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Summary 

Risk assessment of hormonally active pesticide residue mixtures 

Bettina Seeger 

About one third of conventionally cultured fruits, vegetables and other crops in the European Union 
(EU) contains multiple pesticide residues. At present, risk assessment of pesticides is based on the 
evaluation of single substances. Consequently Maximum Residue Levels (MRLs), the upper statutory 
limits of concentrations of pesticide residues in or on food, are determined for those single 
pesticides. Since these legal thresholds are mostly not exceeded, the impression is given that the 
consumption of foodstuffs is generally safe. 

Many pesticides are able to interfere with the human endocrine system, e.g. by activating the human 
estrogen receptor α (hERα) and/or the human estrogen receptor β (hERβ) or by inhibiting the human 
androgen receptor (hAR). There is scientific evidence that estrogenic and anti-androgenic acting 
substances could be associated with adverse health effects in humans. In recent years, particularly 
studies on mixtures of estrogenic and anti-androgenic environmental chemicals attracted attention, 
since it was reported that they induce significant effects, even when the individual substances were 
applied below their No Observed Effect Concentrations (NOECs). Pesticide mixtures, which contain 
substances sharing the same mode of action (MOA), are assumed to act additively. This issue raises 
the question whether the evaluation of individual substances is adequate to estimate the risks 
emanating from mixtures. The way in which pesticides are applied in conventional food production 
and experimental results demonstrate that a cumulative risk assessment approach is needed. This 
approach is currently being evaluated by the European Food Safety Authority (EFSA) Panel on Plant 
Protection Products and their Residues (PPR). Therefore, it was investigated whether in vitro reporter 
gene bioassays are suited to contribute to the evaluation of estrogenically and anti-androgenically 
acting pesticide residues and their mixtures in conjunction with cumulative risk assessment. 

Two commonly used in vitro reporter gene bioassay systems were used to evaluate their ability to 
detect estrogenic or anti-androgenic effects of various pesticides. One system is based on yeast cells 
and the other one on human cells. Eight pesticides (pirimicarb, propamocarb, fenarimol, chlorpyrifos, 
fenhexamid, fludioxonil, 2,4’-DDT and 4,4’-DDT) were tested regarding their potential to activate the 
human estrogen receptors (hERα: Yeast-based Estrogen Screen [YES] assay and ERα chemical-
activated luciferase gene expression [CALUX] assay; hERβ: ERβ CALUX assay) and six pesticides 
(procymidone, vinclozolin, tebuconazole, propiconazole, fenarimol and prochloraz) regarding their 
potential to induce anti-androgenic effects at the hAR (Yeast-based Androgen Screen [YAS] assay and 
AR CALUX assay). The interaction of the substances can thereby be quantified and used to estimate 
the level of estrogenic and anti-androgenic effects at the respective receptors. The aim was to use 
the test systems validated for single compound analysis for the evaluation of mixture effects of 
pesticides. Therefore, pesticides sharing the same MOA were mixed at ratios based on 
concentrations at which they individually reveal the same effect on a specific reference endpoint 
(iso-effective mixtures) and were tested in the respective bioassays. The mixtures of substances with 
estrogenic activity were based on the low effect concentrations of the single substances. These 
concentrations are the EC01 and EC10 values, which are concentrations of the single substance 
causing a 1 or 10% effect normalized to the natural ligand 17β-estradiol (E2). The mixtures of 
substances that showed anti-androgenic effects were based on low inhibitory concentrations, i.e. 
IC01 and IC10. These concentrations are based on the amount of the test substance causing a 1 or 
10% inhibition of the effect of the natural ligand dihydrotestosterone (DHT). These low 
effect/inhibitory concentrations were chosen to obtain precise data in a low, human-relevant 
concentration range. To verify whether the mixtures act additively or show deviations towards 
synergism or subadditivity, the data obtained from the experiments had to be compared to data 
obtained from mathematical modelling. Therefore, the mathematical model of concentration 
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addition (CA) was applied, which is the model of choice for additive effects of chemicals sharing one 
MOA. 

Via the used reporter gene bioassays it was possible to quantify the interaction of various pesticides 
with the hERα and hERβ as well as anti-androgenic effects at the hAR. Pirimicarb did not possess 
estrogenic activity in both test systems, neither at the hERα nor at the hERβ. In contrast, 
propamocarb activated the hERα and hERβ in the CALUX assays, but did not elicit an effect at the 
hERα in the YES assay. Anti-androgenic effects at the hAR could be confirmed for all test substances 
in the YAS assay as well as in the AR CALUX, with the exception of the triazoles propiconazole and 
tebuconazole, which negatively affected the growth of the yeast cells. All test systems are suited to 
identify estrogenic or anti-androgenic effects at the respective steroid receptors and could therefore 
contribute to the collection of mechanistic data of pesticides and further be used in the hazard 
identification step contributing to the risk assessment of hormonally active pesticides. 

Furthermore, it was possible to show additive effects of low effect/inhibitory concentrations of 
estrogenic and anti-androgenic acting pesticides with the used test systems, since experimental data 
correlate with the predictions calculated by means of CA, supporting the necessity of a cumulative 
risk assessment approach. These results endorse the general assumption of additive behavior of 
pesticides sharing a MOA and therefore the applicability of CA. Taken together, the achieved results 
show that the two in vitro test systems may contribute to the risk assessment of hormonally active 
pesticide residue mixtures sharing the same MOA. 
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Zusammenfassung 

Risikobewertung von hormonell aktiven Pflanzenschutzmittel-Gemischen 

Bettina Seeger 

In der Europäischen Union (EU) sind etwa ein Drittel der konventionell angebauten Früchte, Gemüse 
und anderer Gartenbauerzeugnisse mit Mehrfachrückständen von Pflanzenschutzmitteln belastet. 
Bisher basiert die Risikobewertung von Pflanzenschutzmitteln auf einer Einzelstoffbewertung. 
Deshalb werden Rückstandshöchstgehalte (Maximum Residue Levels, MRLs), die gesetzlich 
festgelegten Höchstmengen von Pestizidrückständen in oder auf Lebensmitteln, für einzelne 
Pestizide bestimmt. Da diese gesetzlich festgelegten Grenzwerte zumeist nicht überschritten werden, 
wird im Allgemeinen angenommen, dass der Konsum dieser Lebensmittel sicher sei. 

Viele Pflanzenschutzmittel können mit dem humanen Hormonsystem interagieren, beispielsweise 
durch Aktivierung des humanen Estrogenrezeptors α (hERα) und/oder des humanen 
Estrogenrezeptors β (hERβ) oder durch Inhibition des humanen Androgenrezeptors (hAR). 
Wissenschaftliche Erkenntnisse weisen darauf hin, dass estrogen und anti-androgen wirksame 
Chemikalien einen schädlichen Einfluss auf die menschliche Gesundheit haben könnten. In den 
letzten Jahren haben insbesondere Studien zu Mischungen estrogener oder anti-androgener 
Umweltchemikalien Aufmerksamkeit erweckt, da sie gezeigt haben, dass diese signifikante Effekte 
hervorrufen können, selbst wenn die Einzelstoffe unterhalb ihrer individuellen No Observed Effect 
Concentrations (NOECs) eingesetzt worden sind. Es wird angenommen, dass Pestizid-Gemische, die 
Substanzen enthalten, die einen bestimmten Wirkmechanismus (mode of action, MOA) teilen, 
additiv wirken. Dies wirft wiederum die Frage auf, ob die aktuell angewendete Einzelstoffbewertung 
ausreichend ist, um die Risiken chemischer Mischungen zu bewerten. Die gängige Praxis, wie 
Pflanzenschutzmitteln in der konventionellen Lebensmittelerzeugung angewendet werden, und 
experimentelle Daten deuten auf die Notwendigkeit eines kumulativen Risikobewertungsansatzes 
hin. Dieser Ansatz wird momentan vom Gremium für Pflanzenschutz, Pflanzenschutzmittel und ihre 
Rückstände (PPR, Panel on Plant Protection Products and their Residues) der Europäischen Behörde 
für Lebensmittelsicherheit (EFSA, European Food Safety Authority) evaluiert. Daher wurde in der 
vorliegenden Arbeit untersucht, inwieweit in vitro Reportergen-Assays zur Bewertung estrogen und 
anti-androgen aktiver Pflanzenschutzmittelrückstände und deren Mischungen im Rahmen einer 
kumulativen Risikobewertung geeignet sind. 

Es wurden zwei häufig verwendete in vitro Reportergen-Assay-Systeme genutzt, um estrogene oder 
anti-androgene Effekte diverser Pestizide zu testen. Eines dieser Testsysteme ist Hefe-basiert, das 
andere Humanzell-basiert. Acht Pestizide (Pirimicarb, Propamocarb, Fenarimol, Chlorpyrifos, 
Fenhexamid, Fludioxonil, 2,4’-DDT und 4,4’-DDT) wurden auf ihre Fähigkeit hin untersucht, die 
humanen Estrogenrezeptoren zu aktivieren (hERα: Yeast-based Estrogen Screen [YES] Assay und ERα 
chemical-activated luciferase gene expression [CALUX] Assay; hERβ: ERβ CALUX Assay), wohingegen 
sechs Pestizide (Procymidon, Vinclozolin, Tebuconazol, Propiconazol, Fenarimol und Prochloraz) auf 
ihre anti-androgene Wirkung am hAR getestet worden sind (Yeast-based Androgen Screen [YAS] 
Assay und AR CALUX Assay). Die Interaktion der Substanzen mit den Rezeptoren kann auf diese 
Weise quantifiziert und somit der Grad ihrer Wirkung am Rezeptor geschätzt werden. Das Ziel war es, 
die für Einzelstoffe validierten Testsysteme zu nutzen, um Effekte von Pestizidmischungen zu 
beurteilen. Dafür wurden Pestizide, die einen gemeinsamen MOA haben, in Verhältnissen gemischt, 
die auf Konzentrationen der Einzelstoffe beruhen, die den gleichen Effekt hervorrufen, bezogen auf 
einen spezifischen Endpunkt (iso-effektive Mischungen) und in den jeweiligen Bioassays getestet. Die 
Mischungen von Pestiziden mit estrogener Wirkung basierten dabei auf niedrigen 
Effektkonzentrationen der Einzelstoffe. Bei diesen Konzentrationen handelt es sich um EC01- und 
EC10-Werte, die Konzentrationen der Einzelsubstanzen, die im Verhältnis zum natürlichen Liganden 
17β-Estradiol (E2) einen 1 oder 10%igen Effekt hervorrufen, wohingegen die Mischungen der 
Pestizide mit anti-androgener Wirkung auf niedrigen inhibitorischen Konzentrationen, den IC01- und 
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IC10-Werten, beruhen. In diesem Fall handelt es sich um die Konzentrationen der Einzelsubstanzen, 
die eine 1 oder 10%ige Hemmung des Effekts des natürlichen Liganden Dihydrotestosteron (DHT) am 
hAR hervorrufen. Diese niedrigen Effekt-/inhibitorischen Konzentrationen sind gewählt worden, um 
präzise Daten im niedrigen, humanrelevanten Konzentrationsbereich zu erhalten. Um nachzuweisen, 
ob es sich um additive Mischungseffekte handelt oder ob Abweichungen im Sinne synergistischer 
oder subadditiver Effekte vorliegen, müssen die experimentell gewonnenen Daten mit Daten aus 
einer mathematischen Modellierung für Additivität verglichen werden. Deshalb wurde das Modell 
der Konzentrations-Additivität (concentration addition, CA) genutzt, welches für Substanzen, die 
einen MOA teilen, als Standardmodell angenommen werden kann. 

Mit den genutzten Testsystemen konnten sowohl estrogene Effekt am hERα und am hERβ als auch 
anti-androgene Effekte am hAR zuverlässig identifiziert werden. Pirimicarb zeigte in beiden 
Testsystemen keine estrogene Aktivität, weder am hERα noch am hERβ. Im Gegensatz dazu hat 
Propamocarb den hERα und den hERβ in den CALUX-Assays, jedoch nicht den hERα im YES Assay 
aktiviert. Anti-androgene Effekte konnten für alle Substanzen im YAS Assay sowie im AR CALUX 
nachgewiesen werden, mit Ausnahme der Triazole Propiconazol und Tebuconazol, die negativen 
Einfluss auf das Wachstum der Hefezellen hatten. Alle genutzten Testsysteme sind geeignet, sowohl 
estrogene als auch anti-androgene Effekte an den jeweiligen Steroidrezeptoren zu identifizieren und 
können daher zur Sammlung mechanistischer Daten von Pestiziden beitragen, welche wiederum im 
Gefahrenermittlungsschritt (hazard identification) der Risikobewertung hormonell aktiver 
Pflanzenschutzmittel genutzt werden könnte. 

Außerdem war es mit den genutzten Testsysteme möglich, additive Effekte in niedrigen Effekt-

/inhibitorischen Konzentrationen estrogen und anti-androgen wirkender Pestizide nachzuweisen, da 

die experimentellen Daten mit den Vorhersagen, die mithilfe von CA gemacht worden sind, 

übereinstimmten. Die hier vorliegenden Ergebnisse unterstützen die generelle Annahme additiver 

Effekte von Pestiziden mit einem gemeinsamen MOA und damit ebenso die allgemeine 

Anwendbarkeit von CA. Insgesamt sprechen die erzielten Ergebnisse dafür, dass die zwei in vitro-

Testsysteme zur Risikobewertung von Mischungen hormonell aktiver 

Pflanzenschutzmittelrückstände, die einen gemeinsamen MOA haben, beitragen können. 
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1 Introduction 

Hormones are crucial signaling molecules produced by glands in multicellular organisms that are 
transported by the circulatory system to distant target organs. By doing so, they regulate 
physiological and behavioral activities such as digestion, metabolism, respiration, tissue function, 
sensory perception, sleep, excretion, lactation, stress, growth and development, movement, 
reproduction, and mood. This system is tightly controlled and therefore sensitive to disturbances by 
exogenous hormones or hormonally acting chemicals. Hormonally active substances can interfere 
with the endocrine system of humans through different pathways, e.g. by activation or inhibition of 
certain hormone receptors, interference with hormone synthesis, plasma transport of endogenous 
hormones and/or their metabolism (Bretveld et al., 2006b; WHO/IPCS, 2002). 

Studies showing that humans are negatively affected by single hormonally active chemicals occurring 
at low concentrations in the environment are scarce, but some studies based on a high exposure to 
individual chemicals support the view that hormonally active substances can cause adverse health 
effects. Diethylstilbestrol (DES), a synthetic estrogen, was used between 1943 and 1971 to prevent 
miscarriage in the first trimester (Harris and Waring, 2012; Smith, 1948). It was reported to cause 
vaginal adenocarcinoma in female offspring of women who were treated with DES during pregnancy 
(Herbst et al., 1971). DES was further shown to elicit transgenerational effects, as sons of daughters 
whose mothers were exposed had a higher prevalence to be born with hypospadias (Kalfa et al., 
2011). In 1976 an explosion of a chemical plant in Italy led to a release of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) into the environment. Twenty-five years later the consequences of this accident are 
still remarkable, as children of women who were exposed to TCDD showed significantly higher blood 
thyroid-stimulating hormone (TSH) values (high exposure group 1.66 µU/ml, 95% CI 1.19–2.31) when 
compared to a reference group (0.98 µU/mL, 95% CI 0.90– 1.08) (Baccarelli et al., 2008). Blood TSH 
increase during fetal or neonatal life, also seen in regions with mild iodine deficiencies, can 
negatively affect physical and intellectual development (Aghini Lombardi et al., 1995; Baccarelli et al., 
2008; Delange, 2002). Of course, these scenarios, which are due to high exposures, do by no means 
reflect the exposition to pesticide residues, which are individually detected at low concentrations, 
but give hints that hormonally active environmental contaminants can influence human health 
through different pathways. 

In most parts of the world humans are exposed to low concentrations of hormonally active 
substances on an everyday basis. Besides pesticides, these could be phytoestrogens produced by 
plants consumed as food like soy, synthetic hormones used for contraception, mycoestrogens 
produced by mold found in grains, synthetic musks used in perfumes, UV filters used in sunscreen 
and personal care products, plasticizers used in soft plastics or persistent organic pollutants (POPs), 
which were formerly used as pesticides or flame retardants, banned since they were detected to 
cause harm in humans but still persisting in the environment (Dabre, 2015b, p.11-23). Notably, until 
2013 approximately 800 chemicals, thereunder many pesticides, were shown to elicit endocrine 
activity (Bergman et al., 2013). Because of the multisided exposure it is important to examine the 
source of the most potent and eventually preventable hormonally active substances. Pesticides are 
an interesting target for this examination, since residual traces of pesticides are generally detected in 
or on conventional cultivated fruits, vegetables and other crops, and are consumed by almost the 
entire human population. 

It remains questionable whether residual traces of pesticides could interfere with the human 
endocrine system and lead to adverse health effects. One pesticide itself rarely exceeds determined 
legal thresholds like Maximum Residue Levels (MRLs) (EFSA, 2015). The individual evaluation of 
pesticides, as it is common practice in current risk assessment, might lead to the assumption that 
residual traces of pesticides seem not to impair human health. However, pesticide residues often 
appear and are consumed as mixtures, so called multiple residues (Reynolds and Hill, 2002). The 
various pesticides can act on a certain target molecule (Kortenkamp and Altenburger, 1998). 
Chemicals, including substances inducing estrogenic or anti-androgenic effects that share a common 
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mode of action (MOA) are assumed to act additively, leading to the assumption that cumulative 
effects of pesticides should better be evaluated by a cumulative risk assessment approach than 
evaluating them on a single compound basis (EFSA/PPR, 2009, 2013a, 2013b). 

1.1  Hormonally active chemicals – A definition of terms 

“Endocrine disruption” is an often used term in the framework of hormonally active chemicals. The 

World Health Organization/International Programme on Chemical Safety (WHO/IPSC) defines 

“endocrine disruptor” as “an exogenous substance or mixture that alters function(s) of the endocrine 

system and consequently causes adverse effects in an intact organism, or its progeny, or 

(sub)populations” (WHO/IPCS, 2002). 

An “adverse effect” is defined by WHO/IPSC as “change in the morphology, physiology, growth, 

development, reproduction, or life span of an organism, system, or (sub)population that results in an 

impairment of functional capacity, an impairment of the capacity to compensate” (WHO/IPCS, 2004). 

Since the terms “mode of action” (MOA) and “mechanism of action” are frequently used in 

connection with hormonally active substances they should be clarified (Figure 1). The mechanism of 

action comprises all mechanistic steps necessary to result in a final outcome, while the MOA is 

focused on a mechanistic key point in this chronology of events (Guyton et al., 2008; Kortenkamp et 

al., 2011). A MOA is e.g. the inhibition of the effects of endogenous androgens at the hAR by the 

fungicide vinclozolin (Figure 1). This mechanistic key point, which is associated with the final 

outcome, in this case impairment of male sexual development in rats, can be investigated e.g. in an 

in vitro test system such as the YAS assay or the AR CALUX assay used in this study. 

 

 

Figure 1: Definition of the terms “mechanism of action” and “mode of action”/”MOA”. The mechanism of 
action describes all steps between exposure and final outcome, while the mode of action/MOA is focused on a 
key point in the mechanism of action. This is demonstrated for the fungicide vinclozolin, which impairs 
reproductive development in male rats and does this by inhibiting the effects of endogenous androgens at the 
hAR. Adapted from Guyton et al. (2008). 
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Hence, the term “hormonally active” should not per se be considered an “endocrine disruption”, 
since it is not definitely correlated with an adverse outcome in an intact organism. Hormonal activity 
can refer to certain MOAs such as the activation or inhibition of steroid receptors in vitro. However, 
it is possible that the effects of exogenous substances on the endocrine system could be totally 
compensated by homeostasis, since it is a physiological function of the endocrine system to cope 
with diverse exogenous stimuli (Dekant and Colnot, 2013). A final adverse effect is only caused if the 
endocrine system’s capacity to compensate by homeostasis is exceeded. 

Hormonally active environmental chemicals can evoke far-reaching effects in the human body, as 

many substances act through diverse MOAs. The fungicide fenarimol acts estrogenically by binding to 

estrogen receptors, anti-androgenically by inhibition of the hAR and acts as an inhibitor of 

aromatase, also called cytochrome P450 (CYP) 19A1 (Andersen et al., 2006; Hirsch et al., 1987; 

Vinggaard et al., 2000; Vinggaard et al., 2005). On the one hand, it is possible that a single substance 

influences different MOAs, like fenarimol, but on the other hand, different mixture components 

could target diverse coherent MOAs, causing a common adverse outcome. This was shown by Gray 

et al. (2001): An inhibitor of testosterone biosynthesis, the plasticizer dibutyl phthalate, and an 

inhibitor of the hAR, the fungicide procymidone, were jointly applied to female rats during gestation 

and led to malformations in the reproductive tract of male rats, which could not be demonstrated to 

the same degree when the substances were applied alone.  
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1.2 Physiological role of estrogens and androgens 

Estrogens primarily regulate female reproduction, are thereby essential for the menstrual cycle, 

determine secondary sex characteristics of women and initiate the development of the mammary 

gland (Dabre, 2015a, p.50). They further influence other organ systems like the cardiovascular 

system, the skeleton and the brain (reviewed by Deroo and Korach, 2006). Estrogens such as 17β-

estradiol (E2) are mostly synthesized in the ovaries and the testes. They can also be synthesized from 

androgenic precursors upon conversion by the aromatase in other tissues, e.g. adipose tissue, 

placenta, bone and brain (reviewed by Morishima et al., 1995; Nelson and Bulun, 2001). 

The development of the Wolffian ducts and the virilization during fetal development are androgen-

dependent. Androgens determine the development of male sexual organs via a complex interaction 

with growth factors and genes (Shaw and Renfree, 2014). Moreover, they regulate secondary sexual 

characteristics in men and exert anabolic functions such as the regulation of the bone density and 

muscle strength (Sanderson, 2015, p.76). Androgens are synthesized in the testes, the ovaries as well 

as in the adrenal cortex in both sexes (Kapp and Thomas, 2008, p.1738). Even though E2 is the typical 

female sexual hormone, the typical male hormone testosterone can be converted to E2 by the 

aromatase (reviewed by Li et al., 2015). The ratio of androgens to estrogens is decisive during the 

masculinization process in males (Li et al., 2015). Disturbance in this tightly regulated process can 

impair the development of male offspring (reviewed by Li et al., 2015). As illustrated in Figure 2 and 

taking the biosynthesis of androgens in men as example, the biosynthesis of androgens and 

estrogens is closely linked. 

 

Figure 2: Androgen biosynthesis. DHT, the most potent androgenic metabolite can be formed in many 
steroidogenic tissues containing 5α-reductase (SRD5A2 is the isoenzyme steroid 5α-reductase 2). A balanced 
ratio of androgens to estrogens is decisive during the masculinization process (Li et al., 2015). Adapted from 
Sanderson (2015), p.77.  
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1.3 Estrogenic and anti-androgenic effects of environmental chemicals 

Many efforts have been made to investigate the estrogenic and anti-androgenic effects of 

environmental chemicals during the last 20 years. 

In general, estrogenic effects of chemicals are defined by their ability to evoke effects identical to the 

endogenously produced hormone E2 (Kortenkamp, 2007). This could be the activation of the hERα 

and/or hERβ, thereby initiating estrogen-dependent gene expression and e.g. stimulating cell 

proliferation (Kortenkamp, 2007). 

Anti-androgenically acting chemicals can broadly be described as compounds being able to 

antagonize the effects of endogenous androgens such as dihydrotestosterone (DHT) or to interfere 

with their biosynthesis (Kortenkamp, 2007). A substance could have anti-androgenic effects by 

preventing endogenous androgens to bind to the hAR (i.e. antagonism at the receptor), therefore 

inhibiting androgen-induced gene expression (Gray et al., 2001). Some fungicides inhibit CYP51 

involved in sterol biosynthesis, thereby inhibiting fungal growth, and simultaneously are non-specific 

inhibitors of human CYP enzymes (Gray et al., 2001). Since many CYP enzymes are involved in steroid 

biosynthesis (Figure 2), those substances could interfere with this process and thereby lead to the 

development of malformations in male progeny (Gray et al., 2001). 

Most estrogenically as well as anti-androgenically active chemicals are able to compete with the 

endogenous hormones/ligands for binding to the steroid receptors, which is used as endpoint in 

many studies on hormonally active chemicals. The family of steroid receptors, including hAR, hERα 

and hERβ, belong to the superfamily of nuclear receptors (NRs), which mediate gene transcription 

upon ligand binding (Mangelsdorf et al., 1995) (Figure 3). The steroid hormones can enter the 

cytoplasm of the cell by passive diffusion (Oren et al., 2004). The binding of the ligand (steroid 

hormone) to the NR (NR/hormone complex) causes a conformational change, leading to the binding 

of the heat-shock protein (hsp90) dimer (Tata, 2002). This NR/hormone/hsp90 complex translocates 

into the nucleus, where the hsp90 dissociates from the NR/hormone complex, allowing dimerization 

of the NR, which is an important prerequisite for the expression of target genes (Tata, 2002). The 

dissociation from the hsp90 uncovers the DNA-binding site of the NR, enabling the NR to bind to the 

hormone response element (HRE), located in the promoter region of the target gene, thereby 

functioning as a transcription factor (Tata, 2002). 

Figure 3: Direct genomic action of steroids 

bound to nuclear receptors (NRs). The ligand 

binds to the nuclear receptor (NR) and the 

NR/hormone complex translocates into the 

nucleus, where the dimerized NR/hormone 

complex finally binds to the hormone response 

element (HRE), therefore inducing target gene 

expression and acting as a transcription factor. 

Adapted from Tata (2002). 
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Most studies on hormonally active chemicals are focused on the classical, direct genomic action of 

the NR/hormone complex interacting with the hormone HREs. Besides this classical direct action, 

steroid receptors could also act indirectly on the genomic DNA. For example, estrogen receptors 

could mediate indirect effects at the transcriptional level, at a time when the NR/hormone complex 

is not directly bound to HREs, but is connected to the HRE via another protein (Walsh and van Aerle, 

2007). Next to the effects of steroid receptors on genomic DNA, they could also affect cell function in 

a more rapid, non-genomic manner. For example, Watson et al. (1995) showed that GH3 pituitary 

tumor cells express membrane located estrogen receptors, which induce a rapid prolactin increase 

via a non-genomic pathway upon ligation with E2. 

The expression pattern of the various steroid receptors in target tissues determines the biological 
response to hormonally active substances. This applies in particular to the two estrogen receptor 
subtypes hERα and hERβ, as they are known to induce different effects. They are expressed in 
various human tissues, whereas in most cases they occur simultaneously in the same tissue, and less 
frequently only one receptor type is present (Figure 4). The first described estrogen receptor, hERα, 
was cloned in 1986 (Green et al., 1986), while the estrogen receptor β was subsequently identified in 
1996 and cloned from a rat prostate cDNA library (Kuiper et al., 1996). As shown in Figure 3, NRs 
require dimerization to bind to HREs. The estrogen receptor subtypes are able to form homodimers, 
αα and ββ, or to additionally form heterodimers, αβ, thereby determining the resulting estrogen 
receptor-mediated effects, as the receptor subtypes initiate different gene expression patterns. The 
αα homodimer is known to be most efficient in activating the transcription of genes associated with 
proliferative effects in breast and uterus (Ogawa et al., 1998; Pace et al., 1997; Speirs, 2002; Thomas 
and Gustafsson, 2011). Since the hERα was reported to play a role in breast cancer formation by 
enhancing tumor cell proliferation, great attention was payed to the hERα in previous toxicological 
studies. In contrast, hERβ was shown to be down-regulated in breast cancer cells (Paruthiyil et al., 
2004; Shaw et al., 2002; Thomas and Gustafsson, 2011). In general, the hERβ is considered to act as a 
counterpart of the hERα, antagonizing the expression of hERα-regulated genes (reviewed by Thomas 
and Gustafsson, 2011). Because of its e.g. anti-proliferative effect upon ligation, a high expression 
level of hERβ has been suggested to be correlated with a good prognosis in the course of breast 
cancer development (Omoto et al., 2001; Speirs, 2002). Finally, this means that the extent of the 
effects of estrogenic substances is determined by the expression level of the receptors and the 
hERα:hERβ ratio in the target tissues (Böttner et al., 2014). Androgen receptors are known to be 
expressed in several tissues, such as in the urogenital tract, gastrointestinal tract, adipose tissue, 
placenta, lacrimal glands, brain, skin, skeletal muscles, heart and bones (reviewed by Davison and 
Bell, 2006).  



1 Introduction 

11 

Figure 4: Distribution of the hERα and hERβ in human 

tissues. Parts of the figure originate from Servier Medical Art 

by Servier and are licensed under a Creative Commons 

Attribution 3.0 Unported License (available under: 

http://www.servier.com/slidekit/?item=1). Adapted from 

Gustafsson (1999). 

1.4 Hormonally active pesticides and potential health risks 

It is common practice to use pesticides during the conventional cultivation of foodstuffs, e.g. 

vegetables, fruits and other crops, to ensure high yield and product quality. Besides their effects as 

fungicides, insecticides or herbicides, the pesticides could influence physiological processes in the 

human body. Following their uptake, they can influence hormonal activity e.g. by interfering with 

steroid synthesis and/or transport, by inhibiting the hAR (receptor antagonist) or by activating the 

hERα and/or hERβ (receptor agonist) (Bretveld et al., 2006b; WHO/IPCS, 2002). However, it is 

controversially discussed whether pesticides can cause adverse health effects in humans. Some 

studies report that especially male offspring of individuals that were occupationally exposed to 

pesticides show a slightly increased risk to suffer from genital malformations such as cryptorchidism 

or hypospadias (Gaspari et al., 2011; Rocheleau et al., 2009). Irrespective of the used formulations 

and active substances there is evidence that exposure to pesticides could influence tissue and organ 

development of male embryos, since they are susceptible to the influence of endocrine active agents 

in the prenatal period. Farr et al. (2004) described that the risk of abnormalities in the menstrual 

cycle, e.g. extended menstrual cycles, absent menstruation or intermenstrual bleeding, increases 

from 60 to 100% odds when women who never applied pesticides, were compared to women who 

applied them. Furthermore, it was reported that prolonged time to pregnancy might be related to 

the occupational exposure to pesticides (Abell et al., 2000; Bretveld et al., 2006a). These findings 

indicate that after exposure to high concentrations of hormonally active pesticides they can interfere 

with the female hormonal homeostasis and the sexual development of male embryos. 

http://www.servier.com/slidekit/?item=1
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1.5 Causes for multiple pesticide residues and their occurrence at low concentrations 

In general, almost all pesticides are present in concentrations below their individual Maximum 

Residue Levels (MRLs) in one sample (97.4%; EFSA, 2015); therefore, it is assumed that they do not 

evoke negative health effects individually (Bates, 2002). The adequate usage of pesticide 

formulations in compliance with sufficient waiting times between pesticide application and harvest 

of fruits, vegetables and other crops results in small amounts of pesticide residues in the products 

reaching the consumer, as the pesticides used nowadays barely persist. Residues of bioaccumulative 

pesticides such as DDT, which was banned many years ago in the EU, only play a marginal role in the 

current analysis (EFSA, 2015). 

However, the uptake of a single pesticide does not mirror the real situation. Pesticides are often 

applied in mixtures or are commercially available in premixed formulations. Substances with various 

MOAs are applied to crops to protect commodities from a large number of plant pests during the 

entire growth phases (Reynolds and Hill, 2002). The Fungicide Resistance Action Committee (FRAC, 

2010) recommends using mixtures of fungicides with different MOAs against fungi to avoid 

resistances and to improve effects against certain diseases. Nevertheless, there are formulations 

present on the market, which contain mixtures of fungicides exerting the same effects on fungi and 

are often able to induce a common effect in humans (Seeger et al., 2016). By application of multiple 

active ingredients, it is possible to control plant diseases and to meet legal threshold limits for 

residues at the same time, but this practice additionally leads to an exposure of the consumer to an 

increased number of pesticide residues at individually low concentrations. It is also possible that 

multiple residues on individual foodstuffs result from cross-contamination during joint transportation 

or storage of foodstuffs from different origins having been treated with various different pesticides. 

According to the “2013 European Union report on pesticide residues in food”, approximately one 

third of the analyzed, unprocessed, food samples were contaminated with two to ten and in 0.4% of 

the cases even with more than ten different pesticide residues (EFSA, 2015). To estimate the risk 

originating from pesticides, the residues must be identified and quantified in/on foodstuffs. 

Therefore, it needs to be borne in mind that the analysis of pesticide residues is restricted to the 

existing analytical methods, which have limits of detection and quantification for each of the 

analyzed chemicals. This could in turn lead to an underestimation of the analyzed amount of 

pesticides (Reynolds and Hill, 2002). 

The so-called “primary cocktail” of pesticide residues is mostly caused by treatment of a single 

commodity with multiple pesticides, as described before (Reynolds and Hill, 2002). Since mostly 

several foodstuffs, each containing a specific number of pesticide residues, are consumed at the 

same time, the amount of ingested pesticide residues is finally increased, i.e. the so called 

“secondary cocktail” (Reynolds and Hill, 2002). This common practice causes an accumulation of 

multiple residues in the daily diet of humans. 

In summary, consumers are frequently exposed to low concentrations of pesticides not reaching 

their individual MRLs, what should minimize the risk emanating from those pesticides. However, 

there is scientific evidence that mixtures of environmental chemicals with the same toxicological 

endpoint in humans could cause additive effects, even when individually applied below toxicological 

thresholds such as the No Observed Effect Level (NOEL). A mixture study by Payne et al. (2001) 

demonstrated that four organochlorines, all applied below their individual NOELs, elicited significant 

estrogenic effects in a MCF-7 proliferation assay. A study by Silva et al. (2002) showed that eight 

estrogenic environmental chemicals had considerable effects (“something from nothing”) when 

combined in a mixture of their individual NOELs in the Yeast-based Estrogen Screen (YES) assay. 

Another study investigating the effects of a mixture of 11 estrogenic substances applied below their 

individual NOELs in the YES assay came to the conclusion that the chemicals act additively, eliciting a 
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significant effect (Rajapakse et al., 2002). The same phenomenon was shown in an in vivo study by 

Hass et al. (2007): Doses of three anti-androgenic substances that did not cause significant effects 

when applied individually, were applied in a mixture to mated female Wistar rats during gestation 

and post-partum, leading to significantly shortened anogenital distance in male progeny, tantamount 

to feminization. Another in vivo study on seven estrogenic substances in the immature uterotrophic 

assay demonstrated uterotrophic effects of the mixture of doses individually being subeffective 

(Tinwell and Ashby, 2004). These five studies clearly demonstrate that pesticides may trigger a 

biological effect, even when applied at low, individually subeffective concentrations. 

1.6 Risk assessment 

1.6.1 Basic steps of risk assessment 

The risk assessment process is divided in four basic steps: hazard identification, hazard 

characterization, exposure assessment and the final risk characterization (Blaauboer, 2003). 

Generally, risk assessment starts with the identification of a hazard, tantamount to the potential of a 

substance to cause harm (Blaauboer, 2003). Hazard identification is followed by hazard 

characterization with dose-response assessment and (semi-)quantitative evaluation of the origin of 

the characterized adverse effect (Blaauboer, 2003). In a next step, the potential exposure of humans 

needs to be evaluated (i.e. the exposure assessment; Blaauboer, 2003). In the final risk 

characterization step, the hazard is evaluated in conjunction with its potential harm based on 

exposure data and dose-response relationships to finally deduce the probability that an adverse 

effect may indeed occur in a human population (Blaauboer, 2003). 

1.6.2 Current risk assessment of pesticides 

Many European Union (EU) regulations govern the use and marketing of pesticides. The legal basis 

for the placing of plant protection products on the market is Regulation (EC) No 1107/2009. The 

pesticides are first evaluated at the level of the EU to be further evaluated and approved by the 

individual EU member states. At the EU level, the European Food Safety Authority (EFSA) takes 

charge of the risk assessment, while the European Commission decides if a substance is included in 

the list of permitted active substances in the following step. The responsible authority deciding on 

the approval of pesticide formulations in Germany is the Federal Office of Consumer Protection and 

Food Safety (BVL, Bundesamt für Verbraucherschutz und Lebensmittelsicherheit), in collaboration 

with the Federal Institute for Risk Assessment (BfR), the Julius Kühn Institute (JKI) and the Federal 

Environmental Agency (UBA, Umweltbundesamt). It is thus possible that the use of a plant protection 

product approved at the EU level is restricted in individual EU member states. 

EU regulation (EC) No 396/2005 regulates MRLs, which represent the upper legal limits of active 

substances that might be detected in or on foodstuffs. EFSA suggests MRL values, which are then 

further discussed and adopted by the European Commission. Again, it is possible that MRLs are more 

severely specified by the different EU member states. 

MRLs are determined for single pesticides and for different foodstuffs and apply for all products sold 

in the EU, including imported goods. However, this common approach to evaluate single substances 

is questionable, since it does not reflect the real exposure scenario of consumers to pesticide 

residues, i.e. the simultaneous exposure to various different substances at low concentrations. 
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1.6.3 Cumulative risk assessment 

Since it is known that consumers are mostly exposed to pesticide residue mixtures, the consideration 

of cumulative effects of plant protection products is already embodied in current legislation. It is 

mentioned in Regulation (EC) No 1107/2009 on the approval of pesticides to avoid harmful 

consequences on human health, considering potential cumulative or synergistic effects, where 

scientific methods are available, to evaluate such effects. Furthermore current legislation stipulates 

the development of methods to evaluate cumulative effects of pesticides, as mentioned in 

Regulation (EC) No 396/2005 on setting of MRLs. 

Therefore, the EFSA Panel on Plant Protection Products and their Residues (EFSA/PPR) tries to 

establish a methodology for a cumulative risk assessment approach to evaluate pesticide mixtures 

for several years. The EFSA/PPR first described an exemplary cumulative risk assessment approach 

for the evaluation of the toxicity of triazoles on the thyroid and central nervous system (EFSA/PPR, 

2009, 2013a). By applying this approach, pesticides are grouped in so-called cumulative assessment 

groups (CAGs). In this example, the pesticides were grouped according to their toxicity in different 

target organs. It is also possible to group pesticides in CAGs according to chemical structure 

similarities, toxic mechanisms in a target organism or more detailed criteria like mechanism of action 

or MOA in mammals for hazard identification and characterization (EFSA/PPR, 2009). Up to now, it is 

concluded from the existing results that pesticides leading to a common adverse outcome should be 

evaluated in CAGs (EFSA/PPR, 2013b). Therefore, the EFSA/PPR continues to work on a cumulative 

risk assessment approach for the evaluation of multiple pesticides residues.  
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1.7 Assessment of mixture effects 

1.7.1 Additivity - A definition of terms 

Jointly applied chemicals are able to act cumulatively. Following the mathematical definition, a 

mixture can act “additively”, meaning the toxic effect of a mixture of chemicals corresponds to the 

sum of each component’s individual effect. This toxic effect can be “synergistic”, if the effect of the 

mixture is higher than the summed up effect of the individual substances, or “antagonistic”, if the 

effect is below the sum of individual effects (Beck et al., 2008, p.89). These definitions of additivity 

and its deviations can clearly be applied to substances with linear dose-response functions, but do 

not apply in the same way for substances following non-linear dose-response models (Kortenkamp 

and Altenburger, 1998). A simple addition of concentrations of one substance, tantamount to a 

mixture of components with the same potency, would not result in the sum of the effects of the 

individual substances. This would mean that 1 + 1 would not equal 2, if the concentration-response 

curve does not follow a linear function (Figure 5). Therefore, two mathematical concepts were 

developed to evaluate additive mixture effects of chemicals individually eliciting non-linear 

concentration-response curves: “concentration addition” (CA) (also called dose-addition or Loewe 

additivity) and “independent action” (also called response-addition or Bliss independence) (Bliss, 

1939; Loewe and Muischnek, 1926). To apply CA, it is essential that the tested chemicals share one 

MOA (Backhaus et al., 2000), while “independent action” is supposed to work for mixtures of 

substances with dissimilar modes of action (Borgert et al., 2004). 

 

Figure 5: Estrogenic substance with a non-linear concentration-response curve. The effect of a substance acting additively 
does not equate to a simple summation of effects (grey bars), if the regression model fitting the data is non-linear (black 
bars). Therefore, additive effects need to be calculated by mathematical modelling, taking saturation into account. This is 
possible by application of concentration addition (CA), which is a well-founded model for the assessment of additivity of 
substances sharing the same mode of action (MOA).  
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1.7.2 Concentration addition (CA) 

CA is a mathematical model to evaluate additive effects of mixtures of similarly acting chemicals, and 

has frequently been shown to be adequate to evaluate chemical mixtures with an anti-androgenic or 

estrogenic activity in vivo (Hass et al., 2007, 2012) and in vitro (Birkhøj et al., 2004; Ermler et al., 

2011; Orton et al., 2012, 2014; Payne et al., 2000, 2001; Rajapakse et al., 2001). The EFSA/PPR 

(2013b) even suggests using CA as default model for substances with dissimilar MOAs, provided that 

they cause the same adverse outcome with a higher level of biological complexity. CA, which is based 

on the work of Loewe and Muischnek (1926), assumes chemicals sharing a MOA to act additively. 

Kortenkamp and Altenburger (1998) described additivity as a case of non-interaction between 

chemicals, as they share a MOA and thereby could “dilute” each other, depending on their individual 

potency. In the framework of CA, an additive effect or the potency of a mixture is defined as a 

function of the summed up potencies of the individual mixture components (Beck et al., 2008, p.89) 

taking into account saturation of effects (Kortenkamp, 2007). Deviations from the model of CA, and 

therefore deviations from additivity, imply interaction of the chemicals. This could mean that the 

mixture acts synergistically, when the mixture of components results in an effect higher than that 

calculated from the single substances. The mixture could also act subadditively, when the overall 

effect of the mixture is lower than the calculated additive effect of the single substances. 

With the help of CA it is possible to calculate additive mixture effects of chemical mixtures sharing a 

specific MOA using the concentration-response curves of the individual substances. The results of 

mixture experiments can subsequently be compared to the outcome predicted by the mathematical 

model. This method allows a categorization of the effects induced by defined mixtures at a certain 

concentration as additive, synergistic or subadditive effects. 
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2 Objectives 

Pesticides are currently evaluated on an individual basis in the EU. However, consumers of foodstuffs 

are exposed to low concentrations of a multitude of different pesticides each day. It is assumed that 

chemicals sharing a certain MOA elicit additive effects. Therefore, it is possible that pesticides evoke 

significant effects in humans, although they are consumed in mixtures below their individual NOELs 

(Hass et al., 2007; Payne et al., 2001; Rajapakse et al., 2002; Silva et al., 2002; Tinwell and Ashby, 

2004). However, the extent of the effect depends on the number of different substances and their 

individual potencies (Kortenkamp et al., 2014). This demonstrates the need for a cumulative risk 

assessment approach, which takes into account cumulative effects of multiple pesticide residues 

(EFSA/PPR, 2009). 

The purpose of this PhD project was to evaluate the effects of pesticide mixtures activating the 

human estrogen receptor α (hERα) and β (hERβ) or inhibiting the human androgen receptor (hAR) at 

low, food consumer-relevant concentrations in vitro. These experiments should provide detailed 

mechanistic information on the MOA of the pesticides, concentrating on the respective human 

receptors. 

Furthermore, it was analyzed whether the used reporter gene bioassays could be applied to the 

identification of estrogenic and anti-androgenic effects of pesticides, to what extent they could 

contribute to the risk assessment of hormonally active pesticide residues, whether the mixture 

studies, based on CA, and their outcome support the implementation of a cumulative risk 

assessment for pesticide mixtures and whether the data could be included for risk assessment 

purposes. Thus, the results of the undertaken study could contribute to the risk assessment of 

multiple pesticide residues that influence receptor-mediated effects of the human endocrine system 

and might further support a tiered risk assessment approach to keep the number of experimental 

animals used for this purpose as low as possible. 
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Abstract
Consumers of fruits and vegetables are frequently exposed to small amounts of hormonally

active pesticides, some of them sharing a common mode of action such as the activation of

the human estrogen receptor α (hERα) or β (hERβ). Therefore, it is of particular importance

to evaluate risks emanating from chemical mixtures, in which the individual pesticides are

present at human-relevant concentrations, below their corresponding maximum residue

levels. Binary and ternary iso-effective mixtures of estrogenic pesticides at effect concentra-

tions eliciting a 1 or 10% effect in the presence or absence of 17β-estradiol were tested

experimentally at the hERα in the yeast-based estrogen screen (YES) assay as well as in

the human U2-OS cell-based ERα chemical-activated luciferase gene expression (ERα

CALUX) assay and at the hERβ in the ERβ CALUX assay. The outcome was then com-

pared to predictions calculated by means of concentration addition. In most cases, additive

effects were observed with the tested combinations in all three test systems, an observation

that supports the need to expand the risk assessment of pesticides and consider cumulative

risk assessment. An additional testing of mixture effects at the hERβ showed that most test

substances being active at the hERα could also elicit additive effects at the hERβ, but the

hERβ was less sensitive. In conclusion, effects of the same ligands at the hERα and the

hERβ could influence the estrogenic outcome under physiological conditions.

Introduction
Many substances used as crop protection products possess hormonal activity, which may influ-
ence human health by imitating or disrupting endogenous hormones [1]. Exposure is barely
avoidable considering the widespread occurrence in conventionally grown fruits, vegetables
and other crops. Up to 2013 there were about 800 substances with known hormonal activity
[2]; their total number still remains unknown, since many substances have not been tested for
that type of activity [2]. Nowadays, high-throughput bioassays for screening purposes, which
are suited to evaluate the potential of pesticides with endocrine activity, are needed. Besides the
identification of effects emanating from single substances there is scientific evidence that chem-
ical mixtures of substances sharing the same mode of action elicit predominately additive
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effects in vitro as well as in vivo [3–6]. Pesticide residues of substances acting in a similar way
on the same cellular targets are found in/on one food sample caused by simultaneous applica-
tion of various pesticides, by cross-contamination due to common storage or by application
of pesticide formulations containing mixtures of pesticides sharing the same mode of action
[7]. The individual residues are usually present in low concentrations, mostly below their
individual maximum residue levels, but have been shown to act additively, thereby eliciting
remarkable effects, even when applied in combination with the individual compounds at con-
centrations below their individual No Observed Adverse Effect Levels (NOAELs) [4,5,8]. A
recent cumulative risk assessment approach considers evaluating pesticides in mixtures,
grouped by organ-specific toxicity, in addition to evaluating individual substances [9]. The
tested pesticides (pirimicarb, propamocarb, fenhexamid, fludioxonil, chlorpyrifos, fenarimol)
were selected based on their occurrence as residues listed in the 2013 European Union report
on pesticide residues in food [10] and their estrogenic activity known from the literature [1,11–
14]. We included pesticides frequently used, like fenhexamid and fludioxonil, as well as 2,4’-
DDT and 4,4’-DDT, which were banned a number of years ago and are not detected in plant-
derived foodstuffs anymore [10], but are well-characterized estrogenic substances. Therefore,
they were used to test whether the test systems are suited to detect compounds capable of acti-
vating the hERα and hERβ, but were not included in the mixture studies, since their occurrence
in plant-derived foodstuffs, even in low concentrations, is unlikely. Unfortunately, data on
human exposure to hormonally active pesticides is rarely available [15,16]. In this context, an
analysis by Kortenkamp et al. [16] showed that anti-androgenic environmental contaminants
are present in human serum in picomolar to nanomolar concentrations. At such concentration
levels one would not expect a significant effect by individual chemicals, but mixtures of sub-
stances being present at low concentrations and sharing the same mode of action could influ-
ence the human endocrine system [4,5,8].

We investigated the effects of single pesticides (pirimicarb, propamocarb, fenhexamid, flu-
dioxonil, chlorpyrifos, fenarimol, 2,4’-DDT and 4,4’-DDT) as well as selected binary and ter-
nary mixtures of them at low effect concentrations in a β-galactosidase reporter gene assay, the
broadly used Yeast-based Estrogen Screen (YES) assay, as well as in the human U2-OS cell-
based ERα chemical-activated luciferase gene expression (ERα CALUX) assay. Full concentra-
tion-response curves were evaluated for the mathematical modeling, but the assessment of
additivity was restricted to low effect concentrations (EC01 and EC10) in the range of human-
relevant concentrations. Furthermore, the substances were screened in combination with a sat-
urating concentration of 17β-estradiol (E2) to test for an E2 potentiating or an anti-estrogenic
activity in the YES assay, and the anti-estrogenic substances were also tested for anti-estrogenic
activity in the ERα CALUX assay.

Most studies have analyzed the mixture effects of pesticides at the hERα, while only a few
reports have dealt with the effects of individual pesticides on the human estrogen receptor β
(hERβ) and to our knowledge no study has investigated pesticide mixture effects at the hERβ.
While the hERα frequently occurs in tissues related to reproductive activity (uterus, mammary
gland), the hERβ is more widely distributed, and the ligand binding domains of the two isoforms
slightly differ (59% homology) (reviewed by Gustafsson [17]), thereby indicating differing effects
of the substances at the receptor isoforms. Since the hERβ is mostly regarded as a negative regula-
tor of the hERα [18] and the risk emanating from an estrogenic substance depends on its activity
at both receptor subtypes, we additionally investigated the effects of the individual test substances
as well as combinations of them on the hERβ in the ERβ CALUX assay.

The well-known concept of concentration addition (CA), based on the work of Loewe and
Muischnek [19], was used for the prediction of the outcome of the mixture experiments, sup-
posing that additive effects of the pesticides occurred at the hERα and hERβ level.

Mixture Effects of Estrogenic Pesticides
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The aim of this study was to evaluate the suitability of the established YES assay and the more
recent ERα CALUX assay to identify estrogenic or anti-estrogenic effects at the hERα and to
investigate mixture effects of estrogenic pesticides at low concentrations via CA. Additionally, the
effects of the pesticides and mixtures at the hERβ, mostly acting as a counterpart of the hERα in
vivo [18], were analyzed. The data generated for pesticide residue mixtures at the level of the
hERα and hERβ support the assumption of additive effects of pesticides sharing the same mode
of action, again emphasizing the importance of a cumulative risk assessment of pesticides.

Material and Methods

Tested chemicals
17ß-estradiol (E2; CAS# 521-18-6;� 98% purity), 17α-methyltestosterone (CAS# 58-18-4;
99.5% purity), 2,4’-dichlorodiphenyltrichloroethane (2,4’-DDT CAS# 789-02-6; 99.5% purity),
4,4’- dichlorodiphenyltrichloroethane (4,4’-DDT CAS# 50-29-3; 99.8% purity), 4-hydroxyta-
moxifen (4-HT; CAS# 68047-06-3;� 98% purity), chlorpyrifos (CAS# 2921-88-2; 99,7%
purity), corticosterone (CAS# 50-22-6;� 98.5% purity), fenarimol (CAS# 60168-88-9; 99.9%
purity), fenhexamid (CAS# 126833-17-8; 99,7% purity), fludioxonil (CAS# 131341-86-1;
99.9% purity), ICI 182,780 (ICI; CAS# 129453-61-8;> 98% purity), pirimicarb (CAS# 23103-
98-2; 98.5% purity), propamocarb (CAS# 24579-73-5; 99.3% purity), resveratrol (CAS# 501-
36-0,� 99% purity), and tamoxifen (CAS# 10540-29-1;�99% purity) were purchased from
Sigma Aldrich (Schnelldorf, Germany). By dissolving the chemicals in dimethyl sulfoxide
(DMSO; CAS# 67-68-5;� 99.5% purity; Carl Roth, Karlsruhe, Germany), dilution series were
stored at -20°C in glass vials freeze-thawed for each experiment or batched in polypropylene
vials and only thawed once.

Yeast (anti)-estrogenicity screen (YES) assay
The YES assay developed by Routledge and Sumpter [14] was used as described by Kolle et al.
[20] with slight modifications: The maximal concentration of DMSO in the medium was
3% v/v and the E2 concentrations ranged from 0.01 pM to 10 nM. Each pesticide and pesticide
mixture was tested in quadruplicate in at least five experiments. To asses anti-estrogenic, estro-
genic or potentiating effects in combination with E2, the substances were initially tested with
and without a saturating concentration of E2 (1 nM) in increasing concentrations. 4-HT at a
concentration of 1 μM combined with 1 nM E2 was used as anti-estrogenic control in a com-
plete concentration-response curve in each plate.

A cytotoxic effect was defined as a decrease in optical density of the cell suspension at
690 nm by more than 30% when compared to the solvent control [20], and such concentrations
were excluded from the tests.

Substances that could not be fully solubilized in the YES assay were tested in a cell-free con-
trol plate, and the turbidity, as a benchmark for insolubility, was measured at a wavelength of
690 nm. This was necessary to distinguish between a real growth induction of the yeast cells by
the tested substance and an artifact resulting from the insolubility of the compound at higher
concentrations, since in both cases an increase of turbidity in the cell-containing assay would
be observed. It should be taken into account that an increased turbidity could also mask
cytotoxicity.

ERα/ERβ CALUX
The ERα and ERβ CALUX assay were performed to evaluate the effect of the test substances on
the hERα and hERβ as described by van der Burg et al. [21] with slight modifications. The
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pesticides were tested in three independent experiments, individually and as mixtures, in tripli-
cates in 96-well plates. DMSO was used as solvent and was present in the test medium at a
maximal concentration of 0.2% v/v. Solvent controls were included in each plate. Controls
were selected based on the Organisation for Economic Co-operation and Development
(OECD) Test Guideline 455 [22]. A full dose-response curve for E2 was included in one
96-well plate per experiment (E2 concentration range: 0.1 pM to 0.1 nM in the ERα CALUX
assay, 0.3 pM to 30 nM in the ERβ CALUX assay). The same plate also contained 3 μM 17α-
methyltestosterone as additional estrogenic control as well as 10 nM corticosterone as negative
control. On each subsequent plate per experiment a middle concentration of E2 (3 pM in the
ERα CALUX assay, 0.1 nM in the ERβ CALUX assay) and a high concentration of E2 (0.1 nM
in the ERα CALUX assay, 30 nM in the ERβ CALUX assay) were tested, and the effects were
compared to the respective controls on the first plate. A prescreen, in which all test substances
were tested for estrogenicity between 0.01 μM and 60 μM, was performed. The three highest
test substance concentrations and controls were checked for their ability to affect cell mem-
brane integrity by quantification of the lactate dehydrogenase leakage (LDH) with the Cyto-
Tox-ONE™Homogeneous Membrane Integrity Assay (Promega, Madison, WI, USA), which
was performed as recommended by the manufacturer. Those test substance concentrations
leading to a decline of the effect after a maximum was reached as well as those leading to insol-
ubility were excluded from further experiments.

In the case of anti-estrogenicity assessment in the ERα CALUX assay, test substances that
showed an anti-estrogenic activity in the YES assay, fenhexamid and fludioxonil, were tested in
combination with 3 pM E2 (~ EC50). One plate per experiment included a full dose-response
curve of the competitive hERα antagonist tamoxifen (3 nM to 10 μM), 1 nM 4-HT as addi-
tional anti-estrogenic control and 10 μM resveratrol as negative control, all also combined with
3 pM E2.

Data normalization and analysis
The raw optical density values obtained at 690 nm in the YES assay were subtracted as back-
ground from the values obtained at 540 nm and thereafter the corresponding solvent control
values were also subtracted. All data points were normalized to the effect of 1 nM E2 (~
EC100), and mean values were generated in the YES assay. The data from the ERα and ERβ
CALUX assays were evaluated in a similar manner: Solvent controls were subtracted from the
raw luminescence values and all mean values were normalized to 0.1 nM E2 (~ EC100) in the
ERα CALUX assay and 30 nM (~ EC100) in the ERβ CALUX assay, with one exception: When
fludioxonil and fenhexamid were tested for anti-estrogenic effects in the ERα CALUX assay,
the values were normalized to 3 pM E2.

Application of nonlinear regression in the evaluation of single
substances and mixtures
Normalized concentration-response data from the YES, ERα and ERβ CALUX assays were
analyzed by nonlinear regression after the x-axis with the test substance concentrations was
log-transformed. The best-fit approach established by Scholze et al. [23] was used with few
modifications: The regression model selection was performed using the Akaike Information
Criterion with a correction for finite sample sizes, whereby logit, probit, Weibull, generalized
logit I and II, as well as Aranda-Ordanz were the applicable models, while the 95% confidence
intervals (CIs) were determined by application of the bootstrap method with 1,000 bootstrap
simulations. All mathematical/statistical analyses were performed using R version 3.1.2 (R
Foundation for Statistical Computing, Vienna, Austria).
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Mixture ratios and analysis of mixture effects by use of concentration
addition (CA)
Fixed mixtures ratios were calculated to be iso-effective [24], i.e. in proportion to their individ-
ual concentration that caused a 1 or 10% effect, as calculated from the concentration-response
curve of the individual compounds (effect concentrations EC01 and EC10, as listed in Table 1
for the corresponding test systems). The calculated mixture ratios are listed in the S1 Table.
CA was applied as described by Rajapakse et al. [25]. A worked out example of the mixture
ratio calculation, production of the mixtures and interpretation of the data can be found in
S1 File.

Results

Effect of E2 in the YES, ERα CALUX and ERβ CALUX assays
The hERα was trans-activated concentration-dependently by E2 in the YES assay (Fig 1A) and
the ERα CALUX assay (Fig 1B). The maximally induced hERα activity was reached at 1 nM E2
in the YES assay and at 0.1 nM in the ERα CALUX assay, while the EC50 values were 0.16 nM
and 4.9 pM, respectively. Trans-activation of the hERβ in the ERβ CALUX assay (Fig 1C) was
at its maximum at 30 nM E2 with an EC50 of 0.21 nM.

Dose-response analysis of single substances in the presence or
absence of E2
All tested pesticides showed estrogenic activity with full concentration-response curves in the
YES and ERα CALUX assays with the exception of pirimicarb, which was negative in both
assays, and propamocarb, which was only active in the ERα CALUX assay (Fig 2A and 2B,
Table 1, S2 and S3 Tables). Most substances were in the effect range of E2 in the YES assay,
except for fenarimol with a maximum of 2.69 normalized to the effect of 1 nM E2 (Fig 2A and
S2 Table). Fenarimol (maximum of 1.17) also exceeded the effect of 0.1 nM E2 in the ERα
CALUX assays, as did fenhexamid (maximum of 1.37) and 2,4’-DDT (maximum of 1.23) (Fig
2B and S3 Table). Fenarimol, chlorpyrifos and 2,4’-DDT enhanced the effect of 1 nM E2 in the
YES assay to a maximum of 4.36, 1.84 and 1.22, respectively (Fig 3A, S5 Table).

Fenhexamid and fludioxonil showed concentration-dependent anti-estrogenic effects when
combined with 1 nM E2 in the YES assay (Fig 3A, S5 Table). The two above-mentioned com-
pounds were also tested in combination with 3 pM E2 in the ERα CALUX assay, but in both
cases an anti-estrogenic effect was not observed (Fig 3B, S6 Table).

In the ERβ CALUX propamocarb, fenarimol, fludioxonil, fenhexamid, 4,4’-DDT and 2,4’-
DDT showed a dose-dependent estrogenic activity at the hERβ (Fig 2C, Table 1, S4 Table).

The concentrations of the test substances to be tested were limited depending on their solu-
bility. A decreased solubility led to an increase of turbidity/optical density measured at 690 nm
in the yeast-based assay or was determined by microscopic examination in the CALUX assays.
Concentrations leading to insolubility were excluded in the CALUX assays, but not in the YES
assay. In the CALUX assays it was possible to generate full concentration-response curves at
lower concentrations. It should be pointed out that fenarimol and chlorpyrifos only showed
reporter gene activity in the YES assay when applied in concentrations leading to insolubility;
nevertheless, these were tested in the YES assay (100 μM fenarimol, 100–1000 μM chlorpyrifos,
100–500 μM fludioxonil, 100 μM fenhexamid, 50–500 μM 2,4’- and 4,4’-DDT). Cytotoxicity,
measured by performing the LDH leakage assay, was not observed in the case of the U2-OS
cells (data not shown). A decrease of turbidity in the YES assay was assumed to be equivalent
to an inhibition of yeast cell growth. Fenhexamid decreased turbidity in the YES assay by more
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than 30% in comparison to the solvent control at concentrations� 500 μM and the concentra-
tions were therefore excluded (data not shown).

Concentration-response analysis of mixtures
Iso-effective combinations of different estrogenic pesticides resulted in a concentration-depen-
dent increase of reporter gene activity in the YES assay (S1 Fig), the ERα CALUX assay (S2
Fig) as well as in the ERβ CALUX assay (S3 Fig). In the case of the ERα CALUX assay, 95%
CIs of the EC01 and EC10 were very narrow (Table 2); therefore, deviations from additivity
were identified, mostly towards subadditivity (seven out of twelve predicted EC01/EC10 values
were below the experimentally observed 95% CIs. Five out of ten comparisons between the
experimental and the predicted data sets showed slight synergism in the YES assay, the predic-
tions being higher than the experimentally obtained 95% CIs; the others were clearly additive
(Table 3). The predicted values for the EC01 and EC10 mostly correlated with the 95% CIs of
the experiments in the ERβ CALUX assay (Table 4).

Discussion
In the present study mostly additive effects of pesticide mixtures at low effect concentrations in
the YES, the ERα CALUX as well as the ERβ CALUX assays were observed. The predicted
EC01/10 values not lying in the range of the 95% CIs of the experiments in the ERα CALUX
(Table 2) can be explained by the fact that the 95% CIs were very narrow. The concentrations
of the prediction are maximally 1.32-fold higher or 0.45-fold lower than the experimentally
obtained data (Table 2), which does not represent a biologically relevant deviation from addi-
tivity. Those findings underpin the applicability of CA to predict mixture effects of pesticides
sharing a common mode of action in the human cell-based ERα CALUX and ERβ CALUX
assays as well as in the yeast-based YES assay. This additive behavior of estrogenic substances
was previously shown in studies with hERα reporter gene bioassays [4] as well as in a MCF-7
proliferation assay [13] and in vivo in the immature mouse uterotrophic assay [26]. To our
knowledge, this is the first study that has evaluated mixture effects of pesticides at the hERα
and hERβ. Since the hERβmay acts as counterpart of the hERα, it could be of great relevance
for the risk assessment process not to limit the analysis to the mixture effects of low concentra-
tions of pesticides to the hERα level, since most hERα ligands also bind to the hERβ, which is
also valid for the test substances in this study. The extent of the estrogenic effect in the different

Fig 1. E2 in the YES, ERαCALUX and ERβ CALUX assays.Regression models with the indicated EC50 concentrations and the 95% confidence bands for
E2 in the (A) YES, (B) ERα CALUX and (C) ERβ CALUX assays.

doi:10.1371/journal.pone.0147490.g001
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tissues largely depends on their hERα:hERβ ratio (reviewed by Böttner et al. [18]). In the pres-
ent study, it has been shown that the pesticides did not elicit the same maximal response at the
hERβ as compared to the effects at the hERα (e.g. Fig 2), but the potencies of the substances to
elicit a 1 or 10% effect (Table 1, EC01 and EC10 in comparison in the corresponding test sys-
tems) are in the same order of magnitude when compared to the ECs in the ERα CALUX.
These results, in turn, lead to the conclusion that most pesticides tested at low concentrations
as well as their mixtures induce stronger effects at the hERα when directly compared to those
at the hERβ, but the same substances elicit estrogenic effects in an additive manner at the
hERβ. Additive effects of pesticides at the hERα activating the corresponding receptors should

Fig 2. Regression models of the test substances.Regression models of the test substances in the (A)
YES, (B) ERαCALUX and (C) ERβCALUX assays. Substances not eliciting an effect are not shown.

doi:10.1371/journal.pone.0147490.g002
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be considered in a cumulative risk assessment, and it is an important finding that the sub-
stances eliciting additive effects at the hERα in most cases also influence the hERβ additively,
albeit with a lower efficacy.

There was a high level of concordance between the ERα CALUX and the YES assay regard-
ing the identification of estrogenic effects of single substances. With the exception of pirimicarb
and propamocarb, all tested pesticides trans-activated the hERα in both test systems. Pirimi-
carb was negative in both bioassays. There were certain differences in the identification of
estrogenic and anti-estrogenic activity in the selected reporter gene assays: Propamocarb was
identified as an estrogenic compound with an effect at the hERα in the ERα CALUX assay but
not in the YES assay. Both substances were applied alone in the YES and in the ERα CALUX
assay and in combination with a saturating concentration of 1 nM E2 in the YES assay. As
known from the scientific literature, pirimicarb [11,27] and propamocarb [11] did not stimu-
late the proliferation of MCF-7 cells in the E-Screen with or without E2, but they induced a
stronger effect in a β-galactosidase and luciferase-based transactivation assay performed with

Fig 3. Regression models of the test substances applied in combination with E2. Regression models of the test substances in the (A) YES (with 1 nM
E2) and the (B) ERα CALUX assay (with 3 pM E2). Substances not eliciting an effect are not shown.

doi:10.1371/journal.pone.0147490.g003

Table 2. Regression model parameters of the mixtures in the ERα CALUX assay and comparison of the observed and predicted EC01 and EC10
values.

Concentration-response function EC01 EC10

mixture RM θb1 θb2 θbmin θbmax
predicted
M

observed M [CI] predicted
M

observed M [CI]

fludioxonil fenhexamid EC01 Weibull 23.39 4.46 0 0.81 4.90E-07 5.89E-07 [5.01E-07-
7.41E-07]

1.86E-06 2.00E-06[1.86E-06-
2.19E-06]

fludioxonil fenhexamid EC10 Weibull 23.18 4.41 0 0.84 5.01E-07 5.50E-07 [4.90E-07-
7.76E-07]

1.95E-06 1.86E-06 [1.86E-06-
2.24E-06]

chlorpyrifos fludioxonil
fenhexamid EC01

Weibull 20.96 3.99 0 0.68 5.37E-07 4.90E-07 [4.07E-07-
6.31E-07]

2.29E-06 1.95E-06 [1.82E-06-
2.14E-06]

chlorpyrifos fludioxonil
fenhexamid EC10

Weibull 27.65 5.30 0 0.43 5.50E-07 1.20E-06 [8.51E-07-
1.86E-06]

2.45E-06 3.39E-06 [3.09E-06-
4.17E-06]

propamocarb fludioxonil
fenhexamid EC01

Weibull 24.47 4.66 0 0.76 3.98E-07 6.76E-07 [5.25E-07-
7.76E-07]

1.45E-06 2.14E-06 [1.95E-06-
2.29E-06]

propamocarb fludioxonil
fenhexamid EC10

Weibull 26.43 5.09 0 0.76 4.07E-07 9.12E-07 [7.94E-07-
1.10E-06]

1.51E-06 2.63E-06 [2.51E-06-
2.82E-06]

RM, the selected regression model; θb1, θ
b

2 the estimated model parameters, θbmin, set 0; θ
b

max, the mean of the highest effect gained in the assay; EC01/

EC10 the effect concentration needed to elicit a 1 or 10% effect of 0.1 nM E2; [CI], the approximate 95% confidence interval.

doi:10.1371/journal.pone.0147490.t002
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MCF-7 BOS cells, when added in combination with a saturating concentration of E2 [11]. In
this case, it was suggested that the substances could influence the interaction of E2 or cofactors
with the estrogen receptor or the binding of the ligand-receptor-complex to its response ele-
ment [11]. Bonefeld-Jorgensen et al. [28] also showed that propamocarb did not elicit an effect
alone and in combination with an E2 concentration at the EC50 level in a stably transfected
reporter gene assay based on MVLN cells and speculated that propamocarb might interact
with the reporter vector and/or internal standard vector in the MCF-7 BOS cell-based assay
used in the study of Andersen et al. [11], therefore leading to an artifact. Pirimicarb was nega-
tive in both reporter gene assays used in this study, even when combined with 1 nM E2 (satu-
rating effect) in the YES assay. Interestingly, propamocarb, which did not induce any effects in
the YES assay, was able to elicit concentration-dependent effects in the ERα and ERβ CALUX
assays when applied alone. As far as we know, there is no in vivo data concerning the estrogenic
activity of these two substances, and it is not possible to assess their estrogenicity based on the
outcome of the above-mentioned studies, but it is most likely that the described potentiation
the E2 effect in the transiently transfected MCF-7 BOS cell assay used in the study of Andersen
et al. [11] depends on a particular interaction in this assay. An alternative explanation for the
positive outcome in the CALUX assays could be that propamocarb is unable to cross the yeast
cell wall or that it could be metabolized to compounds with a certain estrogenicity in the

Table 3. Regression model parameters of the mixtures in the YES assay and comparison of the observed and predicted EC01/10values.

Concentration-response function EC01 EC10

mixture RM θb1 θb2 θb3 θbmin θbmax
predicted
M

observed M [CI] predicted
M

observed M [CI]

fludioxonil fenhexamid EC01 logit 18.07 3.42 - 0 0.15 2.69E-07 8.71E-07 [1.12E-08-
7.24E-06]

2.69E-05 8.32E-06 [2.63E-06-
7.08E-05]

fludioxonil fenhexamid EC10 probit 11.05 2.14 - 0 0.15 3.89E-07 1.35E-06 [2.57E-08-
5.89E-06]

3.89E-05 1.07E-05 [3.80E-06-
1.10E-04]

chlorpyrifos fludioxonil
fenhexamid EC01

logit 16.80 3.19 - 0 0.15 5.62E-07 7.94E-07 [2.63E-09-
5.75E-06]

1.10E-04 8.91E-06 [3.98E-06-
3.72E-05]

RM, the selected regression model, glogitI, generalized logit I; θb1, θ
b

2, θ
b

3, the estimated model parameters, θbmin, set 0; θ
b

max, the mean of the highest effect

gained in the assay; EC01/EC10, the effect concentration needed to elicit a 1 or 10% effect of 1 nM E2; [CI], the approximate 95% confidence interval.

doi:10.1371/journal.pone.0147490.t003

Table 4. Regression model parameters of the mixtures in the ERβ CALUX assay and comparison of the observed and predicted EC01 and EC10
values.

Concentration-response function EC01 EC10

mixture RM θb1 θb2 θbmin θbmax
Predicted
M

Observed M [CI] Predicted
M

Observed M [CI]

fludioxonil fenhexamid EC01 logit 19.33 3.80 0 0.59 1.02E-06 6.92E-07 [5.37E-07-
1.74E-06]

3.09E-06 3.09E-06 [2.75E-06-
5.62E-06]

fludioxonil fenhexamid EC10 logit 16.88 3.36 0 0.58 1.07E-06 5.89E-07 [3.31E-07-
1.62E-06]

3.55E-06 3.09E-06 [2.45E-06-
5.62E-06]

propamocarb fludioxonil
fenhexamid EC01

Weibull 26.92 5.72 0 0.19 4.47E-06 6.03E-06 [3.80E-06-
8.13E-06]

1.23E-05 1.74E-05 [1.17E-05-
2.29E-05]

propamocarb fludioxonil
fenhexamid EC10

Weibull 79.24 16.21 0 0.22 3.72E-06 8.32E-06 [4.37E-06-
9.12E-06]

1.12E-05 1.20E-05 [1.15E-05-
1.91E-05]

RM, the selected regression model; θb1, θ
b

2 the estimated model parameters, θbmin, set 0; θ
b

max, the mean of the highest effect gained in the assay; EC01/

EC10 the effect concentration needed to elicit a 1 or 10% effect of 30 nM E2; [CI], the approximate 95% confidence interval.

doi:10.1371/journal.pone.0147490.t004
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U2-OS cells used in the CALUX assays. Although U2-OS cells do not express any cytochrome
P450 enzymes, they possess a certain enzymatic capacity, as shown in a proteomic analysis by
Niforou et al. [29], which could impact the estrogenicity of propamocarb in the ERα CALUX
assay, but not in the YES assay.

We detected an anti-estrogenic activity of fenhexamid and fludioxonil when applied in com-
bination with E2 in the YES assay (Fig 3A), which could not be confirmed in the ERα CALUX
assay (Fig 3B). Fenhexamid and fludioxonil led to an inhibition of the E2 effect in the YES
assay by 79 and 44%, which is in line with a study by Mertl et al. [30] on food contact materials:
Some of these substances showed an anti-estrogenic effect in the YES assay, but not in the ERα
CALUX assay. Teng et al. [31] reported an increase of miR-21 expression in breast cancer cells
and an inhibition of E2-induced cell proliferation in MCF-7 cells when applying fenhexamid
and fludioxonil, which are associated with downstream anti-estrogenic effects.

Supramaximal estrogenic effects of substances eliciting higher putative effects than E2 itself
were observed (Fig 2A and 2B, S2 and S3 Tables) and were also shown to act additively as a
mixture in the YES assay (S9 Table, Figure C and D in S1 Fig). As shown in the Supplemental
Material section, those supramaximal effects are receptor-dependent, mostly occur at high con-
centrations not relevant for the risk assessment of pesticide residues at low concentrations and
are most likely to be a post-transcriptional artifact in hERα reporter gene bioassays [32–34]
and do not deviate from the assumption of additivity, consequently not influencing the results
of the present mixture study. Furthermore, fenarimol and chlorpyrifos were tested in a MCF-7
proliferation assay by Vinggaard et al. [1] without exceeding the effect of E2, thereby underlin-
ing that the biological relevance of the supramaximal effects in the YES assay is questionable.

Conclusions
To our knowledge, this is the first study to test mixtures of pesticides for additive effects not
only at the hERα but also at the hERβ level. Most pesticides being active at the hERα were also
active at the hERβ, and additive effects were observed when applied as mixtures. Although the
pesticide mixtures were less efficient at the hERβ, one should analyze their effects at both recep-
tor subtypes, since after an exposure one would expect that the compounds interact with both
receptors in humans, the receptor subtype ratio influencing the estrogenic outcome. Additive
effects of the tested pesticides at the hERα were mostly observed in the YES assay as well as in
the ERα CALUX assay, an observation that supports the assumption of additivity of pesticides
sharing a mode of action. The used in vitro assays are suitable for the identification of estro-
genic effects at the hERα and hERβ level and, moreover, for the hazard identification step in
the risk assessment process. The shown additive effects implicate that pesticide mixtures shar-
ing a mode of action should be taken into account, besides a single substance assessment, in a
cumulative risk assessment approach.

Supporting Information
S1 Fig. Regression models for mixtures in the YES assay. Red line, regression models of the
mixture experiments with 95% confidence belts; blue line, CAmodel prediction; (A) EC01 and
(B) EC10 mixture of fludioxonil and fenhexamid; (C) EC101 and (D) EC110 mixture of chlor-
pyrifos, fenarimol and 1 nM E2; (E) EC01 and (F) EC10 mixture of chlorpyrifos, fludioxonil
and fenhexamid.
(TIFF)

S2 Fig. Regression models for mixtures in the ERα CALUX assay. Red line, regression mod-
els of the mixture experiments with 95% confidence belts; blue line, CAmodel prediction; (A)
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EC01 and (B) EC10 mixture of fludioxonil and fenhexamid; (C) EC101 and (D) EC110 mixture
of propamocarb, fludioxonil and fenhexamid; (E) EC01 and (F) EC10 mixture of chlorpyrifos,
fludioxonil and fenhexamid.
(TIFF)

S3 Fig. Regression models for mixtures in the ERβ CALUX assay. Red line, regression mod-
els of the mixture experiments with 95% confidence belts; blue line, CAmodel prediction; (A)
EC01 and (B) EC10 mixture of fludioxonil and fenhexamid; (C) EC101 and (D) EC110 mixture
of propamocarb, fludioxonil and fenhexamid.
(TIFF)

S4 Fig. Regression models of pesticides applied together with competitive inhibitors of the
hERα. Regression models with 95% confidence bands; dashed end of the regression model line
stands for concentrations at which the turbidity of the yeast suspension was reduced; S4A–S4F
Fig show experiments in the YES assay with (A) 1 mM chlorpyrifos applied together with 1 nM
E2 and increasing concentrations of 4-hydroxytamoxifen; (B) 1 mM chlorpyrifos applied
together with 1 nM E2 and increasing concentrations of ICI 184,780; (C) 100 μM fenarimol
applied together with 1 nM E2 and increasing concentrations of 4-hydroxytamoxifen; (D)
100 μM fenarimol applied together with 1 nM E2 and increasing concentrations of ICI
184,780; (E) 100 μM fenarimol applied together with increasing concentrations of 4-hydroxyta-
moxifen; (F) 100 μM fenarimol applied together with increasing concentrations of ICI 184,780;
(G) 60 μM fenhexamid applied together with increasing concentrations of tamoxifen were
tested in the ERα CALUX assay.
(TIFF)

S1 File. Calculation scenario. for an iso-effective binary mixture of fludioxonil and fenhexa-
mid in the ERα CALUX assay, based on their individual EC10 values.
(PDF)

S2 File. Raw Data.
(PDF)

S1 Table. Mixture components and ratios. Iso-effective mixtures based on EC01/EC10 or
EC101/EC110 values of the single compounds.
(PDF)

S2 Table. Regression models of single substances in the YES assay. RM, the selected regres-

sion model; bθ1, bθ2 the estimated model parameters; bθmin, set 0; bθmax, the mean of the highest
effect observed in the assay, corresponding to the effect induced by 1 nM E2.
(PDF)

S3 Table. Regression models of single substances in the ERα CALUX assay. RM, the selected

regression model; bθ1, bθ2 the estimated model parameters; bθmin, set 0; bθmax, the mean of the
highest effect observed in the assay, corresponding to the effect induced by 0.1 nM E2.
(PDF)

S4 Table. Regression models of single substances in the ERβ CALUX assay. RM, the selected

regression model; bθ1, bθ2 the estimated model parameters; bθmin, set 0; bθmax, the mean of the
highest effect observed in the assay, corresponding to the effect induced by 30 nM E2.
(PDF)

S5 Table. Estrogenic effects of single substances in the YES assay when combined with 1

nM E2. RM, the selected regression model; glogitII, generalized logit II; bθ1, bθ2, bθ3 the estimated
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model parameters; bθmin, set 1 if the effect is enhanced by the test compound in comparison to 1

nM E2 or the smallest mean value if the substance inhibits the effect of E2; bθmax, the mean of
the highest effect observed in the assay, corresponding to the effect induced by 1 nM E2 or set
to 1 if the substance inhibits the effect of E2; EC101/EC110, the effect concentration needed to
elicit a 101% or 110% effect of 1 nM E2; [CI], the approximate 95% confidence interval.
(PDF)

S6 Table. Regression models of single substances in the ERα CALUX assay when combined

with 3 pM E2. RM, the selected regression model; bθ1, bθ2, the estimated model parameters;
bθmin, set 1; bθmax, the mean of the highest effect observed in the assay, corresponding to the
effect induced by 3 pM E2.
(PDF)

S7 Table. Combination of pesticides with competitive hERα inhibitors in the YES assayRM,

the selected regression model; glogitI, generalized logit I; bθ1, bθ2, bθ3 the estimated model

parameters; bθmin, the mean of the highest anti-estrogenic effect observed in the assay, corre-

sponding to the effect induced by 1 nM E2; bθmax, the mean of the highest effect observed in
the assay, corresponding to the effect induced by 1 nM E2.
(PDF)

S8 Table. Combination of pesticides with competitive hERα inhibitors in the ERα CALUX

assayRM, the selected regression model; bθ1, bθ2, the estimated model parameters; bθmin, the
mean of the highest anti-estrogenic effect observed in the assay, corresponding to the effect

induced by 0.1 nM E2; bθmax, the mean of the highest effect observed in the assay, corre-
sponding to the effect induced by 0.1 nM E2.
(PDF)

S9 Table. Mixtures of pesticides with supramaximal effects in the YES assayRM, the

selected regression model, glogitI, generalized logit I; bθ1, bθ2, bθ3, the estimated model

parameters, bθmin, set 1; bθmax, the mean of the highest effect gained in the assay; EC101/
EC110, the effect concentration needed to elicit a 101or 110% effect of 1 nM E2; [CI], the
approximate 95% confidence interval.
(PDF)
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� Evaluation of iso-effective binary and ternary mixtures of anti-androgenic pesticides.
� Additive anti-androgenic effects of fungicide mixtures in AR CALUX and YAS.
� Transferability to human exposure scenario discussed.
� Hormonally active pesticide and contaminant mixtures should be cumulatively assessed.
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A B S T R A C T

Actual risk assessment only takes single pesticides into account, although about one third of the analyzed
food samples in the European Union was contaminated with pesticide mixtures in 2013. A cumulative
approach would group pesticides that share the same mechanism of toxicity. We evaluated the
combination effects of low effect concentrations of binary and ternary mixtures of six anti-androgenic
fungicides (procymidone, vinclozolin, tebuconazole, propiconazole, fenarimol and prochloraz)
antagonizing the human androgen receptor (hAR) in the Yeast-based Androgen Screen assay (YAS) as
well as in the AR Chemical-Activated LUciferase gene eXpression (AR CALUX) assay by means of
concentration addition and nonlinear regression. The mixture effects were essentially additive when the
fungicides were applied as iso-effective low inhibitory concentration combinations, independently from
the used assay and as shown by the excellent agreement between experimental and predicted data. Both
assays were successfully applied to evaluate the additive effects of fungicide mixtures at low
concentrations. Since pesticide residues occur in/on foodstuffs in the EU at rather low concentrations and
hormonally active environmental contaminants may concomitantly be present, more complex mixtures
of anti-androgenic chemicals, not only pesticides, should be tested in the future when wanting to apply a
target organ-based risk assessment approach.

ã 2015 Elsevier Ireland Ltd. All rights reserved.
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Androgens play an important role in the differentiation of the
Wolffian ducts and therefore affect the sexual development of
male offspring. Some pesticides, or in this case more precisely
fungicides, are known to evoke anti-androgenic effects in vivo,
thereby resulting in irreversible disruption of sexual development
of male offspring of rats when exposed during fetal development
(Gray et al., 1994; Laier et al., 2006; Ostby et al., 1999). Similarly, a
slightly increased risk of cryptorchidism in sons of women
occupationally working with pesticides during pregnancy has
been reported (Gabel et al., 2011; Weidner et al., 1998).
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Under normal conditions, the concentrations of the single
substances in foods seldom reach the corresponding Maximum
Residue Levels (MRLs) in the European Union (EU). In 2013, about
5.7% of samples of goods imported into the EU from third countries,
among them 1.4% of goods from reporting countries, contained
pesticides in the range or above the corresponding MRL (European
Food Safety Authority (EFSA), 2015). Consequently, human
exposure to single substances is assumed to be actually low.
However, humans are not only exposed to single substances
through food stuffs: In 2013, 27.3% of the analyzed food samples
from the European Union, the European Economic Area and third
countries were contaminated with more than one pesticide
(European Food Safety Authority (EFSA), 2015). Chemicals, which
act on the same biological target(s) and are applied in mixtures, are
able to produce cumulative effects. The additive behavior of
pesticides acting anti-androgenically was demonstrated in several
in vitro and in vivo studies (Birkhøj et al., 2004; Hass et al., 2007;
Kjærstad et al., 2010; Nellemann et al., 2003; Orton et al., 2014). For
example, Hass et al. (2012) reported additive effects on nipple
retention and genital malformations in male rats due to mixtures
of anti-androgenic pesticides applied in concentrations below the
individual no observed adverse effect levels.

However, current EU legislation (Regulation (EC), No. 299/
2008) requires Member States to impose sanctions only in the
case that single MRL values are exceeded. In the meantime, a new
risk assessment approach to evaluate pesticides in mixtures
based on cumulative effects in certain target organs has been
developed, taking into account grouping criteria for substances
sharing toxic effects on thyroid or nervous system (EFSA Panel on
Plant Protection Products and their Residues, 2013). In this
context, we evaluated the anti-androgenic effects of six fungi-
cides on the human androgen receptor (hAR). Some of the test
substances, such as procymidone, vinclozolin and fenarimol, are
now forbidden in the EU, but can nevertheless be found as
residues in low concentrations on plant-derived foodstuffs
(European Food Safety Authority [EFSA], 2015). Actual studies
address the combined effects of multiple hormonal active
substances originating from a great number of sources in the
environment and acting as human estrogen receptor or hAR
agonists or antagonists (Kortenkamp et al., 2014; Orton et al.,
2014). We concentrated on the relevance of low dose mixture
effects of anti-androgenic pesticides in binary and ternary
combinations appearing to occur in realistic samples based on
the 2013 European Union report on pesticide residues in food
(European Food Safety Authority [EFSA], 2015). In 22,126
analyzed samples, 16.7% contained two or three different
residues, 10.2% up to 10 pesticide residues and only 0.4% more
than 10 pesticides. This report led to the view that pesticide
residues having in common antagonism at the hAR are most likely
to appear alone, in binary or ternary mixtures. In order to avoid
the development of resistances, fungicides should be used in
agriculture as mixtures of substances based on differing modes of
action against fungi, as recommended by the Fungicide Resistance
Action Committee (FRAC) (2010). Nevertheless, there are com-
mercially available fungicide mixtures such as “CirkonTM”, a
combination of prochloraz and propiconazole, or “Orius1

Universal”, “Ampera1” and “Kantik1” (all products from Adama,
Tel Aviv, Israel), all formulations containing prochloraz and
tebuconazole, although the three above-mentioned substances
share the same fungicide mode of action, i.e. the inhibition of the
sterol 14a-demethylase involved in sterol biosynthesis (reviewed
by Warrilow et al., 2013), as well as their anti-androgenic effects
on the hAR. Therefore, in the present study the choice of the
mixtures was in part based on pesticide combinations presently
on the market. The combinations including procymidone and
vinclozolin served as model mixtures, since the compounds are
well-known anti-androgenic substances and elicit additive effects
in vivo as well as in vitro when combined (Gray et al., 2001;
Nellemann et al., 2003).

An important aim in the risk assessment of chemical mixtures is
to predict their effects through mathematical modeling by using
dose–response data of single substances (Hass et al., 2007), so that
the number of mixtures that potentially would need to be tested
experimentally,either invitroor invivo, is limited.The concentration
addition (CA) model, also known as Loewe additivity or dose
addition based on the work of Loewe and Muischnek (1926), is a
well-established concept, which presumes additivity of the
participating chemicals, takes into account saturating effects and
is applicable to substances having in common a similar mode of
action (reviewed by Kortenkamp, 2007). This mathematical model
is based on the assumption that, depending on their actual
effectiveness, all components of a mixture contribute to the same
extent to the effect of a mixture, even when applied below
concentrations at which the substances elicit a measurable effect on
their own (Payne et al., 2001). Therefore, each substance could be
replaced by a so-called iso-effective concentration of another
substance having the same cellular target (Kortenkamp and
Altenburger, 1998). In order to draw a conclusion out of modeled
data, either additive effects or aberrations such as synergism or less
than additive behavior of chemical mixtures, predicted values need
to be compared to experimental data. In the present study, we
combined CA modeling with two experimental setups in the well-
known Yeast-based Androgen Screen (YAS) assay and the more
recent human osteosarcoma cell line U2-OS-based AR Chemical-
Activated LUciferase gene eXpression (AR CALUX) assay to
investigate the applicability of CA and the assumption of additive
behavior of anti-androgenic substances affecting the hAR. The YAS
and the AR CALUX assays are stably transfected reporter gene
bioassays and two of the most frequently used reporter gene assays
when wanting to analyze the effects of chemicals at the hAR. Since
both selected test systems may show intrinsic differences regarding
the uptake of the test substances and the metabolic capacity of the
used organisms, the results obtained in the two assays were
compared. The presented mechanistic data could lead to a
significant reduction in the number of animal experiments by
prescreening for anti-androgenic mixture effects, providing valu-
able hints for the in vivo evaluation of such combinations, and could
underpin the relevance of a cumulative risk assessment approach.

2. Materials and methods

2.1. Tested chemicals

Corticosterone (CAS# 50-22-6; �98.5% purity), 5a-dihydrotes-
tosterone (DHT; CAS# 521-18-6; 97.5% purity), fenarimol (CAS#
60,168-88-9; 99.9% purity), flutamide (CAS# 13,311-84-7; 100%
purity), hydroxyflutamide (CAS# 52,806-53-8; �98% purity), 17a-
methyltestosterone (CAS# 58-18-4; 99.5% purity), prochloraz
(CAS# 67,747-09-5; 99.1% purity), procymidone (CAS# 32,809-
16-8; 99.9% purity), propiconazole (CAS# 60,207-90-1; 98.4%
purity), tebuconazole (CAS# 107,534-96-3; 99.5% purity), and
vinclozolin (CAS# 50,471-44-8; 99.6% purity) were purchased from
Sigma Aldrich (Schnelldorf, Germany). Stock solutions were
obtained by dissolving the chemicals in dimethyl sulfoxide (DMSO;
CAS# 67-68-5; �99.5% purity; Carl Roth, Karlsruhe, Germany) up
to a concentration of 10 or 100 mM and were stored at �20 �C.

2.2. Yeast (anti)-androgenicity screen (YAS) assay

The YAS protocol originally described by Sohoni and Sumpter
(1998) and modified by Kolle et al. (2010) was used and cells
were obtained from Dr. Tzutzuy Ramirez–Hernandez (BASF,
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Ludwigshafen, Germany). To assess the color change of the
medium and the associated conversion of the yellow substrate
chlorophenol b-D-galactopyranoside to the red product chlor-
ophenol red optical density was measured at a wavelength of
540 nm using an Infinite1 200 photometer (Tecan, Crailsheim,
Germany). To indirectly exclude compound concentrations induc-
ing cell growth inhibition or cytotoxic effects, the turbidity of the
yeast suspensions was also measured at 690 nm. Yeast cells were
seeded in 96-well plates and treated in quadruplicates in each
experiment. DHT served as a positive control for androgenicity and
was tested in concentrations ranging from 1 pM to 1 mM on each
plate. The anti-androgenic control hydroxyflutamide at a concen-
tration of 10 mM as well as all test substances and mixtures were
combined with a non-saturating concentration of the agonist DHT
(1 nM DHT). All the test substances were evaluated in concen-
trations ranging from 0.1 nM to 100 mM, while the concentrations
of the tested mixtures are listed in Table A4 of the Supplemental
material. In the YAS assay, a maximal concentration of 3% DMSO in
the medium served as solvent control and as solvent to dissolve the
test substances.

2.3. AR CALUX bioassay

The human osteosarcoma cell line U2-OS, stably transfected
with an expression construct for the hAR and a reporter construct
for stable luciferase, was used as previously described by van der
Burg et al. (2010) and provided by BioDetection Systems
(Amsterdam, The Netherlands). Activation of the hAR results in
the release of luciferase into the cytoplasm, which, once the cells
Table 1
Regression model parameters of the mixtures in AR CALUX assay and comparison of o

Mixture Concentration–response function 

RM û1 û2 û3 ûmin ûmax

Procymidone Weibull �16.58 �2.38 – 0.02 1 

Vinclozolin IC01 

Procymidone logit �23.43 �3.59 – 0.06 1 

Vinclozolin IC10 

Procymidone glogitI �12.13 �2.31 8.14 0.13 1 

Vinclozolin 

Prochloraz IC01

Procymidone logit �20.47 �3.32 – 0.03 1 

Vinclozolin 

Prochloraz IC10

Tebuconazole glogitI �8.84 �1.94 5.29 0.02 1 

Prochloraz IC01 

Tebuconazole glogitI �11.15 �2.19 2.23 �0.02 1 

Prochloraz IC10 

Propiconazole glogitI �8.67 �2.09 7.26 0 1 

Prochloraz IC01 

Propiconazole probit �9.73 �1.79 – 0.03 1 

Prochloraz IC10 

Tebuconazole probit �12.64 �2.39 – 0.08 1 

Propiconazole 

Prochloraz IC01

Tebuconazole probit �11.60 �2.14 – 0.08 1 

Propiconazole 

Prochloraz IC10

RM, the selected regression model, glogitI, generalized logit I; û1, û2, û3, the estimated

ûmax, set to 1, corresponding to the effect gained through 0.3 nM DHT; IC01/10, the
1%/10%; [CI], the approximate 95% confidence interval.
are lysed, is able to convert luciferin to oxyluciferin, a reaction that
is accompanied by a release of light. To sum up, AR CALUX cells
were seeded in 96-well plates at a density of 10,000 cells per well
in phenol red-free DMEM/F12 (1:1) medium, which contains 5%
dextran-coated charcoal-stripped fetal calf serum. Twenty-four
hours later the cells were treated in triplicate with the test
substances in concentrations ranging from 1 nM to 30 mM, or
mixtures of them, the tested concentrations being listed in
Table A4 of the Supplemental material, together with a non-
saturating concentration of DHT (0.3 nM). The 0.3 nM DHT control,
which was also used for normalization, was included in each plate.
One plate per experiment contained a full dose–response curve for
the anti-androgenic control flutamide (1 nM and 10 mM), also
combined with 0.3 nM DHT and 0.1 mM 17a-methyltestosterone as
androgenic control, besides 1 mM corticosterone as negative
control for androgenic effects. A middle (0.1 mM) and a high
concentration (10 mM) of flutamide were tested in each subse-
quent plate and the outcome was compared to the data from the
dose-response curve. After another 24 h the cells were lysed with a
Triton X-100 lysis buffer and the formed luciferase was then
quantified via luminescence measurement using an Infinite1 200
photometer (Tecan, Crailsheim, Germany). A maximal concentra-
tion of 0.2% DMSO was applied to the assay medium serving as
solvent control or as solvent for test substances. The three highest
concentrations of each test substance and mixture were tested for
LDH leakage as cytotoxicity parameter in the CytoTox-ONETM

Homogeneous Membrane Integrity Assay (Promega, Madison, WI,
USA) as described in the manufacturer's manual, in order to
exclude non-specific inhibition of the DHT-response.
bserved and predicted IC01 and IC10 values.

IC01 IC10

Observed M [CI] Predicted M Observed M [CI] Predicted M

2.63E-08 2.09E-08 5.13E-08 5.37E-08
[4.79E-09-3.55E-08] [1.35E-08-6.17E-08]

2.09E-08 1.38E-08 6.92E-08 5.62E-08
[3.24E-09-2.63E-08] [2.75E-08-9.55E-08]

8.51E-09 2.63E-08 8.91E-08 9.12E-08
[3.80E-09-2.95E-08] [4.68E-08-1.55E-07]

2.95E-08 2.75E-08 1.55E-07 1.86E-07
[1.20E-08-5.75E-08] [9.55E-08-2.34E-07]

1.74E-08 1.78E-07 2.88E-07 8.32E-07
[1.05E-08-8.13E-08] [2.19E-07-5.62E-07]

2.82E-08 9.12E-08 3.39E-07 6.92E-07
[7.94E-09-4.17E-08] [1.82E-07-3.98E-07]

5.01E-08 3.02E-07 6.76E-07 1.38E-06
[1.23E-08-1.17E-07] [3.16E-07-9.77E-07]

1.82E-07 1.38E-07 7.08E-07 1.02E-06
[6.92E-08-2.75E-07] [3.89E-07-9.12E-07]

5.62E-07 3.09E-07 1.55E-06 1.20E-06
[3.02E-07-9.33E-07] [1.07E-06-2.09E-06]

3.24E-07 1.70E-07 1.00E-06 1.00E-06
[1.41E-07-7.08E-07] [6.03E-07-1.62E-06]

 model parameters, ûmin, the mean of the highest effect gained in the assay;

 inhibitory concentration needed to inhibit the effect of 0.3 nM DHT by about



Table 2
Regression model parameters of the mixtures in the YAS assay and comparison of observed and predicted IC01 and IC10 values.

Mixture Concentration–response function IC01 IC10

RM û1 û2 û3 ûmin ûmax
Observed
M [CI]

Predicted
M

Observed
M [CI]

Predicted
M

Procymidone
Vinclozolin IC01

probit �11.39 �1.99 – 0.20 1 1.48E-07
[3.31E-08-
4.17E-07]

2.63E-07 5.13E-07
[2.19E-07-
1.07E-06]

9.55E-07

Procymidone
Vinclozolin IC10

probit �11.67 �2.13 – 0.24 1 3.02E-07
[1.48E-07-
4.17E-07]

1.05E-07 1.00E-06
[6.76E-07-
1.23E-06]

6.92E-07

Procymidone
Vinclozolin
Prochloraz IC01

glogitI �10.95 �2.39 6.71 0.04 1 5.01E-08
[2.00E-08-
1.15E-07]

1.86E-07 4.90E-07
[3.02E-07-
7.08E-07]

7.24E-07

Procymidone
Vinclozolin
Prochloraz IC10

glogitI �11.10 �2.49 11.04 0.02 1 5.37E-08
[1.70E-08-
2.34E-07]

8.71E-08 4.79E-07
[2.45E-07-
1.07E-06]

5.13E-07

RM, the selected regression model, glogitI, generalized logit I; û1,û2,û3, the estimated model parameters,ûmin, the mean of the highest effect gained in the assay; ûmax,
set to 1, corresponding to the effect gained through 1 nM DHT; IC01/10, the inhibitory concentration needed to inhibit the effect of 1 nM DHT by about 1%/10%;
[CI], the approximate 95% confidence interval.
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2.4. Concentration-response analysis of individual test substances

Initially, each test substance was tested individually to generate
concentration-response data in both test systems. The concentra-
tion-response curves of the individual substances were then used
to calculate the mixture effects of the chemicals by CA. In the YAS
assay to test for anti-androgenic effects, all compound concen-
trations were tested in quadruplicates in at least six independent
experiments using 96-well plates, their concentrations ranging
from 100 pM to 100 mM tested in presence of 1 nM DHT. In the AR
CALUX bioassay, the substances were tested in three independent
experiments in triplicates in concentrations ranging from 1 nM to
10 mM together with 0.3 nM DHT.

2.5. Data normalization and statistical analysis

In the YAS assay, the 690 nm turbidity values were subtracted
from the corresponding 540 nm optical density values. Thereafter,
the solvent control value was also subtracted. The mean of the
quadruplicates was calculated and normalized to the 1 nM DHT
control. An equivalent procedure was performed with the data
from the AR CALUX assay. The solvent control was subtracted from
the raw luminescence values. The next step was to normalize the
mean of the triplicates to 0.3 nM DHT. The following procedure was
applied to the data obtained in both assays: The x-values, meaning
the test-concentrations, were log-transformed, and the curves
were then fit by means of nonlinear regression on the basis of the
best-fit approach using the regression models probit, logit,
Weibull, Aranda-Ordaz, generalized logit I and II as described by
Scholze et al. (2001), and in derogation thereof the regression
models were selected via AIC (Akaike Information Criterion) with a
correction for finite sample sizes. 95% confidence intervals (CIs)
were estimated by application of the bootstrap method with 1000
bootstrap simulations. All mathematical/statistical analyses were
performed using R version 3.1.2 (R Foundation for Statistical
Computing, Vienna, Austria).

2.6. Mixture ratios and assessment of mixture effects and their
mathematical prediction by means of CA

Upon the determination of single-compound concentration-
response curves, mixture ratios of binary and ternary mixtures
were calculated on an iso-effective basis (Kortenkamp and
Altenburger, 1998) as shown in Supplemental material
(Table A3). IC01 (inhibitory concentration) and IC10 were selected
as being the most relevant for the assessment of mixture effects,
since the individual substances are present at very low concen-
trations as residues on foodstuffs. The mixture ratios were
calculated based on the outcome of the concentration-response
analysis of the individual substances, which is shown in Table A1
(AR CALUX) and A2 (YAS) in the Supplemental material. Statistical
relevant deviations from this non-interactive additive behavior
calculated by CA are defined to be less than additive if the predicted
concentration to cause a certain effect is above the observed 95% CI
of the experimental data, or to be synergistic if the predicted
concentration is below the experimentally observed 95% CI
(Tables 1 and 2). Predictions were calculated on the basis of Eq. (1).

ECxmix ¼
X
n

i¼1

pi
ECxi

  !�1

; ð1Þ

ECxmix is the effect concentration of the complete mixture causing
x% effect, ECxi is the concentration of substance i causing the same
effect (x%) when assessed on its own. Pi is the molar concentration
ratio of the ith substance in the mixture.

3. Results

All six individually tested substances showed dose-dependent
anti-androgenic effects, as defined by a more than 10% reduction of
the effect if compared to the corresponding DHT control (Kolle
et al., 2010), in the AR CALUX assay (Fig. 1), while this was only the
case of procymidone, vinclozolin, prochloraz and fenarimol in the
YAS assay (Fig. 2). The triazoles propiconazole and tebuconazole at
concentrations �0.1 mM lowered the optical density of the yeast
suspension at 690 nm by more than 30% if compared to the
respective solvent control, which is indicative of an inhibition of
cell growth or a toxic effect in the yeast cells. Those concentrations
were excluded from the evaluation of anti-androgenicity. No sign
of cytotoxicity, as determined by the LDH leakage assay, was
observed in the AR CALUX cells. The selected regression models,
model parameters and IC01/IC10 values are shown in Table A1 (AR
CALUX) and Table A2 (YAS) in the Supplemental material. In the
case of the single substances, the IC01 and IC10 values were within
the same order of magnitude in the two test systems, but in
average about six times higher in the YAS assay.

Differences in the mixture composition between the test
systems are explained by the exclusion of propiconazole and
tebuconazole from the mixtures in the yeast-based system. This
led to mixtures only containing procymidone, vinclozolin and
prochloraz in the YAS assay (see Table A3 in Supplementary
material for mixture compositions).



Fig.1. Concentration–response curves of the test substances in the AR CALUX assay.
The graph shows the best fitting regression models. Regression models and
parameters are listed in Table A1 in the Supplemental material.
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As shown in Supplemental material Fig. A1 for the AR CALUX
bioassay and in Fig. A2 for the YAS assay, all mixtures caused dose-
dependent antagonistic effects at the hAR. The effects of low
concentrations of the mixtures, more precisely the IC01 and IC10,
were close to the values anticipated by the CA concept (see Table 1
for AR CALUX and Table 2 for YAS, in which the values for the IC01
and IC10 prediction are shown in comparison to the observed
effects with 95% CI). Most effect concentration predictions fell
within the 95% CI range of the experimental data in both systems,
indicative of an additive behavior of the mixtures. The factor
between the prediction and the experimentally gained effect
concentrations differed between 0.1 and 1.91 in the case of the AR
CALUX assay and between 0.27 and 2.88 in the case of the YAS
assay, when the observed values are divided by the predicted
values.

4. Discussion

In our study mixtures of a maximum of three anti-androgenic
fungicides were tested in two in vitro reporter gene systems, the
Fig. 2. Concentration–response curves of the test substances in the YAS assay. The
graph shows the best fitting regression models. Regression models and parameters
are listed in Table A2 in the Supplemental material.
endpoint measured being antagonism at the hAR, with a focus on
low-dose effects based on nonlinear regression and determination
of low effect concentrations (IC01 and IC10), and their effects were
basically categorized as additive. Mixtures containing tebucona-
zole and propiconazole could only be tested in the AR CALUX
system, due to the fact that both triazoles did not show quantifiable
hAR antagonistic properties in the YAS assay because of an
inhibition of cell growth in concentrations exceeding 0.1 mM. The
mixtures of procymidone and vinclozolin with or without addition
of prochloraz served as model combinations, since the compounds
are well-known anti-androgenic substances, their additive behav-
ior having been shown with the isobol method in vitro and in vivo
(Gray et al., 2001; Nellemann et al., 2003). In the study by
Nellemann et al. (2003) 1:3, 1:1 and 3:1 mixture ratios were set,
and these are therefore not comparable to the IC values of the
mixtures reported in this study, which were calculated on an iso-
effective basis, but the additivity was confirmed in both studies. A
comparison of the IC50 values of the single substances obtained in
the YAS and AR CALUX assays with those from another hAR
transactivation assay based on the use of CHO K1 cells (Nellemann
et al., 2003) shows that in the case of vinclozolin the IC50 values
were 0.1, 0.1 and 5.1 mM in the CHO K1, the AR CALUX and the YAS
assays, respectively, while in the case of procymidone the IC50
values were 0.6, 0.3 and 2.2 mM in the CHO K1, the AR CALUX and
the YAS assays, respectively, thus indicating a high compliance
between the three assays, the AR CALUX bioassay being slightly
more sensitive than the YAS assay and also less susceptible to the
cytotoxic effects of the tested substances. The mechanism by
which triazoles lead to cytotoxicity in yeast cells in concentrations
�0.1 mM remains unknown at the present time.

Our results show that the observed low-dose mixture effects
correlate with the modeled data gained through nonlinear
regression of the single substances and CA. There are small
statistical deviations from additivity: The experimental values are
in average slightly lower than the predicted values – factor 0.9 – in
the AR CALUX assay and slightly higher than the predicted values –

factor 1.11 – in the YAS assay (Tables 1 and 2). All in all, they are
interpreted as being not biologically relevant, and the substances
clearly elicited additive effects at low doses. In conclusion, the two
test systems can be used to evaluate the additive effects of
fungicide mixtures at the hAR. While the compounds seem to be
efficiently taken up by the yeast and human cells, the question
whether the different metabolic capacities of the yeast and human
cells might be of relevance when wanting to analyze the effects of
fungicides at the AR level remains to be answered.

The assessment of mixtures of low doses of anti-androgenic
active pesticides provides further reaching information on additive
joint effects of substances sharing a certain mode of action. Natural
hormones are often misunderstood to influence the receptor in
vivo at about 50% receptor occupancy and therefore around the Kd

(reviewed by Welshons et al., 2003). However, it needs to be
understood that there is a linear dependency between hormone
concentration, or more exactly the bioavailable fraction of the
hormone that is not bound to plasma proteins (Mendel, 1992), and
receptor occupancy below the Kd, which means that a small change
in hormone concentration or an addition of substances inhibiting
natural hormones like DHT can cause significant effects.

The test substances procymidone (reviewed by European
Commission for Health and Consumer Protection, 2007), vinclo-
zolin (reviewed by the International Programme on Chemical
Safety [IPCS], n.d., tebuconazole (reviewed by European Food
Safety Authority [EFSA], 2014), propiconazole (reviewed by
European Commission for Health and Consumer Protection,
2003), fenarimol (reviewed by European Commission of Health
and Consumer Protection, 2007) and prochloraz (reviewed by
European Food Safety Authority [EFSA], 2011) show a high
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bioavailability (i.e. >70%) in rats, are rapidly absorbed and also
rapidly excreted.

In a worst case scenario calculated on the basis of the
calculations of Medjakovic et al. (2014) with procymidone, which
in 2013 was found in a highest residue of 3.7 mg/kg in lettuce
(European Food Safety Authority [EFSA], 2015) as an example and
taking into account the consumption of 250 g lettuce per person
and 0.185 mg/l blood in the case of an average person being
170 cm high and with a blood volume of approximately 5 L.
Assuming a bioavailability of 80%, the concentration of procy-
midone in blood would be 0.52 mM. By performing the same
exercise with vinclozolin, which was detected at a maximal level
of 0.121 mg/kg lettuce (European Food Safety Authority [EFSA],
2015). The calculated blood concentration would be 19 nM. The
predicted effect of this possible mixture would be an inhibition of
the DHT effect by 67.73% in the AR CALUX assay and by 16.81% in
the YAS assay and therefore a significant inhibition of the
respective effect of DHT on the hAR in both systems. This example
shows that there are certain limitations to the calculated scenario
in our in vitro models. In this context, one needs to keep in mind
that: (1) food processing could influence the finally consumed
amount of the pesticide residues; in the case of lettuce the outer
leaves are mostly contaminated, and if they are removed there
should be a smaller pesticide burden after processing (Food and
Agriculture Organization of the United Nations [FAO], 2005); (2)
the measured residues on which the calculation is based are the
highest, which were found in the 2013 European Union report on
pesticide residues in food (European Food Safety Authority [EFSA],
2015) for the according pesticides, and do not necessarily reflect
the general situation; (3) many different factors may influence the
bioavailability of fungicides in human tissues; (4) the concentra-
tion of a pesticide found in human plasma does not necessarily
represent the active fraction of the substance. Chemicals can be
bound to plasma proteins to a great extent and, therefore, the free
fraction, which influences cell function, might be very small.
Moreover, the incubation times in the used in vitro assays (in the
AR CALUX 24 h, in the YAS 48 h) are not comparable to exposure
durations in real life, when people are confronted to anti-
androgenic residues on an everyday basis from various different
foodstuffs and which could enhance the health risk. Metabolism of
the fungicides is also not taken into account in the YAS assay and
only to limited extent in the U2-OS cells of the CALUX system,
which do not possess cytochrome P450 enzymes (Niforou et al.,
2008). However, the most important point that needs to be
considered is the bioavailability of the suspected substances in the
androgen-dependent tissues, particularly their ability to cross the
placental barrier, whereby it can be assumed that lipophilic
substances are able to diffuse passively. Furthermore, the
bioavailability in the androgen-responsive fetal tissues as well
as the pharmacokinetics in the fetus differ to a great extent when
compared to the pharmacokinetics of the compounds in adults
(reviewed by Welshons et al., 2003). These factors are of great
importance when reflecting on and working out implications on
physiologically relevant scenarios by means of in vitro studies.
Such detailed in vivo information is rarely available and needs to be
taken into account. An artificial processing factor of 25% uptake of
the pesticides, meaning a reduction of the residues after
processing about 75%, would cause only a quarter of the originally
substance uptake in our scenario and would consequently cause
only 31.85% inhibition in the AR CALUX assay and a non-significant
effect of 3.75% in the YAS assay. However, taken together a plethora
of factors influence bioavailability in humans and an intake of very
small quantities of hormonally active pesticide residues can be
assumed. Nevertheless, anti-androgenic effects of these substan-
ces have been described and our study, as many other studies
in the past, in most cases described an additive behavior of
substances sharing a certain mode of action in vitro and in vivo
(Birkhøj et al., 2004; Blystone et al., 2009; Christen et al., 2014).
Hence, these test systems with their specific endpoint provide a
good basis for the identification of anti-androgenic compounds
and can also be used to evaluate mixture effects of anti-androgenic
substances.

As stated by Kortenkamp et al. (2014), the number of substances
eliciting an anti-androgenic effect is an important factor, meaning
that few potent substances are flanked by a high number of
substances with a low effect, and summed up, there is evidence
that those hormonally active substances eliciting a joint effect can
influence fetal development. Nevertheless, if one takes into
account that the potential number of pesticides acting together
in an anti-androgenic manner must be rather low, these
compounds are generally present in low concentrations on/in
food, and actually approved pesticides rarely bioaccumulate, one
can assume that a risk assessment only based on mixtures of
pesticides is not as important as a consideration of more complex
mixtures including environmental contaminants. In this context,
one should keep in mind that inert ingredients present in pesticide
formulations as well as many anti-androgenic substances other
than pesticides (e.g. UV-filters, antioxidants, parabens and
synthetic musks) (Orton et al., 2014) present on food stuffs could
also exert hormonal effects and that humans are exposed to them
throughout their whole lifetime (Schlumpf et al., 2010; Woodruff
et al., 2011). Therefore, the plethora of compounds, besides
fungicides, influencing the human hormone system supports the
importance of evaluating chemical mixtures in a more complex
approach in the future.

5. Conclusion

Our study shows that binary or ternary iso-effective mixtures
of anti-androgenic fungicides act additively at low effect
concentrations in the AR CALUX and YAS assays. Both test
systems could successfully be applied to evaluate the additive
effects of fungicides antagonizing the hAR, the AR CALUX assay
being slightly more sensitive and less susceptible to cytotoxic
effects of the tested substances. Based on the data collected in the
2013 European Union report on pesticide residues in food
(European Food Safety Authority [EFSA], 2015), we assume that
the number of pesticides exerting inhibitory effects at the hAR is
small and that most of them occur at low concentrations.
Furthermore, it is important to consider that humans are exposed
to a high number of anti-androgenic chemicals besides fungi-
cides. Consequently, cumulative risk assessment should not only
include pesticides but also their inert ingredients as well as other
environmental contaminants as part of more complex chemical
mixtures. The in vitro bioassays performed in this study might be
suited to screen for mixture effects of anti-androgenic chemical
mixtures in the future, thereby providing specific mechanistic
data.
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5 Discussion and Perspectives 

In this thesis, binary and ternary estrogenic and anti-androgenic pesticide mixtures were investigated 

at low effect/inhibitory concentrations (EC/IC) regarding their additive effects as agonists at the hERα 

and hERβ or as antagonists at the hAR in different reporter gene bioassays. Additive effects of the 

tested pesticide mixtures were generally confirmed in all used test systems. 

These findings on pesticide mixtures are of interest because the risk assessment is currently based on 

the evaluation of single pesticides occurring at low concentrations and mostly not exceeding legal 

thresholds (EFSA, 2015). In recent years, studies evaluating chemical mixtures of substances with 

estrogenic or anti-androgenic activities mostly confirmed the additive behavior of chemicals sharing 

a certain MOA or an adverse outcome. The risk assessment based on the evaluation of single 

pesticides could consequently underestimate the risk emanating from pesticides mixtures. Therefore, 

the EFSA/PPR (2009) proposed a cumulative risk assessment approach, additionally taking pesticide 

mixtures into account. 

The performed work and the sum of the tested pesticide mixtures supports the assumption of 

additive effects and demonstrates the suitability of the CA model for pesticides sharing a MOA, as 

suggested by the EFSA/PPR (2013b). Most studies addressing mixture effects of chemicals are in line 

with the presented results and confirm the presence of additive effects of substances having in 

common a certain MOA, while a minor number of studies demonstrated the opposite, showing 

deviations veering towards synergism or antagonism. A study by Arnold et al. (1996), which claimed 

outstanding synergisms between estrogenic chemicals, could not be confirmed by other groups and 

was therefore withdrawn (Ashby et al., 1997; Ramamoorthy et al., 1997). Some studies detected 

different outcomes, depending on the tested concentration range, e.g. a study by Ma et al. (2014) 

reported synergistic effects of anti-androgenic chemicals at low concentrations as compared to 

antagonistic effects at high concentrations in the YAS assay. In contrast, Christen et al. (2012) showed 

antagonism of anti-androgenic chemicals at low concentrations and synergism at high concentrations 

in a luciferase reporter gene assay based on the use of the human cell line MDA-kb2 stably 

transfected with the hAR. In the present study, attention was especially paid to low ECs (EC01 and 

EC10) for estrogenic pesticides and low ICs (IC01 and IC10) for anti-androgenic pesticides, the 

purpose being to investigate the most consumer-relevant concentrations. It should be emphasized 

that deviations from additivity could not be demonstrated at this low concentration range. It is 

important to mention that the definition of additivity and the used mathematical model exert a 

major influence on the interpretation of the results of mixture studies. 

The used in vitro reporter gene bioassays entail advantages and disadvantages, which influence their 

applicability for risk assessment purposes. The YES/YAS assays and the ERα/ERβ/AR CALUX assays are 

stably transfected reporter gene containing cell lines, which maintain reporter gene replication 

during host cell division (Glover et al., 2005). In contrast to a transient transfection, the stable 

transfection provides reproducible results on the long-term. Saccharomyces cerevisiae, which is used 

for the YES/YAS assay, is devoid of any receptors of the steroid receptor family, preventing cross-talk 

or interference during the assay procedure (Hasenbrink et al., 2006; McEwan, 1999). The U2-OS cell 

line, which is used for the CALUX assays, does not contain endogenous estrogen receptors and only a 

small amount of androgen receptors (Orwoll et al., 1991), which should not influence the outcome of 

the assays. While the CALUX system is optimized for a low background measurement, chlorophenol 

red-β-D-galactopyranoside, which is the substrate used in the yeast-based assays and is incubated 

with the tested chemicals for the whole incubation period of 48 hours, is known to elicit estrogenic 

effects by itself (Els Vanderperren, 2001), thereby leading to a high background, which is regarded as 

a disadvantage. The YAS cells were more susceptible to the cytotoxic effects caused by application of 
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the triazoles tebuconazole and propiconazole. For sure, it is an important limitation of the yeast-

based assays that fungicides such as the tested triazoles may negatively affect yeast cell viability. 

Taken together, in the case of the evaluation of estrogenic effects at the hERα and anti-androgenic 

effects at the hAR, the CALUX assay systems were slightly more sensitive compared to the yeast-

based test systems. However, both used test systems could successfully be applied for the 

identification of estrogenic and anti-androgenic effects of pesticides and were easy to handle in the 

mixture studies. 

The fungicide propamocarb did not activate the hERα in the YES assay, while it elicited an activation 

of the hERα and hERβ in the respective CALUX assays. Propamocarb did not interact with the hERα 

when applied alone in a transactivation study performed in transiently transfected MCF-7 cells, in 

stably transfected MVLN cells or in a MCF-7 proliferation assay (Andersen et al., 2002; Bonefeld-

Jørgensen et al., 2005). These findings rather plead for an unspecific activation of the estrogen 

receptors in the CALUX assays, but could further be caused by a metabolic activation in the U2-OS 

cells of the CALUX assays. It was shown by Elsby et al. (2001) that the YES cells were incapable to 

metabolize the proestrogenic pesticide methoxychlor and its structural analog methoxybisphenol A 

to active metabolites, while the preincubation with human microsomes initiated a conversion to 

estrogenic metabolites, as shown in the subsequently performed YES assay. In contrast, the U2-OS 

cell line shows a limited enzyme expression, as demonstrated in the proteomic analysis by Niforou et 

al. (2008), which could have led to a conversion of propamocarb to active metabolites. Therefore, 

future experiments should investigate the potential of propamocarb, a potential proestrogen, to be 

converted via human metabolic pathways to an active substance. In studies with rats and cows, 

propamocarb was reported to be extensively metabolized (FAO, 2005, 2006). To investigate the 

potential metabolism of propamocarb in vitro, propamocarb could be incubated on the one hand 

with Aroclor 1254-induced rat microsomes and on the other hand with microsomes obtained from 

untreated rats as controls. In a next step, incubations with human liver microsomes could follow. 

Thereafter, the supernatants should be analyzed to determine the propamocarb recovery rate and, if 

it is metabolized, to characterize the formed metabolites. The metabolites should then also be 

investigated in the YES assay. In case that the metabolites of propamocarb evoke an effect in the YES 

assay, this could indicate that propamocarb possesses estrogenic activity after metabolization. This 

procedure could help to avoid misclassification of proestrogenic chemicals in the used reporter gene 

assays and would further enhance the applicability of the YES/YAS and the ERα/ERβ/AR CALUX 

assays, as this approach could easily be transferred to all test systems. It would be a relevant 

perspective to overcome the limitation of the metabolizing capacity of the used test systems to 

include a preincubation step of the substances with rat and human liver microsomes to model 

metabolism, thereby improving the available bioassays. 

The overall aim of risk assessment is to ensure the safety of chemicals to which humans are exposed 

(Blaauboer and Andersen, 2007). Since chemicals activating or inhibiting human steroid receptors are 

suspected to influence the human endocrine system, it is important to investigate their effects. The 

investigation of the mechanism of action of steroid hormones led to the development of specific in 

vitro test systems for chemicals, targeting the activation or inhibition of steroid receptors. They could 

complement classical animal experiments in rodents such as the uterotrophic assay for estrogenic 

chemicals and the Hershberger assay for the assessment of anti-androgenic chemicals. These in vivo 

assays are focused on alterations of weight of the uterus (uterotrophic assays) or accessory tissues of 

the male reproductive tract (Hershberger assay) caused by the application of chemicals. In vitro 

reporter gene assays focusing on MOAs such as the activation or inhibition of human hormone 

receptors by making use of the YES/YAS and the ERα/ERβ/AR CALUX test systems can improve the 

present risk assessment approaches, which until now have mostly relied on results obtained from 

animal studies (Blaauboer and Andersen, 2007). As shown in the presented test systems, the human 
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receptor types could be transfected into cell lines. Since this is the receptor from the species of 

interest, these test systems possess an advantage in comparison to experiments performed in 

rodents. Although the extrapolation from in vitro data to humans is frequently criticized, in vitro data 

can play a pivotal role in bridging between experimental animals and humans (Eisenbrand et al., 

2002). 

To use the CA model, it is an important prerequisite to generate full dose-response curves including a 

wide range of concentrations of the single substances, which are contained in a multi-component 

mixture. The used in vitro test systems are high-throughput screening methods, which allow the 

testing of a wide concentration range in one run. The investigation of the effects of a high number of 

different concentrations of the test substances facilitates the choice of the best-fitting regression 

model, which further strengthens the statistical reliability of the obtained data. CA is barely 

applicable to the same extent in animal experiments, as animal experiments mostly do not result in 

such continuous dose-response data (Blaauboer and Andersen, 2007). Furthermore, high-throughput 

methods can help to identify specific key points/MOAs in the mechanism of action of a toxicant 

ideally associated with an in vivo adverse outcome. In the case of estrogenic substances activating 

the hERα, there is a strong correlation between receptor activation, induction of cell proliferation 

and breast cancer promotion (Paruthiyil et al., 2004; Shaw et al., 2002). We additionally investigated 

the effects of the tested estrogenic pesticides in the ERβ CALUX regarding their ability to activate the 

hERβ. As previously shown, hERβ is known to act as a counterpart of the hERα, e.g. in breast cancer 

formation (reviewed by Thomas and Gustafsson, 2011). In most tissues, both receptor subtypes are 

expressed. Therefore, we assume that effects of toxicants should also be investigated at the hERβ, 

since the final outcome in the estrogen-responsive tissue is ruled by the hERα:hERβ ratio (Böttner et 

al., 2014). All pesticides that elicited effects at the hERα also activated the hERβ, albeit with a minor 

efficiency but comparable potency at low effect concentrations, the only exception being 

chlorpyrifos. We could further demonstrate additive effects of pesticides in the test systems for hERα 

activation as well as in the ERβ CALUX at low effect concentrations. 

As demonstrated with the example of a binary mixture of the anti-androgenic fungicides 

procymidone and vinclozolin, it is possible to calculate a basic human exposure scenario on the basis 

of the data obtained from that study, although with certain limitations, which are discussed in depth 

in the publication. It is important to bear in mind that the discussed exposure data is calculated 

based on the highest residue of procymidone and vinclozolin found in lettuce in 2013 (EFSA, 2015) 

and should therefore be seen as a worst-case scenario. Furthermore, it is a limitation that the 

exposure scenario is calculated on the basis of the plasma concentration of the substances, not 

considering the volume of distribution or the distribution to target tissues. The used reporter gene 

bioassays are further limited to the elucidation of the pesticide binding to the investigated receptor, 

binding to HREs, activation or inhibition of target gene transcription, in this case the reporter genes 

for ß-galactosidase (YES/YAS) or luciferase (ERα/ERβ/AR CALUX) and formation of the particular 

reporter enzyme. The test systems can be applied to investigate the specific MOA of the pesticides, 

but lack data on toxicokinetics or toxicodynamics that could be of great relevance regarding the 

adverse outcome. Some of these data could be obtained by means of other in vitro methods, which 

could be used in combination. This applies to data on metabolism, which is limited in the used test 

systems, but could be investigated by coupling an in vitro metabolizing system, as suggested before. 

In spite of the discussed limitations of the test systems and the resulting limitations for an exposure 

scenario calculated on their basis, it is possible to obtain data concerning cumulative effects at 

human steroid receptors by means of the used test systems. 

Blaauboer (2003) recommended to integrate in vitro data on key points of toxicity in risk assessment 

and to associate the results to create a profile of mechanistic data for a toxicant. To conclude, both 
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test systems used in the present work are suited to evaluate pesticides for estrogenic or anti-

androgenic effects at the respective steroid receptors and could therefore contribute to a profile of 

toxicity for pesticides or other environmental chemicals with hormonal activity. This knowledge is 

essential for risk assessment, as activation of the human estrogen receptors and inhibition of the hAR 

are associated with adverse effects such as the induction of developmental disabilities in the male 

progeny. Accordingly, the YES/YAS assays as well as the ERα/ERβ/AR CALUX assays are appropriate 

test systems for the hazard identification step in risk assessment. Furthermore, it was possible to 

demonstrate additive effects of estrogenic and anti-androgenic pesticides at low effect/inhibitory 

concentrations at the respective receptors. The modelled data predicted by application of CA were 

consistent with experimental data. CA, as recommended by EFSA/PPR (2013b), is a suitable model for 

the observed additive effects. In line with other studies investigating mixture effects of estrogenic or 

anti-androgenic chemicals, these observations further imply that additive effects are common and 

can be calculated from single substance concentration-response curves by means of CA, further 

improving risk assessment. 

It is difficult to associate the oral ingestion of pesticide residue mixtures in human-relevant 

concentrations to the occurrence of adverse health effects in the average population, and the human 

endocrine system is certainly able to compensate many of the exogenous influences. However, since 

additive mixture effects occur, the risk should not be dismissed and be taken into consideration by 

developing a cumulative risk assessment approach. In this respect, the heterogeneity of the human 

population should be considered, e.g. pregnant women and their offspring might be exposed to a 

greater risk than the average population. The calculation of a cumulative risk caused by pesticide 

mixtures is possible, but it is still questionable whether this approach is adequate when evaluated 

without considering the complex framework of environmental chemicals. Binary and ternary 

mixtures of pure pesticides, which have been evaluated in the frame of this project, most probably 

are realistic models, since it is very likely that two or three pesticides sharing a certain MOA are 

consumed at the same time. However, as previously mentioned, besides pesticides there is a vast 

number of environmental chemicals with hormonal activities and with the potential to affect human 

health. To enhance the significance of mixture studies, the complexity of chemical mixtures to be 

tested should be increased. On the one hand, the complexity can be increased by adding human-

relevant environmental chemicals other than pesticides to a mixture. The effect of a chemical 

mixture finally depends on the number of active substances and their potencies, based on Pareto’s 

rule, stating that 80% of an effect is driven by 20% of the potent chemicals, while the rest is directed 

by the number of chemicals with small potencies (Kortenkamp et al., 2014). On the other hand, the 

complexity can be increased by not only limiting studies to chemicals that share a mode of action. 

This could be performed by e.g. combining chemicals that share a certain adverse outcome, but by 

dissimilar MOAs, in a more complex model or to combine chemicals with a certain MOA with other 

chemicals that might influence the bioavailability of the effective chemicals. In this respect, it should 

be noted that pesticide formulations contain active pesticides only in a certain amount, and the rest 

of the formulation consists of substances that could additionally influence the toxicity (Cox and 

Surgan, 2006). These could therefore be interesting for future mixture studies. 

The used in vitro test systems are suited, also in the interest of animal welfare, for risk assessment 

purposes, particularly to obtain mechanistic data on more complex chemical mixtures with countless 

chemical mixture possibilities. In spite of their limitations, they could result in an important 

complement to animal studies for risk assessment purposes. 
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