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Risk assessments of polycyclic aromatic hydrocarbons (PAHs) are complicated because these compounds exist in
the environment as complex mixtures of hundreds of individual PAHs and other related polycyclic aromatic
compounds (PACs). In this study, the hypothesis that concentration addition (CA) can be used to predict the
aryl hydrocarbon receptor (AhR)-mediated activity of PACs in mixtures containing various combinations of
PACs was tested. AhR-mediated activities of 18 mixtures composed of two to 23 PACs, which included PAHs,
azaarenes and oxygenated PAHs, were examined by the use of the AhR-based H4IIE-luc bioassay. Since greater
AhR-mediated activities have been observed in soils contaminated by PAHs, investigations were done to test
whether soil extract matrix or the presence of non-effect PACs might affect responses of the H4IIE-luc bioassay.
Our results showed that AhR-mediated activities ofmixtures of PACs could be predicted by the use of concentration
addition. Additive activities of PACs in multi component mixtures along with the insignificant effect of the soil
matrix support the use of concentration addition in mass balance calculations and AhR-based bioassays in risk
assessment of environmental samples. However, independent action (IA) could not be used to predict the activity
of mixtures of PACs.
303166.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Humans and organisms living in the environment are exposed to
complex mixtures of natural and synthetic chemicals. Various matrices
can contain hundreds, even thousands of chemicals, the risk of which
must be assessed. Since it is not possible to identify and quantify all of
the relevant compounds, bioassays such as theH4IIE-luc transactivation
bioassay are often used providing an integrated measure of the potency
of themixture to cause effects through a particularmechanismof action
or a specific adverse outcome pathway (Andersson et al., 2009). Even
when the mixture composition is characterised, the mechanisms of
potency and interactions between the chemicals are not fully under-
stood (Sanderson and Giesy, 1998).

Polycyclic aromatic hydrocarbons (PAHs) are a group of widespread
organic compounds that have been detected in various media, including
air, water, food, soil, sediment and tissues of humans and wildlife (Chen
et al., 2004; Layshock et al., 2010; Söderström et al., 2005). Because of the
similar sources of origin, organisms can be exposed to PAHs simulta-
neously with other related compounds, such as azaarenes, oxygenated
PAHs and methylated PAHs, collectively referred to as polycyclic
aromatic compounds (PACs). Many PACs can cause toxic effects such as
mutagenesis and carcinogenesis in humans and animals (Lundstedt
et al., 2007).

An important pathway concerning toxic effects of PACs is the
cytosolic aryl hydrocarbon receptor (AhR) signal transduction pathway.
Halogenated aromatic hydrocarbons, such as polychlorinated dibenzo-
p-dioxins and furans, polychlorinated biphenyls (PCB) along with a
number of high molecular weight PAHs can bind to and activate the
AhR, which starts the production of a battery of proteins, including
the cytochrome P4501A (CYP1A) (Denison and Heath-Pagliuso, 1998;
Marlowe and Puga, 2005). Induced proteins can alter cellular homeo-
stasis. Moreover, AhR-mediated induction of CYP1 enzymes can
lead to mutation and tumour initiation due to metabolic activation
of several PAHs (Bosetti et al., 2007; Nebert et al., 2000; Trombino
et al., 2000). The relationship between the AhR activation potency
of PAHs and their toxic effects is not clear. For example, PAHs that
strongly activate the AhR have shown to be only weakly carcinogenic
in animal studies (Boström et al., 2002; Machala et al., 2001a). Other
studies have shown good correlations between AhR inducing
capacity and carcinogenic potency (Sjögren et al., 1996; Trombino
et al., 2000).
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Inhalation of air and ingestion of food are two of the routes through
which humans are exposed to PAHs (Falco et al., 2003; Nwaneshiudu
et al., 2007; Ramirez et al., 2011). Ingestion of soil and dust can be im-
portant routes of exposure, especially for young children. PAHs are
well-known contaminants in urban and industrial soils, especially in
abandoned gaswork sites, gas stations and former wood impregnation
facilities with creosote (Nestler, 1974; Šídlová et al., 2009; Thavamani
et al., 2011).

Even though hundreds of PACs often exist in PAH-contaminated en-
vironmental samples, risk assessments of PAHs in contaminated soils
are usually based on instrumental quantification of a small number of
individual PAHs, generally the 16 priority PAHs established by the
United States Environmental Protection Agency (USEPA) (Lundstedt
et al., 2003; Musa Bandowe et al., 2010). Traditional methodology of
using chemical analysis of the priority PAHs to determine the degree
of PAH contamination in soils greatly overlooks toxicologically relevant
PAHs or other AhR agonists (Larsson et al., 2013; Lundstedt et al., 2003).

Bioassays are practical techniques to obtain estimates of the toxic-
ities and potential risks of mixtures. Mechanism specific bioassays are
good screening tools for toxic chemicals in different media because
they enable an estimation of the total biological effect of all chemicals
present in the sample with the same mechanism of action (Behnisch
et al., 2001; Richter et al., 1997). Because of the AhR-activating capacity
of many PACs, AhR-based bioassays, like the H4IIE-luc bioassay, can be
used in the analysis of PAH-contaminated samples (Denison et al.,
2002; Larsson et al., 2014). Moreover, the AhR-mediated toxic potency
of single chemicals can be estimated (Villeneuve et al., 2000a). The po-
tency of a single chemical can be quantified compared to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) or another potent compound,
and the relative potency (REP) factor can be used to calculate 2,3,7,8-
TCDD equivalents (TEQs) (Engwall et al., 1998).

The use of mass balance analysis, i.e. comparison of bioassay derived
TEQs with chemical TEQs based on REPs and measured concentrations,
has shown that chemically identified PAHs often account for only a
fraction of the AhR-mediated activities found in PAH-contaminated
environmental samples (Andersson et al., 2009; Keiter et al., 2008;
Larsson et al., 2013; Villeneuve et al., 2000b). Additionally, additive
behaviour of PAHs in synthetic mixtures has been observed in the
H4IIE-luc assay (Larsson et al., 2012), which indicates that the high
AhR-mediating activities observed in the environmental samples are
due to other unidentified PACs and/or possible synergistic chemical in-
teractions in the complex environmental samples. Sample matrices
might also have an effect on the AhR-mediating activity observed in
samples. For example, dissolved organic matter (DOM) has been sug-
gested to enhance the AhR-mediating activity of a PAH-mixture
(Bittner et al., 2011).

Bioassay analysis of environmental samples gives no information
about concentrations and toxic activities of individual chemicals present
in samples (Sanderson et al., 1996). To increase the knowledge in
mixture assessments, knowledge of single compounds and how they in-
teract with each othermust be further investigated. This can be done by
testing single compounds and artificial mixtures with a known compo-
sition in bioassays. Based on concentration–response curves of single
compounds, activities ofmixtures can bepredicted from severalmodels,
like the concentration addition (CA) model or the independent action
(IA) model and then compared with the observed activity in the
known mixtures (Faust et al., 2001). Independent action, also known
as response addition, is based on the assumption that the mixture
components cause a common integrated effect through differentmech-
anisms of action (Backhaus et al., 2000). The CA model is based on the
assumption that all mixture components have a common or similar
mode and mechanism of action. Most studies employ the fixed ratio
design, that is, the ratio between the individual compounds in the mix-
tures is constant, and the total concentration of the mixtures is varied.
Often, the compounds are mixed in an equivalent-effect concentration,
for example, an effective concentration for 50% (EC50). The advantage of
such mixtures is that no discrimination of low-potency compounds
occurs.

Like the approach where TEQ are calculated as the sum of the
products of concentrations of individual compounds and their respective
REPs, the CA and IA models are based on additive behaviour of the
compounds and non-interactions in the mixture. Disagreement in
predicted and observed activities suggests non-additive interactions,
i.e. ultra-additive or infra-additive interactions, of the compounds in
the mixture (Sanderson and Giesy, 1998). The CA model has been
shown to be an accurate reference model of mixtures of chemicals
known to have similar modes of action (Faust et al., 2001; Zhang
et al., 2008). Unlike the REP concept, concentration–response curves
do not have to be parallel.

The objective of the study was to examine whether the concentra-
tion addition (CA)model accurately predicts theAhR-mediatedmixture
activity at different concentrations and compositions of PACs, including
PAHs, oxy-PAHs and azaarenes, by the use of the H4IIE-luc bioassay.
Synthetic mixtures with various compositions were chosen based on
ranges of concentrations of PACs expected to occur in the environment
(Lundstedt et al., 2003;Musa Bandowe et al., 2010; Šídlová et al., 2009).
A secondary objective was to determine if the matrix, in extracts of soil,
or the presence of non-AhR-active PACs affect the activity of the mix-
ture. The accuracy of the independent action (IA) method, based on
compounds having dissimilar mode of action to predict AhR-activity of
mixtures of PACs was also evaluated.

2. Material and methods

2.1. Chemicals and mixture compositions

Individual standards of 27 PACs were obtained for the present study;
cyclopenta[def]phenanthrene (97%), naphthacene (99.5%), benzo[a]
fluorene (98%), 1-indanone (N99%), 4H-cyclopenta[def]phenanthrenone
(99.5%), 2-methylanthracene-9,10-dione (97%), benzo[a]fluorenone
(99.8%), benz[a]anthracene-7,12-dione (N98%), anthracene-9,10-dione
(99.8%), naphthacene-5,12-dione (97%), 7H-benz[de]anthracene-7-one
(99%), 1,4-chrysenequinone (93%), quinoline (98%), benzo[h]quinolone
(98%), acridine (N98%), dibenz[a,h]acridine (99.6%), benzo[a]pyrene
(99%), chrysene (99%), indeno[1,2,3-cd]pyrene (99%), benzo[j]fluoran-
thene (99%), benzo[b]fluoranthene (99%), benzo[k]fluoranthene, dibenz
[a,h]anthracene (99%), naphtho[2,3-a]pyrene (98%), benz[a]anthracene
(98%) dibenz[a,c]anthracene (97.5%), and dibenz[a,j]anthracene (99.8%).
Molecular structures of PACs are presented in Fig. S1. The TCDD standard
had a purity of 99.1%.

Eighteen synthetic mixtures composed of two to 23 individual PACs
were made in dimethyl sulfoxide (DMSO). The mixtures were named
based on the number of compounds included. For example, mixtures
composed of 18 PACs were named mix18. In cases of several mixtures
with the samenumber of components, a letterwas added to themixture
name. In ten of themixtures, PACs weremixed in equivalent effect con-
centrations, so-called equitoxic mixtures (Table 1). Components of the
mixtures were combined in proportion to their EC5 and EC50 values.
That is, concentrations producing 5% or 50% of the maximum induction
caused by TCDD in the bioassay (Altenburger et al., 2000). The
advantage of such mixtures is that no discrimination of low-potency
compounds occurs since all compounds are expected to contribute
equally to the overall effect of the mixture. Since it is unlikely that
PACs occur in the environment in a fixed ratio to their AhR-mediated
effect concentrations, the other eight mixtures were non-equivalent
effect concentrations (Table 2). Various combinations of the compounds
were chosen in the mixtures to estimate the activity and additivity in
mixtures containing solely PAHs, oxy-PAHs or azaarenes and mixtures
containing a combination of the compounds. Different concentrations
were selected to cover concentrations of PACs expected to occur in the
environment. Additionally, a mixture of five PACs that elicited no AhR-
mediated effect (referred to as non-effect PACs) when each compound



Table 1
Mixtures of PACs prepared in two equivalent effective concentrations (EC5 and EC50). Chemicals included in each mixture are marked with the EC level of the compound in the mixture.

Compounds Mixtures

mix18A mix13 mix11 mix7A mix4

1 Benzo[a]fluorene EC50 EC5 EC50 EC5
2 Naphthacene EC50 EC5 EC50 EC5
3 Chrysene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
4 Benzo[a]anthracene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
5 Benzo[k]fluoranthene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
6 Benzo[j]fluoranthene EC50 EC5 EC50 EC5
7 Benzo[b]fluoranthene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
8 Benzo[a]pyrene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
9 Indeno[1,2,3-cd]pyrene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
10 Dibenz[a,c]anthracene EC50 EC5 EC50 EC5
11 Dibenz[a,j]anthracene EC50 EC5 EC50 EC5 EC50 EC5
12 Dibenz[a,h]anthracene EC50 EC5 EC50 EC5 EC50 EC5 EC50 EC5
13 Naphtho[2,3-a]pyrene EC50 EC5 EC50 EC5
16 9,10-Dihydrobenzo[a]pyren-(8H)-none EC50 EC5 EC50 EC5 EC50 EC5
17 Benzo[a]fluorenone EC50 EC5 EC50 EC5
18 Benz[a]anthracene-7,12-dione EC50 EC5 EC50 EC5 EC50 EC5
19 7H-benz[de]anthracen-7-one EC50 EC5 EC50 EC5
24 Dibenz[ah]acridine EC50 EC5 EC50 EC5
Total mixture concentrations (μM) 34 1.5 2.7 0.05 20 1.1 1.8 0.43 31 1.5

Effective concentration values (EC5 and EC50) are calculated from the individual PAC concentration–response curves (Larsson et al., 2012, 2014).
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was tested separately was composed to investigate if non-effect PACs in
amixturemay produceAhR-mediated response. The non-effective PACs
mixture was then mixed 1:1 with an 18-component mixture (mix18A)
to determinewhether the presence of non-effective PACs alters potency
of the mixture due to chemical activity of the mixture (Sanderson and
Giesy, 1998). Mixture combinations are listed in Tables 1 and 2 and
effect concentrations in Tables 3 and S1, while proportions (pi) of
individual PACs in the total concentration of mixtures are listed in
Tables S2 and S3.

To investigate if the matrix of soil might affect the AhR-mediated
activities of mixtures of PACs, soil extracts in n-hexane from extraction
of an agricultural soil were added to three of the PAC mixtures. Before
exposing cells to thesemixtures the n-hexanewas vaporised. Amixture
containing extract of the agricultural soil was also prepared in DMSO.

2.2. H4IIE-luc bioassay

AhR-mediated activities for the PAC-mixturesweremeasured by the
use of the H4IIE-luc assay, as previously described in Larsson et al.
(2012). This transactivation assay, based on a rat hepatoma cell line, is
stably transfected with a luciferase reporter gene under control of the
dioxin response enhancer (DRE) of the AhR-mediated signal transduc-
tion pathway (Murk et al., 1996).

Concentration–response curves were constructed for the mixtures
using a sigmoidal dose–response (four-parameter logistic equation)
(Eq. (1)).

E cð Þ ¼ minþ max−minð Þ
1 þ 10 LogEC50−cð Þ�slope

ð1Þ

where: min and max are the minimal andmaximal observed effect pla-
teaus, respectively, c is the concentration of the test mixture, EC50 is the
concentration of the testmixture yielding 50% effect of TCDDmaximum
induction (TMI). The curve-fitting was performed by the use of the
GraphPad Prism® 5.0 software.

Only plates with a relative standard deviation of b16% within the
triplicate wells of each concentration of TCDD and PACs, a TCDD
maximum induction factor N6 and a TCDD EC50 value between 8 and
18 pM were included in the study. Limit of detection (LOD) was calcu-
lated as the mean luciferase activity of DMSO control triplicates + 3
times standard deviation (SD).
3. Calculations

3.1. Prediction of activities of mixtures

Activities of mixtures were predicted by the use of the concentra-
tion addition (CA) model or the independent action (IA) model on
the basis of concentration–response curves of single PAHs, oxygenat-
ed PAHs and azaarenes, which have been reported elsewhere
(Larsson et al., 2012, 2014). Data from two to four experiments
were used for calculation of the predicted activity of mixtures. To
make the response curves comparable, responses to PACs were
normalised to the mean of the maximum efficacy observed for their
corresponding TCDD standard. The mean solvent control response
was subtracted from both TCDD standard and PAC responses prior
to conversion to get the responses scaled from 0% to 100% of TMI.
Concentration–response curves used in the mixture predictions
had a mean maximum induction of luciferase activity N50% of TMI.
Effect concentrations (ECx) of individual PACs were defined relative
to the effects of the TCDD concentration used as the reference compound,
for example EC50 is the concentration producing an effect of 50% of the
maximum effect of TCDD.

Because the composition of themixtures is known, the concentrations
of each PAC can be expressed as a fraction of the total concentration.
Concentration addition is expressed mathematically as

ECx;mix ¼
Xn
i¼1

pi
ECx;i

 !−1

ð2Þ

where: n is the number of mixture constituents, ECx,mix is the concen-
tration of the mixture provoking x% effect, ECx,i is the concentration of
the ith mixture component provoking x% effect when applied singly,
and pi is the fraction of the ith component in the mixture
(Berenbaum, 1985).

Concentrations giving 10–100% mixture effects were calculated in
steps of 5% and the concentration/effect coordinates were plotted and
analysed using the Eq. (1) (GraphPad Prism® 5 software) to give a
predicted concentration–response curve.

The alternative IA model is a common approach used for prediction
of the mixture toxicity of compounds with diverse modes of action.
Response addition is defined by Eq. (3).



Table 2
Mixtures of PACs prepared in non-equivalent effective concentrations. Chemicals included in each mixture are marked with the EC level of the compound in the mixture.

Compounds Mixtures

mix2A mix5A mix3 mix5Ba mix7B mix18B mix18C mix23a

1 Benzo[a]fluorene EC31 EC15 EC31
2 Naphthacene EC41 EC22 EC41
3 Chrysene EC37 EC15 EC37
4 Benzo[a]anthracene EC35 EC12 EC35
5 Benzo[k]fluoranthene EC28 EC17 EC28
6 Benzo[j]fluoranthene EC46 EC29 EC46
7 Benzo[b]fluoranthene EC41 EC25 EC41
8 Benzo[a]pyrene EC38 EC18 EC38
9 Indeno[1,2,3-cd]pyrene EC43 EC26 EC43
10 Dibenz[a,c]anthracene EC39 EC19 EC39
11 Dibenz[a,j]anthracene EC38 EC16 EC38
12 Dibenz[a,h]anthracene EC41 EC22 EC41
13 Naphtho[2,3-a]pyrene EC39 EC20 EC39
14 2-Methylanthracene-9,10-dione EC30 EC17
15 Naphthacene-5,12-dione EC22 EC31 EC27
16 9,10-Dihydrobenzo[a]pyren-(8H)-none EC40 EC24 EC32 EC9 EC32
17 Benzo[a]fluorenone EC56 EC35 EC30 EC9 EC30
18 Benz[a]anthracene-7,12-dione EC30 EC23 EC37 EC14 EC37
19 7H-benz[de]anthracen-7-one EC50 EC30 EC30 EC7 EC30
20 1,4-Chrysenequinone EC58 EC48
21 1-Indanone nd (5.0) nd (2.5)
22 Anthracene-9,10-dione nd (4.0) nd (2.0)
23 4H-cyclopenta[def]phenanthrenone nd (5.0) nd (2.5)
24 Dibenz[ah]acridine EC98 EC38 EC21 EC38
25 Acridine EC80
26 Benzo[h]quinoline nd (8.0) nd (4.0)
27 Quinoline nd (8.0) nd (4.0)
Total mixture concentrations (μM) 20.2 21.5 13.7 30 17.6 17 3.4 32

Effective concentration levels (ECx) are calculated from the individual PAC concentration–response curves (Larsson et al., 2012, 2014).
nd = no detectable AhR-mediated response observed for the single PACs within the concentration range tested (Larsson et al., 2014).

a Molar concentrations (μM) are bracketed for non-effect PACs.
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E cmixð Þ ¼ 1−∏
n

i¼1
1−E cið Þð Þ ð3Þ

Where: ci denotes the concentrations of the ith mixture component,
E(ci) its corresponding effect, and E(cmix) the overall effect caused by the
total concentration of the mixture (cmix) (Bliss, 1939).
Table 3
AhR-mediated potency of single PACs; effect concentrations (EC5 and EC50) and slopes of
the concentration–response curves.

Compounds EC50 (nM) EC5 (nM) Slope

1 Benzo[a]fluorene 730 5.5 0.435
2 Naphthacene 14 0.015 0.522
3 Chrysene 390 8.8 0.736
4 Benzo[a]anthracene 800 28 0.834
5 Benzo[k]fluoranthene 4.8 0.007 0.311
6 Benzo[j]fluoranthene 60 0.060 0.496
7 Benzo[b]fluoranthene 79 0.038 0.388
8 Benzo[a]pyrene 320 4.6 0.588
9 Indeno[1,2,3-cd]pyrene 120 0.97 0.465
10 Dibenz[a,c]anthracene 25 0.049 0.672
11 Dibenz[a,j]anthracene 21 0. 57 0.662
12 Dibenz[a,h]anthracene 23 0. 18 0.515
13 Naphtho[2,3-a]pyrene 120 0. 10 0.571
16 9,10-Dihydrobenzo[a]pyren-(8H)-none 7800 400 0.877
17 Benzo[a]fluorenone 4200 180 0.733
18 Benz[a]anthracene-7,12-dione 10,800 310 0.673
19 7H-benz[de]anthracen-7-one 8400 580 0.988
20 1,4-Chrysenequinone 2800 34 0.697
21 1-Indanone nd nd nd
22 Anthracene-9,10-dione nd nd nd
23 4H-cyclopenta[def]phenanthrenone nd nd nd
24 Dibenz[ah]acridine 4 0.013 0.493
25 Acridine 1600 570 0.945
26 Benzo[h]quinoline nd nd nd
27 Quinoline nd nd nd
Concentration/effect coordinates were plotted and analysed by the
use of (Eq. (1)) a sigmoidal response (four-parameter logistic equation)
curve fitting (GraphPad Prism® 5 software) to give a predicted
concentration–response curve.

3.2. Observed activity of mixtures

Concentration–response curves were calculated for each mixture by
the use of a four-parameter logistic equation (Eq. (1)). In order to make
the response curves comparable, the mixture responses were normal-
ised against the mean of the maximum response observed by the
TCDD standard. The mean solvent control response was subtracted
from both TCDD standard and mixture responses prior to conversion
to get responses scaled from 0% to 100% of TCDD maximum induction
(TMI).

4. Results and discussion

4.1. Predictability of activities of mixtures of PACs by the CA model

Based on previous results of additive behaviour of PAHs in the
AhR-based, H4IIE-luc bioassay (Larsson et al., 2012), the accuracy
of the CAmodel to predict activity of mixtures composed of addition-
al polycyclic aromatic compounds, such as oxy-PAHs and azaarenes,
was investigated. Oxy-PAHs are less potent AhR agonists than their
unsubstituted, analogous PAHs, while azaarenes exhibited potencies
in the H4IIE-luc bioassay that are similar or even greater than their
analogous PAHs (Larsson et al., 2014; Machala et al., 2001b;
Sovadinová et al., 2006). However, in assessments of potential
hazards of PACs in the environment contributions of numerous com-
pounds and/or mixture interactions to the overall AhR-mediated
mixture are of importance.



Fig. 1. Observed and predicted AhR-mediated activity in mixtures of PACs mixed in their equivalent effective concentrations (EC50) at 24 h of exposure in the H4IIE-luc bioassay. The ob-
served data are based on two experiments consisting of triplicates at each concentration. Predicted data calculatedwith concentration addition (CA) or independent action (IA) are based
on two to four experiments for each of the individual compoundswith triplicate exposures for each concentration. Error bars represent standard deviations, and dashed lines give the 95%
confidence intervals of the observed curve. When a mixture contains n PACs in the ratio of their individual EC50 values, there is one point on the concentration–response curve (marked
with an arrow), where the concentrations of all single constituents equal just 1/n of these individual EC50 values.
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All 18 PAC mixtures tested in the present study elicited AhR-
mediated activities as determined in the H4IIE-luc bioassay (Figs. 1
and 2). Several mixtures caused super induction, which are efficacies
that are greater than the maximum efficacy of TCDD that was used as
the reference chemical. Super induction has also been observed in
H4IIE-luc bioassay by individual PAHs, oxy-PAHs, or mixtures of PAHs
in extracts of environmental matrices. That has also been observed in
other bioassays, for example by estrogens in the ERLUX bioassay
(Evans et al., 2012; He et al., 2011; Larsson et al., 2012).

Based on relative prevalence of each compound in the mixtures and
their individual concentration–response curves (Figs. 3 and 4), activities
ofmixtureswere predicted by the use of the CAmodel. Individual concen-
tration–response curves used were determined in previous studies
(Larsson et al., 2012, 2014). Maximum efficacies of predicted concentra-
tion–response curves varied among compositions of mixtures, because
several of the individual PACs did not elicit full concentration–response
curves within the tested concentrations. For mathematical reasons,
predictions are limited to the maximum effect observed for the
compound with least induction of luciferase activity in each mixture. The
CA model calculates concentrations of mixtures of compounds that pro-
duce a predetermined effect, and these predictions are based on the effect
concentration of each compound that will singly produce the same effect.

Mixture interactions were studied by comparing the observed
activities of mixtures with activities predicted by the use of the CA
model. Concentration–response curves are displayed in Figs. 1 and 2.
In general, the absolute differences between predicted and observed
mixture activities were quite small. Predicted EC50 values observed in
the bioassay for the two mixtures composed of three to four oxy-PAHs
were approximately a factor of 1.4 (mix3) to 1.6 (mix4) greater than
the observed EC50 values (Table 4). Otherwise the CA model tended to
overestimate the toxicity to some extent in the mixtures containing
seven to 13 compounds mixed in equivalent effect concentrations
(EC50). The greatest difference between observed and predicted poten-
cy was shown in the mixture of 7 PAHs, mix7A. The observed EC50 was
4.2-fold greater than the predicted EC50, compared to 2.7 times greater
in mix11, and 1.4 times greater in mix13. The predicted potency in
mix7B, composed of 7 oxy-PAHs, was overestimated in the lesser effect
range of the curve and underestimated at greater concentrations. Addi-
tive potencies were observed for mix5A, which was composed of five
oxy-PAHs, and in the binary azaarene mixture, mix2 (indicated by over-
lapping 95% confidence intervals, Table 4). Additivity was also observed
for the mixtures containing 18 PACs. These findings were in agreement
with those of a previous study, in which a strictly additive response of
a mixture containing 15 PAHs was observed (Larsson et al., 2012). The
mixture that contained 23 PACs including five non-effect PACs also ex-
hibited a strictly additive activity.

Comparing mixtures composed of only PAHs, oxy-PAHs or
azaarenes, almost additive interactions were observed for mixtures
composed of oxy-PAHs. A tendency to infra-additive interactions was
observed for mixtures containing only PAHs. As indicated by the non-
overlapping 95% confidence interval, the observed EC50 values were
significantly greater than predicted in the PAH mixtures (Table 4).
Since supra-additive interactions for mixtures of two to four PAHs
have been reported previously (Larsson et al., 2012), it seems likely
that mixtures of PACs might cause infra- and supra-additive responses.
This is more observable for mixtures composed of fewer compounds. In



Fig. 2.Observed and predictedAhR-mediated activity inmixtures of PACsmixed innon-equivalent effective concentrations at 24 h of exposure in theH4IIE-luc bioassay. The observed data
are based on two experiments consisting of triplicates. Predicted data calculated with concentration addition (CA) are based on two to four experiments for each of the individual com-
pounds with triplicate exposures for each concentration. Error bars represent standard deviations, and dashed lines give the 95% confidence intervals of the observed curve.
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multicomponent mixtures both supra- and infra-additive effects could
occur simultaneously among various constituents, but the overall effect
might be simple additivity if the effects cancel each other (Kortenkamp
Fig. 3. Concentration–response curves for the 13 polycyclic aromatic hydrocarbons
(PAHs). Identity of the compounds is given in Tables 1 and 2 (Larsson et al., 2012).
et al., 2009;Warne andHawker, 1995). This is a possible explanation for
why the predictive power of the CA model for multicomponent
mixtures was better than it was for mixtures with fewer compounds.
Fig. 4. Concentration–response curves for the 14 oxygenated polycyclic hydrocarbons
(oxy-PAHS) and azaarenes. Identity of the compounds is given in Tables 1 and 2 (Larsson
et al., 2014).
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Table 4
Predicted and observed effect concentrations (EC50) of selected PAC mixtures (μM) and 95% confidence intervals (CI).

Mixture Observed Predicted by CA Predicted by IA

Mean (μM) 95% CI Mean (μM) 95% CI Mean (μM) 95% CI

mix18A 1.630 1.499, 1.775 1.880 1.774, 1.990 0.112 0.078, 0.164
mix13 0.321 0.279, 0.370 0.221 0.210, 0.233 0.0011 0.00067, 0.0016
mix11 1.500 1.323, 1.702 0.546 0.511, 0.573 0.217 0.164, 0.289
mix7A 0.185 0.166, 0.206 0.044 0.043, 0.046 0.030 0.021, 0.046
mix4 4.65 4.280, 5.033 7.131 6.928,7.340 6.995 5.877, 8.415
mix2 0.326 0.252, 0.422 0.330 0.329, 0.331
mix5A 2.871 2.347, 3.536 2.836 2.770, 2.904
mix3 5.068 4.692, 5.527 7.104 7.091, 7.116
mix7B 3.980 3.738, 4.240 3.560 3.446, 3.678
mix18B 1.489 1.253, 1.784 1.880 1.774, 1.993
mix18C 1.555 1.431, 1.685 1.895 1.784, 2.012
mix23 3.127 2.736, 3.589 3.744 3.461, 4.047
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4.2. Comparison of the CA and IA models for predicting AhR-mediated
activities in PAC mixtures

In contrast to the CA concept, IA assumes different target sites and
dissimilar mechanisms of action of all mixture components. The CA
model was expected to predict better than the IA model, because the
mechanisms through which AhR-agonists operate is well defined and
specific in the H4IIE-luc bioassay, which responds to all compounds
that activate the AhR.

To assess accuracy of predictions of the two models their
concentration–response curves were compared (Fig. 1). The best agree-
ment between the two models (overlapping 95% confidence intervals
for EC50) was observed for a four-component mixture, mix4, but predic-
tions of bothmodelswere 1.3 times greater than the EC50 of the observed
curve (Table 4). Both the CA- and IA-model tended to overestimate the
potency of mixtures, mix7A and mix11. Based on predicted EC50 values
for mix7A and mix11, the IA-model predicted a mixture potency that
was 1.4 to 2.5 times greater than the potency predicted by the CA
model. However, the accuracy of predictions made by the use of the IA-
model was better than that of the CA-model for lesser concentrations of
mix7 and mix11. Based on a comparison of predicted EC50 values, of
mix13 and mix18A, the IA-model predicted a mixture potency that was
17- to 200-fold greater than the potency predicted by the CA-model.

Shallower slopes (less than 1) of the concentration–response curves
for most single PACs (Table 3) might be the reason for the poorer
predictability of activities of the 13- and 18-component mixtures by
the IA-model. Less steep slopes of themixture componentswould gener-
ate greater predictions by the IA-model (Backhaus et al., 2004; Brosche
andBackhaus, 2010;Drescher and Boedeker, 1995). Differences between
activities predicted by the IA- and CA-models were the greatest in the
13-component mixture, composed of only unsubstituted PAHs.
Concentration-curves for PAHs were less steep (slope = 0.3 to 0.8)
than those of the oxy-PAHs or azaarenes (slope = 0.5 to 1) (Table 3).
Calculation of ratios between individual EC50 and EC5 values indicated
the steepness of the concentration–response curves. The ratio varied
between 28 and 2000 for the PAHs and between 20 and 44 for the
oxy-PAHs. Lower slopes of PAHs concentration–response curves might
be an explanation for the difference between mixture activities of
mix13 predicted by the IA- and CA-model (Backhaus et al., 2000,
2004). The IA-model failed to accurately predict the potencies of all
mixtures as determined by the H4IIE-luc assay.

Since the predictability of the CAmodel is independent of the slopes
and PACs commonly have concentration–response curves with less
steep slopes, the CA-model would be the more appropriate model for
prediction of activities of mixtures. This conclusion is supported by the
better agreement of the experimental datawith the additive expectations
by the CA-model. Predictability of activities of mixtures is not restricted
to a certain mixture ratio or effect concentration, because similarity be-
tween observed and predicted AhR mediated activity in the H4IIE-luc
bioassay was independent of the mixture composition. Additive
interactions were observed in both equitoxic- and non-equitoxic
mixtures. Accuracy of predictions of multi-component PAH-mixtures by
the use of the CA-model or the REP-concept (Larsson et al., 2012) along
with the predictions of PAC-mixtures by the CA-model in the present
study confirm the suitability of using the concentration-addition model
in predictions of the activity of PAC mixtures, and the use of the TEQ
approach based on REPs in mass-balance calculations. In this study
TCDD was used as a reference chemical, but the conclusions would
have been similar if, instead, benzo[a]pyrene had been used as a reference.

4.3. Mixture activity at lower effective concentrations of single PACs

Generally, when mixtures contain compounds at low effective con-
centrations full concentration–response curves are not produced. In
those cases point estimates can be made (Faust et al., 2001). In an
equitoxic mixture that contains “n” numbers of PACs in the ratio of their
individual EC50 values, there is one point on the concentration–response
curve, where the concentrations of all single constituents equal 1/n
fraction of their individual EC50 value. The total concentration for
those individual EC50 values is marked with an arrow in each mixture
(Fig. 1) and corresponding effects are presented (Fig. 5).

The total concentration in the 18-component mixture produces a total
combined effect of 50%. This is exactly equal to the prediction by the use of
the CA-model, which predicted a total effect of 50%. The total effect pre-
dicted by the use of the IA-model was almost a factor of two greater
(98%). Thus, the CA-model predicted greater effect for mix13, mix11 and
mix7 than the observed combined effects, with a deviation of 12, 15 and
18%, respectively. A lower effect was predicted by CA in mix4 and the
deviation was 19% compared to the observed total combined effect.

Similar point estimations can be performed for the equitoxic mix-
tures composed of PACs based on EC5 concentrations. Because the
total mixture concentrations were equal to the sum of the individual
EC5 concentrations of PACs, total mixture concentrations were used
(Tables 1 and 3). The total combined effect was significant for all mix-
tures, despite the low total concentrations, 0.05 to 1.5 μM. Observed
combined effects of individual EC5 values were 28 and 18% in mix18A
and mix13, respectively, and the corresponding prediction of total
effects by the CA-model were 28 and 20%, respectively, which are
considered to be good predictions. The predictions made by the use of
the IA-model were a factor of two greater (Fig. 5). Thus, both models
predicted greater effect than the combined effect observed in mix13,
mix11 and mix4.

4.4. Effect of the soil matrix or non-effect PACs on the mixture activity

Because PAHs often account for only a portion of the AhR-mediated
effects of PAH-contaminated environments, effects of a soil matrix
might have on the total activity of mixtures of PACs was investigated.



Fig. 5. Comparison of the total effects of PAC mixtures. (A) Concentration of individual mixture components equal to individual EC5 values. (B) Concentrations of individual components
equal to 1/n of individual EC50 values. When a mixture contains n PACs in the ratio of their individual EC50 values, there is one point on the concentration–response curve, where the
concentrations of all single constituents equal just 1/n of these individual EC50 values.
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An equal equivalent amount of an extract of an agricultural soil was
added to three 18-component mixtures (mix18A, mix18B and 18C),
which had similar compositions of PACs, but different total concentra-
tions (34, 17 and 3.4 μM, respectively). The soil mixture caused signifi-
cant AhR-mediated activity in the H4IIE-luc bioassay when tested
alone, but the concentration–response curve was shifted to the right
on the x-axis compared to the 18-component mixtures (Fig. 6). The
Fig. 6. Effects of soil extract matrix or non-effect PACs on luciferase activity in H4IIE-luc cells b
mixtures at different concentrations with or without the presence of soil matrix (A–C) and of
the H4IIE-luc bioassay. The data are based on two experiments consisting of triplicates. Error b
efficacy of the mix18A was reduced from 175% to 120% in the presence
of soil, but besides that, the concentration–response curves were com-
parable (as indicated by overlapping 95% confidence of the curves).
Also the concentration–response curves for the other two mixtures
(mix18B andmix18C)with andwithout the presence of soil were compa-
rable.However, a slight effect of the soilwas observed at the lesser concen-
tration (mix18C), which increased the potency of the mixture to some
y different AhR agonistic PAC mixtures. Comparison of concentration–response curves of
a mixture with or without the presence of five non-effect PACs (D) at 24 h of exposure in
ars represent standard deviations.
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extent. This result would be expected due to the lesser concentration of
PACs in that mixture. The observed reduction in efficacy of the mix18A
and mix18B might be due to sorption of the PACs to organic material in
the mixture, which would decrease concentrations of soluble compounds
in the cellmediumand thereby the effect of the PACs. Another explanation
can be competitive AhR ligands in soils that are less efficient agonists than
the PAHs. If this reduction in effect really results in a decrease of risk is
unknown, because the effect is still greater than TMI, i.e. superinduction
exists, in the mixtures (mix18A and 18B) containing soil. Moreover, the
potency of the concentration–response curves is unaffected of the soil.

The amount of soil tested in this study; 81mg soil/ml cell medium is
within the range (4 to 150 mg soil/ml medium) that is commonly ex-
tracted for the use in the H4IIE-luc analysis of soils, depending on the
degree of PAH-contamination. Lesser AhR-mediated potency in the ag-
ricultural soil agrees with previous H4IIE-luc bioanalysis of agriculture
soils (Larsson et al., 2013; Šídlová et al., 2009). The soil had a negligible
effect on the mixture potency of PACs. No significant differences (over-
lapping 95% confidence intervals) in potency were shown between the
concentration-curves of the mixtures (mix18A and mix18B), with or
without soil.

AhR-mediated activity of a mixture containing five non-effect PACs
(mix5B) was tested in the H4IIE-luc bioassay, which showed no signifi-
cant AhR-mediated activity (Fig. 6). Additionally, the mixture was
mixed 1:1 with an 18-component mixture (mix18A), to see if the
presence of non-effect PACs altered the activity of PAC mixtures. The
concentration–response curve was compared with the concentration–
response curve of mix18B, containing the 18 PACs but at half the
concentration of mix18A. If the potency was not affected by addition
of the non-effect PACs (mix5B), the mixture was suggested to produce
the same concentration–response relationship as mix18B. As indicated
by the overlapping 95% confidence intervals, no significant difference
in concentration–response curves with or without addition of non-
effect compounds (mix5B) to the 18-componentmixture was observed
(Fig. 6). These findings suggest that these PACs (4H-benzo[h]quinolone,
quinolone, cyclopenta[def]phenanthrenone, 1-indanone and anthracene-
9,10-dione), although present in a sample, will not produce any AhR-
mediated activity or alter the overall mixture activity.

Complexities of mixtures of PACs in the environment will result in
exposure to PACs with dissimilar AhR activating potency, depending
on themolecular structure of the compounds. Even though a compound
lacks the capacity to activate a receptor, it might have agonistic or
synergistic effects on other compounds in the mixture (Sanderson and
Giesy, 1998). For example, the presence of DOM can result in reduced
AhR-mediated activity due to sorption of hydrophobic compounds to
the DOM structure or enhanced activity due to AhR-active or facilitate
effects of DOM (Bittner et al., 2011). The results of the present study
indicate that AhR-mediated activity observed in some soils contaminated
with PAHs is not due to enhanced activity by the soil matrix, since the
effect was reduced in greater concentrations of PACs. However, only
three mixtures were tested in this study containing the same soil extract
and it cannot be ruled out that the composition in other soils may affect
the AhR-mediated potency of the soils.

5. Conclusions

The results of the study presented here demonstrated that it is pos-
sible to predict AhR-mediated activities of mixtures in the H4IIE-luc
assay by the use of concentration addition. Accuracy was the best for
multicomponent mixtures and independent of the mixture composi-
tion. Thus, responses were strictly additive, in mixtures composed of
PACs in equivalent- or non-equivalent effect concentrations. These re-
sults strongly support the use of concentration addition in assessment
of hazard andmass-balance calculations formixtures of PACs in samples
from the environment, such as soils. In contrast independent action
seems to be an inappropriate model for predictions of mixture activity
in PAC mixtures. Results presented here are an important step in the
evaluation of AhR-based bioassay analysis of complex PAC-contaminated
samples. Additive behaviour of PACs along with the insignificant effect
of the soil matrix support the suggestion that numerous PACs are
responsible for the high AhR-mediated activities observed in the
H4IIE-luc analysis of environmental samples. Questions remain regard-
ing the identity of chemicals, their mechanisms of action, interactions,
and whether the total AhR-mediated activating potency of complex
PAC-mixtures corresponds to an adverse biological effect. This is of im-
portance since results from this study indicate that exposure even for a
few PACs at relatively low concentrations can cause AhR-mediated
effects.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2014.06.011.
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