, or an Acceptable

Daily Intake (ADD for food additives. When establishing exposure standards for single

chemicals, no allowance is generally made for the possibility that a chemical's toxicity

is increased by another chemical (synergistic interaction), or that similarly acting

chemicals are additive in their effects. In both situations, the effect from exposure to a

mixture will be stronger than expected on the basis of the exposure levels of the

individual chemicals, which may result in unforeseen adverse health effects upon

exposure to levels which are regarded as save on the basis ofthe exposure standards for

the individual chemicals. This phenomenon is well known, and reasonably well

studied, for combined exposures to drugs or to drugs and alcohol. For other chemicals

to which humans are exposed voluntarily or involuntarily, there are much less examples

of unexpected toxicity upon combined exposure and systematic research on mixture

toxicity is lacking. Moreover, most data on mixture toxicity were obtained in short-term

studies in which mixtures of only two or three chemicals were examined at very toxic

or even lethal exposure levels of the individual chemicals. In contrast, people are

usually exposed, lifelong, to multiple chemicals through, among other things, their food

and drinking water, the air they breath, or the personal care products they use. The

actual human exposure levels are generally far below the toxic levels of the individual

chemicals. It is, therefore, important to gain insight into the joint action of chemicals

under conditions of prolonged exposure to levels below the toxicity threshold of the

individual chemicals. Such insight is not only of importance for establishing exposure

standards, but also for assessing health risks from actual mixture exposure situations

and possible measures required to reduce the risk.

In 1985, the Health Council of The Netherlands, in her advisory report on the

setting of health-based standards for non-carcinogenic substances, addressed the

question as to whether uncertainty about the toxicological consequences of combined

action should be incorporated in the standards for individual substances. The Health

Council concluded that there was no immediate reason to take combination effects into

account at concentrations well below the standards for the individual substances.

Furthermore, the Council was not aware of useful data on the effects of prolonged

exposure to combinations of substances at concentrations around the experimental No-
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Observed-Adverse-Effect Levels of the individual substances and, therefore,

recommended research to fl1l this data gap. A few years later, a research prograrnme on

mixture toxicity was started at TNO Nutrition and Food Research, funded by the

Ministry of Housing, Spatial Planning and Environment. One of the major aims was to

test the hypothesis that as a rule exposure to mixtures of chemicals at (low) non-toxic
doses of the individual chemicals is of no health concern. For this purpose, we

conducted a series of toxicity studies in rats with defined mixtures of chemicals with
similar or dissimilar target organs and/or modes of action. Four of these studies are

described in detail in chapters 2 through 5 of this thesis, two other studies are

summarized in chapter 6.

In chapter 1 an overview is given of terminology and basic concepts in relation to

mixture toxicity, followed by a short explanation on mechanisms of interaction and

experimental approaches to assess the toxicity of mixtures. This chapter also contains a

summary of a few older studies on mixture toxicity which addressed, according to
widely differing experimental approaches, the toxicity of contaminants in (drinking)

water. Chapter 1 ends with the scope and objectives of the work described in this
thesis.

The objective of the first study (chaoter 2) was to examine whether a mixture of
eight chemicals with different primary target organs would be toxic when the

individual chemicals were present at their No-Observed-Adverse-Effect Level (which

was 5 to 3 times lower than the minimally toxic level of the individual chemicals in
most cases). The chemicals were administered to rats via their feed or drinking water

during four weeks, at four different levels around the No-Observed-Adverse-Effect

Level of the individual chemicals. Possible adverse effects were measured by means of
about 70 corlmon toxicity parameters (as is routinely done in toxicity studies with
individual chemicals). The mixture caused no obvious signs of toxicity at non-toxic
exposure levels of the individual chemicals. When the exposure levels of the individual
chemicals were minimally toxic, the mixture was also toxic. Moreover, at the toxic
level several effects of the mixture were more severe than those of individual chemicals

whereas other mixture effects were less severe.

As a sequel to this study with chemicals affecting different organs, a 4-week

repeated-dose study (chapter 3) and an acute study (Shap1g1$ were conducted with
mixtures of four chemicals which affected the same organ, viz. the kidney, by different
modes of action. Again the objective was to examine whether exposure to a mixture at

non-toxic levels of the individual chemicals would result in toxic effects. As in the first
study, the mixture caused no renal damage at non-toxic exposure levels of the

individual chemicals. The results of these studies also showed that simultaneous
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exposure to minimally toxic levels of the individual chemicals resulted in adverse

effects which ranged from less severe to clearly more severe compared with the effects

of the individual chemicals at these levels.

The last study (chapter 5) was conducted with mixtures of three or four chemicals

which affect the same organ, again the kidney, through a similar mode of action. For a

mixture of similarly acting chemicals which do not influence each other's toxicity, it is

commonly assumed that, at low exposure levels, the toxicity of the mixture can be

calculated from the toxicity data of the individual chemicals using a mathematical

formula for dose addition. According to this formula, each component contributes to

the total toxicity of the mixture in proportion to its dose. Though this additivity

assumption has been shown to be valid in acute, high-dose studies in rats, its validity

under conditions more relevant to human exposure situations has been examined

poorly. The major goal of the last study was, therefore, to test the additivity assumption

(dose addition) under conditions of concurrent, repeated exposure to non-toxic levels

of the individual chemicals. To this end, rats were treated with mixtures of three or four

chemicals during 32 days, at non-toxic levels which were three or four times lower than

the minimally toxic levels of the individual chemicals. As shown by the increase in the

weight of the kidneys, individually non-toxic doses of different chemicals elicited

toxicity when given simultaneously. The magnitude of the mixture effect at the non-

toxic levels of the individual chemicals corresponded to that predicted on the basis of
dose additivity. At a slightly higher, minimally toxic level, however, the additivity

assumption was not valid: the effect of the mixture was less than expected under dose

addition.

Chapter 6 starts with a discussion of the above studies and addresses the question

whether combined exposure constitutes an increased health risk compared to exposure

to individual chemicals. In the first three studies, the absence of obvious toxicity upon

combined exposure to non-toxic levels of the individual chemicals indicated that at

such exposure levels there were no synergistic interactions with significant risk

enhancing implications. Also, it was clear that the assumption of dose addition for

mixtures of chemicals with different target organs would overestimate the mixture

toxicity. In the last study it was shown that combined exposure to chemicals with a

similar target organ and mode of action constituted an increased health risk, which was

explained by dose addition.

Next, an overview is given of regulatory approaches to the risk assessment of
chemical mixtures and of the limited experimental support for underlying (additivity)

assumptions. Chapter 6 also summarises results of (complementary) low-dose studies

conducted by other investigators. Finally, the following conclusions were drawn:
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Simultaneous exposure to chemicals with different primary target organs or to
chemicals with a similar target organ (kidney) but dissimilar modes of action was not
associated with obvious adverse effects, provided that the dose levels were equal to or
slightly below the No-Observed-Adverse-Effect Level of the individual chemicals.
These results support the hypothesis that as a rule exposure to mixtures of chemicals at
(low) non-toxic doses of the individual chemicals is of no health concern. Literature
data on the effects of defined chemical mixtures at non-toxic levels of the individual
chemicals yielded some additional evidence in support of this hypothesis, but there

were also a few unexpected exceptions to the rule, even at levels far below the toxicity
thresholds of the individual chemicals.

The study with chemicals having the same target organ (kidney) and same mode of
action provided support for the assumption of dose additivity for mixtures of similarly
acting systemic toxicants under conditions of concurrent, repeated exposure at dose

levels below the toxicity thresholds of the individual chemicals.
Additionally, our studies showed that mixture toxicity results obtained at dose levels

above the individual chemicals' toxicity thresholds were not predictive of the mixture' s

effect at levels below the individual thresholds, regardless of the type of mixture.
The data from our work and a few other studies do not indicate that (uncertainty

about the toxicological consequences of) combined action should be incorporated

routinely (by means of an extra safety or uncertainty factor) in the health-based

standards for individual non-carcinogenic substances. It should be noted, however, that

these data were not obtained under people's actual (long-term, low-level, multi-
chemical) exposure conditions, and that the few mixtures examined are not
representative of the many different mixture exposure scenarios of people. Further, the

current knowledge and understanding of mixture toxicity also suggests that it is prudent

to consider the possibility of increased toxicity due to simple similar (dose additive)
joint action or synergistic interactions when setting standards, taking into account all
available information on (similarities in) mechanisms of toxic action, toxicokinetic
processes and human exposure levels and scenarios.
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Het onderzoek beschreven in dit proefschrift gaat over de schadelijkheid (toxiciteit)

van mengsels van stoffen. Van oudsher worden eventuele ongewenste gezondheids-

effecten van stoffen vrijwel uitsluitend onderzocht door elke stofapart te onderzoeken.

Vervolgens worden de resultaten van dergelijk onderzoek gebruikt bij het vaststellen

van nornen of grenswaarden voor afzonderlijke stoffen, zoals de maximaal aanvaarde

concentraties (MAC-waarden) voor blootstelling aan stoffen op de arbeidsplek of de

aanvaardbare dagelijkse inname (ADI) voor toevoegingen aan voedingsmiddelen. In de

meeste gevallen wordt bij de normstelling voor afzonderlijke stoffen geen rekening

gehouden met de mogelijkheid dat verschillende stoffen elkaars schadelijke werking

versterken (synergistische beihvloeding of interactie), of dat bij gelijktijdige

blootstelling aan meerdere stoffen met een overeenkomstige werking de effecten van de

afzonderlijke stoffen als het ware opgeteld worden. In beide gevallen zal

gecombineerde blootstelling een sterker effect hebben dan verwacht op grond van de

blootstellingsniveaus van de afzonderlijke stoffen. Hierdoor kan gezondheidsschade

ontstaan na blootstelling aan niveaus die op grond van de norrnen voor de afzonderlijke

stoffen als veilig worden beschouwd. Dit fenomeen is reeds lang bekend, en redelijk

goed onderzocht, voor combinaties van geneesmiddelen of combinaties van

geneesmiddelen met alcohol. Voor andere stoffen waarmee mensen gewild of ongewild

in aanraking komen zijn de voorbeelden echter veel minder talrijk en ontbreekt

systematisch onderzoek. Bovendien zljn de meeste gegevens over mengseltoxiciteit

afkomstig van kortdurende studies waarin combinaties van slechts twee of drie stoffen

zijn onderzocht op blootstellingsniveaus waarop de afzonderlijke stoffen schadelijk of

zelfs dodelijk waren. Daarentegen komen mensen dagelijks, levenslang, in aanraking

met een veelheid van stoffen, onder andere via voedsel, (drink)water, ingeademde lucht

of persoonlijke verzorgingsprodukten, en liggen de werkelijke blootstellingsniveaus

meestal ver beneden de schadelijke niveaus van de afzonderlijke stoffen. Het is dus

belangrijk om inzicht te hebben in de gezamenlijke werking van stoffen onder

omstandigheden van langdurige blootstelling aan niveaus onder de toxiciteitsdrempel

van de afzonderlijke stoffen. Zllkrnzichtis niet alleen van belang bij de normstelling,

maar ook bij het beoordelen van gezondheidsrisico's van in de praktijk voorkomende

mengselblootstellingssituaties en eventueel benodigde risicoreducerende maatregelen.

In 1985 heeft de Gezondheidsraad in haar advies over normstelling voor niet-

kankerverwekkende stoffen aandacht besteed aan de vraag of onzekerheid over de

schadelijke werking van stoffen in combinatie verwerkt moet worden in advieswaarden

en normen. De Gezondheidsraad concludeerde dat er geen directe aanleiding was om
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rekening te houden met combinatiewerkingen bij blootstellingsniveaus ver beneden de

noffnen voor afzonderlijke stoffen. Omdat destijds geen bruikbare informatie bekend

was over de effecten van langdurige blootstelling aan combinaties van stoffen bij
blootstellingsniveaus rond het geen-nadelig-effect niveau van afzonderlijke stoffen

adviseerde de Gezondheidsraad om hiernaar onderzoek te doen. Vervolgens startte

enkele jaren later bij TNO Voeding, met financiele steun van het Ministerie van

Volksgezondheid, Ruimtelijke Ordening en Milieu, een onderzoeksprogramma over

mengseltoxiciteit. Een belangrijk doel van dit programma was om de hypothese te

testen dat blootstelling aan mengsels of combinaties van stoffen in de regel geen gevaar

vormt voor de gezondheid zolang de blootstellingsniveaus van de afzonderlijke stoffen

onschadelijk (laag) zijn. Hiertoe werd een serie studies uitgevoerd waarin ratten werden

blootgesteld aan diverse combinaties van stoffen. Vier van deze studies zijn in detail

beschreven in hoofdstuk 2 tol en met 5 van dit proefschrift, twee andere zijn kort
samengevat in hoofdstuk 6.

In hoofdstuk 1 wordt een overzicht gegeven van gangbare terminologie en

basisconcepten met betrekking tot mengseltoxiciteit, gevolgd door een korte uitleg
over manieren waarop stoffen elkaars werking kunnen beihvloeden en over methoden

om de toxiciteit van mengsels te onderzoeken. Ook worden enkele oudere

mengselstudies beschreven waarin, op sterk uiteenlopende manieren, de toxiciteit van

verontreinigingen in (drink)water is onderzocht. Hoofdstuk 1 eindigt met de

achtergrond en doelstellingen van het onderzoek beschreven in dit proefschrift.

De eerste studie (hoofdstuk 2) had tot doel om na te gaan of een mengsel van acht

stoffen met verschillende primaire doelorganen schadelijk zou zijn wanneer de

afzonderlijke stoffen aanwezig waren op het eigen geen-nadelig-effect niveau (dat was

in de meeste gevallen 115 tot ll3 van het minimaal-schadelijke niveau). De stoffen

werden toegediend aan ratten via het voer of drinkwater, gedurende vier weken, op vier
verschillende niveaus rond het geen-nadelig-effect niveau van de afzonderlijke stoffen.

Eventuele schadelijke effecten werden gemeten aan de hand van een 70-tal gangbare

toxiciteitsparameters (zoals gebruikelijk is bij toxiciteitsstudies met afzonderlijke
stoffen). Het mengsel bleek geen noemenswaardige schade te veroorzaken bij
onschadelijke blootstellingsniveaus van de afzonderlijke stoffen. Bij blootstelling aan

minimaal-schadelijke niveaus van de afzonderlijke stoffen was het mengsel ook

schadelijk. Bovendien bleek dat op het schadelijke blootstellingsniveau diverse effecten

van het mengsel ernstiger waren dan die van afzonderlijke stoffen terwijl andere

mengseleffecten juist minder ernstig waren.

De twee volgende studies hadden eveneens tot doel om te onderzoeken of
blootstelling aan een mengsel op onschadelijke niveaus van de afzonderlijke stoffen
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zou resulteren in schadelijke effecten. De mengsels in deze studies bestonden uit vier

stoffen met een overeenkomstig doelorgaan, namelijk de nier. De

werkingsmechanismen volgens welke deze stoffen nierschade veroorzaken waren

echter verschillend. In de ene studie kregen ratten het mengsel gedurende vier weken

via het voer (hoofdstuk 3), in de andere studie werd het mengsel eenmalig toegediend

(hoofdstuk 4). Net als in de eerste studie bleek dat gelijktijdige blootstelling aan

meerdere stoffen geen nierschade veroorzaakte zolang de niveaus van de afzonderlijke

stoffen onschadelijk waren. Ook bleek opnieuw dat gecombineerde blootstelling aan

minimaal-schadelijke niveaus van de afzonderlijke stoffen resulteerde in effecten die

varieerden van minder ernstig tot duidelijk ernstiger vergeleken met de effecten van de

afzonderlijke stoffen op die niveaus.

Terwijl bovenstaande twee mengsels bestonden uit stoffen die nierschade

veroorzaken via verschillende werkingsmechanismen werd in de laatste studie

(hoofdstuk 5) de toxiciteit onderzocht van mengsels van drie of vier stoffen die

nierschade veroorzaken via een soortgeliik mechanisme (stoffen met overeenkomstige

werking). Voor een mengsel van stoffen met een overeenkomstige werking die elkaars

werking niet beinvloeden (geen interactie) wordt doorgaans aangenomen dat, bij lage

blootstellingsniveaus, de toxiciteit van het mengsel kan worden berekend met behulp

van toxiciteitsgegevens van de afzonderlijke stoffen middels de rekenregel voor

dosisadditie. Volgens deze rekenregel draagt elke mengselcomponent bij aan het totale

effect van het mengsel naar rato van zijn dosis. Er zijn echter nauwelijks experimentele

bewijzen voor de geldigheid van deze aanname onder omstandigheden van

gelijktijdige, herhaalde blootstelling aan onschadelijke niveaus van de afzonderlijke

stoffen. Het belangrijkste doel van de laatste studie was derhalve om de geldigheid van

deze additiviteitsaanname onder zulke omstandigheden te toetsen. Hiertoe werden

ratten gedurende ruim vier weken blootgesteld aan mengsels van drie of vier stoffen, op

onschadelijke niveaus die een factor drie of vier lager waren dan de minimaal

schadelijke niveaus van de afzonderlijke stoffen. Deze studie liet zien dat veilige doses

van de afzonderlijke stoffen tezaffrcn schadelijk waren, zoals bleek uit de toename van

het niergewicht. Ook bleek dat de grootte van het schadelijke effect van het mengsel

inderdaad overeen kwam met hetgeen verwacht was op basis van dosisadditie. Bij
blootstelling aan iets hogere, minimaal-schadelijke niveaus van de afzonderlijke stoffen

bleek de additiviteitsaanname onjuist: het effect van het mengsel was geringer dan

verwacht op grond van deze aanname.

In hoofdstuk 6 worden de resultaten van bovengenoemde studies besproken, waarbij

aandacht is besteed aan de vraag of gecombineerde blootstelling

gezondheidsrisicoverhogend was. In de eerste drie studies vormde de afwezigheid van
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schade na gecombineerde blootstelling op onschadelijke niveaus van de afzonderlijke

stoffen een duidelijke aanwijzing dat er op dergelijke niveaus geen sprake was van

synergistische interacties met sterk risicoverhogende gevolgen. Ook was duidelijk dat

toepassing van de rekenregel voor dosisadditie voor stoffen met verschillende

doelorganen de mengseltoxiciteit zou overschatten. Uit de laatste studie bleek dat er bij
gecombineerde blootstelling aan stoffen met een zelfde doelorgaan en

werkingsmechanisme wel sprake was van een verhoging van het risico en dat die

verhoging verklaard kon worden met dosisadditie.

Voorts wordt in hoofdstuk 6 een kort overzicht gegeven van manieren waarop

regelgevende instanties gezondheidsrisico's van blootstelling aan mengsels evalueren

en van de beperkte experimentele bewijzen voor de daarbij gehanteerde

additiviteitsaannames. Tevens worden resultaten gepresenteerd van een aantal

mengselstudies van andere onderzoeksgroepen die zijn uitgevoerd in ongeveer dezelfde

periode als de studies beschreven in dit proefschrift. Mede op grond van die resultaten

werd het onderstaande geconcludeerd:

Gelijktijdige blootstelling aan stoffen met verschillende primaire doelorganen of aan

stoffen met een zelfde doelorgaan (de nier) maar verschillend werkingsmechanisme

veroorzaakte geen schadelijke effecten mits de blootstellingsniveaus gelijk aan of iets

onder het geen-nadelig-effect niveau van de afzonderlijke stoffen waren. Deze

uitkomsten ondersteunen de hypothese dat blootstelling aan mengsels van stoffen in de

regel geen gevaar vormt voor de gezondheid zolang de niveaus van de afzonderlijke

stoffen veilig (laag) zljn. De uitkomsten van diverse in de literatuur beschreven

mengselstudies bevestigen deze hypothese eveneens, maar er waren ook uitzonderingen

op de regel, zelfs bij blootstellingsniveaus ver beneden de toxiciteitsdrempel van

afzonderlijke stoffen.

De studie met stoffen met hetzelfde doelorgaan (de nier) en soortgelijk

werkingsmechanisme leverde bewijs voor de geldigheid van dosisadditie voor
mengsels van overeenkomstig werkende stoffen onder omstandigheden van

gelijktijdige, herhaalde blootstelling op niveaus onder de toxiciteitsdrempel van de

afzonderlij ke stoffen.

Onze studies lieten voorts zien dat, ongeacht het type mengsel, de gegevens over

mengseltoxiciteit verkregen op blootstellingsniveaus boven de toxiciteitsdrempel van

de afzonderlijke stoffen niet voorspellend waren voor de mengseltoxiciteit bij
blootstelling aan niveaus onder de individuele toxiciteitsdrempels.

De uitkomsten van de studies uitgevoerd bij TNO Voeding en die van enkele andere

studies leverden geen aanwijzingen dat onzekerheid over de schadelijke werking van

stoffen in combinatie routinematig, middels een extra veiligheids- of
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onzekerheidsfactor, verwerkt moet worden in advieswaarden voor afzonderlijke (niet-

kankerverwekkende) stoffen. Daarbij moet echter worden aangetekend dat deze studies

niet zijn gedaan onder voor de mens gebruikelijke omstandigheden (c.q. langdurige

blootstelling aan lage niveaus) en dat het geringe aantal onderzochte mengsels niet

representatief is voor de vele mengsels waarrnee mensen in aanraking komen. Verder

suggereert de huidige kennis over mengseltoxiciteit dat het verstandig is om bij
normstelling aandacht te schenken aan de mogelijkheid van verhoogde toxiciteit als

gevolg van overeenkomstige werking (dosisadditie) of synergistische interacties,

waarbij gelet moet worden op alle beschikbare informatie over (overeenkomsten in)

werkingsmechanismen, toxicokinetische processen en voor de mens mogelijke

blootstellingsniveaus en -scenarios.
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Dankwoord

Het P-woordl is niet langer taboe . . . het is af ! Op de laatste pagina's van dit boekje
eindig ik de 'almost never ending story' met een woord van dank aan allen die hebben
bijgedragen aan het tot stand komen van dit proefschrift.

Allereerst dank ik mijn promotoren Prof. Dr. v.J. Feron en prof. Dr. w. Seinen.
Vic, ik heb je geduld op de proef gesteld tot (over) het uiterste en waardeer het dan ook
zeet dat je bereid was om nog na het verstrijken van de offici0le promotietermijn op te
treden als mijn promotor. Daarnaast dank ik je natuurlijk ook voor de prettige
begeleiding tijdens het onderzoek, het kritisch lezen van elk concept hoofdstuk en de
genereuze manier waarop jij me betrok bij jouw publicaties. Willem, ik dank jou voor
je bereidheid op het laatst 'mee te doen' en voor je waardevolle suggesties voor de
General Discussion en de titel van dit proefschrift.

Mijn copromotor en afdelingshoofd Dr. Ruud A. Woutersen dank ik vooral voor het
credren van ruimte voor het afronden van dit proefschrift. Voortaan moeten we iets
anders verzinnen voor de 'Afspraken komende periode' in het ROC Actieplan. Verder
dank ik je voor het nakijken van mijn schrijfwerk en voor je belangrijke bijdrage als
patholoog aan de in dit proefschrift beschreven studies.

Het Ministerie van Volksgezondheid, Ruimtelijke Ordening en Milieu ben ik zeer
erkentelijk voor de financiele steun voor dit onderzoek. Met name dank ik Dr. H.
Kcinemann, Drs A.E. van der wielen en Dr. J.A. vanzorge voor het promoten van het
onderwerp combitox bij het VROM.

In het bijzonder dank ik mijn persoonlijke sponsors. Pa en ma, dankzij jullie steun
kon ik het schrijfwerk afronden in een rustige, groene omgeving en kan ik me straks
helemaal uitleven op het volgende mengselproject: 'mixed borders'. De Jonkerlelies,
Euonymus-stekken en de Cornus kousa krijgen daarin zeker een plaats.

Bij de start van mijn promotieonderzoek wist ik nauwelijks wat een subacute
toxiciteitsproef inhield. Gelukkig kwam daarin snel verandering dankzij de gedegen
opleiding die ik kreeg van Heero Til, Ben Lina en Marian Andringa. Ik dank jullie
daarvoor hartelijk, en natuurlijk ook voor de prettige samenwerking bij al die niet-
speurwerk-proeven. Marian, jij bovendien bedankt voor het verzorgen van de vele
combitox-planningen, computerprotocollen en tabellen. Je bent echt een onmisbare
Study Assistant.

1 P-woord = proefschrift; promotie.
Vragen als 'Hoe gaat het met je proefschrift?' of 'Wanneer is jouw promotie?' werden mij de laatste jaren
steeds vaker met enige aarzeling gesteld.
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Ook onmisbaar waren de bijdragen van mijn collega's van Biotechniek (Gerard van

Beek, Anja Dijkstra, Marion Kooten-van Someren, Gerrit de Kruijf, Astrid

Langenkamp-Brand, Trudy Oosterveld-Romijn, Hanny Schaeffer, Hans de Smit, Dick

Veldhuijsen), Mengselbereiding (Jasper Blom, Elly Akkerman), het Lab (Jan Catsburg,

Wilma Kreuning, Corrie van der Meer-van der Brink, Annemiek van der Velde),

Histotechniek (Piet van den Heuvel, Nel Hagemeyer, Victor Hollanders, Hannie

Jansen-de Ruiter, Lidy van Oostrum, Erwin Schut, Greede Stoepker, Arda Vis-Lonig),

Pathologie (Joost Bruijntjes, Annemarie van Garderen-Hoetmer) en Analyse (Els

Gevers, Theo Muijs, Ben Nijssen, Ingrid Rotgans, Cees van derPaauw, Kees Verbeek,

Han van Westerop). Ik bedank jullie voor de zorgvuldige en vakbekwame uitvoering

van de studies.

De komst van Miraida Jones (stagiaire Universiteit Maastricht) leidde tot de

publicatie van de acute studie (hoofdstuk 4). Miraida, hartelijk dank voor je

enthousiaste inzet en biidrage.

Dolf Beems en Hein Falke, jullie dank ik voor de hulp bij het kiezen van

parameters voor het pathologisch en klinisch-chemisch onderzoek. Jos Hagenaars en

Eric Schoen dank ik voor de hulp bij de statistiek. Karin Junker dank ik voor het

kritisch lezen van de samenvatting.

Tenslotte de bijzondere bijdrage van mijn kamergenote Frieke Kuper. In de

afgelopen jaren bleef jij mrj moed inspreken als ik weer eens twijfelde of het

proefschrift ooit nog een kop en staart zou krij gen. Frieke, het heeft geholpen ! Ik heb je

suggestie voor de omslag (kop) overgenomen en met een woord van dank aan jou ben

ik nu aangekomen bij het laatste puntje van de staart.
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Hypericum perforatum (St John's wort)

St John's wort has been phenomenally successful as a herbal antidepressant (Ernst,1999\.

The U.S. Food and Drug Administration has asked health care professionals to caution
patients about the risk of potentially significant interaction between St John's wort and
various prescribed drugs (Henney, 2000).

Ernst E. (1999). Second thoughts about safety of St John's wort.
The Lancet 354, 201,4-1,5.

Henney J.E. (2000). Risk of drug interactions with St Johtr's wort.
Journal of the American Medical Association 283,1679.


