
Environment International 173 (2023) 107815

Available online 11 February 2023
0160-4120/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full length article 

Human risk associated with exposure to mixtures of antiandrogenic 
chemicals evaluated using in vitro hazard and human biomonitoring data 

Yanying Ma a, Camilla Taxvig a, Andrea Rodríguez-Carrillo b,c, Vicente Mustieles b,c,d, 
Lena Reiber e, Anja Kiesow e, Nathalie Michelle Löbl a, Mariana F. Fernández b,c,d, Tina Vicky 
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A B S T R A C T   

Background: Scientific evidence for underestimated toxicity from unintentional exposure to chemical mixtures is 
mounting. Yet, harmonized approaches on how to assess the actual risk of mixtures is lacking. As part of the 
European Joint programme ‘Human Biomonitoring for Europe’ we explored a novel methodology for mixture 
risk assessment of chemicals affecting male reproductive function. 
Methodology: We explored a methodology for chemical mixture risk assessment based on human in vitro data 
combined with human exposure data, thereby circumventing the drawbacks of using hazard data from rodents 
and estimated exposure intake levels. Human androgen receptor (hAR) antagonism was selected as the most 
important molecular initiating event linked to adverse outcomes on male reproductive health. 
Results: Our work identified 231 chemicals able to interfere with hAR activity. Among these were 61 finally 
identified as having both reliable hAR antagonist and human biomonitoring data. Calculation of risk quotients 
indicated that PCBs (118, 138, 157), phthalates (BBP, DBP, DIBP), benzophenone-3, PFOS, methylparaben, 
triclosan, some pesticides (i.e cypermethrin, β-endosulfan, methylparathion, p,p-DDE), and a PAH metabolite (1- 
hydroxypyrene) contributed to the mixture effect. The major chemical mixture drivers were PCB 118, BBP, PFOS, 
DBP, and the UV filter benzophenone-3, together contributing with 75% of the total mixture effect that was 
primarily driven by high exposure values. 
Conclusions: This viable way forward for mixture risk assessment of chemicals has the advantages of (1) being a 
more comprehensive mixture risk assessment also covering data-poor chemicals, and (2) including human data 
only. However, the approach is subjected to uncertainties in terms of in vitro to in vivo extrapolation, it is not 
ready for decision making, and needs further development. Still, the results indicate a concern for adverse effects 
on reproductive function in highly exposed boys, especially when considering additional exposure to data-poor 
chemicals and chemicals acting by other mechanisms of action.   

1. Introduction 

Humans are exposed to many different chemicals in their everyday 
life. These stem from multiple sources such as air, water, dust, food, and 
consumer products (Amato-Lourenço et al., 2020; Domingo and Nadal, 
2019; Kampa and Castanas, 2008; Trasande et al., 2018; Wang et al., 

2019; Ward et al., 2018). The specific chemical exposure varies based on 
the behavioural pattern of the individual (Bolon and Haschek, 2020) and 
exposure is ever-changing with phase-outs and introduction of chem-
icals to the market (Pimentel et al., 2007). Consequently, humans are 
exposed to mixtures of chemicals that are dynamic and unique in their 
compositions. 
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Multiple component-based mixture studies designed with model 
compounds have shown that mixtures of chemicals can induce effects 
greater than those induced by the single chemicals on male reproductive 
health disorders, e.g., anogenital distance, nipple retention, external sex 
organ malformations, sex organ weights, and dysgenesis and hypoplasia 
in male reproductive organs (Christiansen et al., 2009; Hass et al., 2007; 
Metzdorff et al., 2007). Similar observations have been reported in vitro 
on androgen receptors, (Birkhøj et al., 2004; Ermler et al., 2011; Kjær-
stad et al., 2010; Orton et al., 2014) estrogen receptors (Rajapakse et al., 
2002; Silva et al., 2002), and on sex hormone synthesis (Kjærstad et al., 
2010). 

Androgen insufficiency in the developing male foetus, which can be a 
result of chemically induced androgen receptor (AR) antagonism, can 
lead to shortening of the anogenital distance which is considered a 
unique, early and non-invasive marker of male reproductive health ef-
fects (Scholze et al., 2020). It is plausible that this specific mechanism of 
action, AR antagonism, constitutes the most important molecular initi-
ating event in the adverse outcome pathway to male reproductive health 
disorders and therefore is an obvious choice for characterizing hazard in 
a mixture risk assessment for male reproductive health disorders. 

A common way of performing a chemical mixture risk assessment is 
to base it on the dose addition principle using hazard data retrieved from 
in vivo rodent and human exposure information retrieved from food 
intake data (Boberg et al., 2021). In some cases, human exposure data 
from environmental sources is available in addition to the food intake 
data, as was the case in a previous mixture risk assessment of phthalates 
(Boberg et al., 2021) or alternatively, human exposure can be predicted 
by modelling based on chemical data, consumer product data, and 
population characteristics (Isaacs et al., 2014). Due to inherent un-
certainties in these approaches such as lack of in vivo data for many 
chemicals, questionable relevance of hazard data from rodents, and risk 
of lacking the most relevant exposure sources, there is a need to explore 
alternative approaches to evaluate risk to chemical mixtures. 

In this case study, integrated in the EU Joint programme ‘Human 
Biomonitoring for Europe’ we have evaluated the human risk to mix-
tures of antiandrogenic chemicals based exclusively on human-derived 
hazard and exposure data. Our hypothesis was that relevant Risk Quo-
tients (RQs) can be defined based on in vitro data for human AR (hAR) 
antagonism and human biomonitoring (HBM) data, reflecting 

aggregated internal human exposure. Using internal levels in human 
blood has the advantage that levels represent aggregated levels irre-
spective of sources and pathway of exposure. 

Moreover, we focus on chemicals with antiandrogenic activity that 
block the hAR. Chemicals with this mode of action are known to be 
involved in reproductive health disorders observed in boys and men 
when exposed during foetal life (Schwartz et al., 2019). AR antagonism 
is the best-known molecular initiating event that is linked to adverse 
male reproductive health disorders and by default, all chemicals with 
this specific mode of action belong to the same cumulative assessment 
group, thus in this case considerations on which grouping criteria needs 
to be included are redundant. 

2. Material and methods 

2.1. Retrieving hazard data 

A list of compounds previously reported to be hAR antagonists was 
prepared based on a selection of publications which led to a collection of 
231 compounds (Danish Environmental Protection Agency, 2017; Engel 
et al., 2017; Ermler et al., 2011; Kojima et al., 2019, 2009,2004; Kor-
tenkamp and Faust, 2010; Orton et al., 2011; Rosenmai et al., 2014; 
Shen et al., 2009; Vinggaard et al., 2008). The literature search for 
hazard and exposure data of compounds including inclusion and 
exclusion criteria followed the procedure described in Fig. 2. 

All substances on the bucket list were screened for availability of 
HBM data by using the approach described later. The HBM data was 
incorporated into the bucket list leading to a refined list 76 substances 
with available hazard and exposure data. For all substances on the 
refined list a comprehensive literature search for additional hazard data 
was performed using the following search terms in Web of Science: 

Search in TOPICS: (Group name(s)/compound name and synonyms 
and abbreviations (OR between, if more than one)) AND (*vitro*) AND 
(*androgen*). 

If > 500 search results, search in TOPICS: AND (receptor). 
If > 500 search results, search in TOPICS: AND (“reporter assay” OR 

“reporter gene assay”). 
Compounds belonging to a large chemical class (e.g., polycyclic ar-

omatic hydrocarbons or phthalates) were only searched for using the 

Fig. 1. Graphical abstract illustrating the approach used for identifying the chemical mixture risk drivers for male reproductive health.  
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Fig. 2. Overview of the inclusion and exclusion criteria for data and papers to be included in the mixture risk assessment. AR – androgen receptor, HBM – human 
biomonitoring, PCBs – polychlorinated biphenyls. 
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group name (e.g., (PAH) OR (“polycyclic aromatic hydrocarbon*” or 
(phthalate*)). 

An inclusion criterion for this search was that the hazard data should 
stem from hAR antagonism data only, hence, substances for which only 
animal data existed or in vitro effects dealing with e.g., AR mediated 
proliferation or gene expression, AR binding or effects on testosterone 
levels were excluded from the list. After thorough evaluation of 
comprehensive hazard literature on the 77 substances, all studies in 

which no information on cytotoxicity was available were omitted, and 
any response that was obtained at a concentration at which significant 
cytotoxicity was reported was discarded. For antiandrogenic substances 
lack of this information is particularly crucial, as a cytotoxic substance 
could be misclassified as an antiandrogen, as this would lead to a 
decreased signal as AR blocking would. This curation led to the removal 
of two substances, 2,2,3,4,4-pentabromodiphenylether and hepta-
chloroepoxide, from the list, but also led to a more homogenous hazard 

Fig. 3. Identification of risk drivers by ranking risk quotients for antiandrogenic chemicals calculated from human (A) mean and (B) maximum exposure values 
divided by PODmax for androgen receptor antagonism. BDE – bromodiphenyl ether, DDD – dichlorodiphenyldichloroethane, DDE – dichlorodiphenyldichloro-
ethylene, DDT – dichlorodiphenyltrichloroethane, PCB – polychlorinated biphenyl, PFOS – perfluorooctanesulphonate. 
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data set, as many values that deviated, typically by being higher than the 
remaining values within a group, was removed. In addition, all sub-
stances for which the majority of the studies reported no effect versus 
effect were omitted. This curation led to removal of two additional 
substances, di-isononyl phthalate and bisphenol S from the list. Suc-
cessively, all studies performed in yeast versus mammalian cells were 
excluded from the data set. 

Hazard values, given as IC10 values were used for deriving RQs as a 
measure of the Point of Departure (POD). In cases where no IC10 values 
were available, the following equation available in GraphPad Prism 
(ver.8) was used to calculate IC10: 

ICx =

(
F

100 − F

)1
H

*IC50 ⇔ IC50 =
ICx

(
F

100− F

)1
H

(1) 

where F is the percent change on the y-axis at ICx, that is value above 
0 and below 100. H is the Hill Slope, which was constrained to − 1. 

2.2. Exposure data 

The 231 compounds were screened for availability of HBM data by 
reviewing reports published from relevant public organizations such as 
European Food Safety Authority, European Chemicals Agency, and 
United States Environmental Protection Agency, followed by a system-
atic literature search in PubMed. Details of the literature search are 
showed in the Supplementary Material, Figs. 1-22. All figures detail the 
specific search terms and boolean terms used for each chemical com-
pound. Studies were selected with the following inclusion criteria: (1) 
articles published in English during the last 10 years; (2) women within 

childbearing age as target population, and (3) studies on European 
populations (Fig. 2). When no HBM data fulfilling these criteria was 
available, articles from other Western populations (USA or Canada) 
were considered. The following additional steps were applied for 
selected compounds: For polychlorinated biphenyls (PCBs), only articles 
published during the last 3 years were searched due to the high number 
of references found. For compounds without any available information, 
such as PCB 49, PCB 66, PCB 74, methyl parathion and 4-tert-octyl-
phenol, two reports published by National Health and Nutrition Exam-
ination Survey (NHANES) were included (CDC, 2009). If available, HBM 
data concentrations were prioritized in the following order: geometric 
mean (GM), median/P50, mean, and finally concentrations closest to 
median values available. If no concentrations above the limit of detec-
tion/quantification were measured, the study was excluded from 
calculation of mean values. Four compounds, namely bitertanol, fen-
hexamide, bromodiphenyl ether (BDE)85, and 4́OH-BDE17, were 
omitted from the refined list since none of the identified studies reported 
concentrations above limit of detection. HBM data was further curated 
to focus on pregnant women, mothers, or women in the child-bearing 
age defined as between 18 and 45 yrs. First, if data from these study 
populations were not available for a substance, the age range was 
expanded to include younger and elder women. Second, HBM data set 
was curated to ensure that study populations included recruitment after 
year 2000. For one substance, heptachlor epoxide, only one study with 
an older population was available, hence included in the study. In 
addition, all compounds for which the majority of studies reported ‘no 
effect’ versus ‘effect’ were excluded. For persistent compounds blood/ 
serum/plasma concentrations were used for internal exposure estimates. 
If not available, alternative matrices were used such as breast milk 

Fig. 4. Human exposure levels expressed as the calculated or measured (A) mean and (B) maximum blood levels for each of the 61 compounds as a function of their 
potency in vitro (measured as PODmax for AR antagonism). Chemicals in the upper left corner (highlighted grey) are the most problematic from a risk perspective as 
they are the most hazardous chemicals with the highest exposure values. BBP/BzBP – butylbenzylphthalate, BDE – bromodiphenyl ether, BP3 – 2-Hydroxy-4-methox-
ybenzophenone, BPA – bisphenol A, BPF – bisphenol F, DBP/DnBP – dibutylphthalate, DCHP – dicyclohexylphthalate, DDD – dichlorodiphenyldichloroethane, DDE – 
dichlorodiphenyldichloroethylene, DDT – dichlorodiphenyltrichloroethane, DEHP – diethylhexylphthalate, DEP – diethylphthalate, DiBP – di-isobutylphthalate, 
DMP – dimethylphthalate, EtP – ethylparaben, MeP – methylparaben, n-BP – butylparaben, n-PP – propylparaben, PAHs – polycyclic aromatic hydrocarbons, 
PCB – polychlorinated biphenyl, PFAS – per- and polyfluoroalkyl substances, PFOS – perfluorooctanesulphonate, TBBPA – tetrabromobisphenol A. 
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levels. For non-persistent compounds urine concentrations were used for 
calculation of internal exposure estimates if available. 

2.2.1. Estimating human blood levels from breast milk levels for lipophilic 
compounds and from urine levels for fast metabolized compounds 

In order to calculate an RQ for each selected chemical, human blood 
levels of the final 61 compounds were needed (Suppl. Table 2). Avail-
able blood, serum and plasma levels measured in the lipid fraction were 
converted to concentrations per L matrix using a factor of 6.19 g lipid/L 
blood. For the compounds for which the blood levels were not available, 
blood levels were estimated based on the concentrations in breast milk 
or urine obtained from additional literature search described below. 

For many persistent chemicals, concentrations in breast milk are 
assumed to mirror concentrations in blood lipids (Aylward et al., 2003). 
We therefore conducted a literature search in PubMed and Google 
Scholar to identify studies reporting conversion factors (CFs) between 
breast milk and the blood matrix for the relevant compounds. For some 
compounds, CFs were not available, hence, the CFs were chosen as 
described below (Suppl. Table 3). 

For the PCBs some studies measured single PCB levels in blood and 
breast milk (Aylward et al., 2003; DeKoning & Karmaus, 2000; LaKind 
et al., 2009; Mannetje et al., 2012; Todaka et al., 2010, 2011; Wittsiepe 
et al., 2007), however, most of the identified studies focused on the sum 
of PCBs or several of the most common PCBs. Overall, in these studies 
the CFs fluctuated around 1, thus we used this value for all PCBs. For 
DDT, levels are often 6–7 times higher in milk than in blood (Wolff, 

1983). Mes et al. (Mes et al., 1984) determined the ratio between whole 
blood and whole milk for chlordane to be 0.2 in 16 women at day 7 post- 
partum, hence we used a CF of 0.2. According to WHO environmental 
health criteria (WHO, 1989), the ratio of dieldrin between mother’s 
blood and milk is around 0.5 – 3, hence we set a mean CF of dieldrin to 
1.75. For methoxychlor, we only identified data from one in vivo study in 
female rats in which the authors found a CF of 4.05 for the lowest dose 
level tested (Chapin et al., 1997). We used this CF although human 
exposure of methoxychlor is anticipated being much lower than for 
animals under experimental conditions. 

We identified only few studies reporting CFs of pesticides between 
human milk and blood levels (Suppl. Table 3). For procymidone no CF 
was identified, thus we estimated it to be 1, assuming equilibrium be-
tween blood and breast milk (Marchitti et al., 2017). Polycyclic aromatic 
hydrocarbons (PAHs) were measured in both maternal serum and breast 
milk of 20 volunteers (Tsang et al., 2011). We used CFs from this study, 
where 0.24, 0.86 and 0.82 for benzo[k]fluoranthene, chrysene and 
pyrene were set, respectively. As we did not identify any specific CFs for 
the remaining PAHs on the list, we used the CF for the total PAHs i.e 0.74 
determined in this study. Finally, we identified one study (Cariou et al., 
2008), comparing the concentrations of tetrabromobisphenol A 
(TBBPA) in maternal serum and breast milk from 93 volunteers. In this 
study the authors found the CF between these matrixes to be approxi-
mately 1.6, hence we used this CF. For conversion of levels in breast milk 
fat to levels in breast milk a factor of 0.3 g lipid/L milk was used. 

Fig. 4. (continued). 
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2.2.2. Estimating human blood levels from urine levels for fast metabolized 
compounds 

Compounds that have a relatively short biological half-life mostly 
have HBM data measured in urine. First, we normalized urinary expo-
sure concentrations to creatinine-standardized concentrations using 
1.30 g/L as the mean urine creatinine concentration across all ethnic 
groups of females between 20 and 39 years from the NHANES cohort 
1988–1994 (Barr et al., 2005). 

We used available urine concentrations for compounds given in 
Suppl. Table 4 to estimate the concentrations in the blood. Blood levels 
were estimated using equation 2 (Koch et al., 2007) and 3 given below. 

DI[mol/kgbw⋅day] =

(

concmetabolite[
g
L
]

MWmetabolite[
g
mol

]

)

Creatinine[gcrtL ]
⋅
CE[

gcrt
kgbw
day ]

FUE
=
UE[mol/gcrt]⋅CE[ gcrtkgbw

/day]
FUE

(2) 

First, the daily intake (DI) of a substance was estimated by using 
equation 2, where UE is the molar urinary excretion of the respective 
metabolite(s), CE is the creatinine excretion rate normalized by body 
weight, which was set to 0.023 g/kg/day for a pregnant woman (Lioy 
et al., 2015), FUE (%) is the molar ratio between the amount of metab-
olite(s) excreted in the urine and the amount of parent compound 
absorbed. The molecular weight of creatinine 113.12 g/mol was 
applied. 

Cp[mol/l] = [DImol/kgbw]⋅day
t1/2/day
0, 693

1
Vd[L/kgBW ]

(1) 

Secondly, the blood concentrations were calculated by applying a 
simplified one-compartment toxicokinetic model, where Cp is the blood 
plasma concentration after exposure to dose X, T1/2 is the biological 
half-life of the substance and Vd is the apparent volume of distribution. 
This model assumes total bioavailability, intestinal absorption and that 
the compound reaches a steady state level (Fromme et al., 2007). 

For two substances (i.e., prochloraz and alachlor) we used the FUE 
obtained from animal studies due to lack of human data. No studies 
reported FUE and T1/2 for bisphenol F, but as previous studies have re-
ported bisphenol F and bisphenol A to have similar properties (Punt 
et al., 2019; Rochester and Bolden, 2015) we assumed these to be 
similar. 

For some phthalates, data was not available (i.e., dicyclohexylph-
thalate, diethylphthalate and dimethylphthalate). Hence, for dicyclo-
hexylphthalate we used the values for diethylhexyl- phthalate (Koo 
et al., 2002), whereas for the latter two, we used the values for dibu-
tylphthalate (monobutylphthalate) reported by (Gennings et al., 2014). 

For 4-tert-octylphenol we did not find any data and estimated the FUE 
to be 0.9 based on expert judgement. 

For the two metabolites of cyfluthrin, cis- and trans-3-(2,2-dichlor-
ovinyl)-2,2-dimethylcyclopropane carboxylic acid (DCCA), we assumed 
equal excretion. In a study by Hays et al., 2009 a total of 0.33 mg cis- and 
trans-DCCA was excreted in urine after oral intake of 2.6 mg cyfluthrin. 
The mass excretion fraction (FUE (mass) and its subsequently conversion 
into FUE (molar) was calculated using eq. 4 given (Aylward et al., 2018). 

FUE(molar) = FUE(mass)*(MWparent/MWmetabolite) (4) 

For several compounds T1/2 and Vd values could not be found. In 
these cases we used computationally predicted values from the Comp-
Tox Chemicals Dashboard (U.S. Environmental Protection Agency, 
2020), except for parathion which was not available. For 1-aminopyrene 
we used Vd for its parent compound 1-nitropyrene due to lack of data. 
All estimated blood levels of compounds with HBM data from urine 
together with the parameters used for the conversions are given in 
Suppl. Table 4. 

2.3. Calculating the risk quotient for each individual compound and the 
Point of Departure Index to illustrate the mixture risk 

The following equation was used to calculate the RQ for each 
chemical: 

Risk Quotient(RQ) = Human blood level(μM)/POD for hAR antagonism(μM)

(5) 

where aggregated HBM data, defined as the mean or the maximum 
human blood levels or estimated human blood levels, were used as 
exposure data, and the POD values for hAR antagonism in vitro were 
used to define the hazard level. 

The Point of Departure Index (PODI), which is a rough measure of 
the cumulative risk to the chemical mixture, was calculated by summing 
up the RQs for each compound of the mixture: 

PODI =
∑

(RQcomp1 +RQcomp2 +RQcomp3 +RQcomp4 +⋯⋯.RQcompN)) (6)  

3. Results 

3.1. Identification of compounds with available hazard data 

In total, we identified 231 compounds for which hazard values for 
human AR antagonism was available, but many compounds had to be 
excluded due to lack of exposure data, cytotoxicity data or other issues 
as illustrated in Fig. 2. For the 61 remaining compounds, the hazard 
values were reported either as mean POD (PODmean) values across all 
identified studies or as the maximum (=lowest) POD (PODmax) value 
identified for each compound. In several cases, the IC10 values that 
formed the basis for the POD values were converted from other ICx 
values (such as IC50) as reported in Suppl. Table 1 for each compound 
with the corresponding references. 

We compared the dataset on the observed POD values obtained from 
the literature for the 61 chemicals with the Integrated Chemical Envi-
ronment (ICE) Curve Surfer tool dataset for hAR antagonism, given as 
Activity Concentration at Cut-off (ACC) values. We identified an overlap 
of 30 chemicals for which data were available in both datasets (Suppl. 
Table 5). ACC is defined as the concentration at which a concen-
tration–response curve first reaches a user-defined cut-off, being this 
commonly set at 15 to 20 % of effect (Escher et al., 2021). Although the 
ACC values retrieved for these 30 compounds ranged from 1.3- to over 
200-fold higher than our POD values, a strong positive correlation was 
found between ACC and both PODmean (rS = 0.752; p < 0.001) and 
PODmax (rS = 0.695; p < 0.001), giving us confidence in the validity of 
our dataset. 

Mixture effects of AR antagonists have previously been measured at 
IC10 and IC20 (Orton et al, 2014), and as we know that even a non- 
detectable activity of single compounds can contribute to the overall 
mixture effect as shown previously in vitro (Silva et al., 2002) and in vivo 
(Hass et al., 2007; van der Ven et al., 2022), we decided to use the IC10 as 
a reliable POD for AR antagonism. 

3.2. Identification of compounds with available hazard and exposure data 

Combining the results from the hazard data and HBM data search, 
resulted in a final list of 61 compounds for which reliable hazard and 
exposure data were available (Table 1). Of these 61 compounds, 15 had 
HBM data obtained in plasma/serum/blood/cord blood, 19 had levels in 
breast milk, and 27 had levels obtained in urine. Suppl. Table 2 sum-
marises the HBM mean and maximum levels for each substance in 
plasma/serum/whole blood/cord blood, breast milk and urine, respec-
tively, together with the corresponding references. 

Although our aim was to obtain approximate blood levels of all 
compounds for the mixture risk assessment, for 19 compounds, most 
reliable data were available in human milk. Hence, we performed a 
comprehensive literature search to identify available CFs between milk 
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Table 1 
The identified chemicals with hazard data for androgen receptor antagonism, corresponding human exposure levels in blood as well as the calculated risk quotient for each chemical. The total Point of Departure Index is 
given at the bottom of the table.  

Chemicals  Hazard data  Exposure data  Mixture risk assessment 

Compound Abbreviation CAS no.  In vitro AR antagonism data  Human 
biomonitoring data  

RQs (mean 
exposure) 

RQs (max 
exposure     

IC50 mean 
(µM) 

IC10 mean 
(µM) 

IC50 max 
(µM) 

IC10 max 
(µM)  

Mean 
(µM) 

Max 
(µM)  

HBM mean/ IC10 

max 
HBM max /IC10 

max 

Bisphenol A BPA 80–05-7  2.7 3.02E-01 0.75 8.33E-02  1.51E-05 4.55E-05  1.81E-04 5.46E-04 
Bisphenol F BPF 620–92-8  4.9 5.48E-01 3.0 3.33E-01  1.20E-05 5.46E-05  3.59E-05 1.64E-04 
Butylbenzylphthalate BBP/BzBP 85–68-7  387.3 4.30E + 01 13 1.44E + 00  1.44E-01 2.69E-01  9.99E-02 1.87E-01 
Dibutylphthalate DBP/DnBP 84–74-2  175.3 1.95E + 01 1.1 1.22E-01  1.61E-03 4.22E-03  1.32E-02 3.45E-02 
Dicyclohexylphthalate DCHP 84–61-7  15.2 1.69E + 00  1.69E + 00  2.12E-03 2.12E-03  1.25E-03 1.25E-03 
Diethylphthalate DEP 84–66-2  436.5 4.85E + 01 358 3.98E + 01  9.50E-04 3.08E-03  2.39E-05 7.74E-05 
Diethylhexylphthalate DEHP 117–81-7  275 3.06E + 01 >100 1.11E + 01  1.32E-04 4.79E-04  1.19E-05 4.31E-05 
Di-isobutylphthalate DiBP 84–69-5  18.6 2.07E + 00 12.4 1.38E + 00  2.98E-03 6.67E-03  2.16E-03 4.84E-03 
Dimethylphthalate DMP 131–11-3  769 8.54E + 01  8.54E + 01  1.37E-04 1.58E-04  1.60E-06 1.85E-06 
Mono-n-butylphthalatea MBP 131–70-4  0.12          
2,2′,3,4,4′,5′-hexachlorobiphenyl PCB 138 35065–28-2  3.99 4.43E-01 0.7 7.78E-02  5.00E-04 1.29E-03  6.43E-03 1.65E-02 
2,2′,4,5′-tetrachlorobiphenyl PCB 49 41464–40-8  10.64 1.18E + 00  1.18E + 00  2.61E-05 2.61E-05  2.21E-05 2.21E-05 
2,3,3′,4,4′,5′-hexachlorobiphenyl PCB 157 69782–90-7  3.61 4.01E-01  4.01E-01  7.49E-04 1.12E-03  1.87E-03 2.78E-03 
2,3,3′,4,4′,5-hexachlorobiphenyl PCB 156 38380–08-4  12.28 1.36E + 00  1.36E + 00  7.39E-05 1.97E-04  5.42E-05 1.45E-04 
2,3,3′,4,4′-pentachlorobiphenyl PCB 105 32598–14-4  1.28 1.42E-01  1.42E-01  7.59E-05 7.59E-05  5.34E-04 5.34E-04 
2,3,4,4′,5-pentachlorobiphenyl PCB 114 74472–37-0  9.72 1.08E + 00  1.08E + 00  4.69E-04 6.21E-04  4.34E-04 5.75E-04 
2,3′,4,4′,5,5′-hexachlorobiphenyl PCB 167 52663–72-6  5.28 5.87E-01  5.87E-01  1.08E-03 1.56E-03  1.84E-03 2.66E-03 
2,3′,4,4′,5-pentachlorobiphenyl PCB 118 31508–00-6  2.88 3.20E-01 0.5 5.56E-02  4.80E-03 2.31E-02  8.64E-02 4.17E-01 
2,3′,4,4′-tetrachlorobiphenyl PCB 66 32598–10-0  1.15 1.28E-01  1.28E-01  3.18E-05 3.18E-05  2.48E-04 2.48E-04 
2,4,4′,5-tetrachlorobiphenyl PCB 74 32690–93-0  6.45 7.17E-01 2.1 2.33E-01  2.00E-04 3.35E-04  8.57E-04 1.44E-03 
2,4,4′-trichlorobiphenyl PCB 28 7012–37-5  4.97 5.52E-01 0.8 8.89E-02  2.56E-06 4.08E-06  2.88E-05 4.59E-05 
2,4,6- trichlorobiphenyla PCB 30 35693–92-6  7.79          
2,4′-dichlorobiphenyla PCB 8 34883–43-7    0.9        
3,3′,4,4′,5-pentachlorobiphenyl PCB 126 57465–28-8  1.51 1.67E-01 0.5 5.56E-02  3.51E-05 4.32E-05  6.32E-04 7.77E-04 
Methylparaben MeP 99–76-3  154 1.71E + 01 >100 1.11E + 01  5.37E-02 1.49E-01  4.84E-03 1.34E-02 
Ethylparaben EtP 120–47-8  106 1.18E + 01 >100 1.11E + 01  7.76E-04 1.73E-03  6.99E-05 1.56E-04 
Propylparaben n-PP 94–13-3  78 8.67E + 00 70 7.78E + 00  3.17E-03 9.14E-03  4.07E-04 1.17E-03 
Butylparaben n-BP 94–26-8  56 6.22E + 00 41.0 4.56E + 00  7.10E-04 4.02E-03  1.56E-04 8.81E-04 
Triclosan  3380–34-5  3.5 3.90E-01 1.3 1.44E-01  8.88E-04 1.49E-03  6.15E-03 1.03E-02 
Perfluorooctanesulphonate PFOS 111873–33-7/ 

1763–23-1  
13.35 1.48E + 00 4.7 5.22E-01  2.62E-02 5.90E-02  5.02E-02 1.13E-01 

1-Aminopyrene  1606–67-3  2.89 3.21E-01  3.21E-01  2.05E-04 2.35E-04  6.37E-04 7.33E-04 
1-Hydroxypyrene  5315–79-7  3.51 3.90E-01 2.0 2.22E-01  8.39E-04 1.16E-03  3.78E-03 5.22E-03 
Benzo[a]pyrene BaP 50–32-8  4.74 5.27E-01 3.9 4.33E-01  1.36E-07 1.50E-07  3.15E-07 3.45E-07 
Benzo[j]fluoranthene  205–82-3  2.0 2.24E-01  2.24E-01  9.68E-08 9.68E-08  4.32E-07 4.32E-07 
Benzo[k]fluoranthene  207–08-9  0.62 6.89E-02  6.89E-02  4.71E-08 5.42E-08  6.83E-07 7.87E-07 
Chrysene  218–01-9  9.97 1.11E + 00 9.63 1.07E + 00  2.71E-07 3.05E-07  2.53E-07 2.85E-07 
Fluoranthene  206–44-0  1.97 2.19E-01 1.9 2.11E-01  2.31E-06 2.62E-06  1.09E-05 1.24E-05 
Pyrene  129–00-0  13.58 1.51E + 00  1.51E + 00  9.06E-07 9.97E-07  6.01E-07 6.61E-07 
2,4-Dimethoxy-1-nitro-benzenea  4920–84-7  10.18          
2-Hydroxy-4- 

methoxybenzophenone 
BP3 131–57-7  11.28 1.25E + 00 2.0 2.22E-01  4.33E-03 7.24E-03  1.95E-02 3.26E-02 

2,2́,4,4́- 
Tetrahydroxybenzophenonea 

BP2 131–55-5  3.1  1.3        

Zearalenon  17924–92-4  9.19 1.02E + 00  1.02E + 00  1.23E-05 1.23E-05  1.20E-05 1.20E-05 
p,p′-DDE  72–55-9  3.54 3.94E-01 0.3 3.33E-02  6.92E-05 1.04E-04  2.08E-03 3.11E-03 
o,p-DDT  789–02-6  2.01 2.24E-01 1.45 1.61E-01  5.83E-08 8.46E-08  3.62E-07 5.25E-07 
o,p-DDE  3424–82-6  2.9 3.26E-01 1.6 1.78E-01  1.10E-08 1.41E-08  6.19E-08 7.96E-08 
p,p’-DDD  72–54-8  0.7 7.78E-02  7.78E-02  6.41E-08 7.50E-08  8.24E-07 9.64E-07 

(continued on next page) 
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Table 1 (continued ) 

Chemicals  Hazard data  Exposure data  Mixture risk assessment 

Compound Abbreviation CAS no.  In vitro AR antagonism data  Human 
biomonitoring data  

RQs (mean 
exposure) 

RQs (max 
exposure     

IC50 mean 
(µM) 

IC10 mean 
(µM) 

IC50 max 
(µM) 

IC10 max 
(µM)  

Mean 
(µM) 

Max 
(µM)  

HBM mean/ IC10 

max 
HBM max /IC10 

max 

p,p-DDT  50–29-3  3.06 3.40E-01 1 1.11E-01  5.24E-05 5.24E-05  4.72E-04 4.72E-04 
Tetrabromobisphenol A TBBPA 79–94-7  10 1.11E + 00  1.11E + 00  7.65E-08 1.50E-07  6.88E-08 1.35E-07 
2,2′,4,4′,5-Pentabromodiphenyl 

ether 
BDE 99 60348–60-9  4.39 4.87E-01 0.97 1.08E-01  1.54E-06 1.54E-06  1.43E-05 1.42E-05 

2,2′,4,4′-Tetrabromodiphenyl ether BDE 47 5436–43-1  1.77 1.97E-01 0.52 5.78E-02  2.17E-05 2.56E-05  3.76E-04 4.43E-04 
2,2′,4-Tribromodiphenyl ether BDE 28 41318–75-6  3.1 3.44E-01  3.44E-01  3.04E-06 3.04E-06  8.83E-06 8.84E-06 
2,2́,4,4́,6-Pentabromodiphenyl 

ether 
BDE100 189084–64-8/ 

32534–81-9  
2.06 2.29E-01 0.1 1.11E-02  5.48E-07 5.48E-07  4.93E-05 4.93E-05 

4 t-Octylphenol  27193–28-8  16.37 1.82E + 00 5.85 6.49E-01  4.82E-05 5.37E-05  7.42E-05 8.27E-05 
Procymidone  32809–16-8  0.9 1.01E-01 0.6 6.67E-02  9.50E-07 9.50E-07  1.43E-05 1.43E-05 
Prochloraz  67747–09-5  7.7 8.60E-01 3.1 3.43E-01  4.38E-05 1.03E-04  1.28E-04 2.99E-04 
Pyrimethanila  53112–28-0  126.00          
Fenhexamidea  126833–17-8  8.10          
Chlorprophama  101–21-3  38.70  30.6        
Pirimiphos methyla  29232–93-7  25.40  22        
Methylparathion  298–00-0  3.22 3.57E-01 2.17 2.41E-01  4.45E-04 1.35E-03  1.84E-03 5.58E-03 
Methoxychlor  72–43-5  4.26 4.73E-01 4.01 4.46E-01  1.44E-06 1.44E-06  3.23E-06 3.23E-06 
β-Endosulfan  33213–65-9  8.61 9.57E-01 6.20 6.89E-01  4.10E-03 4.91E-03  5.95E-03 7.14E-03 
Chlordane  57–74-9  17.88 1.99E + 00  1.99E + 00  1.61E-08 1.61E-08  8.11E-09 8.11E-09 
Cypermethrin  52315–07-8  28.36 3.15E + 00 3.22 3.57E-01  3.66E-03 3.66E-03  1.02E-02 1.02E-02 
Dieldrin  60–57-1  4.50 5.00E-01 1.75 1.94E-01  5.73E-06 7.62E-06  2.95E-05 3.92E-05 
Cyfluthrin  68359–37-5  24.44 2.72E + 00  2.72E + 00  4.63E-03 4.63E-03  1.70E-03 1.70E-03 
λ-Cyhalothrin  91465–08-6  48.60 5.40E + 00 4.7 5.22E-01  1.72E-05 1.72E-05  3.29E-05 3.29E-05 
Bitertanola  55179–31-2  2.70          
Alachlor  15972–60-8  9.26 1.03E + 00  1.03E + 00  5.94E-07 6.79E-07  5.78E-07 6.60E-07 
Fenitrothiona  122–14-5  0.205          
Parathion  56–38-2  0.20 2.22E-02  2.22E-02  1.62E-06 1.99E-06  7.27E-05 8.97E-05 
2-Phenylphenol  90–43-7  13.70 1.52E + 00  1.52E + 00  5.82E-05 5.82E-05  3.82E-05 3.82E-05 
Point of Departure Index ¼ 0.32  0.88  

a compounds for which no HBM data was found. AR – androgen receptor, RQs – risk quotients. 
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and blood and subsequently estimated the blood level of these com-
pounds. A summary of the CFs for each compound with corresponding 
estimated blood levels in breast milk is given in Suppl. Table 3, together 
with the obtained mean and maximum blood levels of each compound. 

3.3. Mixture risk assessment of antiandrogenic compounds 

Using the required hazard and HBM data, we calculated the RQs for 
each compound based on both the mean and the maximum exposure 
levels, respectively. The POD values for hAR antagonism were selected 
to reflect the lowest observed effect levels, as even low, non-detectable 
levels of chemicals have been shown to contribute to the final mixture 
effect (Silva et al., 2002; Hass et al. 2007; van der Ven et al., 2022). 
Table 1 summarises the calculated RQs together with the corresponding 
hazard and HBM levels. The cumulative mixture risk – called the PODI – 
was calculated as the sum of the RQs of all compounds based on either 
mean exposure levels (Fig. 3a) or maximum exposure levels (Fig. 3b). No 
compound had an individual RQ above 1. The PODI for the mixture of all 
61 AR antagonistic compounds was calculated being 0.88 based on 
maximum exposure levels. The 15 compounds that mainly contributed 
to the RQ and therefore can be considered the mixture risk drivers were 
the PCBs (PCB118, 138, 157), the phthalates (butylbenzylphthalate 
(BBP), dibutylphthalate (DBP), di-isobutylphthalate), the UV filter 
benzophenone-3, perfluorooctanesulphonate (PFOS), methylparaben, 
triclosan, some pesticides (i.e. cypermethrin, β-endosulfan, methylpar-
athion, and p,p-dichlorodiphenyldichloroethylen (DDE)), and a PAH 
metabolite (1-hydroxypyrene) (Fig. 3b). Notably, in this study-five 
compounds: PCB118, BBP, PFOS, DBP and benzophenone-3 were iden-
tified as the major mixture risk drivers, constituting approximately 75 % 
of the total risk. The remaining 56 compounds contributed with a minor 
factor to the PODI. When the RQs were calculated from the mean HBM 
levels, corresponding to a less stringent exposure scenario, the PODI was 
found to be 0.32 (Fig. 3a). The top 15 compounds were the same as when 
the mixture risk calculation was based on the maximum exposure levels. 

When using the Hazard Index for mixture risk assessment, uncer-
tainty factors are usually included in the hazard metrics (e.g., in 
Acceptable Daily Intakes = ADI) to account for interspecies differences 
(different kinetics in rats versus humans) and inter-individual differ-
ences (different sensitivities among humans). With our approach there is 
no need for an uncertainty factor to account for species differences, but 
an uncertainty factor of 10 could have been included to account for 
sensitivity differences in humans and in that case the PODIs would in-
crease by a factor of 10. However, as we have also calculated the PODI 
based on maximum human exposure levels and the lowest reported 
POD, we consider this a worst-case scenario and find no need to include 
a generic, default uncertainty factor as well. 

Another way of illustrating the chemicals that drive or do not drive a 
given mixture effect or human risk is shown in Fig. 4. All chemicals in 
the upper left corner belong to the most potent antiandrogenic com-
pounds, to which humans are relatively more exposed and may be 
considered chemicals of concern. The top 5 chemicals (PCB118, BBP, 
PFOS, DBP and benzophenone-3) are placed horizontally in the top of 
the upper, left quadrant, indicating that it is the exposure levels rather 
than the hazard levels that drive the risk to these chemicals. This is valid 
when considering both mean (Fig. 4a) and maximum human exposure 
levels (Fig. 4b). Totally, thirteen out of the top 15 chemicals are located 
in the upper left quadrant (Fig. 4b), but two chemicals were located 
outside the quadrant, methylparaben for which exposure levels are 
estimated to be high and p,p-DDE that is among the most potent 
chemicals for AR antagonism. In contrast, chemicals in the lower right 
corner are the least potent compounds to which human are not markedly 
exposed and are therefore chemicals of less concern for risk assessors 
and risk managers. 

4. Discussion 

All mixture risk assessments have their assumptions, strengths and 
limitations and for transparency these are highlighted for our case study. 
Our first assumption was that male reproductive health disorders arise 
during foetal life and the dominating mechanism of action for these 
adverse health effects is AR antagonism. Antagonism of the hAR is the 
best known and documented molecular initiating event for adverse male 
reproductive effects and provides a clear link to the in vivo male repro-
ductive disorders such as cryptorchidism, hypospadias, poor semen 
quality or testicular cancer (Schwartz et al., 2019). We have previously 
demonstrated how in vitro data on hAR antagonism together with 
physiologically based kinetic (PBK) modelling can predict in vivo re-
ductions in anogenital distance, which is known as a sensitive biomarker 
for male reproductive disorders (Scholze et al., 2020). This clear link 
was the rationale for selecting data on this mechanism of action as the 
hazard data for mixture risk assessment. 

We also assumed that a maternal blood chemical level corresponding 
to a POD for AR antagonism will lead to a minor AR blocking in the male 
foetus and contribute to the total AR blocking of the mixture, which 
ultimately may translate into a shortened anogenital distance in the 
new-born. We know from previous studies that AR antagonists in a 
mixture will act additively and give rise to a mixture effect also at low 
chemical levels (Ermler et al., 2011; Hass et al., 2007). Thus, even very 
low non-detectable levels of AR antagonists will add up to contribute to 
the mixture effect, a phenomenon popularly termed ‘something from 
nothing’. This has been documented in vitro in an AR reporter gene assay 
(Ermler et al., 2011) and in vivo in male rat pups that were exposed to 
antiandrogenic chemicals during foetal life and for which mixture ef-
fects in the form of reduced anogenital distances were documented 
(Hass et al., 2007). Moreover, we have found that we can predict 
shortening of anogenital distance by combining in vitro data for hAR 
antagonism with PBK modelling (Scholze et al., 2020). For six anti-
androgenic pesticides we showed that by using hAR antagonism data in 
a ‘reverse dosimetry’ mode in our PBK models, we could predict oral 
doses that would cause an adverse effect on anogenital distance in male 
rat pups. Predicting effects in rats allowed us to validate the approach 
and results showed that this alternative approach worked well. Based on 
these studies, it is a realistic assumption that AR antagonistic chemicals 
will contribute to a combined effect on endpoints for male reproductive 
health disorders. 

Our final assumption was that compounds with AR antagonistic ef-
fects belong to the same assessment group, which is indeed the case and 
therefore can be considered a default assumption. 

4.1. Assumptions, strengths and limitations of our approach for hazard 
evaluation 

The advantages of using in vitro hazard data for mixture risk 
assessment are that (1) human in vitro data can be used circumventing 
the uncertainties in using hazard data from rodents, (2) more com-
pounds can be included due to larger availability of in vitro compared to 
in vivo hazard data and (3) no grouping considerations are needed as the 
in vitro active compounds by default belong to the same cumulative 
assessment group. 

A disadvantage, however, is that only compounds acting by this 
specific mechanism of action are included. We know that compounds 
with other known or unknown modes of action can also induce male 
reproductive health disorders (e.g., 2,3,7,8-TCDD (EFSA, 2018) and 
paracetamol (Bauer et al., 2021), and the exclusion of these may prob-
ably lead to an underestimation of risk. 

Moreover, there are uncertainties in the use of in vitro potencies for 
hazard evaluation that applies to the general use of in vitro data. Un-
certainties exist in translating in vitro potencies to in vivo outcomes in the 
human foetus. This last point is particularly critical, as we do not know 
the magnitude of the freely-dissolved concentration in cytoplasm of the 
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chemicals in the hAR assays and therefore do not know the ‘true’ po-
tencies of the compounds. We are using nominal concentrations of the 
chemicals added to the assay, which may not always estimate in vivo 
effective concentrations, as the nominal concentration poorly reflects 
the concentration at the molecular target in cells in vitro (e.g., Gilbert 
et al., 2015; Mundy, 2004; Proença et al., 2021). Chemicals can differ-
entially distribute between in vitro assay compartments, including serum 
constituents in exposure medium, microtiter plastic plates, headspace, 
and extracellular matrices. The partitioning of test chemicals to these 
extracellular compartments either enhances or reduces the concentra-
tion at the molecular target (Gilbert et al., 2015; Mundy, 2004; Proença 
et al., 2021). However, the freely-dissolved concentration in cytoplasm 
is responsible for initiating effects and can be referred to as the biolog-
ically effective concentration, and ideally we would like to know this 
value to relate it to the actual exposure levels at the target. Such esti-
mations have previously been derived for specific compounds (e.g., 
Gilbert et al., 2015; Mundy, 2004; Proença et al., 2021), but are at 
present not available for a large number of compounds and may not be 
so in the near future. Thus, hazard levels of the compounds may be over- 
or underestimated when using the nominal POD values for in vitro hAR 
antagonism, as the likelihood is high that the ‘true’ POD values based on 
intracellular concentrations in the assay will be either higher or lower. 
Moreover, we would ideally like to know the concentration of each 
single chemical in the mixture at the target in the testis of the foetus at 
human relevant exposure levels. However, such measured data do not 
exist. But it is possible to develop PBK models including a foetal 
compartment that predicts foetal levels based on knowledge on human 
biomonitoring levels (in e.g., blood or urine) with a reasonable accuracy. 
Previously, we have developed a generic PBK model that could predict 
foetal levels of pesticides in rats within a factor of 5 (Scholze et al., 
2020), and such models are available in the US for a large number of 
compounds, but more development is needed and should be a focus 
point for future research within this field. 

As a short term solution, a measure of the free concentration of the 
chemical in the cell media that takes protein binding, loss of compound 
due to non-specific binding, evaporation, etc., into account may be 
sufficient, relating this level to the human serum concentration as a 
second best option. Thus, we suggest to routinely measure the free 
concentration of chemicals in the media of in vitro assays in the future in 
order to obtain more useful data. 

4.2. Assumptions, strengths and limitations of our approach for exposure 
evaluation 

Concerning the exposure data, the advantages of using HBM data for 
mixture risk assessment are that: (1) exposure levels are based on 
measured biomonitoring data reflecting real-life exposure in humans, 
and (2) data are aggregated and cover all exposure sources and routes. 
The disadvantages are that: (1) aggregated HBM values from general 
populations are used, which do not represent individual exposure levels, 
(2) for many compounds urinary or breast milk levels are measured, 
thereby causing the need of identifying or estimating toxicokinetic pa-
rameters for each substance to convert the urine or milk levels to blood 
levels. This conversion of such HBM data is pragmatic and encumbered 
with uncertainty. For the 19 compounds that were measured in human 
breast milk, the conversion can be made with relatively high certainty as 
reliable CFs were available. For the 27 compounds with reported urine 
concentrations, uncertainties were introduced in the estimations as 
several parameters were predicted values obtained from the CompTox 
Chemicals Dashboard and a relatively simple first order kinetic model 
was used. 

We used internal exposure levels of pregnant women as a proxy of 
exposure levels of the male fetus. This will give rise to uncertainty as 
some chemicals will appear with lower and others with higher concen-
tration in the fetus compared to the mother. In this paragraph we will 
discuss this issue for the major chemical mixture drivers identified. For 

per- and polyfluoroalkyl substances (PFAS), a direct comparison of 
maternal blood levels and levels in human fetal organs have been 
measured (Mamsen et al., 2017). For all 5 PFAS, the levels were lower in 
the fetal organs compared to the blood of the mother (7–26 % of the 
mother’s levels), with a PFOS level that was 7 % of maternal levels. 
However, when comparing PFOS levels in cord blood with maternal 
blood, the cord blood levels were found to be 30 % of maternal levels 
(Manzano-Salgado et al., 2015). 

In a study on organochlorine (OC) levels in human maternal and cord 
blood (Junqué et al., 2020), it was found that OC levels including PCBs 
were correlated between the mother and the cord blood and that the 
cord blood levels were approximately 30–50 % of maternal levels at 
delivery, although exceptions were found. For one of the other mixture 
drivers, benzophenone-3, fetal and cord blood levels were found to be 
approximately 10 % of those in maternal serum (Krause et al., 2018). In 
a study on endocrine disruptors, concentrations of the Mono(2- 
ethylhexyl) phthalate, octylphenol, and 4-nonylphenol in cord blood 
samples were reported to be approximately 80 % of levels in maternal 
blood. In contrast, polybrominated diphenyl ethers (PBDEs) levels in 
cord blood samples were significantly higher than those in maternal 
blood (Li et al., 2013). 

In conclusion, the general picture is that levels of PCBs, PFAS, and 
phenols are lower in the fetus compared to the mother, whereas PBDE 
levels are higher. Overall, the use of exposure levels in the mother will in 
most cases lead to an overestimation of mixture risk. 

However, as newborns and infants are also susceptible to anti-
androgenic chemicals, a comparison of exposure levels in infants and 
their mothers is relevant as well. Recently, studies of exposure in infants 
and their parents showed that for phenols, infant levels followed the 
pattern of the parents, and for some compounds, including 
benzophenone-3, triclosan and bisphenol A, levels were higher in infants 
than in their parents (Frederiksen et al., 2022a). The same picture was 
observed for a number of phthalates (Frederiksen et al., 2022b). Also, 
PFOS is known to exhibit serum exposure levels among breast-fed 
newborns which are considerable higher than that of their mothers 
(Schrenk et al., 2020). 

Thus, the newborn child will be exposed to several chemicals to a 
similar or even higher extent compared to the mother, meaning that for 
this population segment, the used exposure levels may not be 
overestimated. 

4.3. Over- or underestimation of risk? 

Our hypothesis was that an RQ for each chemical can be estimated 
based on an in vitro response (in µM) and a blood HBM level (in µM) for 
each compound. This hypothesis incorporated several assumptions as 
mentioned above. In general, there are large uncertainties in all risk 
assessments of chemical mixtures, and the question is whether the un-
certainties will lead to an over- or an underestimation of risk. A table 
including the acknowledged uncertainties and their potential impact on 
risk assessment is shown as Suppl. Table 6. For many factors, it is not 
known in which direction they will affect the assessment. However, one 
factor known to lead to an overestimation of the PODI for most of the 
population is the use of maximum HBM levels, as these do not reflect the 
exposure of the general population under usual circumstances. The use 
of mean HBM data from studies covering several populations, 
geographical areas and all seasons will also not reflect individual ex-
posures and may lead to an over- or underestimation. 

Moreover, the risk will be underestimated due to lack of either 
hazard or human exposure data for many compounds. Initially, we 
identified > 200 hAR antagonistic compounds, but most were excluded 
for this reason. While the availability of systematic and harmonized 
HBM data is increasing at a fast rate, in this case study we were able to 
retrieve human exposure data for only 77 (33 %) out of the 231 anti- 
androgenic chemicals identified. This means that the risk is probably 
underestimated based on a lower availability of human exposure 
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information compared to in vitro data. 
As outlined above, several uncertainties relate to the lack of trans-

lating nominal effect concentrations in vitro to blood levels, which would 
be expected to be specific for each chemical. An even greater challenge 
would be to translate the in vitro potencies to intratesticular levels in the 
male fetus. For risk assessment, however, we need human exposure 
levels in the nominator of the RQ, which will be blood levels since data 
on intratesticular levels in the male fetus is not available for the general 
human population. Thus, a risk assessment for the general population 
based on intratesticular levels is not feasible and the risk assessment 
should be based on blood levels as the best proxy. It is a challenge based 
on available data to really understand the ultimate balance of over- 
versus underestimation of risk. Thus, results need to be interpreted with 
caution regarding health risk. 

4.4. Challenges in mixture risk assessment 

According to our methodological approach no single substance 
appeared with a RQ exceeding 1 and numerous compounds contributed 
each with a small RQ to the total PODI. However, it was evident that 
PCB118, butylbenzylphthalate, PFOS, DBP and benzophenone-3 were 
the major drivers of the mixture risk for antiandrogenic effects and that 
the high exposure level to these compounds seemed to drive the mixture 
effect (Fig. 4). 

PCBs as well as some reproductive toxic phthalates (including 
butylbenzylphthalate), and PFOS have undergone regulatory re-
strictions, which should result in a reduction of human exposure to these 
compounds in the future. However, it is a surprise that the UV filter 
benzophenone-3 contributes relatively much to the total risk, although 
this is fully in line with the conclusions from a recent systematic, inte-
grative review on this compound stating that human exposure levels 
achieved after a single whole-body sunscreen application are close to 
concentrations that have been reported to have endocrine disrupting 
effects (Mustieles et al., 2023). 

The question is how to gain information on human mixture toxicity 
to understand (1) the magnitude of the problem/risk, (2) what the 
contributing drivers are, and (3) how to cope with the issue from a 
preventive and regulatory perspective. Two approaches are commonly 
used, namely the whole-mixture and component-based approaches. 
Although the whole-mixture approach provides information on contri-
butions from unidentified compounds in the mixture and account for 
possible interactions between its constituents, this approach is chal-
lenged by the endless mixture combinations and variations in mixture 
composition over time (Boobis et al., 2011). The component-based ap-
proaches, such as concentration addition, rely on toxicological infor-
mation for single compounds, however this information is lacking for 
many chemicals, especially when it comes to in vivo data. Furthermore, 
concentration addition modelling at present relies on the assumption 
that no synergistic interactions between mixture component occur 
(Boobis et al., 2011). Consequently, both approaches have inherent 
challenges, thereby pushing alternative approaches to examine human 
mixture risk. 

Another challenge for mixture risk assessment is predicting the 
chemical composition of the mixture in part due to the lack of exposure 
information (Egeghy et al., 2012). Exposure assessment is commonly 
based on a single source and/or pathway (Boberg et al., 2021), such as 
food intake, however there is an inherent risk of underestimating the 
risk associated with an exposure when based solely on one source. For 
instance, bisphenol A exposure originates from multiple sources 
including food intake, dermal contact with thermal paper, and wrongful 
use of recycled paper, and thus basing the risk assessment solely on one 
source or exposure pathway will underestimate the effect. To this end, 
human biomonitoring data could be used to address challenges in 
aggregated exposure estimation, still not routinely used in risk assess-
ment (Louro et al., 2019). Using internal chemical levels has the 
advantage that it gives aggregated exposure levels irrespective of 

sources and pathways of exposure and is less uncertain than estimated 
external exposures levels for risk assessment (Louro et al., 2019). 

Alternative approaches are needed to assess whether the aggregated 
mixture exposure in humans is problematic. In HBM4EU, approaches 
have been examined to address these issues, including experimental 
approaches, where the bioactivity of extracts/fractions of human sam-
ples are examined with the goal of gaining information on the bioac-
tivity of the total mixture (Rodríguez-Carrillo et al., 2021; Vinggaard 
et al., 2021). Moreover, mixture risk assessments based on European 
HBM data and Health-Based Guidance Values were recently reported 
(Socianu et al., 2022). 

4.5. Conclusion 

The aim of the study was to explore a novel methodology for 
assessing mixture effects of chemicals. As a case, we investigated com-
bined exposure to antiandrogenic chemicals with direct action on the 
androgen receptor in vitro that may affect human health. Chemicals with 
this mode of action are known to be involved in a range of reproductive 
disorders observed in boys and men when exposed during foetal life. Our 
approach has pinpointed compounds that contribute markedly to the 
PODI, such as PCBs, phthalates, PFOS, and benzophenone-3. Several 
uncertainties of the methodology were identified. Although it is not 
ready to be used for decision making, this approach may be applied to 
the identification of chemical mixture drivers, thereby providing a basis 
for a better understanding of the extent to which the combined chemical 
load will potentially exhibit adverse antiandrogenic effects in humans. 

CRediT authorship contribution statement 

Yanying Ma: Data curation, Formal analysis, Visualization, Writing 
– original draft, Writing – review & editing. Camilla Taxvig: Data 
curation, Formal analysis, Writing – review & editing. Andrea Rodrí-
guez-Carrillo: Data curation, Formal analysis, Visualization, Writing – 
review & editing. Vicente Mustieles: Data curation, Formal analysis, 
Visualization, Writing – review & editing. Lena Reiber: Data curation, 
Formal analysis, Writing – review & editing. Anja Kiesow: Data cura-
tion, Formal analysis, Writing – review & editing. Nathalie Michelle 
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Fromme, H., Schlummer, M., Möller, A., Gruber, L., Wolz, G., Ungewiss, J., Böhmer, S., 
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