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1. Introduction

A magjor hurdle in clarifying underlying medanisms of toxic &feds of mixturesis obtaining
detail ed information abou the interadion between the individual substances during exposure,
uptake, physiological processes and pocesses at the target receptors. Within many applicaions
it isnat feasible to investigate the modes of adion d the total range of passble toxic chemicds
in the broad variety of biological systems. However, in ader to enable the analysis of mixture
toxicity data it is required to derive ahypothesized combined effed from the toxicity of the
individual compounds. For that purpose the principle of additive adion and the principle of
independent action are available. Both principles are anbedded in a mechanistic context.
Additive adion (or concentration addition (Loewe and Muischnek, 1929) is generaly related
to a similar mode of adion and target sides of the individual comporents in the mixture.
Consequently, each compoundads as a dilution d the other. On the other hand, independent
adion (Bliss 1939, it is related to a dissmilar mode of adion and dfferent target sides of the
individual compounds. Hence, it is assumed that the diemicds in the mixture do nd interfere
with ead ather during expaosure, uptake andtoxic adion.

In order to capture the diff erent modes of adion d the individual chemicalsin a cmnceptual
framework, Hewlett and Pladkett (1959 defined four possble @mbination medanisms
(tablel). Idedly, for drawing solid conclusions from a mixture experiment, it is required to
identify these ambination medianisms in the data set. However, at present sound criteria are
gtill adking and the way to use alditive and independent action is gill subjed to discusson
(Greco et al., 1995. Neverthelessboth principles, especially the alditive action grinciple, are
generaly applied in many fields of research (e.g. Casseeet al., 1998, Homme et al., 2000,
Nielsen et al., 200Q Badhaus et al., 2000,Altenburger et al., 2000. Usually the major interest
is to assessthe mixture dfed relative to the toxicity of the individual toxicants, beyond the
experimental condtions (e.g. cancer research and ecological risk assessnent). Thus, within this
context the posshilities and shortcomings of these theorems $houd be defined accurately.

Table 1: Combination mechanisms defined by Hewlett and Pladkett (1959 to charaderize
combined effeds of toxicants.

Similar action Dissimilar action

No Interaction Simple similar Independent

I nteraction Complex smilar Dependent

| fed, after thorough evaluation d conceptual and statistica discussons in literature
(Calabrese, 1995,Chou and Hayball, 1996,Greco et al., 1990, 1995Gesqer, 1995,Haas et
al., 1996, 1997 Koénemann and Pieters, 199%) that both the alditive and the independent
principle shoud na be interpreted medhanistically (Jonker et al., in prep.). As aresult they do
not condtitute red alternatives. They shoud be ansidered as reference models, relative to
which the data can be analyzed. The reference can be dhosen more or lessarbitrarily, dependent
on the research question. The models enable adescription o the cmmbined effed withou
reveding physiologicd or chemicd interadions. Predicting toxic dfeds beyond the



experimental condtions $oud therefore be performed with caution. In order to enable this
kind d extrapalations, medanistic/dynamic insight in the combined effectsis inevitable. It has
been reported that deviations from additive adion show time dependence (Singh et al., 198B),
which ill ustrates the necessty of a dynamic gpproach. In this way time independent mixture
effects can be dharacterized and quantified. It would be interesting to evaluate whether DEB
providestoads to accomplish thistask. Hence

Research question:
To what extent is the prediction d toxic mixture dfeds feasible, when DEB theory is used for
datainterpretation?

In this assay an experiment is propased to investigate this question.

2. Toxicology in DEB

2.1. Background

The DEB (Dynamic Energy Budgets) theory provides a framework to anayze toxicity data
medanisticdly. The interpretation o single toxicity data has been worked ou in detall
(Koojman, 2000, Koojman and Bedaux, 1996. The quantification pocedures have the
foll owing attradive properties.

o Uptake/elimination kinetics is included, wheress it is not necessary to adually measure
toxicant fluxes.

» The organism can handle low concentrations of toxicants, which is aredistic feature.

* The dynamic properties allow the calculation d atime independent (ultimate) N.E.C. (No
Effed Concentration).

» Sublethal toxicity is quantified by analyzing to what extent the toxicant changes the energy
alocaion in the organism. This concept is backed up with strong, generaly applicable
theoreticd suppart.

» The DEB theory aso provides a framework to extrapolate toxic dfeds at the individual
level to higher trophic levels.

The analysis of single toxicity data is robust, and can easily be implemented in regular
toxicity testing. Thus, it is worthwhil e to investigate whether these quantificaiion methods can
also be gplied to anayze the dfeds of chemicds administered jointly.

2.2. Problems of combined toxic effects

Even within a very smple binary mixture the anourt of combinations is endess
Therefore it is interesting to comprehend to what extent this variability hampers the
predictability of the toxic éfed. After al, also single cmmpound are adualy mixtures of
different ionic forms and/or metabadlites, which is generally not accourted for in toxicity
testing.

In general dynamic models allow predictions as long as parameter values “in the
organism” are relatively constant. Also in DEB theory it is assumed that toxicokinetic
parameter do nd change during exposure time. Only certain physiological target parameters are
changed (which regulate the energy all ocaion in the organism) due to the harmful action d the
internal toxic chemicd concentration. However, the toxic adion can also comprise inhibition d



defense medhanisms and detoxifying enzymes, and an increased permeability of membranes.
Combination toxicity complicaes these effects due to (possble) interadions. Hence, the
guestion raises to what extent it is reasonable to assume that toxicokinetic parameters gay
constant.

The predictabili ty of the (combined) toxic efect might improve if toxicokinetics is linked
to the physiologicd state of the organism. For instance prolonged expaosure time might change
elimination rates of toxicants, due to irreversible damage to defense medianisms. Then it might
be important to tie adeaease in elimination rate to a dhange in maximum spedfic asgmilation
rate, specific maintenance rate or costs of growth, which represent the “health state” of the
organism. Maybe it is necessary to link the value of interadion parameters to internal toxicant
concentrations. the more demicals are taken up, the higher the chance of interaction. The
objedive is to oltain a very first indication d the importance of this kind d “confoundng
fadors’.

2.3. Implementing combination toxicity

This is the “technicd” part of this assay. It is added in order to illustrate the aurrent
possbiliti es of implementing combination toxicity in the DEB theory. Badkgroundinformation,
interpretation d the symbols and dmensions of the quantiti es are omitted for brevity. They are
well described in the references. The inclusion d mixture dfeds has been dscussed (Houte
and Bedaux, 1997, Koajman, 2000, Koojman and Bedaux, 19969, bu it is dill in a
developmental stage. At present, two paosshilities can be distinguished: 1) extending the
toxicokinetic functions that are described for single toxicants, and 2 extending the number of
reserves in the DEB moddl.

Toxicokinetics in DEB is delineaed from one compartments kinetics. The toxic dfed is
induwced by an internal concentration d the dchemicd, which is quantified by integrating the
chemicd flux. Asauming that the environmenta concentration (¢;) of the dhemical is constant,
and that theinitial concentration in the organism is negligibly small, yields:

o, () = ¢ (1-e™) &)

In this equation cy is the scded concentration d the dhemicd in the organism. The adual
concentration in the organism ([Q]) can be quantified by [Q](t) = ¥ /i&c, , Where k, and k, are

uptake and elimination rates.

When data is analyzed, it is required to dstinguish “time to event effeds’ (e.g. survival,
duration d the juvenile period, etc.) from the other toxicological endpants (e.g. growth,
amourt of eggs, etc.). If “time to event effeds’ are of interest, then the hazard function can be
expanded. For a single toxicant the hazard rate is quantified by:

¥t; c) = lé%(c(l—e_k%) —c0)+ 2

where (X). means the maximum of x and 0, and ¢, denates the environmental (ultimate) no-
eff ect concentration. If we define gt ., thenthe hazard rate of toxicants
"\
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administered simultaneoudly can be cdculated by?m'
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for every compound 1,2,..n. The combination klli ng rate lé.‘lz o can be mnsidered as an

interadion term. In this model, spedfic no-effect concentrations (co) are tied to each individual
toxicant. The model can aso be defined in such away that al individual toxicants have ajoint
no-effed concentration, which might be more readlistic.

;1. c,....Cp) = Eﬁlk%wi )+ k%zrl o, (B) - l‘ﬁ‘g @

for n compounds, and The parameter I"E‘can be mnsidered as the cmbined hazard toleration.
The survival probability (for eq (2): if ¢i>cp;, and t>tp) is given by:

Ot 0
q(t;Ccq,Copen,s cn)=exp[y—‘|’i‘|9(r;cl,c2 ..... c,)dr ®)
o

for every compound 1,2,..n.

Effeds, other then “time to event” effects, can be quantified by a dimensionless $ressvalue
s. If theindividual compounds in the mixture have the same physiologicd target parameter, sis
defined by:

SZEiCVi(t)+ninzlcV(t)—SOH (6)
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for every compound 1,2,..n. In this formula, cy is the tolerance @ncentration, and Cr is
inversely propartional to an interadion term. The stressvalue can be used to cdculate the eff ect
of the mixture on a cetain target parameter, e.g. maximum spedfic assmil ation rate, spedfic
maintenance rate, costs of growth, costs of reproduction a hazard o the ovum (Koojman,
2000.

Note that in eq 3, 4and 6it is difficult to interpret the interadion term. The terms are not
badked upmechanisticdly, and are adually incorporated to enable the quantification d effects
that canna be explained by simply the adition d c¢,/'s. Interadion shoud be quantified more
elegantly. At this gage, | do nd have asoundsolution, bu regarding the descriptive nature of
the term it might be more gpropriate to define adimensionless term. For instance, we can
cdculate:

X =cvigicvi E_l )

I—k,nx (8)

=1

and define an interaction term as;

and wse thisterm instead of the product term in eq 3, 4and 6.1n this equation the interadionis
quantified by k;. Note that this term does not have ayy medanistic basis, bu is only a method
to oltain a dimensionlessinteradion guantity. Its appropriatenesshas to be evaluated criticdly,
if implementationis of interest.



The seand method to include mixture toxicity in DEB is to extend the number of reserves.
Theoretically, this houd be asuitable goproach for quantifying effeds of toxicants that can be
regulated physiologicdly. The balance equation for reserves Mg; is defined as:

d
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Thus, the dynamics of reserves is determined by the difference between the anabdlic flux
and the caabdlic flux. The third term on the right hand site denotes the fraction d the rejeded
flux (by the synthesizing units involved), that returns to the reserves. This approadh has not
bee tried yet to analyze (mixture) toxicity endpants. When its applicability is evaluated the
foll owing aspeds have to be considered:

* Isit asolid methodthat al owsthe translation d massfluxesto toxic dfeds?

* In the toxicokinetic goproach toxicant fluxes are incorporated withou the necessty of
adually measuring them, which is of practicd interest. Is this also possble with the
multi ple reserves method?

e How to quantify interactions?

The preliminary character of this approach dces not allow any analysis of experimental data
yet, therefore in the next sesson orly the toxicokinetic models are considered.

2.4. Proposed experiment

Experimental approadc:

Asindicated above, the main interest is to analyze the predictive posshiliti es when the DEB
theory is adoped for interpreting mixture toxicity. Therefore it is required to comprehend to
what extent toxicokinetic parameter values change due to “confoundng fadors’. The foll owing
experimental set up might reved some of the possble interadions.

It is required to investigate a dose resporse relationship: organisms (e.g. Daphnia, C.
elegans) are exposed to dfferent relevant combinations of a cetain mixture with n compound,
and the toxic dfed is determined. It is important to test enough combinations to cover the
relevant concentrations on the n dimensional combination dane. The eperimenta set-up
shoud alow for a certain amourt of observations of the toxic dfed in time. See for an
example: Houte and Bedaux (1997). Either a sublethal or aletha toxicologicd endpant can be
of interest, bu can be dhosen arbitrarily. Note that it is very likely that different endpantsyield
different results. When the toxic dfed of the mixture is determined in time, this data can be
used to analyze the passhiliti es of predicting combination effeds.

M odeli ng approadc

The basic idea behind the modeling approach is to use only a part of the data set to estimate
the parameters in the model. In thisway it can be evaluated to what extent the other part of the
data set is predicted satisfadorily. With regard to mixture toxicity, the behavior of the

interadion parameter (léﬁz o or Cy) is of spedd interest. The following questions can be
addres=d:
e Towhat extent do parameter values change over time?

This can be evaluated by using only data from the first time points to estimate model
parameters and to analyze whether the dfeds at the last time points are predicted accurately.



Alternatively it can aso be evaluated by using only data from the last time points to estimate
model parameters and to anayze whether the dfeds at the first time points are predicted
acarately.

* Towhat extent do parameter values change due to toxic strength of the mixture?

This can be evaluated by using only data related to low toxicity to estimate model parameters
and to analyze whether the effects at high toxicity are predicted accurately. Alternatively it can
also be evaluated by using only data related to high toxicity to estimate model parameters and
to analyze whether the dfeds at low toxicity are predicted accurately.

» Towhat extent do parameter values change due to differencesin toxicant ratios?

This can be evaluated by using only data related to a certain combination ratio to estimate
model parameters and to analyze whether the dfeds related to ather combinations are
predicted accurately.

Of course, adso the comparison d parameter values, oltained from each calculation run, is of
interest. Insight in these questions can help developing todls for predicting toxic mixture dfeds
beyond experimental condtions. Note however that it is probably extremely difficult to identify
the exad cause of the variability in the parameter values. This observational study can be used
to determine how serious the variability is, and to what extent it shoud be taken into acount
when predictions are performed.
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