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Abstract

Bioanalytical equivalents (BEQs) of mixtures and environmental samples are widely
used to reflect the potential threat of pollutants in the environment and can be
obtained by bioassays or using chemical analysis combined with relative potencies
(REPs). In this study, the relationships between bioassay-detected BEQs (Bio-BEQS)
and chemically analyzed BEQs (Chem-BEQs) were studied. BEQs and REPs are
correlated with effect level and the concentration-resporsc curves of the reference
standard and sample. Thus, effect level (e.g., EC.~, ECy and ECsp) should be
addressed for the BEQ values obtained from hioas ays or chemical analyses. The
previous prerequisites for REPs application (1..... curves that are parallel and have the
same maximum response) are reduncan. a3 the use of REPs for the calculation of
BEQs or in risk assessment shou!d instead be based on the same effect level. For a
complex mixture with many con ncnents, all active components can be regarded as
dilutions of a standard cu.mpound for inducing a specific effect. Relative toxicity
estimates based on -C-q ignore the contribution of weak-active components with
maximum response 1 elow ECso of the reference standard, especially in complex
mixtures or environmental samples. REPs based on an effect level ECyq that can be
clearly discriminated from background response are recommended for BEQ
calculation. As an example, the aryl hydrocarbon receptor (AhR)-mediated activity of
US EPA priority polycyclic aromatic hydrocarbons (PAHs) in RTL-W1 cells was
used to assess the reliability of REPs for mixture toxicity prediction based on the

effect level ECq,.
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1. Introduction

Bioassays are useful tools to measure the total toxicologically relevant burden of
chemicals (Heinrich et al., 2017; Schiwy et al., 2015) and to detect emerging
pollutants in the natural environment (Neale et al., 2015). Biological effects of
chemical mixtures are usually predicted using different models, including (1) the
independent action (IA) model used for chemicals acting with different modes of
action (MoAs), (2) the concentration addition (CA) muul «pplying bioanalytical
equivalents (BEQs) and relative potencies (REPS) fo- che micals with similar MoAs
(Altenburger et al., 2004; Larsson et al., 20143; 1 'eale et al., 2015), and (3) the
generalized concentration addition (GCA) .nv.del that is a modification of the CA
model that considers full agonists, patia. agonists, and competitive antagonists
(Howard and Webster, 2009; Hov.ard et al., 2010). In risk assessment of chemicals in
the environment, CA model is tnc riost frequently used, even in the case of different
MoAs, since 1A model req.ires the availability of full concentration-response curves
for the mixture and i*, ~oi.iponents, which are rarely available (Belden et al., 2007).
Based on CA model but other than REPs considering different endpoints, toxicity
equivalency factors (TEFs) have been invented for dioxin-like toxicity in several
expert meetings since the early 1990s by the World Health Organization (WHO) to
derive consensus TEFs for human and wildlife risk assessment (Van Den Berg et al.,
1998; Van den Berg et al., 2006).

Although there is a lack of consistency in the literature, in this paper the term

REP is used to describe relative potency of a compound to a reference compound in a



specific test system. REPs are based on concentration—response relationships of
individual chemicals (Larsson et al., 2012, 2014a, 2014b; Villeneuve et al., 2000,
2002), and are widely used to evaluate the toxicity of mixtures not only for
receptor-mediated effects (e.g. estrogen receptor-mediated endocrine disturbance)
(Bonefeld-Jgrgensen et al., 2007; Brion et al., 2012; Larsson et al., 2012, 2014a,
2014b; Pillon et al., 2005), but also for non-receptor-mediated effects (e.g. oxidative
stress response) (Escher et al., 2020; Neale et al., 201%, Ta.,g and Escher, 2014).
Meanwhile, REPs can also be used for bridging ciem cal analysis and bioassay
results by mass balance analysis (Larsson et al. 20.4b; Van Den Berg et al., 1998,
2006; Villeneuve et al., 2000, 2002).

Many factors, including interactiun: be. veen chemicals, differences in the shape
of the concentration-response ~urves, and species responsiveness can cause
uncertainties in mass balance ana veis and have been discussed previously (Van Den
Berg et al., 1998; Villenc.ve et al.,, 2000). For example, Villeneuve et al. (2000)
highlighted the possit.> edects of the response level on REPs and recommended a
multiple-point estimae (a range from EC,y to ECgy) approach to reflect the REPs
variations. However, multiple-point REP estimation is a cumbersome and laborious
approach and has rarely been applied. At present, the application of REPs in mixture
toxicity prediction is still based on several assumptions and limitations. The
concentration-response curves for active components should be parallel and exhibit
similar efficacy (i.e., maximum response) (Billiard et al., 2008; Payne et al., 2000;

Van Den Berg et al., 1998). Actually, these criteria are hardly met or can be met to a



limited degree, and thus are commonly violated or ignored in previous studies
(Billiard et al., 2008; Chen et al., 2019; Van den Berg et al., 2006; Villeneuve et al.,
2000; Xiao et al., 2016).

Bioanalytical equivalent (BEQ) is the concentration of a reference standard that
elicits a response equivalent to the response of the tested sample in a particular assay
(Escher et al., 2018a, 2018b; Neale et al., 2015). BEQs can be directly obtained from
the application of in vitro or in vivo bioassays (i.e., Fic BCZQ) or from detected
chemical concentrations multiplied by REPs (i.e., Che n-B zQ) (e.g., Chen et al., 2019;
Neale et al., 2015; Pan et al., 2010; Richards and Ag, anovski, 2017). The comparison
of Chem-BEQs and Bio-BEQs has been wid:n applied to quantify the contribution of
identified compounds to the bioassay- uei ‘veu effects (Brack et al., 2000; Hollert et al.,
2002; Escher et al., 2018a, 2(’8b; Larsson et al., 2014b; Neale et al., 2015;
Villeneuve et al., 2000; Xiao et a . 2016). Gaps between Bio-BEQs and Chem-BEQs
are typically interpreted to “e caused by unidentified chemicals (Escher et al., 2020;
Giannakis et al., 2023, n.eractions between components of the mixtures may also
affect the contributios of detected chemicals to biological effects (Billiard et al.,
2008; Hong et al., 2015; Larsson et al., 2012). A third reason for gaps apparently
suggesting unidentified drivers may be artifacts of data interpretation ignoring the
basic requirements of the model on the concentration-response relationships of the
mixture components. Although potential deviations of Chem-BEQs calculated on the

basis of different effect levels were mentioned in previous studies (Larsson et al.,



2014b; Villeneuve et al., 2000), it remains unclear how effect levels impact
Chem-BEQs.

The first aim of this study was to theoretically unravel the impact of slopes,
maximum effects and selected effect levels on REPs and BEQs, and to establish
criteria for the scientifically sound application of the REPs in the calculation of
Chem-BEQs by mass balance approaches. The second aim was to use an experimental
study to compare Chem-BEQs with Bio-BEQs in order .o vulidate the theoretical
concept. Specifically, a bioassay measuring 7-ethoxy “eso ufin-o-deethylase (EROD)
activity was used to measure the aryl hydrocarbnn re ~eptor (AhR)-mediated response
of mixtures of polycyclic aromatic hydro.a onons (PAHs) based on compositions
detected in sediment extracts from ths k’ver Danube. This experimental study helped
explain how the effect level unde. consiaeration affects the Chem-BEQ, evaluate the
explanatory power of Chem-BEC tc Bio-BEQ, and verify the feasibility of optimized
REPs for mass balance ana. 'sis.

2. Theoretical an7,si> of BEQs and REPs
2.1 CA model and ca'culation of mixture toxicity
When the composition of mixture is known, CA model can be expressed using

the following equation (1):

-1
R;
ECF,mix = ( ?=0 FFL) (1)
Where: ECg mix IS the predicted concentration of the mixture provoking F%
response between the maximum response to the reference compound and the blank

response; ECg; is the concentration of the ith mixture component provoking F%



response between the minimum and the maximum induction by the reference
compound when applied individually; n is the number of components of mixtures; Ri
is the ratio of the ith component in the mixture (Berenbaum, 1985; Larsson et al.,
2014a).
2.2 The calculation of REPs

REPs were used to calculate the concentration of a reference standard that is
equivalent to a given concentration of the sample induciny .1 adsolute response level
(Safe, 1998). There are different equations modeling ¢ »nce 1tration-response curves of
the reference, the most widely accepted one is tne \dur-parameter logistic equation,
which means that there is a plateau and rrav ction in response probably caused by
toxic effects and which cannot be corsiuzred. For the reference this reads as given in

equation (2):

I 1z 4r...~Iblank
= 2
1+10(L“o—"“§0,.ef._LOgECF,ref.)*Href. ( )

Igret. = Iblank +
Where: lgrr. i the Liological response to the reference compound with a
concentration ECgrr (< <100, expressed as a percentage); lpiank IS the blank
response to the solve: t; Imaxrer. IS the maximum response to the reference compound
in the solvent; ECsyrr IS the reference concentration that causes 50% response
between Imaxrer. @aNd lpiank; Hrer. represents the hill slope of the curve of the reference

compound.

Similarly, the concentration-response curves of the samples (i.e., compounds,
mixtures and complex environmental samples) can be expressed as the following

equation (3):



Imax,sample_lblank (3)

I =1 +
sample blank
P 1+10(L°gEC50,5ample_L°g Csample)"l'lsample

Where: lsample IS the response of the sample with a concentration Csample; lblank 1S
the blank response to the solvent; Imaxsample IS the maximum response to the sample in
the solvent; ECsosample IS the sample concentration that causes 50% response between

Imax,sampte @Nd piank; Hsample represents the hill slope of the curve.

REPs can be calculated according to the equation (4) bzsing aware that Inaxsample

and Imax rer. Mmay differ significantly and F always represe:'ts a1 effect level relative to

|max,ref.-

REPgc, = ——bref_ (4)

ECF,sample

ECkrsample Can be converted from —C50. +ple USing the following equation (5) that

is converted from the equation (3)

Im X,sam —Iplan
LOgECF,sample = LOgEC"V,"aI.TAe - LOg( axsampe Dlank — 1)/Hsample (5)

IF,ref._lblamk

When the maximun. response of a compound is greater than half of the
maximum response f tte reference standard, REPgc was widely used in previous
publications (Bols eu al., 1999; Villeneuve et al., 2000). The relationship between
REPgc,, and REPgc, can be established using the equation (6) derived from
equations (2), (4) and (5).

1 1

REPECF _ < Ig ref.~Iblank )Href. . ((IECSO,ref.—Iblank)'(lmax,sample—IF,ref.))Hsample . REPECSO (6)

Imax,ref._IF,ref. (IF,ref. _Iblank)'(lmax,sample _IECSO,ref.)

Where: REPgc, is a relative potency on the basis of ECgrr; REPg,, is a

relative potency on the basis of ECsorer; Igc,,,.. IS the half response between the



maximum response of the reference compound and the blank response.

Simply, the maximum responses of the sample can be expressed as the relative
percentage of the maximum response of the reference standard (Inyaxratio =
I max,sample/ Imax rer. X100%), and the response Ig . can be expressed as F% Of Imax rer, With
a concentration ECket. (Irrer. = FX100%). Thus, the relationship between REPgc., and
REPgc, can be expressed using a simplified equation (7):

1

1 - -
F H 50-(Imax,ratio—F) Hsample
REPgc, = (oo ) et . (o maeatio ) Rl 7

ECr 100-F (Imax,ratio_so)'F *+Cso ( )

Where:l .y ratio™> 50%100%; O<F<Iax ratio €''d F 2100.

2.3 The calculation of BEQs

The bioassay-derived BEQ kased on a fixed effect level EC (i.e., Bio — BEQgc,)
was calculated by dividing EC- tor the reference compound by the ECgsample

(equation (8)) (Giannakis ¢* al., 2020; Neale et al., 2017).

Bio — BEQpgc, - -, ——t<t ®)

EC 7,sample

For a single cuemical, chemically derived BEQ based on ECk (i.e., Chem —

BEQgc,) can be calculated by multiplying the concentration with related REP

(equation (9)).

Chem — BEQgc, = Conc. X REPgc, 9

For a sample containing only one active component, Bio-BEQ is equal to

Chem-BEQ. For a complex sample with more than one active component,



Chem-BEQ of the mixture can be expressed as the sum of individual Chem-BEQs of
these active components on the basis of CA model (Larsson et al., 2012).
Based on the equations (2), (5) and (8), a relationship between Bio — BEQgc,

and Bio — BEQgc,, can be expressed using the simplified equation (10):

1 1

L _ F m 50'(Imaxratio—F) \Hsample CRin —
Bio BEQECF N (100_F) ' ((Imax,ratio_so)'F> Bio BEQECSO (10)

Where: Inayratio™ 90%100%; 0<F<I;axratic @nd F<100

Based on equations (6) and (10), it is clear that tho ve.iations of REPs and BEQs
of the samples are correlated with the maxi.~um responses and hill slopes of
concentration-response curves of the comp)t.ic's and reference standard. The effect
level should be addressed when '.sinj RePs and BEQs for comparative, risk
assessment or mass balance analys.c

When the concentratio”. veszunse curves of the sample and the reference
standard are parallel .. Her=Hsampe) and have a same efficacy (i.e.,
Imax,ref.= Tmaxsample), FEt ¢, and REPgc, can be regarded as the values independent
from the effect levels Nevertheless, the previous REP estimates (Billiard et al., 2008;
Villeneuve et al., 2000) were calculated on the basis of these unproven or rarely
existing prerequisites. Actually, the previous prerequisites for REP application are
redundant and unnecessary, and the use of REPs for the calculation of BEQs should
be based on the same effect level (equation (7)). Based on mass balance analysis,
there is no doubt that the contribution of known components to the toxic potency of a

complex mixture is a constant value, regardless of which effect level the contribution



is analyzed. Environmental risk assessment of the samples using the different BEQs
(Bio-TEQ and Chem-TEQ) should be based on the same effect level to ensure data
comparability. For REP and TEQ based on an effect level ECso a great challenge is
that these values cannot be obtained when the maximum response of the sample fails

to reach half maximum response of the reference standard.

2.4 Bio-BEQs and Chem-BEQs obtained by using REPs

For a given mixture containing only one active coripcient and no interactions
between the components, the concentration-respnise curve of the mixture is
determined by this active component ignoring th~ pou ntial disturbance of cytotoxicity.
Equation (11) converted from the equatio’is (7) (9) and (10) shows that the ratio

between Chem-BEQ and Bio-BEQ skoul | be a constant value.

Chem-BEQgcg Chem-BEQgc,,
Bio—BEQgc,  Bio—BEQgcs,

(11)

For complex mixture. with more than one active component, the basic
assumptions of the BEN caiculation are that the combined effects of the components
are dose additive «.>d .~* 1n a similar manner without interaction (Larsson et al., 2014a;
Payne et al., 2000; VVan Den Berg et al., 1998). However, many other assumptions and
limitations (i.e., a similar slope and efficacy) are not always met and based on an
understanding of the REP concept that the components are supposed to behave as the
dilutions of the standard compound (Billiard et al., 2008; Villeneuve et al., 2000).
Actually, the REP concept was designed based on a specific effect level ECg s
(equation (4)) and all active components of the mixture are supposed to behave as the

dilutions of the standard compound for inducing this effect. Therefore, weak inducers
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with efficacies below the response level ECg cannot be regarded as the standard
dilutions. For a given mixture, although bioassay-derived and chemically estimated
BEQs vary with the effect level selected, the ability of Chem-BEQ to interpret
Bio-BEQ at the same effect level will be stable theoretically. To correctly calculate
BEQs of the complex samples, a reasonable approach is that the BEQ calculations of
the complex mixtures should be based on a lower effect level recommended by

Belden et al. (2007) and Escher et al. (2018b).

In previous studies (Neale et al., 2015), the cig.mnidal concentration-response
curve was used for BEQ calculation at an ei’=ct level higher than 30% of the
maximum effect. However, a linear conccn’ra‘ion-response curve was used at an
effect level lower than 30%. Bio-Fc=Q calculations based on different curves are

laborious and the comparability ot Cio-BEQs would be affected.

In this study, REPs bzseu 9on an effect level ECyo that can be significantly
distinguished from solven. response are recommended for obtaining Chem-TEQs. If
the maximum resocnse of ith component in a mixture containing n components
(n>i>0) is less than 1U% of the reference standard, the ith component can be regarded
as a non-active component and be excluded from Chem-BEQ calculation. Chem —
BEQgc, of a mixture can be calculated by the sum of Chem — BEQgc,s of its active
components (10 < F < min (I3, I, I5...1;) and F<100X100%). Since environmental
samples collected from the air, soil, and water typically elicit weak responses, high
enrichment is required to induce a response equal or greater than 50% of the response

of the reference standard, but lower enrichment is required to induce a response equal



or greater than 10%. The contribution of the detected chemicals to bioassay-derived
BEQ can be determined by the ratio of Chem — BEQgc,, to Bio — BEQgc,, -
ECio-based REPs can be used to calculate the Chem-BEQs of the mixtures with
specific MoA (e.g., in vivo or in vitro inductions of endocrine disturbance and AhR
activity) and other mixtures that can be simulated by the CA model, such as oxidative

stress response, daphnia acute immobilization test and fish embryo toxicity.
2.5 Concentration-response curves of the mixture and ts ¢ Ymponents

The relationships of concentration-response ct'-ves vetween the mixture and its
multiple components are quite complex and -annot be clearly characterized
mathematically. However, the possible re'a. nonips and interactions of components
are shown in Fig. 1. Based on the conezpt of additive behavior and non-interactions
between components, the concentra:ion-response curve of the mixture is directly
related to the concentration-raspcnse curve and the ratio of each active component in
the mixture (Fig. 1A). The miature curve is steeper than the component curve with the
minimum slope ‘ccmpoaent 1), but flatter than the component curve with the
maximum slope (component I11). The efficacy of the mixture should be between the
minimum (component 1) and maximum efficacies (component 1) of its components.
When the concentration of the mixture is lower than the lowest concentration of its
components alone to induce a specific effect level (Fig. 1B), the synergistic
interactions between components definitely exist. Conversely, when the concentration
of the mixture is higher than the highest concentration of its components alone to

produce a specific effect level without cytotoxicity (Fig. 1C), the antagonistic



interactions between components must be present. For any more specific
interpretation the observed effect concentrations have to be compared to the predicted

effect concentrations.

It should be noted that the response of a mixture higher than the maximum
response of the weakest component (i.e., component II) cannot be predicted by the CA
model (Larsson et al., 2012; Rajapakse et al., 2001). Therafore, it is unreasonable to
obtain BEQ based on high effect levels and even to extra yola'e beyond the maximum
response of the weakest component to get a CA-conyvai :»d REP for toxicity estimates.

The concentrations of the mixture inducing «. soe:ific response (e.g., ECy0) below
the maximum response of the weakest com nr.nent vary in a limited range (e.g., ""c")
due to variations in the slopes an. e'ficacies of the components. However, the
concentrations of a mixture induc:ng a response (e.g., ECsp) above the maximum
response of its weakest cor..oncat vary in an infinite range (e.g., "d") without
cytotoxicity. A wider ran2e \means a more ambiguous linkage between the results of
chemical analysis ard u ¢ potential effects of the mixtures. Environmental samples
may be weak induce’s (Neale et al., 2015), thus the linkage between the results of
chemical analysis and the environmental risks of samples will be more ambiguous at a
higher effect level. Therefore, it appears reasonable to calculate BEQ at a lower effect

level.



3. Materials and Methods
3.1 PAHs and mixtures preparation

AhR-mediated activities of seven US EPA priority PAHs (i.e.,
benzo[k]fluoranthene, dibenzo[a,h]anthracene, indeno[1,2,3-cd]pyrene,
benzo[b]fluoranthene, benzo[a]pyrene, benzo[a]anthracene, chrysene) were evaluated
using the EROD assay in RTL-W1 cells. The remaining nine US EPA priority PAHs
(i.e., benzo[g,h,i]perylene, naphthalene, phenanthre.c, anthracene, pyrene,
acenaphthylene, acenaphthene, fluorene, fluoranhen:) were not evaluated
individually since no EROD induction of these PA'ds was observed in a previous
study using similar conditions (Bols et a'., 1999). Benzo[k]fluoranthene (>98%),
dibenzo[a,h]anthracene (>98%), br.nz)[b;luoranthene (>98%), benzo[a]pyrene
(>97%), benzo[a]anthracene (>¢2%) and chrysene (>97%) were purchased from
Sigma-Aldrich GmbH, and inder ol 1,2,3-cd]pyrene (>99.5%) was purchased from
Dr. Ehrenstorfer GmbH. .=anwhile, six synthetic mixtures with 2 to 6 PAHs were
prepared according tr. (e uetected concentrations in multilayer fractions of sediment
samples from three si3s at Sigmaringen (MS), Lauchert (ML) and Oepfingen (MO) in
Upper Danube River (Grund, 2010). The concentrations of individual components in
the mixtures are given in Table 1. One widely detected non-AhR-active PAH
benzo[g,h,i]perylene (>98%, Sigma) was also included in five of the synthetic
mixtures to determine whether the presence of non-AhR-active PAHs affect the
activities of the mixtures. Benzo[b]fluoranthene, benzo[k]fluoranthene and

benzolj]fluoranthene could not be chromatographically separated and thus their



individual concentrations in the sediment samples were not quantifiable. Thus, two
mixtures MS1 and MS2 were prepared containing benzo[k]fluoranthene and
benzo[b]fluoranthene, respectively. Benzol[j]fluoranthene was not included in any
mixture because it did not elicit any AhR activity in the RTL-W1 cells (Bols et al.,
1999). MS3 was prepared based on the concentration of another fraction of sediment
sample from the site at Sigmaringen.
3.2 EROD assay

EROD induction was measured in RTL-W1 cells accc rding to methods described
by Heimann et al. (2011) and W6lz et al. (200%) w.th slight modifications. Briefly,
RTL-WL1 cells were seeded in 96-well p«azs (Greiner Bio-One, Frickenhausen,
Germany) and allowed to grow to 90°5 connicence for 72 h. Following incubation, the
medium was removed and the cei.~ were exposed to samples diluted in medium using
eight dilutions. The dimethyl st lfoxide (DMSO) (Promochem, Wesel, Germany)
content in the wdls was less than 1%. The  compound
2,3,7,8-tetrachlordibe:..n-p-dioxin (2,3,7,8-TCDD) (Promochem, Wesel, Germany)
was used as a positiv2 control and serially diluted to a final concentration range of
3.13-100 pM. After 72 h exposure, induction was stopped by removing the medium
and freezing for at least 1 h at -70 °C to lyse the cells. Deethylation of exogenous
7-ethoxyresorufin (EXR) (Sigma-Aldrich, Deisenhofen, Germany) was initiated by
adding EXR to each well and incubating the cells in the dark at room temperature for
10 min, followed by addition of NADPH solution (Sigma-Aldrich, Deisenhofen,

Germany) and incubating for a further 10 min. The reaction was terminated by adding



fluorescamine dissolved in acetonitrile and incubating for 15 min. EROD activity was
measured fluorometrically using a multiwell plate reader (Tecan, Crailsheim,
Germany) with an excitation/emission wavelength of 544/590 nm. Protein was
determined  fluorometrically using the fluorescamine method with an
excitation/emission wavelength of 355/390 nm.

The AhR-mediated activities of the chemicals and mixtures were converted to
Bio-BEQ by relating the ECg-sample Of sample to the mean ZC- of 2,3,7,8-TCDD using
the equation (8) based on fixed effect level ECk.

4. Results and discussion

4.1 REPs of PAHSs for the AhR-mediatec: o tiv ities

Taking the AhR-mediated activities 5f PAHs as an example, REPs were obtained
based on different effect levexs ECs, ECyy, ECy; and ECs,. Biphasic
concentration-response cur ves “vere found in earlier studies with the EROD assay
(Brack et al., 2000) ana ~e decreasing trend in activity at the greatest concentrations
was excluded becaus™ it is probably caused by cytotoxicity (Altenburger et al., 2018).
In the present study, full concentration-response curves were acquired for individual
PAHs with no decreasing trend. These curves varied in hill slopes and the maximum
responses after 72 h exposure using RTL-W1 cells. Most of the US EPA priority
PAHs are relatively weak inducers, the derived ECs values for US EPA priority PAHs
were three orders of magnitude higher than the ECsg values for2,3,7,8-TCDD standard

(7.16 pM). The maximum EROD inductions of US EPA priority PAHs, except



benzo[k]fluoranthene and indeno[1,2,3-cd]pyrene, were lower than the maximum

induction of the reference standard (Table 2).

For a given PAH, REP is not a constant value and varies greatly, such as at
different effect levels (Table 3). Furthermore, great variations in REPs for different
PAHs were observed. The REPs of benzo[k]fluoranthene were two orders of
magnitude higher than that of the benzo[a]anthracene at a same effect level. Generally,
REPs of the PAHSs at an effective level ECsq were lower har those at lower effective
levels (i.e., ECs, EC1p and ECys). The width of vorizdon between REPgc. and
REPgc., was correlated with the hill slopes anu the maximum EROD inductions of
individual PAHs. Besides the determination of t e effect levels on REP values, earlier
studies reported that REPs were d’ffer2nt when the compound was tested using
different methods and cell lines at u*fferent exposure times (Bols et al., 1999; Larsson
et al., 2012, 2014b; Villenetve €. al., 2002). When the Bio-BEQ of a sample was
obtained from one bioascay, “hem-BEQ calculation should use REPs obtained from
the same assay usinj tn» same cell lines at the same exposure time to analyze the
contribution of deter’ed chemicals. It is worth mentioning that regardless of which
reference standard (e.g., 2,3,7,8-TCDD, benzo [a] pyrene, 17- - estradiol), or cell
line (e.g., H4I1IE rat hepatoma, RTL-W1, U20S cell line), or species (zebrafish, water
flea) is used to assess the mixture activity with a specific MoA or the activity that can
be simulated by the CA model, REPs at different effect levels can be expressed by

equation (6) under the same conditions.

4.2 Predicted BEQs based on CA model



The predictability of the CA model for the activities of the mixtures of chemicals
acting with similar MoAs has been demonstrated in other bioassays (Larsson et al.,
2012, 2014a; Payne et al., 2000; Zhang et al., 2008). The relationship between the
bioassay-derived BEQs and REP-predicted BEQs can be reflected by the status of
experimental and CA-predicted concentration—response curves since REPs were
designed based on the CA model. Regardless of whether Chem-BEQs were
determined based on REPs or the CA model, the predictiu.> 0r mixture activity was
based on the additive interactions of components, ar 1 ncn-additive behavior of the
components was not considered. Thus, the effects o, non-additive behavior could be
reflected by comparing the concentration—resp.nse curve of the tested with that of the
CA-model predicted (Fig. 2).

The CA model tends to oveicstimate the toxicity of the mixtures (Kakaley et al.,
2019; Olmstead and LeBlanc 200'\). the predicted effects of the mixtures (except MS2)
were slightly higher thai, those observed effects in this study. Underestimated
toxicities were also Z.~eived when REP and CA model were used to predict the
toxicities of the mixuires containing two to four PAHs (Larsson et al., 2012). It is
possible that the differences between predicted and observed results were caused by
non-additive interactions. It is also possible that the differences are caused by the
bioassay (Larsson et al., 2012), taking into account the deviations of the ECses of
PAHSs. The concentrations of chemicals in environmental samples are quite low and
synergism is rare (Payne et al., 2000; Neale et al., 2015). Generally, CA model and

CA-converted REPs can be used to confirm the contribution of detected compounds



to the effects observed in a complex sample. In recent years, it has been recommended
in publications to use the GCA model based on CA for mixture activity prediction
(Howard et al., 2010; Hadrup et al. 2013; Kakaley et al., 2019). The application of the
GCA model requires the maximum efficacy and the EC50 value of each component,
while the application of the REP is relatively simple, whether REP or GCA model is
more suitable for mixture prediction needs further study.
4.3 Comparison of Bio-BEQs and Chem-BEQs at diffe’ c.:t e.fect levels

The effectiveness of the REPs at different effe~t levels for the evaluation of
EROD activities was assessed using the RTL-W . ce'l line (Fig. 3). For the synthetic
mixtures MS1 and MS2, there was no sic.ir.cant difference between the detected
Bio-BEQs and Chem-BEQs. For th. iiixwires MS3, ML2 and MO1, there were
significant differences between the calculated Chem-BEQs and the measured
Bio-BEQs at an EC50 effect level v/hich may be caused by the potential non-additive
behavior of the componcnts with high concentrations (Larsson et al., 2014a).
Bio — BEQgc,,s of the M2 (14.55 +1.67 ng/g SEQ) and MO1 (7.05 * 2.84 ng/g
SEQ) were lower thcn Chem — BEQgc, s of their respective weakest components
alone (25.64 + 3.20 and 1345 =+ 1.67 ng/g SEQ) with the same mixture
concentration, indicating antagonistic interactions of the components. The maximum
deviation between Chem-BEQs and Bio-BEQs was observed for the two-component
mixture ML1 in which Chem-BEQs were 1.5-3 times higher than Bio-BEQs,
depending on the different effect levels. The gaps between Chem-BEQs and

Bio-BEQs were smaller at lower effect levels. At the effect levels EC5 and EC10,



only one mixture ML1 showed significant differences between Chem-BEQs and
Bio-BEQs, which might be due to metabolism. It was reported that PAHs and their
derivatives could be metabolized in cells (Larsson et al., 2014b), however whether the
deviation is more pronounced at high concentrations or at low concentrations remains

unclear.

The ratio between Chem — BEQgc, /  Bio — BEQgc, and
Chem — BEQgc,,/Bio — BEQgc,, should theoretically be a ¢onstant value (i.e., one),
but the ratios for the synthetic mixtures varied betwae> 0.6 and 1.9. These deviation
ratios should be common since approximately 9G4 de viation ratios between the tested
and CA-predicted toxicity varied in a siri'ar range (0.5-2.0) in previous studies
(Belden et al., 2007). Overall, the crinp?rison of Bio-BEQs with Chem-BEQs of the
synthetic mixtures revealed that u.» REPs at a certain effect level can be used to
analyze the contribution of dr...~tva compounds to mixture toxicity. The explanatory
power of Bio-BEQ by Ck~m REQ will be covered by the artifact when both BEQs are
obtained at differen. ei’ect levels. For example, Bio-BEQ of the MS2 could be
completely explainer, by Chem-BEQ at the same effect level while Chem —
BEQgc,could only account for approximately 15% of Bio-BEQ at an effect level ECs,
resulting in an underestimated contribution. In earlier studies, the prediction of the
effects of mixtures with many weak inducers, especially those with maximum
response below half that of the reference standard, proved to be a challenge (Payne et

al., 2000). Actually, this issue can be solved by REPs at a lower effect level.



5. Conclusions

The results of the theoretical analysis revealed the impact of slopes, efficacy and
selected effect levels on REPs and BEQs. BEQs and REPs varied at different effect
levels and these differences directly related to the slopes of the
concentration-response curves of the sample and standard and to the efficacy of the
sample relative to the standard. The previous prerequisites for REP application are
redundant, and the effect level should be addressed wher. .~ing REPs and BEQs for
comparative, risk assessment or mass balance analy:is. Although bioassay-derived
and chemically estimated BEQs vary with the efte=t level selected, the ability of
Chem-BEQ to interpret Bio-BEQ at the sam.e ffect level will be stable theoretically.
Therefore, we recommended that Bir.-5=(. should be calculated based on a lower
effect level EC4 that can be signi.icantly distinguished from the solvent response, and
Chem-BEQs calculated from Rk!* ~should be used to analyze the contributions of
chemically analyzed conicounds. Thus, the presence of weak agonists can be
considered. Finally, v.. *1scu experimental studies to help explain how the effect level
affects REPs and Ci 2m-BEQs, evaluate the explanatory power of Chem-BEQ to

Bio-BEQ, and verify the feasibility of optimized REPs for mass balance analysis.

Declaration of competing interest

The authors declare no competing financial interest.



Acknowledgements

This study was supported by SOLUTIONS project that is funded by the European
Union Seventh Framework Programme (FP7-ENV-2013-two-stage Collaborative
project) under grant agreement number (603437). Personally, Shangbo Zhou was
supported by the scholarship program of China Scholarship Council (CSC). The
authors really appreciate the comments of Prof. Beate Escher and Dr. Maria Larsson.
We thank Dr. Martin Krauss in UFZ Helmholtz Centre for C»vi.onmental Research in
Germany for preparing PAHs and mixtures. The au hor: would like to thank Drs.
Niels C. Bols and Lucy Lee (University of Water(oo, Canada) for providing RTL-W1

cells.



References

Altenburger, R., Scholze, M., Busch, W., Escher, B.l., Jakobs, G., Krauss, M., Kriger, J., Neale, P.A,,

Ait-aissa, S., Catarina, A., Seiler, T., Brion, F., Hilscherova, K., Hollert, H., Novak, J.,

Schlichting, R., Serra, H., Shao, Y., Tindall, A., Erik, K., Umbuzeiro, G., Williams, T.D.,

Kortenkamp, A., 2018. Mixture effects in samples of multiple contaminants — An inter-laboratory

study with manifold bioassays. Environ. Int. 114, 95-106.

Altenburger, R., Walter, H., Grote, M., 2004. What contributes to t".c ~anmwined effect of a complex

mixture? Environ. Sci. Technol. 38, 6353-6362.

Belden, J.B., Gilliom, R., Lydy, M.J., 2007. How well can we , redict the aquatic toxicity of pesticide

mixtures. Integr. Environ. Assess. Manag. 3, 3€+—.72.

Berenbaum, M.C., 1985. The expected effect 1« con.9ination of agents: the general solution. J. Theor.

Biol. 114, 413-431.

Billiard, S.M., Meyer, J.N., Wassenber . 'J.M., Hodson, P. V., Di Giulio, R.T., 2008. Nonadditive

effects of PAHs on ear. ' verebrate development: Mechanisms and implications for risk

assessment. Toxico’. C-i. LJ5, 5-23.

Bols, N.C., Schirmer, K., Joyce, E.M., Dixon, D.G., Greenberg, B.M., Whyte, J.J., 1999. Ability of

polycyclic aromatic hydrocarbons to induce 7-ethoxyresorufin-o-deethylase activity in a trout

liver cell line. Ecotoxicol. Environ. Saf. 44, 118-28.

Bonefeld-Jargensen, E.C., Long, M., Hofmeister, M. V., Vinggaard, A.M., 2007. Endocrine-disrupting

potential of Bisphenol A, Bisphenol A dimethacrylate, 4-n-nonylphenol, and 4-n-octylphenol in

vitro: New data and a brief review. Environ. Health Perspect. 115, 69-76.

Brack, W., Segner, H., Mdder, M., Schidrmann, G., 2000. Fixed-effect-level toxicity equivalents - A



suitable parameter for assessing ethoxyresorufin-O-deethylase induction potency in complex

environmental samples. Environ. Toxicol. Chem. 19, 2493-2501.

Brion, F., Le Page, Y., Piccini, B., Cardoso, O., Tong, S.K., Chung, B. chu, Kah, O., 2012. Screening

estrogenic activities of chemicals or mixtures in vivo using transgenic (cyp19alb-GFP) zebrafish

embryos. PLoS One 7, 1-10.

Chen, Q., Zhang, H., Allgeier, A., Zhou, Q., Ouellet, J.D., Crawford, S.E., Luo, Y., Yang, Y., Shi, H.,

Hollert, H., 2019. Marine microplastics bound dioxin-like cherric.'s: 11odel explanation and risk

assessment. J. Hazard. Mater. 364, 82-90.

Escher, B.1., Stapleton, H.M., Schymanski, E.L., 2020. Tra :king complex mixtures of chemicals in our

changing environment. Science 367, 388—392.

Escher, B.1., Selim, A., Behnisch, P.A., Brarg, V., Crion, F., Brouwer, A., Buchinger, S., Crawford,

S.E., Du, D., Hamers, T., Hettwer, ., Hilscherov4, K., Hollert, H., Kase, R., Kienle, C., Tindall,

AJ., Tuerk, J., Oost, R. Van De". '/ermeirssen, E., Neale, P.A., 2018a. Effect-based trigger

values for in vitro and i, vivo bioassays performed on surface water extracts supporting the

environmental qual’:, sta..Jards (EQS) of the European Water Framework Directive. Sci. Total

Environ. 629, 748, 35.

Escher, B.l., Neale, P.A., Villeneuve, D.L., 2018b. The advantages of linear concentration—response

curves for in vitro bioassays with environmental samples. Environ. Toxicol. Chem. 37, 2273—

2280.

Giannakis, 1., Emmanouil, C., Mitrakas, M., Manakou V., Kungolos A., 2020. Chemical and

ecotoxicological assessment of sludge-based biosolids used for corn field fertilization. Environ

Sci Pollut Res. https://doi.org/10.1007/s11356-020-09165-6.


https://doi.org/10.1007/s11356-020-09165-6

Grund, S.A., 2010. Weight-of-evidence approach and bioassay-directed fractionations for investigation

of the fish decline in the Upper Danube River. PhD Thesis, Germany.

Heimann, W., Sylvester, M., Seiler, T.B., Hollert, H., Schulz, R., 2011. Sediment toxicity in a

connected oxbow lake of the Upper Rhine (Germany): EROD induction in fish cells. J. Soils

Sediments 11, 1279-1291.

Heinrich, P., Petschick, L.L., Northcott, G.L., Tremblay, L.A., Ataria, J.M., Braunbeck, T., 2017.

Assessment of cytotoxicity, genotoxicity and 7-ethoxyresorufir - decihylase (EROD) induction

in sediment extracts from New Zealand urban estuaries. Ec. toxic 2logy 26, 211-226.

Hollert, H., Dirr, M., Olsman, H., Halldin, K., Van Bavel. B., 3rack, W., Tysklind, M., Engwall, M.,

Braunbeck, T., 2002. Biological and chemi.al determination of dioxin-like compounds in

sediments by means of a sediment tri.a <2prcch in the catchment area of the River Neckar.

Ecotoxicology 11, 323-336.

Hong, S., Lee, S., Choi, K., Kim, G.B., I a. 3.Y., Kwon, B.O., Ryu, J., Yim, U.H., Shim, W.J., Jung, J.,

Giesy, J.P., Khim, J.S., 26_5. Ehect-directed analysis and mixture effects of AhR-active PAHSs in

crude oil and coast~.: -~ai..ents contaminated by the Hebei Spirit oil spill. Environ. Pollut. 199,

110-118.

Howard, G.J., Schlezinger, J.J., Hahn, M.E., Webster, T.F., 2010. Generalized concentration addition

predicts joint effects of aryl hydrocarbon receptor agonists with partial agonists and competitive

antagonists. Environ. Health Perspect. 118, 666—672.

Howard, G.J., Webster, T.F., 2009. Generalized concentration addition: A method for examining

mixtures containing partial agonists. J. Theor. Biol. 259, 469-477.

Kakaley, E.M., Cardon, M.C., Gray, L.E., Hartig, P.C., Wilson, V.S., 2019. Generalized concentration



addition model predicts glucocorticoid activity bioassay responses to environmentally detected

receptor ligand mixtures. Toxicol Sci. 168, 252-263.

Larsson, M., Giesy, J.P., Engwall, M., 2014a. AhR-mediated activities of polycyclic aromatic

compound (PAC) mixtures are predictable by the concept of concentration addition. Environ. Int.

73, 94-103.

Larsson, M., Hagberg, J., Giesy, J.P., Engwall, M., 2014b. Time-dependent relative potency factors for

polycyclic aromatic hydrocarbons and their derivatives in t'.c 'H41.E-luc bioassay. Environ.

Toxicol. Chem. 33, 943-953.

Larsson, M., Orbe, D., Engwall, M., 2012. Exposure time -dep.ndent effects on the relative potencies

and additivity of PAHs in the Ah receptor-bases - 4l1E-luc bioassay. Environ. Toxicol. Chem. 31,

1149-1157.

Neale, P.A., Ait-Aissa, S., Brack, W., Causot, N., Denison, M.S., Deutschmann, B., Hilscherova, K.,

Hollert, H., Krauss, M., Novak, J Schulze, T., Seiler, T.B., Serra, H., Shao, Y., Escher, B.l.,

2015. Linking in vitro e.‘cts and detected organic micropollutants in surface water using

mixture-toxicity meuc'ing. environ. Sci. Technol. 49, 14614-14624.

Neale, P.A., Munz, N.A,, 3elim, A., Altenburger, R., Brion, F., Busch, W., Escher, B.l., Hilscherova,

K., Kienle, C., Seiler, T., Shao, Y., Stamm, C., Hollender, J., 2017. Integrating chemical analysis

and bioanalysis to evaluate the contribution of wastewater effluent on the micropollutant burden

in small streams. Sci. Total Environ. 576, 785-795.

Olmstead, A.W., LeBlanc, G.A., 2005. Joint action of polycyclic aromatic hydrocarbons: Predictive

modeling of sublethal toxicity. Aquat. Toxicol. 75, 253-262.

Pan, J., Yang, Y., Geng, C., Yeung, LW.Y., Cao, X., Dai, T., 2010. Polychlorinated biphenyls,



polychlorinated dibenzo-p-dioxins and dibenzofurans in marine and lacustrine sediments from

the Shandong Peninsula, China. J. Hazard. Mater. 176, 274-279.

Payne, J., Rajapakse, N., Wilkins, M., Kortenkamp, A., 2000. Prediction and assessment of the effects

of mixtures of four xenoestrogens. Environ. Health Perspect. 108, 983-987.

Pillon, A., Boussioux, A.M., Escande, A., Ait-Aissa, S., Gomez, E., Fenet, H., Ruff, M., Moras, D.,

Vignon, F., Duchesne, M.J., Casellas, C., Nicolas, J.C., Balaguer, P., 2005. Binding of estrogenic

compounds to recombinant estrogen receptor-a: Application to . -iro.mental analysis. Environ.

Health Perspect. 113, 278-284.

Rajapakse, N., Ong, D., Kortenkamp, A., 2001. Defining tt.e im, act of weakly estrogenic chemicals on

the action of steroidal estrogens. Toxicol. Sci. fu, .96-304.

Richards, G., Agranovski, I.E., 2017. Dioxir -1in> puo emissions from cement Kilns during the use of

alternative fuels. J. Hazard. Mater. 223, 698—709.

Safe, S.H., 1998. Development validatic 1 21d problems with the toxic equivalency factor approach for

risk assessment of diozins . nd resated compounds. J. Anim. Sci. 76, 134-141.

Schiwy, S., Brdunig, J., A.c.* .., Hollert, H., Keiter, S.H., 2015. A novel contact assay for testing aryl

hydrocarbon recept. r (AhR)-mediated toxicity of chemicals and whole sediments in zebrafish

(Danio rerio) embryos. Environ. Sci. Pollut. Res. Int. 22, 16305-16318.

Tang, J.Y.M., Escher, B.l., 2014. Realistic environmental mixtures of micropollutants in surface,

drinking, and recycled water: Herbicides dominate the mixture toxicity toward algae. Environ.

Toxicol. Chem. 33, 1427-1436.

Van Den Berg, M., Birnbaum, L., Bosveld, A.T.C., Brunstrom, B., Cook, P., Feeley, M., Giesy, J.P.,

Hanberg, A., Hasegawa, R., Kennedy, S.W., Kubiak, T., Larsen, J.C., Van Leeuwen, F.X.R.,



Liem, A.K.D., Nolt, C., Peterson, R.E., Poellinger, L., Safe, S., Schrenk, D., Tillitt, D., Tysklind,
M., Younes, M., Wern, F., Zacharewski, T., 1998. Toxic equivalency factors (REPs) for PCBs,
PCDDs, PCDFs for humans and wildlife. Environ. Health Perspect. 106, 775-792.

Van den Berg, M., Birnbaum, L.S., Denison, M., De Vito, M., Farland, W., Feeley, M., Fiedler, H.,
Hakansson, H., Hanberg, A., Haws, L., Rose, M., Safe, S., Schrenk, D., Tohyama, C., Tritscher,
A., Tuomisto, J., Tysklind, M., Walker, N., Peterson, R.E., 2006. The 2005 World Health
Organization reevaluation of human and mammalian toxic eo’..vlercy factors for dioxins and
dioxin-like compounds. Toxicol. Sci. 93, 223-241.

Villeneuve, D.L., Blankenship, A.L., Giesy, J.P., 2000. D<riva. 9n and application of relative potency
estimates based on in vitro bioassay results. En' ire 1. Toxicol. Chem. 19, 2835-2843.

Villeneuve, D.L., Khim, J.S., Kannan, K., Girsy, 1.P., 2002. Relative potencies of individual polycyclic
aromatic hydrocarbons to induce v’ axinlike and estrogenic responses in three cell lines. Environ.
Toxicol. 17, 128-137.

Wolz, J., Engwall, M., Maletz, S., Gisman Takner, H., van Bavel, B., Kammann, U., Klempt, M.,
Weber, R., Braunbe_.., T., Adollert, H., 2008. Changes in toxicity and Ah receptor agonist activity
of suspended partic late matter during flood events at the rivers Neckar and Rhine - a mass
balance approach using in vitro methods and chemical analysis. Environ. Sci. Pollut. Res. Int. 15,
536-53.

Xiao, H., Krauss, M., Floehr, T., Yan, Y., Bahlmann, A., Eichbaum, K., Brinkmann, M., Zhang, X.,
Yuan, X., Brack, W., Hollert, H., 2016. Effect-directed analysis of aryl hydrocarbon receptor
agonists in sediments from the Three Gorges Reservoir, China. Environ. Sci. Technol. 50,

11319-11328.



Zhang, Y.H., Liu, S.S., Song, X.Q., Ge, H.L., 2008. Prediction for the mixture toxicity of six

organophosphorus pesticides to the luminescent bacterium Q67. Ecotoxicol. Environ. Saf. 71,

880-888.



Fig. 1. The possible relationships between the concentration-response curve of the mixture and the

curves of its components. The concentration-response curves of the mixtures in, above and below

the range consisting of the curves of its components are shown in Fig. 1A, 1B and 1C, respectively.

Components I, 11 and 11 represent the components of the mixture with the highest response, the

weakest response and the steepest curve, respectively. The concentration of the mixture represents

the sum of concentrations of all active components. In Fig. 1A, the deviations of the

environmental concentration away from the concentrations of the ...*xtu.e for inducing ECy, and

ECso are indicated by the letters "a" and "b", respectively. The concentrations of the mixture

inducing the effect levels ECy and ECsq vary in the rannas o, "c" and "d", respectively. In Fig. 1B,

the deviations between the concentration of the n xture and the lowest concentration of its

components alone for inducing ECyy anc £ 50 o€ represented in the ranges of "e" and "f",

respectively. In Fig. 1C, the deviatioi, hetween the concentration of the mixture and the highest

concentration of its components alon for producing an effect level ECy is represented in the

range of "g".

Fig. 2. Observed (solic' line~) and predicted (dashed lines) concentration-response curves of the

synthetic mixtures in th,, EROD assays. Observed data was calculated based on the average of

three repetitions. Error bars represent the standard deviations. EROD activities of the synthetic

mixtures were normalized against the maximum response observed for their corresponding

standard. The unit mg/ml means mg sediment equivalent (SEQ) in 1 ml medium.

Fig. 3. Comparison of measured Bio-BEQs (lighter grey) and calculated Chem-BEQs (dark grey)

of the mixtures at different effect levels (ECs, EC19, EC,5 and ECsg). Chem-BEQs were calculated

using the relative potencies (REPs) based on mass concentrations. Error bars represent the



standard deviations (n=3). Asterisk (*) represents a significant difference between the measured

Bio-BEQ and the calculated Chem-BEQ (p<0.05). The unit ng/g SEQ means ng TCDD equivalent

detected in g sediment equivalent (SEQ).



Table 1 The concentrations (ng/mL) of PAHSs in synthetic mixtures.

Sigmaringen Lauchert Oepfingen
Compounds

MS1 MS2 MS3 ML1 ML2 MO1
Benzo[b]fluoranthene 2216 0 0 0 0 0
Benzo[K]fluoranthene 0 2216 0 2902 0 0
Benzo[a]pyrene 1104 1104 476 1422 0 0
Dibenzo[a,h]anthracene 196 196 166 0 326 106
Indeno[1,2,3-cd]pyrene 384 384 420 0 902 488
Benzo[g,h,i]perylene 476 476 476 0 1046 454
Sum of active components 3900 3900 106 4324 1228 594
Sum of all components 4376 4370 1538 4324 2274 1048

The dose of a single PAH in 1 ml solvent .~ equal to that detected in 20 g sediment equivalent (SEQ).



Table 2 US EPA priority PAHs that induced EROD activities in RTL-W1 cells after 72 h

exposure.
Maximum EROD
activity Hill
ECso (NM) (pmol/mgP/min) £ slopes
PAHs +SD SD Imaxratio (%) (Hsample)
Benzo[K]fluoranthene 9.98 +1.45 3.92+0.2° 103.52 0.81
Dibenzo[a,h]anthracene  12.13 £ 2.01 3.68 £..72 92.49 1.07
Indeno[1,2,3-cd]pyrene  15.41 + 1.65 4.5+ 0.87 107.82 1.12
Benzo[b]fluoranthene 112.07 £ 31.55 .46 £ 0.64 87.02 0.89
Benzo[a]pyrene 230 £ 61.53 2.94 +0.25 73.74 0.89
Benzo[a]anthracene 1097.51 + .27.57 2.72+0.21 68.26 0.90
Chrysene 1312.07 + .40.47 3.03+0.26 76.26 0.99

a

Imaxratic Was the maximum ER2D w Auction of PAHS (Iinasampie) relative to the maximum induction induced by

the reference 2,3,7,8-TCDL . The maximum EROD induction of the reference was 3.98 £+ 0.73 pM/mgP/min. The

hill slope of the reference v~ 1.64.



Table 3 The REPs based on molar concentrations for US EPA priority PAHs derived from EROD

induction using RTL-W1 cells.

REPg, REPyc,  REPy,  REPgy,,  REPg°
PAHs
x10°® x10°° x10°° x107° x107®
Benzo[K]fluoranthene 3.700 2.896 1.563 0.717 1.040
+0.397 +0.439 +0.372 +0.104
Indeno[1,2,3-cd]pyrene 0.661 0.657 0.552 0.453 0.278
+0.366 +0.313 +0.255 +0.045
Dibenzo[a,h]anthracene 0.839 0.655 J.484 0.361 0.350
+0.014 0.0 +0.046 +0.06
Benzo[b]fluoranthene 0.183 0.175 0.131 0.069 0.193
+0.014 +0.030 +0.046 +0.028
Benzo[a]pyrene 124 0.109 0.077 0.035 0.300
212.031 +0.041 +0.030 +0.009
Chrysene 0.044 0.035 0.022 0.011 0.047
+0.004 +0.004 +0.002 +0.002
Benzo[a]anthracene 0.035 0.022 0.014 0.006 0.043
+0.006 +0.008 +0.005 +0.001

The units of ECs, ECyy, ECy5 and ECsy values were pM, and the mean ECs, EC,y, EC,s and ECs, values for

2,3,7,8-TCDD standard were 1.19, 1.86, 3.67 and 7.16 pM, respectively; ® The values from Bols et al. (1999).
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Highlights

e  Effect level should be addressed for bioanalytical equivalents.

e  Components can be viewed as dilutions of a compound for inducing a specific
effect.

e  Toxicity estimates at a high effect level ignore weak-active components.

o Relative potencies at EC; can be used to calculate bioanalytical equivalents.
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