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Abstract
In next generation risk assessment (NGRA), the Dietary Comparator Ratio (DCR) can be used to assess the safety of chemical 
exposures to humans in a 3R compliant approach. The DCR compares the Exposure Activity Ratio (EAR) for exposure to a 
compound of interest  (EARtest) to the EAR for an established safe exposure level to a comparator compound  (EARcomparator), 
acting by the same mode of action. It can be concluded that the exposure to a test compound is safe at a corresponding 
DCR ≤ 1. In this study, genistein (GEN) was selected as a comparator compound by comparison of reported safe internal 
exposures to GEN to its  BMCL05, as no effect level, the latter determined in the in vitro estrogenic MCF7/Bos prolifera-
tion, T47D ER-CALUX, and U2OS ERα-CALUX assay. The  EARcomparator was defined using the  BMCL05 and  EC50 values 
from the 3 in vitro assays and subsequently used to calculate the DCRs for exposures to 14 test compounds, predicting the 
(absence of) estrogenicity. The predictions were evaluated by comparison to reported in vivo estrogenicity in humans for 
these exposures. The results obtained support in the DCR approach as an important animal-free new approach methodology 
(NAM) in NGRA and show how in vitro assays can be used to define DCR values.

Keywords Risk assessment · 3R compliant method · Estrogen receptor · Dietary Comparator · In vitro/insilico approaches

Introduction

The use of animal testing for toxicological risk assessment 
is under debate because of ethical, economic, and legisla-
tive issues, and their adequacy to accurately represent the 
human situation. In contrast, in next generation risk assess-
ment (NGRA), in silico and in vitro approaches are used to 
assure human safety (Becker et al. 2015; Dent et al. 2019). 
The Dietary Comparator Ratio (DCR) is an NGRA compli-
ant tool (Becker et al. 2015) which compares the Exposure 
Activity Ratio (EAR) for exposure to a compound of interest 
 (EARtest) to the EAR for an established safe level of human 
exposure to a comparator compound  (EARcomparator), act-
ing by the same mode of action. In the EAR, the unbound 

internal concentration of a compound at a defined exposure 
level is divided by its in silico or in vitro derived half maxi-
mum effective concentration  (EC50) (Becker et al. 2015). A 
DCR ≤ 1 for the compound of interest, calculated as the ratio 
 EARtest/EARcomparator, indicates that the respective exposure 
scenario will be safe.

Proof of principle for the DCR approach (evaluating the 
safety of exposure scenarios to estrogenic and anti-andro-
genic compounds) was originally reported by Becker et al. 
(2015) and Dent et al. (2019). Becker et al. (2015) defined 
the  EARcomparator based on reported human exposures to the 
phytoestrogen (isoflavone) genistein (GEN, Fig. 1), mostly 
found in soybeans (Elsenbrand 2007), from different diets. 
In this study it was indicated that these dietary exposure 
levels were considered conservative and health protective 
in humans. Results obtained indicated that 6 out of the 30 
exposure scenarios to several test compounds had a DCR > 1 
and the authors concluded that these exposures should be 
prioritized for safety assessment (Becker et al. 2015). How-
ever, no evaluation against information on corresponding 
in vivo estrogenic activity at these exposure scenarios was 
made to further affirm this prioritization. Dent et al. (2019) 
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defined the  EARcomparator for anti-androgenic effects based 
on diindolylmethane (DIM) from the intake of 50 g Brussels 
sprouts with a history of safe use. Whilst protective, this 
comparator exposure scenario appeared to be overly con-
servative since all exposure scenarios to the test compounds 
had a DCR > 1, including exposures with supportive data 
on the absence of corresponding in vivo anti-androgenic 
effects in humans. Previously, we reported a newly defined 
 EARcomparator based on safe levels of exposure to anti-andro-
gens which was solely based on in vitro data. It was proven 
that this  EARcomparator was adequately protective for evalu-
ating the safety of exposure scenarios to anti-androgenic 
compounds in the DCR approach (van Tongeren et al. 2021).

The aim of the current study was to define and use new 
 EARcomparator values based on safe levels of exposure to 
estrogens solely based on in vitro data to evaluate human 
exposures to estrogens. These newly defined  EARcomparator 
values were based on the in vitro MCF-7/Bos proliferation 
assay, T47D estrogen receptor (ER)-CALUX assay, and 
U2OS ERα-CALUX assay using GEN as comparator com-
pound. A series of biologically relevant exposure scenarios 
to 14 compounds constituting endogenous hormones, phtha-
lates, ethyl paraben, pesticides, bisphenol A, phytoestrogens, 
the mycotoxin zearalenone, and drugs with information 
regarding accompanying in vivo estrogenic activity were 
included, generating  EARtest values for exposure scenarios 
that were known to be positive or negative for estrogenic 
effects, or in some cases still unknown. This enabled evalu-
ation of the corresponding DCR values obtained when using 
the newly defined  EARcomparator values.

Methods

Workflow of the DCR approach

The DCR approach was executed following multiple steps 
which are depicted in the workflow (Fig. 2).

Step 1: Selection of model compounds with potential 
estrogenicity.

Compounds that were active in the in vitro estrogenic 
MCF-7/Bos proliferation assay, T47D ER-CALUX assay, 
or U2OS ERα-CALUX assay were selected as model 

compounds. For these compounds in vitro concentration-
response data and in vivo estrogenicity data for selected 
exposure regimens in humans were collected in Step 2 and 
3, respectively. From these compounds a comparator com-
pound was selected in Step 4.

Step 2: Collection of in vitro concentration-response data 
from 3 estrogenicity assays.

The concentration-response data of the selected model 
compounds in the in vitro estrogenic MCF-7/Bos prolifera-
tion assay, T47D ER-CALUX assay, or U2OS ERα-CALUX 
assay were derived from Wang et al. (2014). In short, the 
human breast cancer estrogenic-sensitive MCF-7 cells 
were exposed to concentration ranges of the compounds 
for 6 days in the MCF-7/Bos proliferation assay. The num-
ber of cells was measured with the Burton diphenylamine 
assay, quantifying the amount of DNA per well. In the 
CALUX assays, the human breast carcinoma T47D cells 
endogenously expressing the ERα and ERβ and the human 
osteosarcoma U2OS cells transfected with the ERα were 
exposed to increasing concentrations of the compounds 
for 24 h whereafter the luciferase reporter gene activity as 
the fold ER induction was measured. The concentrations 
were converted to the free concentrations using the frac-
tion unbound in vitro  (fub in vitro) since only the free unbound 
form is assumed to induce toxicity. This  fub in vitro and also 
the fraction unbound in vivo  (fub in vivo) of the model com-
pounds were determined as described by van Tongeren 
et al. (2021). In short, the  fub in vivo values were calculated 
using the ADMET predictor™ version 9.6 (Simulation Plus 
Inc.). The  fub in vitro at the 5% protein content present in the 
in vitro media (Wang et al. 2014) was linear extrapolated 
based on an  fub in vitro = 1.0 at 0% protein and the  fub in vivo 
values at an 8% protein content in human plasma (Mescher 
2009; Mathew et al. 2020). In line with literature data, it was 
assumed that the protein content and fraction unbound are 
linearly related (Gülden et al. 2002).

Step 3: Literature search on exposure scenarios to the model 
compounds selected and judgement of whether these sce-
narios will have a positive, negative or unknown estrogenic 
in vivo effect in humans.

Human exposure scenarios to the model compounds 
were gathered from literature to be evaluated in the DCR 
approach and provided information regarding the in vivo 
estrogenicity in humans to evaluate the DCR-based predic-
tions. The compounds at the respective dose levels were 
reported to be positive or negative for in vivo estrogenicity 
in humans. When information on the in vivo estrogenic-
ity was not reported, a comparison of the corresponding 
intake level of the test compound to safe reference dose 
values was made to judge whether the exposure would 
be positive or negative for in vivo estrogenicity. When 

Fig. 1  Structure formula of genistein (GEN)
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no intake levels but only internal exposure levels were 
reported, it was assumed that at the corresponding exter-
nal exposure levels the occurrence of in vivo estrogenic 
effects was unknown. The online database PubMed was 
used for the literature search. The key words included 

the compound name AND human AND internal/plasma/
in vivo AND exposure/levels/concentrations, the com-
pound name AND human dietary intake, the compound 
name AND human clinical trial/study, or the compound 
name AND human pharmacokinetic/biomonitoring 

Fig. 2  Schematic scheme of the workflow used in the present study executing the DCR approach to evaluate exposure scenarios to (putative) 
estrogenic compounds using data from in vitro bioassays
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(study). Studies reporting quantified plasma, serum or 
blood concentrations upon exposure to the model com-
pound in humans were included. Serum concentrations 
were assumed to be equal to plasma concentrations. Blood 
concentrations were transformed to corresponding plasma 
concentrations using the ADMET predictor™ predicted 
blood to plasma ratio  (Rb2p). Furthermore, the units of the 
reported internal concentrations were transformed to µM 
using the molecular weight of the respective compound 
and the concentrations were transformed to the corre-
sponding free concentrations using the ADMET predic-
tor™ predicted  fub in vivo.

Step 4: Evaluation of the selected comparator compound 
genistein based on available negative exposure scenarios 
and comparison of corresponding internal concentrations 
to derived  BMCL05 (no effect level) values from the in vitro 
assays.

GEN was selected as the comparator compound based on 
available negative exposure scenarios for estrogenicity in 
humans (Becker et al. 2015) (Supplementary material S1) 
and comparison of the corresponding free internal levels to 
the derived free  BMCL05 values as no effect levels from the 
in vitro assays. This comparison was to confirm that the free 
 BMCL05 values are below the free plasma concentrations at 
the selected safe exposure scenarios for the comparator com-
pound genistein and thus will not induce an estrogenic effect.

Step 4a: Derivation of free internal concentrations corre-
sponding to negative exposure scenarios for the comparator 
compound.

The reported human internal plasma or serum concentra-
tions of GEN resulting from a Western diet, an Asian diet, 
or GEN supplements (Becker et al. 2015) (Supplementary 
material S1), were considered to be conservative and not 
associated with any adverse health effects in humans. A 
Western diet is an animal sourced diet with an overall high 
fat and sugar intake and a lower vegetable, fruit, legumes, 
whole cereals, raw foods, and fibers intake (Adlercreutz 
1998; Rizzello et al. 2019). Western dietary intake of GEN 
amounts to 0.003–0.01 mg/kg body weight (bw)/day (Agui-
lar et al. 2015). An Asian diet is a plant sourced diet with 
a high intake of soy and soy based products (Elsenbrand 
2007) leading to a GEN intake of 0.21–0.71 mg/kg bw/
day (Rietjens et al. 2013). Supplementary intake of GEN 
amounts to 0.43–13 mg/kg bw/day (Risk Assessment for 
Peri- and Post-Menopausal Women Taking Food Supple-
ments Containing Isolated Isoflavones 2015). Only plasma 
levels of unconjugated GEN were used for comparison 
since the unconjugated form of GEN is known to be active 
(Hosoda et al. 2011). When the internal concentrations 
of GEN were reported in the conjugated + unconjugated 
form, correction with a factor 0.003 was made to obtain the 

internal concentrations of unconjugated GEN since 0.3% of 
GEN is reported to exist in the unconjugated form in plasma 
(Becker et al. 2015).

Step 4b: Derivation of the free  BCML05 for the comparator 
compound as no effect level from the 3 in vitro assays.

To derive the no effect level of GEN, a benchmark 
dose analysis was performed of the in vitro concentration-
response data of the 3 in vitro estrogenicity assays to obtain 
the BMC causing a 5% increase in response compared to 
the control  (BMC05) and the upper  (BMCU05) and lower 
 (BMCL05) bound of its 95% confidence interval (EFSA 
2017). The derived  BMCL05 values reflect the concentra-
tions where no biologically significant ER-mediated effects 
occur since the  BMCL05 resembles a no observed adverse 
effect level (EFSA 2017) and thus are considered as the 
safe internal exposure levels, which can be used to set the 
 EARcomparator. The BMC analysis was performed using the 
BMDS3.2.1 software (U.S. EPA). All models (Exponential, 
Hill, Power, Linear and Polynomial) were fitted for continu-
ous data for a BMR type Hybrid model-extra risk with nor-
mal distribution and constant variance. Acceptance criteria 
for a dose–response was indicated with a p value > 0.01, and 
a  BMDU05:  BMDL05 ratio (precision factor) below 3 while 
the lowest AIC was used to select the preferred model (US 
Environmental Protection Agency 2012; EFSA 2017).

Step 4c. Comparison of the free internal concentrations of 
the non-estrogenic exposures to the comparator to its free 
 BCML05.

The derived free in vitro  BMCL05 values of GEN were 
used as surrogate for the free internal concentrations and 
considered equal to the free in vivo  BMCL05. This ena-
bles comparison to the free internal concentrations of the 
non-estrogenic exposure scenarios to GEN to evaluate 
whether the  BMCL05 can indeed be considered to reflect a 
safe exposure scenario so that it can be used to define the 
 EARcomparator.

Step 5: Derivation of  EC50 values (as effect levels) from the 
in vitro concentration-response curves and conversion to free 
concentrations.

The  EC50 values from the concentration-response data 
of the 3 in vitro estrogenicity assays (Wang et al. 2014), 
were converted to free  EC50 values to be used as the effect 
levels of the comparator and test compounds. The free  EC50 
of GEN was used to calculate the  EARcomparator in Step 6 
whereas those of all other selected model compounds were 
used to calculate the  EARtest in Step 7.

Step 6: Calculation of the  EARcomparator values.
With the free  BMCL05 and free  EC50 values of the 

comparator compound GEN derived from the in vitro 
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Lowest, mean, and highest DCR values were obtained 
whenever it was possible in Step 7 to derive from the expo-
sure data of the test compounds lowest, mean, and highest 
 EARtest values. The highest, or when not available the mean, 
DCR value was used to make a conservative DCR-based 
safety decision of the respective exposure scenario to the 
test compound. A DCR ≤ 1 indicates that the corresponding 
exposure scenario to the test compound will unlikely induce 
estrogenicity whereas a DCR > 1 indicates the opposite.

Step 9: Evaluation of the DCR-based predictions of the 
selected exposure scenarios.

To evaluate the DCR outcomes, a comparison was made 
between the obtained DCR values and actual knowledge on 
the in vivo estrogenic effects at the corresponding exposure 
scenario for the test compounds in humans as taken from lit-
erature in Step 3. When the exposure scenario was reported 
to be negative or positive for estrogenicity, a DCR ≤ 1 or > 1 
is expected, respectively.

Step 10: Use the approach for evaluation of the unknown 
exposure scenarios.

After evaluation of the DCR-based predictions of the 
exposures being negative or positive for estrogenicity, DCR-
based predictions were made to evaluate the safety of the 
exposure scenarios to the test compounds for which it was 
unknown whether or not they would result in in vivo estro-
genicity in humans.

Results

Step 1: Selection of model compounds with potential 
estrogenicity.

15 compounds including endogenous hormones, phtha-
lates, ethyl paraben, pesticides, bisphenol A, phytoestrogens, 
the mycotoxin zearalenone, and drugs were active in the 
in vitro estrogenic MCF-7/Bos proliferation assay, T47D 
ER-CALUX assay, or U2OS ERα-CALUX assay and were 
included as model compounds (Table 1).

Step 2: Collection of in vitro concentration-response data 
from 3 estrogenicity assays.

The in vitro concentration-response data of the selected 
model compounds from the MCF-7/Bos proliferation assay, 
T47D ER-CALUX assay, and U2OS ERα-CALUX assay 
were taken as reported by Wang et al. (2014). The concen-
trations were converted to free concentrations using the 
 fub in vitro. The  fub in vitro and  fub in vivo values of the model 

(3)DCR =
EARtest

EARcomparator

estrogenic MCF-7/Bos proliferation assay, T47D ER-
CALUX assay, and U2OS ERα-CALUX assay, the 
 EARcomparator values were calculated following Eq. 1.

The free  BMCL05 and free  EC50 values of GEN were 
derived from the in vitro MCF-7/Bos proliferation assay, 
T47D ER-CALUX assay, or U2OS ERα-CALUX assay 
(Wang et al. 2014), transforming the nominal concentra-
tions to free concentration using the  fub in vitro. The free 
in vitro  BMCL05 was considered equal to the free in vivo 
 BMCL05 and represents an internal no effect level. It is 
also of interest to note that the  EARcomparator remains unaf-
fected by the correction for protein binding since the cor-
rection will affect the nominator and denominator of Eq. 1 
in the same way.

Step 7: Calculation of  EARtest values.
With the derived free internal concentrations at the 

respective exposure scenarios from literature of the 14 test 
compounds and their free  EC50 values derived from the 3 
in vitro estrogenicity assays, the  EARtest values were calcu-
lated using Eq. 2.

The free internal concentration at a defined exposure 
level of the test compounds was derived from literature 
reported human in vivo data, which often also included its 
variability presented as percentiles, range or standard devia-
tion. The corresponding lowest, mean, and highest reported 
free internal concentrations of the exposure scenarios were 
selected for this evaluation and the corresponding  EARtest 
values were calculated. This resulted in corresponding low-
est, mean, and highest  EARtest values. When no distribution 
was reported, no variability was included resulting in one 
corresponding  EARtest value for the respective exposure sce-
nario. Reported nominal concentrations were transformed to 
free concentrations using the  fub in vivo. The free  EC50 values 
were calculated based on the  EC50 values derived from the 
concentration-response curves in the MCF-7/Bos prolifera-
tion assay, T47D ER-CALUX assay, or U2OS ERα-CALUX 
assay (Wang et al. 2014), transforming the nominal concen-
trations to free concentration using the  fub in vitro.

Step 8: Calculation of DCR values.
With the obtained  EARcomparator and  EARtest values, the 

DCR values were calculated using Eq. 3, generating the 
DCR values of the test compounds based on each of the 
3 in vitro estrogenicity assays using GEN as comparator 
compound.

(1)EARcomparator =
free BMCL

05(comparator)

free EC
50(comparator)

(2)

EARtest =
free internal concentration at def ined exposure level(test)

free EC
50(test)
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compounds are listed in Table 2. The  fub in vivo values were 
predicted with the ADMET predictor™. The  fub in vitro val-
ues at a 5% protein content in the in vitro media were linear 
extrapolated based on the  fub in vivo at an 8% human plasma 
protein content, setting the  fub at 1.0 in the absence of protein 
(van Tongeren et al. 2021).

Step 3: Literature search on exposure scenarios to the 
model compounds selected and judgement of whether these 
scenarios will have a positive, negative or unknown estro-
genic in vivo effect in humans.

Literature reported exposure scenarios for the 15 model 
compounds with information regarding accompanying 
in vivo estrogenic effects in humans were collected. 21 
Reports on exposures to GEN were available which were 
indicated to be conservative and health protective in humans 
(Becker et  al. 2015) (Supplementary material S1) and 
thus considered negative for in vivo estrogenicity. For the 
remaining compounds, the reported internal concentrations 
and corresponding free internal concentrations of the cor-
responding exposure scenarios are compiled in Table 3. In 
Table 4, the evaluation of the likely occurrence of in vivo 
estrogenic effects at the exposure scenarios for these model 
compounds is summarized. This evaluation was based on 
reports of in vivo estrogenic effects at the dose levels applied 
or comparison of the reported intake levels to safe reference 
values like acceptable daily intakes (ADIs). The outcomes 
were used as the basis to label the exposure as positive or 
negative for in vivo estrogenicity. Based on the information 
on the exposure scenarios and the (clinical) data on accom-
panying in vivo estrogenic effects, 7 of the 41 evaluated 
exposure scenarios were labelled to be negative and 8 to be 
positive for in vivo estrogenicity (Table 4). From compari-
son of reported exposure levels to safe reference values for 
the model compounds, 8 of the 41 evaluated exposure sce-
narios were indicated to be negative and 7 to be positive for 
in vivo estrogenicity. For 11 exposure scenarios the corre-
sponding in vivo estrogenicity was not reported, no dose lev-
els were provided or no safe reference levels were available 
and therefore the in vivo estrogenic effects induced by the 
corresponding exposures was listed as unknown (Table 4).

Step 4: Evaluation of the selected comparator compound 
genistein based on available negative exposure scenarios and 
comparison of corresponding internal concentrations to derived 
 BMCL05  (no effect level) values from the in vitro assays.

GEN was selected as comparator compound based on 
the large amount of available data on exposures that result 
in negative outcomes for in vivo estrogenicity in humans, 
such as the exposures resulting from dietary intake levels 
which are indicated to be conservative and health protective 
in humans, and correspond to a Western diet, an Asian diet, 
or GEN supplements (Becker et al. 2015) (Supplementary 
material S1). The results of the benchmark dose modelling 
to derive the  BMCL05 values are presented in Supplemen-
tary material S2 and the derived nominal and transformed 
free in vitro  BMCL05 values of GEN (considered equal to 
safe free in vivo  BMCL05 values) are compiled in Table 5 . 
The free in vivo  BMCL05 values were compared to the free 
human internal concentrations of GEN transformed from the 
literature reported nominal concentrations at the reported 
exposures using the  fub in vivo (Fig. 3).

The free internal concentrations resulting from a western 
diet ranged from 3.36 ×  10–6 ± 2.00 ×  10–6 µM (Grace et al. 

Table 1  The 15 model compounds selected in this study that were 
observed to have estrogenic activity in the MCF-7/Bos proliferation 
assay, T47D ER-CALUX assay, or U2OS ERα-CALUX assay (Wang 
et al. 2014)

Compound group Test compounds

Endogenous hormones 17β-Estradiol (E2)
Testosterone (T)

Phthalates Butylbenzyl phthalate (BBzP)
Di-n-butyl phthalate (DBP)

Paraben Ethyl paraben (EP)
Pesticides Kepone (KEP)

o,p’-Dichlorodiphenyltrichlo-
roethane (DDT)

Bisphenol Bisphenol A (BPA)
Phytoestrogens Genistein (GEN)

Coumestrol (COU)
Apigenin (API)

Mycotoxin Zearalenone (ZEA)
Drugs 17α-Ethinyl estradiol (EE)

Diethylstilbestrol (DES)
Tamoxifen (TAM)

Table 2  The ADMET 
predictor™ predicted 
 fub in vivo values and the linear 
extrapolated  fub in vitro values of 
the model compounds

Compound fub in vivo fub in vitro

GEN 0.07 0.42
E2 0.08 0.42
T 0.16 0.48
BBzP 0.04 0.40
DBP 0.06 0.41
EP 0.20 0.50
O,p’-DDT 0.03 0.39
KEP 0.08 0.43
BPA 0.09 0.43
API 0.06 0.41
COU 0.08 0.43
ZEA 0.07 0.42
EE 0.05 0.41
TAM 0.04 0.40
DES 0.04 0.40
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2004) to 2.76 ×  10–3 ± 1.60 ×  10–3 µM (Busby et al. 2002), 
indicating orders of magnitude variation, although all concen-
trations were substantially lower than the free  BMCL05 values 
derived from the in vitro assays. GEN intake reported from 
an Asian diet resulted in free internal concentrations ranging 
from 2.76 ×  10–5 ± 0.30 ×  10–5 µM (Ritchie et al. 2004) to 
1.26 ×  10–4 ± 0.99 ×  10–4 µM (Yuan et al. 2012), showing less 
variance, with still all values being below the free  BMCL05 val-
ues derived from the in vitro assays (Fig. 3). Supplement intake 
resulted in reported free internal GEN concentrations ranging 
from 2.68 ×  10–5 ± 0.39 ×  10–5 µM (Setchell et al. 2003) to 
1.89 ×  10–2 ± 1.16 ×  10–2 µM (Busby et al. 2002), showing 
variance due to the different intake levels of GEN when using 
different supplements at different dosing regimens. The highest 
internal concentration was reported from supplement intake of 
GEN by Busby et al. (2002) and was 13- to 34-fold higher than 
the free in vivo  BMCL05 values of GEN. However, because 
the study also reported that there were no estrogenic effects 
observed in the 30 male volunteers studied it can be concluded 
that these results further support that also the exposure to the 
comparator GEN that results in an internal free concentration 
equal to the in vitro free  BMCL05 can be considered safe and 
is adequate to calculate the  EARcomparator in the DCR approach.

Step 5: Derivation of  EC50 values (as effect levels) from 
the in vitro concentration-response curves and conversion 
to free concentrations.

The free  EC50 values as effect level of the compounds 
were derived from the concentration-response curves 
obtained in the MCF-7/Bos proliferation assay, T47D ER-
CALUX assay, and U2OS ERα-CALUX assay (Wang et al. 
2014), transforming the nominal concentrations to the free 
concentrations using the  fub in vitro (Table 6). Note that tes-
tosterone had no response in the T47D ER-CALUX assay.

Step 6: Calculation of the  EARcomparator values.
With free  BMCL05 and free  EC50 values of GEN derived 

from data from the MCF-7/Bos proliferation assay, T47D ER-
CALUX assay, and U2OS ERα-CALUX assay (Step 5), the 
 EARcomparator values were calculated using Eq. 1 and are listed 
in Table 5. The  EARcomparator values derived from the 3 assays 
increased in the order U2OS ERα-CALUX assay < T47D ER-
CALUX assay < MCF-7/Bos proliferation assay.

Step 7: Calculation of  EARtest values.
Using the free internal concentrations at the respective 

exposure scenario of the model compounds and their free 
 EC50 values (Table 6) derived from the data from the 3 
in vitro estrogenicity assays, the  EARtest values were cal-
culated following Eq. 2 and are compiled in Table 7. When 
information on the variability of the exposure was available, 
the corresponding lowest, mean, and highest  EARtest value 
was calculated.Ta
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Step 8: Calculation of DCR values.
With the established  EARtest values for the multiple expo-

sure scenarios for the selected model compounds (Table 7) 
and the in vitro-based  EARcomparator values of GEN (Table 5), 
the DCR values were calculated using Eq. 3 using data from 
the MCF-7/Bos proliferation assay (Fig. 4A), T47D ER-
CALUX assay (Fig. 4B), and U2OS ERα-CALUX assay 
(Fig. 4C).

Comparison of the results presented in Fig. 4A–C reveals 
that the exposure scenarios with a DCR value ≤ 1 are the 
same when based on the 3 in vitro estrogenic activity assays 
and the corresponding in vitro-based  EARcomparator values of 
GEN, and this also holds true for the exposure scenarios with 
a DCR value > 1. The derived DCR values were relatively 
lower when based on the MCF-7/Bos proliferation assay 
(Fig. 4A). The  EARcomparator from this assay was highest com-
pared to the other in vitro assays (Table 5) which indicates 
that the corresponding DCR values from the MCF-7/Bos pro-
liferation assay appear least conservative so that on the basis 
of this assay it is more likely to conclude an exposure is safe.

Step 9: Evaluation of the DCR-based predictions of the 
selected exposure scenarios to the test compounds.

To evaluate the calculated DCR values, a comparison 
was made to actual knowledge on the corresponding in vivo 
estrogenic effects at the respective exposure levels (Table 4), 
also including endogenous hormone levels of androgen T 
and estrogen E2 in males and females. Indeed, the male and 
female levels of T (green triangles) and E2 (red triangles) 
had DCR values of respectively < 1 and > 1 indicating they 
are negative and positive for inducing in vivo estrogenicity. 
In adult males, E2 regulates efferent duct and prostate func-
tioning and the flow of sperm from testis to the epididymis, 
thus playing a role in male fertility and reproductive func-
tioning (Hess and Cooke 2018). All exposure scenarios 
which were expected based on existing knowledge to be 
positive for in vivo estrogenic effects (red circles) had a 
DCR > 1. There was one false positive value that related to 
the evaluated exposure scenario for ZEA (Fan et al. 2019) 
wherefrom no in vivo estrogenic effects are expected but still 
resulted in a DCR > 1. All exposures which were negative 
for in vivo estrogenicity (green circles) had a DCR ≤ 1.

Step 9a: Evaluation of exposures to ZEA.
A further analysis of the false positive result for the 

exposure scenario of ZEA (Fan et al. 2019) was performed. 

Table 5  Nominal and transformed free  EC50 and  BMCL05 values, 
using the  fub in  vitro, of comparator compound GEN based on the 
in vitro MCF-7/Bos proliferation assay, T47D ER-CALUX assay, or 

U2OS ERα-CALUX assay and the corresponding  EARcomparator val-
ues calculated using Eq. 1

Assay Nominal  EC50 (µM) Nominal 
in vitro 
 BMCL05 (µM)

Fub in vitro (comparator) Free  EC50 (µM) Free in vitro 
 BMCL05  = Free 
in vivo  BMCL05 (µM)

EARcomparator

MCF-7/BOS prolifera-
tion

4.60E–02 3.48E–03 0.42 1.93E-02 1.46E–03 7.59E–02

T47D ER-CALUX 1.30E-01 3.29E–03 5.46E-02 1.38E–03 2.53E–02
U2OS ERα-CALUX 6.80E–02 1.34E–03 2.86E-02 5.60E–04 1.97E–02

Fig. 3  Comparison of the free in vivo  BMCL05 values based on the 
MCF-7/Bos proliferation assay, T47D ER-CALUX assay, or U2OS 
ERα-CALUX assay (first 3 bars in each graph) and literature reported 

free in  vivo internal concentrations of GEN, including the variabil-
ity, following a Western diet, an Asian diet, or supplement intake in 
humans as derived from the respective references
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The corresponding DCR values were > 1, which sug-
gests that there would be a risk for in vivo estrogenicity 
at this exposure. At the reported internal exposures, Fan 
et al. (2019) calculated a probable daily intake (PDI) of 
3.9 ×  10–2– 7.6 ×  10–2 µg/kg bw/day which is 3.2- to 6.4-
fold lower than the tolerable daily intake (TDI) of ZEA of 
0.25 µg/kg bw/day established based on the no observed 
effect level (NOEL) for estrogenic effects of ZEA and its 
metabolites on the ovary, uterus, and vulva in pigs (Alexan-
der et al. 2011). Based on this result this exposure scenario 
was expected to not result in estrogenicity, indicating that the 
positive DCR based prediction or this scenario to be appar-
ently false. However, this PDI reported by Fan et al. (2019) 
was calculated using simple kinetics and may not provide an 
adequate estimation of the corresponding external dose lev-
els that correspond with the reported plasma concentrations 
of ZEA. Using physiologically based kinetic (PBK) model-
ling, we aimed to obtain a more accurate dose prediction 
of ZEA at the reported plasma concentrations of Fan et al. 
(2019). To this purpose, the PBK model describing ZEA 
kinetics in humans developed and validated by Mendez-
Catala et al. (2021) (PBK model code available in the Sup-
plementary data of Mendez-Catala et al. (2021)) was used to 
predict the external dose levels of ZEA at the internal expo-
sure reported by Fan et al. (2019), using Berkeley Madonna 
10.4.2 (UC Berkeley, CA, USA) with the Rosenbrock’s algo-
rithm for stiff systems. The PBK model of ZEA includes the 
metabolic transformation and kinetics of the more estrogenic 
active metabolite α-zearalenol (α-ZEL). The nominal plasma 
concentrations of ZEA (1.98 ×   10–4—0.13 ×   10–4 µM) 
were transformed using the ADMET predicted  Rb2p of ZEA 

(0.89) to the corresponding nominal blood concentrations 
(1.76 ×  10–4—0.12 ×  10–4 µM). Next, the corresponding 
doses of ZEA that would be required to reach these nominal 
blood concentrations were predicted using the PBK model. 
The predicted doses amounted to 335 – 2200 µg/kg bw/day 
and appear 3 to 4 orders of magnitude higher than the cal-
culated PDI of Fan et al. (2019). These dose levels are also 
higher than the TDI of ZEA indicating that this exposure to 
ZEA can be expected to result in estrogenicity. This indi-
cates the DCR values being > 1 would be in line with what 
would be expected indicating the data point for ZEA to be 
a real positive. It is of interest to note that Mendez-Catala 
et al. (2021) used the PBK model to predict the free plasma 
concentrations of ZEA at its TDI and at the estimated daily 
intake (EDI) ranging from 2.40 ×  10–3 to 29 ×  10–2 µg/kg 
bw/day (Alexander et al. 2011). The predicted free plasma 
concentration at the TDI amounted to 1.88 ×  10–8 µM and 
at the EDI to 9.00 ×  10–9— 9.00 ×  10–11 µM (Mendez-Cat-
ala et al. 2021). Thus, the plasma concentrations reported 
by Fan et al. (2019) appear 6 orders of magnitude higher 
than these predicted plasma concentrations at the TDI also 
indicating that the exposure scenario reported by Fan et al. 
(2019) represents a scenario that would likely test posi-
tive for estrogenicity. To further illustrate thus by the DCR 
approach, these free plasma concentrations resulting from 
exposure at the EDI or TDI were used to calculate the cor-
responding  EARtest (Supplementary material S3) and DCR 
values using GEN as comparator compound. The DCRs at 
the EDI and TDI of ZEA were indeed < 1 (Fig. 5) and thus 
no in vivo estrogenicity is expected and confirms the safety 
of the EDI and TDI of ZEA. For comparison, the DCR for 

Table 6  EC50 values of the test compounds derived from the MCF-7/Bos proliferation assay, T47D ER-CALUX assay, and U2OS ERα-CALUX 
assay. The nominal  EC50 values as taken from Wang et al. (2014) were transformed to the free  EC50 values using the  fub in vitro

Compound Nominal  EC50 (µM) Fub in vitro (test) Free  EC50 (µM)

MCF-7/BOS 
proliferation

T47D ER-CALUX U2OS ERα-CALUX MCF-7/BOS 
proliferation

T47D ER-CALUX U2OS ERα-CALUX

E2 2.00E–05 5.00E–06 8.60E–06 0.42 8.45E–06 2.11E–06 3.63E–06
T 2.10 8.50E–01 0.48 1.00 4.04E−01
BBzP 2.00 5.70 1.00E+01 0.40 8.00E−01 2.28 4.00
DBP 3.00 1.70E+01 1.90E+01 0.41 1.24 7.00 7.82
EP 1.40E+01 5.50 4.20E+01 0.50 6.96 2.74 2.0.9E0+1
KEP 4.90E+01 6.70E–01 8.50E−01 0.43 2.09E−01 2.86E−01 3.63E−01
o,p’-DDT 3.80E−01 4.10E–01 7.20E−01 0.39 1.49E−01 1.60E−01 2.80E−01
BPA 3.60E−01 7.70E–01 2.20E−01 0.43 1.55E−01 3.31E−01 9.46E−02
COU 1.30E–02 5.20E–03 4.40E–02 0.43 5.53E−03 2.21E–03 1.87E−02
API 6.20E−01 4.10E–01 5.80E–01 0.41 2.56E−01 1.69E–01 2.40E−01
ZEA 1.50E–04 2.30E–04 4.20E–04 0.42 6.26E−05 9.60E–05 1.75E–04
EE 9.70E–06 2.70E–06 5.60E–06 0.41 3.96E–06 1.10E–06 2.29E–06
DES 3.80E–05 1.80E–05 8.10E–05 0.40 1.52E–05 7.18E–06 3.23E–05
TAM 4.10E–03 1.50E–02 2.10E–02 0.40 1.65E–03 6.02E–03 8.43E–03
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the exposure scenario of Fan et al. (2019) now colored red 
instead of green is also presented in Fig. 5.

Step 10: Use the approach for evaluation of the unknown 
exposure scenarios.

With the DCR-based predictions being evaluated, the use 
of the DCR approach for the safety evaluation of putative 
estrogenic exposures was supported and enabled the evalua-
tion of the 11 exposure scenarios for which the correspond-
ing in vivo estrogenic effects were unknown (purple circles). 
10 out of these 11 exposure scenarios had a DCR ≤ 1 and 
1 had a DCR > 1, indicating to be negative and positive for 
in vivo estrogenicity, respectively.

Discussion

In the DCR approach, the EAR of an exposure scenario to 
a test compound  (EARtest) is compared to the EAR of safe 
human exposure to a comparator compound  (EARcomparator). 
A DCR value ≤ 1 indicates that the evaluated exposure to the 
test compound is expected to be safe. Van Tongeren et al. 
(2021) used an in vitro-based definition of the  EARcomparator 
with the  BMCL05 as safe level of exposure to comparator 
compounds to evaluate putative anti-androgenic test com-
pounds based on the AR-CALUX assay. The results obtained 
indicated that this NGRA strategy might be of use to also 
evaluate other biological endpoints for which in vitro bioassay 
results are available. In the current work, this DCR approach 
with in vitro assay-based EAR values was further developed 
using an in vitro-based  EARcomparator value defined for GEN to 
evaluate 41 human estrogenic exposure scenarios to 14 model 
compounds including endogenous hormones, phthalates, ethyl 

paraben, pesticides, bisphenol A, phytoestrogens, the myco-
toxin zearalenone, and drugs. The in vitro data were derived 
from concentration-response curves obtained in the estrogenic 
in vitro MCF-7/Bos proliferation assay, T47D ER-CALUX 
assay, or U2OS ERα-CALUX assay (Wang et al. 2014). The 
DCRs of the 41 exposure scenarios for the 14 test compounds 
were calculated taking into account differences in in vitro and 
in vivo protein binding. The calculated DCR values of the test 
compounds were evaluated against actual knowledge on the 
corresponding occurrence of in vivo estrogenic effects at the 
respective level of exposure.

GEN was selected as the comparator compound because 
of (i) the wide range of available data on exposures that were 
reported to test negative for in vivo estrogenicity in humans 
and (ii) comparison of the free in vitro  BMCL05 values to the 
reported free plasma concentrations at these non-estrogenic 
exposure levels. The fact that at the highest internal concen-
trations reported from supplement intake of GEN (Busby 
et al. 2002) no estrogenic effects were observed in the 30 
male volunteers studied and that these concentrations were 
13- to 34-fold higher than the free in vitro  BMCL05 values 
of GEN (Fig. 3), provides additional support for the con-
clusion that exposure to the comparator GEN that results 
in an internal free concentration equal to the in vitro free 
 BMCL05 can be considered safe and is adequate to calculate 
the  EARcomparator in the DCR approach. The large variation 
of the internal concentrations of GEN resulting from the dif-
ferent diets and within the different diets indicates that using 
human clinical or biomonitoring studies of GEN to define 
a safe level of exposure may leave substantial uncertainty. 
Furthermore, conflicting data on estrogenic (beneficial or 
adverse) effects are reported following GEN exposure. It is 
suggested that the effects can be dependent on, among oth-
ers, sex, menstrual phase, and health status (Hargreaves et al. 
1999; Khan et al. 2012; Niculescu et al. 2007; Petrakis et al. 
1996; van der Velpen et al. 2014). Using reported internal 
concentrations of GEN to set the  EARcomparator values may 
therefore not be adequate. However, using in vitro-based 
 BMCL05 values as an alternative safe level of exposure 
provides a more consistent way to set an adequate and safe 
 EARcomparator. Thus, this novel in vitro-based  EARcomparator 
approach can be applied for endpoints for which a corre-
sponding in vitro bioactivity assay is available, enabling the 
use of the DCR approach for many additional endpoints.

The use of this novel safe in vitro-based  EARcomparator in 
the DCR approach resulted in the correct prediction of the 
occurrence of in vivo estrogenic activity of the exposure 
scenarios for the various model compounds (Fig. 4), without 
the occurrence of false negatives, and, after reconsideration 
of the data for ZEA also without false positives. This further 
highlights that data from in vitro bioactivity assays are suit-
able for use in the DCR approach to evaluate the estrogenic-
ity of compounds. The U2OS ERα-CALUX assay seems to 

Fig. 4  The DCRs of a series of exposures to 14 model compounds 
including endogenous hormones, phthalates, ethyl paraben, pesti-
cides, bisphenol A, phytoestrogens, the mycotoxin zearalenone, and 
drugs with information regarding accompanying in vivo estrogenic 
effects calculated using  EARcomparator values of GEN (Table 5) based 
on A. the MCF-7/Bos proliferation assay, B the T47D ER-CALUX 
assay, and C the U2OS ERα-CALUX assay. The mean DCR values 
are presented as symbols and, when information on the variabil-
ity was available, the lowest and highest DCR values as the lowest 
and highest whiskers, respectively. The DCRs of comparator GEN 
are represented as black circles and by definition equal to 1 (log 
DCR = 0). The DCRs of model compound exposure scenarios where 
no in vivo estrogenic effects are expected (see Table 4) are presented 
as green circles. The DCRs of test compound exposure scenarios for 
which in vivo estrogenic effects are expected (see Table 4) are pre-
sented as red circles. The DCRs of test compound scenarios for which 
the in vivo estrogenic effects are unknown (see Table 4) are presented 
as purple circles. The DCRs for the endogenous hormone levels of 
testosterone and estradiol are presented as green and red triangles, 
respectively. The dotted horizontal lines display the DCR of 1 (log 
DCR = 0) whereas the solid vertical lines separate the exposures with 
mean DCR values ≤ 1 from those with mean DCR values > 1. See 
Table 1 for compound abbreviations.

◂
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provide the most conservative approach for setting DCR val-
ues for estrogenic exposure scenarios, generating relatively 
higher DCR values for the different exposure scenarios and 
thus being more likely to predict in vivo estrogenicity, than 
the approaches based on the T47D ER-CALUX assay and 
MCF-7/Bos proliferation assay. The MCF-7/Bos prolifera-
tion assay seemed the least conservative generating rela-
tively lower DCR values for estrogenic exposure scenarios 
so that evaluation by this approach is less likely to predicted 
in vivo estrogenicity, thus easier suggesting a scenario to 
be safe. For all 3 approaches there was initially one false 
positive DCR outcome (Fig. 4), namely for the exposure 
to ZEA at a level below the established TDI (Fan et al. 
2019). The reported PDIs of ZEA at the reported internal 
exposure levels evaluated in this scenario were lower than 
the TDI of ZEA of 0.25 µg/kg bw/day established based 
on the NOEL for estrogenic effects of ZEA and its metab-
olites on the ovary, uterus, and vulva in pigs (Alexander 
et al. 2011). However, this PDI was calculated using only 
kinetic parameters for urinary excretion and is thus a rough 
estimation rather than an exact assessment. Using a PBK 
model describing the ADME of ZEA in humans (Mendez-
Catala et al. 2021) provided a more accurate prediction of 
the external dose. The PBK model-based prediction of the 
external doses at the internal exposure levels reported by Fan 
et al. (2019) were 3 to 4 orders of magnitude higher than the 
TDI of ZEA and the calculated PDIs of Fan et al. (2019). 
This indicates that these PBK model based calculations 
show that at the reported exposure there is a risk of in vivo 
estrogenicity and that the corresponding DCR values were 
thus correctly predicted by the DCR approach to be > 1. To 
further evaluate the DCR-based predictions of exposure to 
ZEA, the DCR at the EDI and TDI were calculated and were 
indeed < 1 (Fig. 5). The DCR-based safety decisions on the 
KEP exposure scenarios reported by Cannon et al. (1978) 
and Adir et al. (1978) were predicted based on the assump-
tion of a male populations, which enabled comparison to 
the NOEL set in men based on a clinically relevant decrease 
in sperm count (Guzelian 1992). The DCR outcomes thus 
confirm that the assumption made was adequate.

The DCR predictions being validated enabled the safety 
estimation of the 11 exposure scenarios to model compounds 
for which it was unknown as to whether they would result in 
in vivo estrogenicity in humans (Fig. 4). Of these 11 expo-
sure scenarios, 10 had a DCR ≤ 1 and 1 had a DCR > 1 and 
are thus expected to be negative and positive for in vivo 
estrogenicity, respectively.

To cover variability,  EARtest values of the test compounds 
used for the DCR analysis included, when available, low-
est, mean, and highest  EARtest values calculated using low-
est, mean, and highest internal dose levels of the exposure 
scenarios. The DCR obtained with the highest, or when 
not available the mean  EARtest values, was used to make a 

conservative safety decision on the exposure scenario to the 
respective test compound. As already stated, this approach 
correctly predicted the in vivo estrogenicity (Fig. 4). In 
this work, a cut-off of DCR ≤ 1 was used to estimate the 
estrogenicity of the studied exposure scenarios to the test 
compounds because the  BMCL05 value reflecting an internal 
dose level without estrogenicity for the comparator com-
pound GEN was considered safe and adequate to be used 
in the DCR approach. However, in future work, it can be 
considered whether in defining a cut-off for the DCR also 
uncertainty has to be taken into account, choosing a value 
lower than 1 for the cut-off since this will result in an even 
more conservative DCR-based safety decision.

When applying the NGRA approach based on in vitro 
studies it is important to note that the in vitro bioactivity 
assays that can be used in the DCR approach rarely cap-
ture toxicokinetics, such as metabolism, as in the human 
body (Coecke et al. 2006). BBzP, DBP, o,p’-DDT, ZEA, and 
TAM are known to be converted to more bioactive metabo-
lites which will contribute to the in vivo estrogenicity of the 
respective parent compound. When using the three in vitro 
bioactivity assays in the DCR approach, this contribution to 
the estrogenicity may not be captured so that the observed 
in vitro toxicity of a parent compound may underestimate the 
toxicity in the human body. This issue can be overcome by 
using PBK models describing the kinetics of a parent com-
pound and its respective relevant metabolites in humans ena-
bling the prediction of the corresponding combined internal 
concentrations in parent compound equivalents (Mendez-
Catala et al. 2021; van Tongeren et al. 2022; Wang et al. 
2020). Furthermore, co-incubation with liver S9 fraction 
in the in vitro bioactivity assays (Mollergues et al. 2017) 
offers the opportunity to evaluate whether a compound will 
be converted to hepatic metabolites and whether they would 
be more potent to the corresponding biological target. Such 
strategies could be implemented in the DCR approach to 
overcome this limitation.

When exposure to a novel chemical is to be evalu-
ated for estrogenic effects by the DCR approach, one 
may choose to use the most conservative assay, in this 
case the U2OS ERα-CALUX assay, instead of all three 
assays to reduce the labor intensity and use of resources. 
The endpoints of gene expression in the CALUX assays 
which are more upstream in the adverse outcome path-
way (Legler et al. 1999; Sonneveld et al. 2005; van der 
Burg et al. 2010), may be more sensitive, and this may 
explain the more conservative evaluation compared to the 
DCR approach based on the more functional endpoint of 
estrogen-induced proliferation of the cells measured in the 
MCF/7-Bos proliferation assay (Soto et al. 1995). Fur-
thermore, one may also choose to use the assay which 
is the least time consuming, which in this case are the 
CALUX assays with only a 24 h exposure time compared 
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Fig. 5  The DCRs of the 
TDI, EDI and the reported 
exposure scenario (Fan et al. 
2019) of ZEA calculated 
using  EARcomparator values of 
GEN (Table 5) based on A the 
MCF-7/Bos proliferation assay, 
B the T47D ER-CALUX assay, 
and C the U2OS ERα-CALUX 
assay. The mean DCR values 
are presented as circles and, 
when information on the vari-
ability was available, the lowest 
and highest DCR values as the 
lowest and highest whiskers, 
respectively. The DCRs of com-
parator GEN are represented as 
black circles and by defini-
tion equal to 1 (log DCR = 0). 
The DCRs of the exposure 
scenarios to ZEA where no 
in vivo estrogenic effects are 
expected are presented as green 
circles. The DCRs of exposure 
scenarios to ZEA for which 
in vivo estrogenic effects are 
expected are presented as red 
circles. The dotted horizontal 
lines display the DCR of 1 
(log DCR = 0) whereas the 
solid vertical lines separate 
the exposures with mean DCR 
values ≤ 1 from those with mean 
DCR values > 1
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to the 6 days exposure time in the MCF/7-Bos prolifera-
tion assay. The results of the present study revealed that 
in principle all 3 bioassays resulted in similar outcomes. 
This is related to the fact that when using a less sensitive 
bioassay not only the  EC50 values of the test compounds 
will be higher but also the  EC50 value of the comparator 
will be higher, i.e., the relative potency of the compound 
is similar in all 3 bioassays, resulting in lower  EARtest and 
 EARcomparator values and thus comparable DCR values.

The present study focusing on estrogenicity and a previ-
ous study focusing on anti-androgenicity (van Tongeren 
et al. 2022) showed that the DCR approach can offer a 
relatively quick analysis on the safety of a defined expo-
sure scenario regarding biological endpoints of which 
corresponding in vitro bioactivity assays are available. 
In NGRA, a tiered workflow could be followed when an 
exposure to a (novel) compound is to be evaluated. For 
instance, with in silico tools like the molecular initiat-
ing events (MIE) ATLAS, a prediction can be made if a 
chemical has affinity to bind and thus interact with a bio-
logical target based on its molecular structure (Allen et al. 
2018). When a perturbation on a certain biological end-
point is expected, the use of an in vitro bioactivity assay 
covering this endpoint and using an adequate  EARcomparator 
will enable the determination of the corresponding DCR. 
When the DCR is ≤ 1, it can be suggested that the studied 
exposure scenario for the compound of interest does not 
raise a safety concern whereas when the DCR is > 1, this 
test compound should be prioritized for further testing. 
To conclude, the DCR approach was further developed 
using multiple in vitro bioactivity assays for estrogenicity 
as the biological endpoint as 3R compliant NAM in NGRA 
to evaluate the safety of estrogenic exposures in humans.
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