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Bisphenol A (BPA) is a plastic chemical that has been phased out from many applications because it acts as
endocrine disruptor. Numerous structurally similar replacements are already in use, and environmental
monitoring data indicates exposure of aquatic ecosystems to mixtures of BPA and its alternatives. As
many replacement chemicals elicit similar modes of action and some even have higher relative effect
potencies than BPA, it is likely that BPA and its alternatives act together in mixtures. Mixtures of BPA
alternatives in concentration ratios as they were detected in the surface water across Europe showed
effects that were consistent with the mixture prediction model of concentration addition in in vitro
bioassays for cytotoxicity, estrogenicity and mitochondrial toxicity. Even partial agonists contributed to
estrogenic effects. In case of the activation of the aryl hydrocarbon receptor, most of the mixture
components were not specifically active but rather acted as baseline toxicants and the AhR activation
was identified as a cytotoxic burst effect. Simulations showed that the apparently AhR-inactive
constituents also contributed to the experimental mixture effect at baseline toxic concentrations. We
(BPA-EQ) or BPA-equivalents as a simple
communication tool to evaluate the contribution of different alternatives to the mixture effects. BPA-EQ

introduced BPA equivalent concentrations short
enabled comparison of toxicity data of different bisphenol mixtures, and simulation of different
replacement scenarios. For instance, when adding five frequently detected BPA alternatives (BPS, BPF,
BPAF, BPE and BPB) to BPA, the total surface water concentrations were ten times higher than of BPA
alone, but BPA-EQ for cytotoxicity were 24 times and BPA-EQ for estrogenicity were 12 times higher
than BPA alone. Further, BPPH dominated the mixture cytotoxicity and BPZ and BPAF the estrogenicity
under this real-world scenario. This and other realistic mixtures comprising three to ten bisphenols
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DOI: 10.1035/d5em00802f indicate that structural analogues of BPA should be evaluated as mixture rather than as individual

rsc.li/espi chemicals. Merely changing substituents on the bisphenol core is likely a “regrettable substitution”.

Environmental significance

The need for mixture risk assessment in chemical regulation is a highly relevant topic. We observed mixture effects under environmentally realistic scenarios,
and they can be reliably predicted. When chemicals are phased out due to their hazard properties, many replacement products enter the market immediately.
On the example of bisphenol A and nine of its alternatives, we demonstrated that these structurally and toxicologically similar chemicals act together in
mixtures. Combined evaluation of similar chemicals is a more realistic predictor for environmental impacts than assessing each chemical alone. Our approach
can be extended to other exposure contexts and provides a practical tool supporting the regulation of mixture risks of substitution products as currently di-
scussed in the EU.

to its classification as endocrine disruptor for the environment,
human health*® and subsequent categorisation as substance of

1 Introduction

Bisphenol A is a high production volume chemical that has
been banned in many consumer applications in the European
Union,* such as paper receipts® and food contact materials® due
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very high concern. In response, numerous alternatives such as
bisphenol F (BPF) and bisphenol S (BPS) have entered the
market to replace BPA. While BPS and BPF have already been
recognized as “toxic for reproduction”,® much less is known
about the toxicological profiles of other replacement products,
toxicokinetic and toxicodynamic behaviour and long-term risks
for the environment and human health (as reviewed in ref. 7-9).
Due to their close structural resemblance, many alternatives are
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expected to display similar endocrine-disrupting properties,
which has already been confirmed for several compounds such
as BPAF, BPB and BPS.****

Recent monitoring data suggest that (co-)exposure to BPA
and its alternatives already occurs in humans and the envi-
ronment.”'>"* However, current risk assessment frameworks
overlook the reality of mixture exposures, which results in
a systematic underestimation of risk if chemicals act together.**
It is well established that endocrine disruptors can contribute to
mixture effects additively’>?” - even below their individual
detectable effect levels — a phenomenon often referred to as the
“something from nothing” effect.®*®

Studies assessing mixture effects of BPA and multiple BPA
alternatives are scarce, often limited in number of components
investigated and primarily focused on estrogenicity.”*** We tested
several multi-component mixtures of BPA and up to nine BPA
alternatives. The mixtures were designed in the concentration
ratios detected in surface water” in five in vitro bioassays covering
diverse modes of action: activation of the estrogen receptor alpha
(ERa) and the aryl hydrocarbon receptor (AhR), oxidative stress
response (ARE), inhibition of the mitochondrial membrane
potential (MMP), and neurite outgrowth inhibition (NOI). These
modes of action had been identified as relevant for BPA alterna-
tives,” and we have previously published the effect data of BPA and
26 alternatives in the same assays." These in vitro assays were
chosen to test for mixture interaction of diverse modes of action as
part of hazard assessment and not to extrapolate to in vivo effects.

To design mixture experiments, and predict potential effects,
modelling approaches are required. The two most widely used
concepts are concentration addition (CA) introduced by Loewe?
and independent action (IA) described by Bliss.>* Both models
assume that the components of the mixture do not interact with
each other.

While IA is based on probabilistic response addition where
each component contributes via a different mechanism at
different target sites to the observed effect, CA assumes a common
mode of action and can be interpreted that each component can
be seen as a diluted or more concentrated version of the other
components. In general, CA has been established as a suitable
“default” model for mixture toxicity, as it is often more conserva-
tive than IA* and differences between the two models are typically
decreasing as the number of mixture components increases.
Deviations from CA and IA in form of synergism or antagonism
have been rarely observed,” but depending on the respective
mixture scenario should also not be neglected.*

A practical application of the CA concept is the use of bi-
oanalytical equivalent concentrations (BEQ), also referred to as
toxic equivalent concentrations (TEQ), which express the effect
of a mixture as concentrations of a reference compound that
has the same effect as the mixture by scaling detected concen-
trations with relative effect potencies (REP).>” Introduced as
a special case of CA - also described as “simple similar action”*®
- the BEQ concept was developed and continuously applied to
facilitate communication and simplify mixture assessments.
This approach requires that the log-concentration-response
curves be parallel. This implies that the REP is constant across
all effect levels and between the mixture components.”
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However, in practice, dose-response curves often differ in
slope and maximum effect,” which restricts the applicability of
the BEQ concept. This is especially true for the BPA alternatives,
which show partial agonism for the estrogen receptor.’®" Yet, it
has been shown that most dose-response curves can be
approximated as linear in the low-effect range (<30%), and the
REPs are then a ratio of the slopes and not dependent on the
effect level.*® With this simplification, the BEQ concept could in
theory be applied up to effect levels of 30% for most compounds
and endpoints, including BPA and its alternatives, but at higher
effect levels more sophisticated mixture models are needed.

Experimental mixture data can be affected by artefacts, and
their interpretation is often complicated. False conclusions can
result from issues such as missing activity of individual mixture
components, solubility limitations or poor single-chemical fits,
as well as from specific features of BPA alternatives such as their
partial agonism at ERa..

To address these issues, we tested different variants of the
CA model and compared their predictive performance with the
linear CA approach. The applicability of CA for partial agonism
is inherently limited, because predictions are undefined beyond
the lowest maximum effect observed for any component. Only
a few extended CA frameworks have been proposed to account
for such cases,** enabling predictions for mixtures of
compounds with varying efficacy.

In this study we demonstrate the applicability of the linear
CA model and the BEQ concept for BPA and its alternatives
using realistic environmental concentrations to design the
mixtures. We compare the prediction quality of different
mixture models with varying complexity. We then demonstrate
potential applications of the BEQ-based mixture assessment for
BPA and its alternatives.

2 Materials and methods
2.1 Chemicals and cells

Full chemical names, abbreviations are given in Table 1 with
details in Table S1. The BPA alternatives were all dissolved in
methanol as 10 g per L stock solutions (LC-MS grade, Chem-
solute, TH Geyer, Renningen Germany) and all sourced from
Chiron AS (Trondheim, Norway). All components of the
bioassay media, as well as the ERa-UAS-bla GripTite were
purchased from Thermo Fisher Scientific (Waltham, MA, U.S.).
AREc32 cells were kindly provided by C. Roland Wolf from
Cancer Research, UK,** and AhR CALUX H4L7.5c2 cells** by
Michael Denison, UC Davis, U.S. SH-SY5Y was purchased from
Sigma-Aldrich (St. Louis, MO, U.S.) Chemicals needed for cell
culture, bioassay detection and reference compounds are listed
in Table S2 (reprinted from Srebny et al.*').

2.2 Physicochemical properties and baseline toxicity
predictions

All physicochemical data of BPA and 9 alternatives were taken
from Srebny et al.™* and, where possible, based on experimentally
measured values (Table S1). The baseline toxicity predictions* and
single chemical effect and cytotoxicity data were reprinted from

This journal is © The Royal Society of Chemistry 2026
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% >IC;, means that no EC,, could be derived because cytotoxicity masked the effect, or in case of reporter gene assays, a cytotoxicity burst®> could have falsified the effect data.
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Srebny et al.** (Table S1). The effect concentrations ECy, represent
the absolute 10% effect levels and the inhibitory concentrations
IC,, represent absolute 10% cytotoxicity.*”

2.3 Environmental occurrence data

Environmental monitoring data for surface water occurrence of
seven BPA alternatives were compiled in the review by Ada-
movsky et al.” (Fig. S1). For six substances (BPA, BPS, BPF, BPE,
BPB, BPAF), the available data were sufficiently abundant to
derive median environmental concentrations (Cpedian, Table
S2). For compounds with limited or no occurrence data (BPPH,
BPAP, BPS-MAE, BPZ), concentrations were theoretically set to
2.31 nM, corresponding to a fixed share of 10% in a hypothetical
mixture containing all ten bisphenols.

2.4 Mixture design

The grouping of the bisphenols for mixture toxicity testing
(Fig. 1) was done based on the availability of occurrence and
bioactivity data (Table 1).”° Mixture I included BPA, BPF, and
BPS, for which both occurrence and in vitro toxicity data are
readily available (Fig. 1a). Mixture II comprises BPAF, BPB, and
BPE, which have been detected in surface waters but lack
comprehensive in vitro toxicity characterization. Mixture III
contains alternatives (BPZ, BPPH, BPAP, BPS-MAE) that have
neither been detected in environmental monitoring. The
mixtures were also combined to cover all possible unique
combinations (I + II, I + III, II + III) as well as a 10-component
mixture (I + II + I, Fig. 1a).

Molar fractions p; (eqn (1)) were calculated based the concen-
tration C; of component i and total concentration Cy, in each
mixture (eqn (2)) and are reported in Tables 1, S3, Fig. 1b and c.

G
= 1
Crot ®

Di

Ctot = Z Ci (2)
i=1

2.5 Preparation of mixture and dosing solutions

The mixtures were prepared by combining the 10 g per L meth-
anolic stock solutions of each bisphenol in proportions defined by
the predetermined fraction p; (Table S3). This mixture stock was
transferred to conical dosing vials, evaporated, and reconstituted
in the respective assay medium. The final concentration in each
well corresponded to three times the concentration predicted by
the preliminary CA model to elicit a 10% effect. A detailed
description of the mixture preparation is provided in Table S4.

2.6 Bioassays in 384 well plate format

Bioassay and cell culture procedures for ERa-UAS-bla GripTite,
AhR-CALUX, neurite outgrowth inhibition and MitoOxTox have
been described extensively in previous studies,'*****%3° more
details are provided in Table S2 and Text S2. The experiments of
the single chemicals from Srebny et al.** (reprinted in Table S1)
and the designed mixtures were performed with the same cell
lines under identical experimental conditions.

Environ. Sci.. Processes Impacts
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Fig. 1 (a) Schematic illustration of the three base mixtures I, Il, Il with chemical structures of the 10 mixture components (Table S3). (b)

Representation of the mixture design and as stacked bar plots for mixture | with BPA, BPS and BPF coloured in blue, mixture Il with BPAF, BPE, and
BPB coloured in red, mixture Il with BPZ, BPAP, BPPH and BPS-MAE in green. (c) The other mixtures | + II, | + III, Il + lIl are combinations of the
first three. Mixture | + Il + Il is a 10-component mixture. Data from Tables 1 and S3.

Briefly, 2650 to 5000 cells were seeded into 384-well plates,
followed by 24 h incubation at 37 °C and 5% CO,. Then, the
chemical mixtures were dosed to the cells dissolved in the
appropriate medium and incubated again for 24 hours at 37 °C
and 5% CO,. Cell viability was monitored both before and after
24 h chemical exposure via cell confluency with an IncuCyte S3
Live-Cell Analysis System (Sartorius AG, Essen, Germany), except
for the neurite outgrowth assay, where a live-dead staining with
Nuclear Green LcS1 (138904, Abcam, Cambridge, U.K.) and pro-
pidium iodide (Abcam, Cambridge, U.K.) was performed. Only
concentrations with cell viability >90% (i.e., concentrations < IC;,)
were included for evaluation of the reporter gene assays ERa,, AhR
and ARE to avoid artefacts from the cytotoxicity burst.*

2.7 Data evaluation

2.7.1 Concentration-response curve fitting. The effect data
reported in Srebny et al' were absolute 10% cytotoxicity
concentrations IC,, or absolute 10% effect concentrations EC,,
derived from the linear low-effect portion of the concentration-
response curve (CRC) given in eqn (3), which typically holds for
effects up to 30% (y = 0.3).”” For the ARE, the concentration
inducing an induction ratio IR of 1.5 (ECr4 5) was used, which is
typically linear up to an IR of 4.* IC4, EC; and ECjgr, .5 were
derived using the R workflow AutomatedBioassayScreening (R
4.1.3, RStudio Version 2025.05.0; https://git.ufz.de/braung/
automatedbioassayscreening). For the newly
measured here, the linear low-effect CRCs were also fitted
with GraphPad Prism, V10.6.1.

mixtures

y =slope x C (3)
EC, =

)y
C — 4
7 slope (4)

Although this low effect-range is relevant for risk assess-
ment and for mixture effect evaluation of realistic mixtures,
we additionally evaluated the full CRC up to the maximum

Environ. Sci.; Processes Impacts

effect (Emax) using a full-range log-logistic model, also called
Hill model (eqn (5) with a minimum effect = 0, y = effect, b =
Hill slope, ECsg relative median effect concentration). These
CRCs were fitted with the function “log(agonist) vs. response
- variable slope (four parameters)” in GraphPad Prism,
V10.6.1. Since the ECsq relative aT€ not comparable between
each different CRCs with different E,,,x, we converted the
ECso,relative t0 absolute 10% effect concentration, ECyo, with
eqn (6). In an ideal CRC, the EC10 derived from the linear
portion and the full logistic CRC would be identical.
However, in practice, they may differ slightly.

y= o ©)

- 1+ lob(log ECs0 elative —log C)

Enax — 10%>

! ( :
IOg ECIO = IOg ECSO,re]ative - + (6)

2.7.2 Mixture toxicity prediction. Independent of the
model that was used to derive the effect concentration EC,, the
general mixture equation for concentration addition is that the
toxic units (TU,) of all mixture components i sum up to 1 (eqn
(7)), which translates to a predicted EC,(CA) of the mixture for
absolute effect y in eqn (8). The predicted effect y of indepen-
dent action (IA) can be computed from the individual effects y;
at any given concentration with eqn (9).** EC,; and y; can be
computed with whichever CRC model has been chosen.

n Ci n
; BC, - ;TU,- =1 7)
1
EC,(CA) = — (8)
Z pi
~EC,,

This journal is © The Royal Society of Chemistry 2026
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n

yIA) =1-J] (1 - (9)

i=1

If effects do not exceed 10% and for the linear model with IR,
CA and IA converge to the same model (eqn (10)),** where the
slope; refers to the slope of the linear CRC of each component i
and slopec, is the predicted slope of the mixture, which is the
sum of the product of p; and the individual slopes slope;.
EC,(CA/IA) does not require the distinction between CA and IA
and avoids the complication with E,,,«, because Ey,,, must be at
least 10%, else the chemical/mixture is considered inactive.

EC,(CA/IA) = (0 — = 5
y slopeca i (pi x slope;)

i=1

(10)

This low effect-level CA/IA model is relevant when looking at
realistic environmental concentrations that are typically occur-
ring at much lower effect levels, but not if we want to analyse
mixture interactions at high effect levels and high
concentrations.

To explore mixture effects and potential interactions at high
concentrations, we fitted the raw CRCs of Srebny et al.** again
with the full-range log-logistic model (eqn (5)) and then applied
the general CA prediction model (eqn (8)). NOI and MMP were
fitted with (eqn (5)) and the E,,,x fixed to 100% and hence the
general CA prediction model (eqn (8)) could be applied incre-
mentally from 0% to 100%. However, in case of ERa. activation,
the E,ax did not reach 100% and was very variable for different
single chemicals, which meant that the CA prediction (eqn (8))
can only be performed up to the lowest E,x of the mixture
components i.

There are two alternative models that can deal with this issue
encountered only for ERo activation: First, the “general
concentration addition” model (GCA), which was first proposed
by Howard and Webster,** and adapted by Scholze et al.,** can
be applied for a fixed slope b = 1 and variable E,.x (eqn (11)).
The predicted E,.x that the mixture can reach is defined by eqn

(11).

EC,(CA) = - R (1)
zpi X Emax — yx Pi
izt ECso; ' ECs,
! pi X Emaxi
— ECs,;
Emax(CA) = % (12)
i=1 ECSOJ

Second, Scholze et al.** proposed a model that can deal with
variable slopes b and variable E,.,, which they called “toxic unit
extrapolation” (TUE) approach. This model assumes that once
a mixture component reaches 70% of its maximum effect (Eax),
the corresponding effect concentration is fixed for all higher effect
levels and eqn (7) expands to eqn (13). This model extrapolates the
contribution of this component to the overall mixture effect

This journal is © The Royal Society of Chemistry 2026
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beyond its effect maximum E,,,«. Beyond this point, i.e., at higher
mixture concentrations, its relative contribution is held constant.
As a result, the component becomes progressively less influential
at higher effect levels but still contributes to the mixture effect y.
The extrapolated TU(0.7Emay") can be calculated from the ratio of
the fraction py, total concentration EC,(CA) and the effect
concentration at 0.7 Epay. The estimation of EC,(CA) is given in
eqn (14).

n o n m o
Z;Ecy.f | H]Z TU() + Z TUL(0.7 X Eny') =1
i= » iefull agonist ke partial agonist
(13)
1
EC}(CA) = n m
S TU(Y) + S TUK(0.7 X Enax”)
ie full agonist ke partial agonist
_ 1
npi m D
+ P
; EC,; < ECo7xok

(14)

2.7.3 Bioanalytical equivalent concentrations expressed as
BPA-equivalents (BPA-EQ). In this study, we used BPA as refer-
ence compound for all bioassays and introduce the new concept
of BPA-equivalent concentrations or short BPA-equivalents
(BPA-EQ) analogous to the bioanalytical equivalent concentra-
tion (BEQ) concept.*”

BPA-EQyix Of the experimental mixture was derived from the
experimental effect concentration EC ¢, of the tested mixture
by eqn (15). For easier communication and comparison, we
expressed BPA-EQ in mass concentrations. The molecular
weight of BPA (MWgp,) is 228.29 g mol .

ECIO‘BPA

BPA — EQ,,; (bioassay) = T
10,exp

X Cior X MWppp

(15)

Typically, each bioassay has its specific reference compound.
As we used BPA as reference for all bioassays, we indicate the
name of the bioassay (abbreviated as cytotoxicity (for the
median cytotoxicity ICiomedian)y ER®%, ARE, MMP, NOI, and
AhR).

The BPA equivalent concentration BPA-EQcpem Of the
mixture can be predicted from the BPA-EQ; of all mixture
components { if CA can be confirmed as mixture model and if
the slopes of the log CRCs are similar or if the CRC can be fit
with the linear CRC model at low effect levels (eqn (6)).** We
used the latter in this study. Then the BPA-EQ; simply add up
(eqn (16)).*

n

BPA — EQqep, (bioassay) = » ~ (BPA — EQ,) x MWgps  (16)

i=1

The BPA-EQ; was calculated based on the relative effect
potency as compared to BPA (REP;, eqn (17))*” and its concen-
tration C; in the mixture.
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BPA-EQ; (bioassay) = REP; x C; (17)
. ECionra

REP;(b = — 18

(bioassay) ECn, (18)

3 Results and discussion
3.1 Cytotoxicity

As for single compounds, the IC,, of the mixtures varied little
between cell lines (Table S5 and Fig. S2) and therefore we used
IC10,median for the following analysis. ICio meaian(€Xp) agreed
within a factor of two with the predicted IC; median(CA/IA)
(Fig. 2b and Table S5).

3.2 Estrogen receptor o (ERat)

For ERa, EC;o(exp) of the mixtures agreed well with the CA-
predictions using the linear CA/IA model (Fig. 2¢, S3 and
Table S7). We observed no synergism or antagonism for any
mixture at 10% effect level. BPPH in mixture III was inactive and
one would expect a deviation towards “synergy or missing
EC;0”, however the deviation from the CA model prediction by
a factor of four for mixture III with the most hydrophobic
components would rather suggest solubility problems (Fig. 2¢
and Table S7).

Although environmentally relevant mixtures generally occur
at low concentrations, for which the linear low-effect model is
applicable, we extended the analysis for ERa to four more
complex mixture models (log-logistic CRC-CA, log-logistic IA,
GCA, and TUE). This additional evaluation was conducted to
better understand whether the partial agonists interact in
mixtures at higher effect levels (>30%, Fig. 3). All these predic-
tions were based on the full log CRC (eqn (5)) of the individual
mixture components (Fig. S4 and Table S7). The experimental
CRCs were well predicted by all models up to approximately
20% (Fig. 3c) with exception of mixture III.

By definition the log-logistic CRC-CA model only predicts up
to the En,, of the mixture component with lowest maximum
and hence the predicted CRCs (red dashed lines in Fig. 3) ended
often between 20 and 30% effect, but below this model over-
lapped with the linear CA model. The log-logistic IA could not
predict E.x but predicted the shape of the low-effect level
portion of the CRCs very well.

The CGA model adequately predicted the maximum efficacy
of ERa activation (E,.x, Table S7), but was performing poorer
regarding the predicted effect levels <10% as already observed
by Scholze et al.** This is due to very similar log-logistic fits of
the CRCs of the mixture components (Fig. S3) that agreed well
between adjustable slope b and b = 1 but sometimes under-
performed at low effect levels.

The TUE represents a worst-case scenario that implies that
partial agonists keep activating the receptor beyond their
maximum effect level. This model clearly overestimated the
observed mixture effect (Fig. 3). We hypothesize that the partial
agonists still contribute beyond their individual maximum
effect levels to the mixture effect, most likely by remaining
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bound in the ERa binding pocket and not being displaced by
other alternatives, thereby decreasing E,,, of the mixture.

The confirmation of CA for low effects in this study agreed
well with those reported in literature for BPA and alternatives.
Skledar et al®® investigated binary, ternary, and up to six
component mixtures of BPA and five alternatives, including
BPF, BPAF, BPS, Bisphenol C (BPC), and BPZ in HeLa 9903 cells.
Their study included equimolar and equipotent mixtures, as
well as mixture scenarios based on a “something from nothing”
scenario. They observed good agreement between predicted and
experimentally determined estrogenicity when using the
concentration addition model (Fig. S5a and Table S8). Similarly,
Lee et al.>* demonstrated CA for binary and tertiary combina-
tions of BPA and eight other alternatives when comparing
benchmarks at 50% transactivation activity (Fig. S5b and Table
S8). These studies, along with our own findings, strengthen the
evidence that concentration addition is a reliable model for
predicting combined estrogenic effects of structurally related
compounds as the BPA alternatives.

Synergistic and antagonistic effects occur typically at high
doses, if at all. While synergy is rare, it cannot be neglected
entirely, especially in in vivo studies.”®* In vitro studies on
mixtures of estrogens and xenoestrogens have mainly reported
CA,»>171832 but there exist also reports on how non- or low-
estrogenic modulators impacted the estrogenic effect in
mixtures.* Our experiments of mixtures of low-potency xen-
oestrogens at high doses essentially concurred with CA, thereby
refuting any synergy or antagonism.

3.3 Oxidative stress response (ARE)

None of the selected BPA alternatives or BPA activated ARE in
our previous study (Table S1)."* However, we were still able to
detect a response for three of the mixtures (ECig; 5(I) = 146 uM,
ECir15(I) = 68 uM and ECigy 5(I + II) = 188 uM). The binary
mixture of I with II had an ECyrq 5(CA) = 87 uM, which is less
than a twofold deviation. We previously made similar observa-
tions for the endpoint ARE previously in designed mixtures of
diverse organic micropollutants, where equipotent mixtures
showed CA,* while mixtures representative for surface water
that contained inactive and active components showed higher
mixture effects than predicted by CA, indicating that inactive
mixture components can contribute to mixture effects.* In
contrast, when five or ten potent activators of ARE were
combined with five inactive pharmaceuticals, we did not see any
contribution of the inactive mixture.*

3.4 Mitochondrial membrane potential (MMP) inhibition

For MMP, we applied two approaches: first we fitted single
chemical and mixture data with the linear CRC model (eqn (3)),
and derived EC,, values from these fits (eqn (4) and Fig. S6). The
experimental EC,, agreed with the predicted EC,,(CA/IA) within
a factor of two (Fig. 2d and Table S9).

The log-logistic fits yielded E,,x between 84% and 102% for
single chemicals and mixtures (Table S6). As in theory 100%
effect should be attained for this endpoint (unlike for the partial
agonists of the hormone receptors), all CRCs were additionally

This journal is © The Royal Society of Chemistry 2026
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Fig.2 Comparison between predicted and experimental effect and inhibitory concentrations for different endpoints and median cytotoxicity. (a)
Schematic representation of prediction outcomes: solid diagonal line indicates perfect agreement with concentration addition modeling (CA),
dashed lines mark the range of twofold deviation in both directions. Data points above the range indicate apparent synergism or missing single
chemical values, data points below the diagonal line hint towards antagonism or experimental artefacts. (b) Cytotoxicity 1C10 median(€XP) VS.
1C10,median(CA) (Table S5). (c) ERa-UAS-bla GripTite (ERa) (Table S7). (d) Mitochondrial membrane potential inhibition (MMP) (Table S9). (e) Neurite
outgrowth inhibition (NOI) (Table S10). (f) Aryl hydrocarbon receptor activation (AhR) (Table S11). Orange circles represent ICyp(exp) and ECyo(exp)
vs. IC10(CA) or EC1o(CA), respectively, predicted with the low-effect linear-slope model (abbreviated with linear CA/IA in the figure (egn (10))), the
red diamonds the CA predicted with the full CA model and log-logistic CRCs as input data (abbreviated with log-logistic CA in the figure (egn
(10))) and the blue squares the predictions for AhR (eqn (10)) with missing ECyq replaced by ICig paseline (Table S1).

fitted with the E;,.x set to 100% to simplify the mixture
prediction for CA and IA (Table S6 and Fig. S7 for the individual
components) and to predict the full CRCs for CA and IA
(Fig. S7).

As the slopes of the single chemicals were rather steep,
ranging from b = 1.8 to 5.0, the predictions for CA were sepa-
rated clearly from the IA predictions for all mixtures containing
1I (Fig. S7). Typically, the steeper the slopes of the components’
CRCs, the more the CA and IA predictions diverge. Mixture I was
more potent than its CA and IA predictions (Fig. S7a), for
mixture II the experimental CRC lay exactly between CA and IA
predictions (Fig. S7b), and mixture III was less potent than CA
and IA predictions (Fig. S7¢) and for the remaining mixtures we
observed the same pattern (Fig. S7d-f).

The linear predictions at low effect levels crossed the CA curve
at 10% effect level, which indicates that the linear model per-
formed well, which is also confirmed by Fig. 2d that visualises that
all predictions agreed with CA. The linear model is very relevant for
environmentally realistic mixtures, where chemicals occur at very
low concentrations that would trigger mixture effects in MMP of
only up to 0.02% (for I + II + IIT) and even less for the other
mixtures. We have argued previously that CA and IA overlap at low
effect levels,® but this only holds for strictly linear CRCs at low

This journal is © The Royal Society of Chemistry 2026

effect levels and only if the slopes b of the log CRCs are close to 1.
If they are larger than 2, the linearity of the linear CRCs is
compromised (Fig. S8). The steep log CRCs for mitochondrial
toxicity will not only lead to a separation of the CA and IA
prediction as discussed above but also to imperfect fit of the linear
CRCs. However, as Fig. S7 demonstrates, in practice there is a very
good consistency of the linear CA/IA model with the CA model
derived from the log CRCs at the 10% effect level. This justifies the
derivation of BPA-EQ(MMP), which will be further pursued below.

Mitochondrial toxicity data for BPA and its alternatives have
been less frequently reported than for estrogenicity.” A binary
mixture of BPA and BPAF induced mitochondrial dysfunction in
mitochondrial dysfunction in human granulosa cells,"” but
concentrations in the mixtures were the same as in the single
chemical experiments, which means that the mixture effect
could not be compared with CA or IA.

3.5 Neurite outgrowth inhibition (NOI)

In our previous study, we could not derive EC,, of NOI for BPS,
BPF and BPPH (Table S1)** and the linear fit was rather poor for
the mixtures (Fig. S10). Nevertheless, even with data for two
chemicals missing, mixture I still agreed within a factor of 2 with
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the linear CA/IA model (Table $10), which means that BPA would
have dominated the mixture effect on its own, but mixture III,
where BPPH was missing, did not agree with the prediction (Table
S10 and Fig. 2e). All mixtures that included mixture IIT deviated
from CA in the direction of “antagonism or experimental arte-
facts” (Fig. 2e). This anomaly is likely due BPAP and BPPH being
the most hydrophobic chemicals (log K, 6.67 and 5.06) that
might not be well solubilized. This would suggest an experimental
artefact rather than an antagonistic effect.

When analysing the whole CRCs of the single chemicals
(Fig. S11) and mixtures (Fig. S12) and compare with the CA and
IA predictions, it becomes evident that all mixtures containing
I predict a much higher effect than observed, while all
mixtures with I and II agreed perfectly with the CA and IA
predictions and there was little difference between CA and IA
(Fig. S12). The experimental data also scatter more than for
other mixtures. This further supports our theory that for NOI
solubility issues highly influenced the experimental results.

3.6 Activation of aryl hydrocarbon receptor (AhR)

All mixtures activated AhR but the activation was relatively weak
and occurred close to cytotoxicity. Due to the high cytotoxicity,
only the linear portion of the CRCs could be evaluated and hence
only the linear CA/IA prediction could be performed (Table S11). It
is noteworthy that all mixtures were active even though the EC;,
for AhR activation could only be derived for BPA, BPE, BPZ and
BPPH (Table S1)."* The toxic ratio (TR = IC;g paseline/IC10) Of the
single chemicals ranged from 0.09 to 2.67 and the specificity ratio
(SR =IC;(/EC4y) of the four active ones from 1.04 to 1.36, which
indicates that AhR activation was measurable but so weak that it

Environ. Sci.; Processes Impacts

occurred close to baseline cytotoxicity and is due to the cytotox-
icity burst, which is the nonspecific activation of any reporter gene
at concentrations close to cell death.***® For single chemicals we
followed a strict cytotoxicity cutoff at 10% cytotoxicity, which
means that all concentrations that led to more than 10% cyto-
toxicity were omitted for the evaluation of the CRC of AhR acti-
vation,®” but we relaxed this criterion for mixtures where specific
and non-specific effects can be relevant for different mixture
components. For prediction of the mixture effects including the
inactive mixture components, we filled these data gaps by their
predicted IC; paseline (Table S1).** The mixture simulations resul-
ted in greatly improved predictions for mixtures I, II and I + II,
while all others did not vary (Fig. 2f). These simulations demon-
strate that (a) apparently inactive chemicals might contribute to
mixture effects and (b) that the activation of AhR by bisphenols is
so weak that we essentially just measured cytotoxicity. This case
demonstrates the challenge we often encounter when applying
reporter gene assays. In many studies, cytotoxicity is not reported
alongside the activation of the receptor or pathway. These effects
are often erroneously interpreted as specific, when they are actu-
ally non-specific and indirectly caused by the cytotoxicity burst.
Thus, the mixture effects reported for AhR activation are, in effect,
mixture effects triggered by cytotoxicity, and in this particular
example even baseline toxicity because not only the SRs were close
to 1 but also the TRs.

3.7 Evaluating BPA alternative mixtures with the BPA-EQ
concept

For those assays for which we could successfully demonstrate
concentration additivity, and which also represent relevant

This journal is © The Royal Society of Chemistry 2026
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effects for BPA and the alternatives we applied a modified BEQ-
model - coined as BPA-EQ. We included median cytotoxicity
(IC10,median), €strogen receptor alpha activation, and mito-
chondrial membrane potential inhibition (MMP).

3.7.1 Cytotoxicity. Comparing the individual contributions
of fractions in the mixture and relative effect potency for cyto-
toxicity revealed BPPH as main mixture driver with an REP of
10.3, which is due to its high log K, of 6.67 (Fig. 4a). Predicted
and experimental BPA-EQs of the 10-component mixture agreed
well (Fig. 4b and Table $12) with BPA-EQcper, of 11.2 ug L™ " and
BPA-EQ,ix of 10.4 pg L~ '. The BPA-EQ.pem Was 7% higher than
BPA-EQpix- BEQs of the combined mixtures corresponded well
with those of the individual mixtures I to III (Fig. 4c), within
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arange of —22% to +8% (AMixture I + IT: —22%, AMixture I+ III:
—25%, AMixture II + III: —38%, AMixture I + II + III: +8%).

3.7.2 ERoa. Three BPA alternatives dominated the ERa
mixture effects: BPAF, BPB, BPZ (Fig. 4d-f and Table S12). All
three are more potent ERa agonists than BPA, with REPs of 15.2
(BPAF), 8.4 (BPZ), and 2.7 (BPB), respectively (Fig. 4d).

When comparing BPA-EQchem and BPA-EQp,ix for the 10-
component mixture I + II + III (Fig. 4e). BPA-EQux was
approximately 37% lower than the predicted BPA-EQchem.
Differences between the sum of individual mixtures I-III and
their binary and tertiary mixtures were slightly smaller but
otherwise corresponded well (Fig. 4f) (AMixture I + II =

BEQ; contribution: REP; and p; [+11+11I: BEQ 40 vS. BEQp BEQ,, by group vs. mixtures
a. b. C.mp
=3
— 20 15 > 15
g z 3=
15 % "
g g ~ 101 ‘g qo " med
9 Q.‘ as, CA o
> 4 ®BPPH g3 s
T - 5 & 8
(]
» 5 BPAF é o
. BPB &
§« arn BT g srs  ® é
oy = 0T Ty e T T T -]
P .0'15 . %%;Q’Q@Q%@@‘%‘?%JO‘, ML 1 I
pi e &
d. e. f.
2 20 = 15 - - 151T8m7
"k CA [
§ s e 3 2 |Ch.
= = 104 = 10
g 1o & «
x = eBPz o a
& w54 w54
g’ 51 BPB £ &
® BPA e - 3] o
- 0+ ——4 =3 APLBURBLELELE L o | | P— | S
0.00 0.05 0.10 0.15 0.20 0.25 oAk & RIS NG R
p| e§6‘§ ‘bqeq%qk@%@’ 0"’ | ¥ [} i+
E A
g. h. i
A -1 S5 Tem
2 N— |
- 15- g CA g i
8 ® BPFH = o0 =10 mined
c = =
5 w10 = -
8 8 s O s
b 5 * BPAF & 3
2 8P o
2 o - - @
= IR R o o 2 o e e e e 0‘]-_|H|hn.—|
0.00 0.05 0.10 0.15 0.20 0.25 T S LB o - ‘ n —
D %E‘zw Q?%WQ?:%/@ -~ W Bl el
| %Q Q)‘(/

Fig. 4 Comparison of cytotoxicity (ICi9,median). ERa activation, MMP activation and responses to BPA alternatives. (a, d and g) BPA-EQ;
contribution of each BPA alternative based on the product of relative effect potency (REP;) and fraction (p;) in 10-component mixture based on
environmental occurrence data. (b, e and h) BPA-EQ; values of individual compounds in the 10-component mixture (Group VI, grey bars),
compared to the concentration addition-based BEQcnhem (black bar) and the experimentally derived BEQix (IC10 median: green bar, ERa: red bar;
MMP: blue bar). Dashed lines indicate the expected BEQcnem from CA modelling. (c, f and i): Experimental BEQx values of individual mixture I-IlI
stacked to yield the combined mixtures and their experimental combined mixtures (grey). For cytotoxicity (IC1o median) (i): Mix | (dark green), Mix ||
(medium green), Mix Il (light green). For ERa (c): Group | (dark red), Group Il (medium red), Group llI (light red). For MMP (f): Mix I: (dark blue), Mix Il
(medium blue), Mix Il (light blue). All data in Table S12.
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—19.3%), (AMixture I + III —9.4%), (AMixture II + III: +1.6%)
and (AMixture I + II + III: —17%).

3.7.3 MMP. As BPPH was the compound with strongest
effects (REP = 14) on MMP in the whole test-set (Fig. 4g) fol-
lowed by BPAF (REP = 5.3), both were main mixture drivers for
this test set (Fig. 4h). As for the other bioassays, the various
combinations of mixture I to III were all consistent with CA
(Fig. 4i).

3.7.4 Mixture effect drivers. Comparison of total concen-
tration in surface water and BPA-EQchem in the three bioassays
for mixture I + II clearly demonstrates that BPB was the most
abundant bisphenol in this mixture but its contribution to
mixture cytotoxicity was even more prominent than its contri-
bution to the concentration (Fig S14). In contrast BPS, which
was the second most abundant bisphenol had an almost
negligible contribution to the mixture effect. And BPAF was only
fourth in terms of concentration but caused 50% of the estro-
genic effect (Fig S14).

3.8 Evaluation of simulated substitution scenarios using the
BPA-EQ concept

To demonstrate the practical relevance and applicability of the
BPA-EQ for the validated endpoints, we simulated four
replacement scenarios in addition to the reconstructed envi-
ronmental mixtures. These scenarios were designed to evaluate
the potential consequences of substituting BPA and to illustrate
how the BPA-EQ can facilitate communication between
different scientific disciplines.

The scenarios encompass: (1) “surface water”, (2) “high-
potency”, (3) “low-potency”, (4) “endpoint shift” and (5) “inert
behavior”. For each scenario, all currently detected bisphenols
in mixture I + II (scenario (1)) were substituted by a single
replacement compound in the same molar concentration: (2)
BPB, (3) BPS, (4) BPPH, or (5) 2,2,4,4-tetramethyl-1,3-
cyclobutanediol (TMCD) (Table S13). The outcomes were then
benchmarked against the results of the real-world surface water
mixture I + 1L

In the high-potency scenario (2), we assumed that all detec-
ted bisphenol-like chemicals in the mixture were replaced by
BPB, which is roughly twice as cytotoxic, 8.6-fold more potent
than BPA in eliciting ERa. agonism and able to cause mito-
chondrial toxicity. Applying this substitution to mixture I + II
resulted in BPA-EQ of 5.4, 8.7, and 5.9 ug L™" for cytotoxicity,
ERo agonism and mitochondrial toxicity, respectively (Fig. 5
and Table S13). Replacing BPA and other alternatives with
BPB—or with any other alternative of similar or higher
potency—would therefore not mitigate but rather exacerbate
the overall toxicity burden in the environment.

In the low-potency scenario (3), all BPA and other bisphenol
alternatives were replaced by bisphenol S (BPS), which is about
ten times less cytotoxic compared to BPA and approximately five
times less potent as an ERa agonist. With this simulation, the
overall toxicity burden of the mixture would be markedly
reduced by a factor of ten (BPA-EQ(cytotoxicity) = 0.25 ug L™,
BPA-EQ(ERa) = 0.82 ug L™", BPA-EQ(MMP) = 0.76 ug L™ ).

Environ. Sci.; Processes Impacts
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Fig. 5 Comparing the BPA-EQ(bioassay) of the endpoints median
cytotoxicity (green), ERa (red), mitochondrial membrane inhibition
potential (MMP; blue) for five scenarios: (1) “surface water”, (2) “high-
potency”, (3) “low-potency”, (4) “endpoint shift” and (5) “inert behavior”
(data in Table S13).

However, this benefit would only hold if environmental
exposure levels remained constant or decreased, since
a substantial increase in BPS concentrations, e.g., due to higher
overall production/consumption could offset the lower potency.
Moreover, BPS is still considered an estrogenic and reproduc-
tion toxic,**"*® even if higher concentrations are required to
elicit effects, and its physicochemical properties differ from
BPA. For example, BPS was more resistant to degradation in the
environment.”® Consequently, long-term exposure could accu-
mulate and counteract the apparent advantage of lower
potency. It is also listed as a substance of very concern (SVHC)
like BPA and received a CLP categorization as reproduction toxic
2B.>*

Regarding the endpoint shift scenario (4), BPPH is a bi-
sphenol compound that has not yet been detected in surface
waters but is used as a substitute for BPA. While BPPH shows no
measurable activity as an ERa agonist, it exhibits markedly
higher toxicity on other endpoints: approximately 10 times
increased cytotoxicity compared to BPA and 14-fold higher
mitochondrial toxicity, consistent with its greater hydropho-
bicity. The BPA-EQs changed accordingly to BPA-
EQ(cytotoxicity) = 32.5 ug L' and BPA-EQ(MMP) = 45.2 pg
L™, This scenario illustrates the importance of considering
a broad spectrum of toxicological endpoints before introducing
a new compound that may appear “safer” when judged solely by
its estrogenicity. Such substitution strategy risks shifting the
toxicity burden from one endpoint to another rather than
reducing it overall.

The inert substitution scenario (5) with TMCD represents the
only case in which replacing all bisphenols would substantially
reduce the mixture's overall toxic contribution. TMCD has

This journal is © The Royal Society of Chemistry 2026
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extremely low potency, and even in case of a 1000-fold increase
in environmental concentrations would be lower as the current
range of mixture toxicity, irrespective which endpoint consid-
ered. Its negligible toxicological activity means that substitution
with such an inert compound would effectively eliminate
mixture toxicity.

Taken together, these thought experiments illustrate three key
points. First, it is inherently difficult to replace a high-volume
industrial chemical with vital economic functions while ensuring
that the substitute truly has fewer environmental impacts. Second,
successful risk reduction requires limiting the overall release of
chemicals into the environment, not just exchanging one
compound for another. Third, the long-term solution lies in
designing chemicals with intrinsically lower hazard profiles and
reduced environmental persistence, thereby preventing the need
for problematic substitutions in the first place.

4 Conclusion

BPA alternative mixtures followed the concentration addition
model not only for estrogenicity but also for mitochondrial
toxicity and cytotoxicity. In cases where the linear CA model at
low effect levels was applicable, BPA-EQs could be derived as
a robust and communicable metric to predict mixture effects of
BPA alternatives across these endpoints, with potential appli-
cations ranging from environmental monitoring to human bi-
omonitoring, and replacement scenario analyses. Most
importantly, BPA-EQs enable an early quantitative comparison
of potential replacement compounds and their mixture contri-
butions, thereby supporting prioritisation and informed
substitution decisions.

Meaningful risk reduction can only be achieved if alterna-
tives are less potent than BPA, ideally inactive, and do not
introduce additional toxicological endpoints.'* Ultimately, the
use of BPA and its alternatives should be limited to essential
applications to minimize both environmental burden and
human exposure.

The freshwater environmental quality standard (EQS) of BPA
compliant with the Water Framework Directive of the European
Union is presently proposed as 129 pg L' and the corre-
sponding EQS for surface water used for abstraction of drinking
water is presently at 2.5 pg L™" but recent revisions of the
tolerable daily intake for humans might trigger a lowering of the
EQS to 0.034 ng L™ "% The median surface water concentration
of BPA of 0.35 ug L™ " is below the existing EQS for surface water.
However, if we compare the BPA-EQ of the 6-component
mixture (I+ II) in all bioassays, they would exceed the EQS of the
single BPA. The BPA-EQ of the 10-component mixture (I + IT +
11I) would exceed the EQS of the single BPA even by a large
margin. EQS are derived for single chemicals but using them as
a threshold for BEQs seems intuitively convincing.

This study provides a robust and communicable framework
to better capture mixture effects of BPA alternatives, which may
ultimately simplify the reporting and prediction of mixture
effects, and in the long-term support regulatory discussions
such as the inclusion of the mixture allocation factor (MAF)>***
in the current revision of REACH.

This journal is © The Royal Society of Chemistry 2026
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