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Abstract

Toxicological studies of defined chemical mixtures assist human health risk assessment by 

establishing how chemicals interact with one another to induce an effect. This paper reviews how 

antiandrogenic chemical mixtures can alter reproductive tract development in rats with a focus on 

the reproductive toxicant phthalates. The reviewed studies compare observed mixture data to 

mathematical mixture model predictions based on dose addition or response addition to determine 

how the individual chemicals in a mixture interact (e.g., additive, greater, or less than additive). 

Phthalate mixtures were observed to act in a dose additive manner based on the relative potency of 

the individual phthalates to suppress fetal testosterone production. Similar dose additive effects 

have been reported for mixtures of phthalates with antiandrogenic pesticides of differing 

mechanisms of action. Overall, data from these phthalate experiments in rats can be used in 

conjunction with human biomonitoring data to determine individual hazard indices, and recent 

cumulative risk assessments in humans indicate an excess risk to antiandrogenic chemical 

mixtures that include phthalates only or phthalates in combination with other antiandrogenic 

chemicals.
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Introduction

Risk assessment has traditionally been conducted on an individual chemical basis. However, 

human biomonitoring and environmental monitoring studies have detected the presence of 

multiple chemical exposures, including many endocrine disrupting chemicals. Of special 

interest, multiple chemical exposures have been documented for sensitive periods of human 

development, including in pregnant women (Enke et al., 2013; Mitro et al., 2015; Woodruff 

et al., 2011; Ye et al., 2009), amniotic fluid samples (Silva et al., 2004), infants (Enke et al., 

2013), and children (Becker et al., 2009; Blount et al., 2000; Eskenazi et al., 1999; Koch et 

al., 2011; Teitelbaum et al., 2008). Environmental monitoring studies have documented 

exposure to multiple chemicals in wildlife, including fish and birds (Ankley et al., 2007; 

Baxter et al., 2015; Jaspers et al., 2006; Jobling and Tyler, 2006; Kendall et al., 2010; Tyler 

et al., 1998). Furthermore, environmental monitoring efforts have detected multiple 

chemicals in freshwater samples, including: pesticides (Hela et al., 2005; Maruya et al., 

2016), hormones (Kolok et al., 2007; Kolpin et al., 2002), pharmaceuticals and personal care 

products (Kolpin et al., 2002; Wu et al., 2014), and industrial chemicals (Durhan et al., 2006; 

Maruya et al., 2016).

Regulatory agencies have begun to consider how to conduct cumulative risk assessment for 

toxic chemicals. In 1996, the United States Congress implemented the Food Quality 

Protection Act (FQPA), which mandated that the United States Environmental Protection 

Agency (US EPA) consider the cumulative risk of pesticides found in food that operate via a 

common mechanism of toxicity (US Congress, 1996). For example, the US EPA has risk 

assessment programs in the area of mixtures toxicology in the Office of Water, the Office of 

Air and Radiation, Superfund, and the Office of Research and Development’s National 

Center for Environmental Assessment (Sexton, 2012; US EPA, 2015). In addition, many 

international health agencies have either recently established or are actively developing 

cumulative risk assessment guidelines (Boobis et al., 2008; Health Canada, 2016; RIVM, 

2016; Solecki et al., 2014).

Many of the chemicals detected in human biomonitoring can disrupt normal hormone-

signaling; for example, in utero exposure to several phthalates induces reproductive toxicity 

in male rats due to inhibition testosterone production during sexual differentiation. In 2006, 

the US EPA requested that the National Academy of Sciences (NAS) establish a panel to 

provide the US EPA with recommendations on whether to perform a cumulative risk 

assessment for the phthalates due to their ubiquitous presence in the environment and human 

urine samples. The NAS panel concluded that the US EPA should conduct cumulative risk 

assessments on phthalates that are known to inhibit fetal testosterone production (National 

Academies of Science, 2008). Furthermore, the NAS panel recommended that the US EPA 

also include other antiandrogenic environmental chemicals in their risk assessment of 

phthalates based on their common adverse outcome of impaired androgen-dependent male 

reproductive tract development, instead of cumulative risk assessment based on a narrowly-

defined common mechanism of action (US EPA, 2002).

In this paper, we review published animal research from our laboratory on impaired male rat 

reproductive tract development following in utero exposure during the critical period of 
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sexual differentiation. This research was intended to contribute to the development of a 

guidance framework for assessing the cumulative risk of mixtures of phthalates, or 

phthalates in combination with other antiandrogenic chemicals. Finally, we describe how our 

data have been applied to assess human hazard identification and assessment for phthalate 

and antiandrogenic chemical mixtures.

Adverse Outcome Pathways for Antiandrogenic Chemicals

There are multiple mechanisms (i.e., molecular initiating events) by which chemicals can 

interfere with the androgen signaling pathway and, thereby, disrupt male reproductive 

development. In risk assessment, this series of events with multiple molecular initiating 

events leading to an adverse outcome can be outlined as an adverse outcome pathway (AOP) 

network (Edwards et al., 2016)(Figure 1). Among these are androgen receptor (AR) 

antagonism and inhibition of androgen synthesis enzymes, as well as the unknown 

mechanism by which phthalates reduce testosterone production. Depending on the timing of 

the exposure, these chemicals can disrupt development of androgen-sensitive reproductive 

organs (e.g., reducing organ weights or inducing malformations (e.g., hypospadias, 

undescended testes)), lead to reduced fertility, and, possibly, testicular cancer. Exposure to 

antiandrogenic chemicals in utero can cause many different alterations in the developing 

male rodent. Developmental effects of antiandrogenic chemicals include a shortening of the 

anogenital distance (AGD) at birth relative to control males, and the retention of areolae 

and/or nipples in juvenile and adult males (absent in control male rats). While these 

developmental effects (reduced AGD or retention of areolae and/or nipples) are not 

considered adverse, they are predictive of changes in adult reproductive tissues following in 

utero exposure to antiandrogenic chemicals during the period of sexual differentiation 

(Hotchkiss et al., 2004; McIntyre et al., 2001).

The effects of antiandrogenic chemicals (e.g., phthalates) in the rat share a striking similarity 

to the human testicular dysgenesis syndrome (TDS) (Sharpe and Skakkebaek, 2008). 

Developmental exposure to phthalates has also been reported to negatively impact 

reproductive development in humans (Arbuckle et al., 2014)(reviewed in (Marie et al., 

2015)) and in animal models other than the rat (e.g., rabbit, African clawed frog and mouse) 

(reviewed in (Howdeshell et al., 2008a)). Some studies have suggested possible species 

specificity in responsiveness to phthalates; however, the dose, route, and timing of exposure 

may have been significant contributing factors to the lack of inhibition of testosterone 

observed in these experiments (reviewed in (CHAP, 2014; Zarean et al., 2016)).

Mixture models

As interest in the study of chemical mixtures has grown over the past several decades, so too 

have efforts to accurately predict mixture responses based on individual chemical data. 

Predicted mixture responses can be compared to empirical mixture data to test hypotheses 

regarding the types of interactions occurring between multiple chemicals. These models are 

based on the concepts of dose addition, response addition (also called independent action or 

independent joint action), or integrated addition. Each of these models and their applications 

are discussed briefly below. In comparing empirical data to modeled predictions, the data 
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can either fit one or more of the models, or diverge from modeled predictions to indicate 

potential greater than additive or less than additive interactions among mixture constituents.

Dose addition is commonly used for chemicals which share the same mechanism of action 

(Altenburger et al., 2003; Rider et al., 2008; Rider et al., 2010; Silva et al., 2002). The 

current US EPA guidance for cumulative risk assessment of chemical mixtures recommends 

that the chemicals share a common narrowly-defined mechanism of action (US EPA, 2002); 

for example, inhibition of acetylcholinesterase by phosphorylation and induction of 

cholinergic effects were identified as a common mechanism of action for organochlorine 

pesticides. There are many different approaches for calculating predicted mixture responses 

based on the concept of dose addition. However, all approaches involve adding together 

individual chemicals at the dose level. Often, this is accomplished by converting individual 

chemical doses to equivalent terms (Rider et al., 2008; Rider et al., 2010). Here, we 

accomplish this by dividing the dose of the individual chemical in the mixture by the 

effective dose 50% (ED50; i.e., the dose that results in a 50% response of a study 

population) of that chemical. The resulting adjusted ‘doses’ can then be added together to 

get on overall “total mixture dose” (Rider et al., 2008; Rider et al., 2010). This overall dose 

can then be used to predict the response expected from the mixture of interest. Below is a 

mathematical formula used for dose addition:

(Equation 1)

where R is the response to the mixture, Di is the concentration of chemical i in the mixture, 

ED50i is the concentration of chemical i that causes a 50% response, and ρ′ is the average 

Hill slope (i.e. slope associated with a logistic fit of the individual chemical dose-response 

curve) associated with the all chemicals (Equation 1).

The effects of a mixture comprised of chemicals acting via different mechanisms of action 

are traditionally thought to be most accurately predicted using the response addition model 

(Greco et al., 1992). This model uses probability theory to arrive at the predictions for 

mixtures.

(Equation 2)

where R represents the response to the mixture, and Ri is the response to individual chemical 

i in the mixture (Equation 2). The methods for predicting the dose addition and response 

addition effects of mixtures have been described in detail elsewhere (Howdeshell et al., 

2007; Howdeshell et al., 2008a; Rider and LeBlanc, 2005).

More recently, a model has been suggested that incorporates aspects of both dose addition 

and response addition called integrated addition (Altenburger et al., 2003; Rider and 
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LeBlanc, 2005; Teuschler et al., 2004). Integrated addition is a two-step process that first 

groups the chemicals that operate via the same mechanism of action and calculates a total 

dose based on dose addition. Mechanism-based groups are then combined using the 

response addition model to arrive at mixture response predictions. An equation for the 

integrated addition model is displayed below (Equation 3; abbreviations are defined in 

Equation 1):

(Equation 3)

Using these models, one can investigate whether chemicals conform to one of the additivity 

models, or differ from a specified model, indicating a potential greater than or less than 

additive interaction. These studies help us to understand how chemicals behave when they 

are present together, and they can inform decisions about which chemicals to include in 

cumulative risk assessments. Model selection has significant implications for risk 

assessment. To illustrate the importance of the difference between dose addition and 

response addition consider that with response addition, chemicals below their No Observed 

Adverse Effect Level (NOAEL) do not contribute to mixture toxicity; whereas with dose 

addition, incremental increases in total mixture dose can lead to significant mixture effects 

even when all chemicals are present below their NOAEL.

Mixture Study Design

Our mixture studies followed a similar basic study design. Pregnant Sprague-Dawley rats 

were given oral doses of individual chemicals or a combination of chemicals during a 

critical window of male reproductive tract development (Carruthers and Foster, 2005). Male 

offspring were assessed for fetal testicular testosterone production (referred to here as fetal 

testosterone production), fetal testicular gene expression, or postnatal reproductive 

parameters.

Our early mixture studies were simple two-by-two factorial designs with binary 

combinations of chemicals. During these studies, pregnant rats were dosed during fetal 

sexual differentiation with chemicals singly or in pairs at doses levels roughly equivalent to 

one half of the effective dose to induce a 50% incidence (ED50) of epididymal agenesis or 

hypospadias (Gray et al., 2001; Hotchkiss et al., 2004; Howdeshell et al., 2007; Howdeshell 

et al., 2008a). At the selected doses, each individual chemical produced no or low rates of 

malformations, but the combination of chemicals produced significant dose-additive effects 

on reproductive tissues. Subsequent mixture research studies combined the individual 

chemicals in equipotent doses based on the ED50 for a postnatal malformation or fetal 

testosterone production. Importantly, the mixture studies from our laboratory were designed 

to produce significant responses to test the model predictions of dose or response additivity. 
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Our experiments were not designed to test chemical mixtures based on levels of the 

individual chemicals present in the environment.

Mixtures with Similar Mechanism of Action

Chemicals that share a similar mechanism of action are predicted to have cumulative effects 

that would most accurately be predicted by dose addition. Our laboratory has investigated 

several different classes of chemicals sharing a similar mechanism of action (e.g., androgen 

receptor antagonists) or a similar mode of action (e.g., phthalates, which inhibit fetal 

testosterone production) to alter male reproductive development (Table 1). First, a mixture of 

the dicarboximide fungicides vinclozolin and procymidone was investigated (Rider et al., 

2009). Both vinclozolin and procymidone are known androgen receptor antagonists 

(Hosokawa et al., 1993; Kelce et al., 1994; Nellemann et al., 2003; Ostby et al., 1999; 

Vinggaard et al., 1999). Following in utero exposure to the chemicals during the critical 

period of sex differentiation, male offspring exposed to vinclozolin alone displayed a 10% 

incidence of hypospadias and 0% incidence of vaginal pouch development, while 

procymidone exposure resulted in 0% incidence of either malformation. Exposure to both 

chemicals together resulted in 96% incidence of hypospadias and 54% incidence of vaginal 

pouch in treated animals. These data suggest that these two chemicals with similar 

mechanisms can act in a dose additive fashion on androgen-sensitive reproductive endpoints.

Another set of studies was conducted with mixtures of phthalates, which are chemicals that 

inhibit fetal testosterone production and alter androgen-sensitive male reproductive 

development. Phthalates are commonly found in the environment and the potential for co-

exposure to multiple phthalates was the impetus for the previously discussed NAS review 

(National Academies of Science, 2008). The specific mechanism of action for phthalates is 

unknown, but altered reproductive tract development by phthalates in the male rat involves 

altered Leydig cell migration and differentiation and abnormal gonocyte development 

(reviewed in (Howdeshell et al., 2008a)). These changes result in reductions in fetal 

testicular testosterone production and mRNA levels for proteins in the steroidogenic 

pathway and insulin-like hormone 3 (insl3), a hormone critical for gubernacular cord 

development and the early phase of testis descent (Hughes and Acerini, 2008; Kumagai et 

al., 2002). The cumulative effects of phthalates were investigated in two binary studies: one 

study of in utero exposure to two phthalates with shared active metabolites (di-n-butyl 

phthalate (DBP) and benzylbutyl phthalate (BBP) and another study of phthalates with 

different active metabolites (DBP and diethylhexyl phthalate (DEHP). Dosing was based on 

combining the two phthalates at the one-half of the ED50 of each chemical to induce 

epididymal agenesis (Howdeshell et al., 2007). The results from the binary studies were 

consistent with the predictions for dose addition. For example, exposure to the individual 

chemicals resulted in little or no malformations; whereas, the exposure to a combination of 

chemicals generally resulted in 50% or greater incidences of malformations (Howdeshell et 

al., 2007). Next, we designed a mixture study of five phthalates (DBP, DEHP, BBP, 

diisobutyl phthalate (DiBP), and dipentyl phthalate (DPeP)) with each phthalate represented 

in the mixture at an equipotent dose for inhibition of fetal testicular testosterone production 

(Howdeshell et al., 2008b). Dose addition accurately predicted the observed effects of the 

five phthalate mixture to reduce fetal testosterone production and induce fetal mortality 
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(fetal resorptions or dead fetuses) when administered to the pregnant dam from gestation day 

8 to 18.

Up to this point, mixture studies in our laboratory had been based on data for a reproductive 

endpoint (e.g., hypospadias or epididymal agenesis) for the individual chemical; however, as 

is often a challenge in cumulative risk assessments, there was insufficient data on each 

individual phthalate in the mixture for many of the postnatal reproductive endpoints 

evaluated. In a companion study, we evaluated whether dose addition based on the fetal 

testosterone production data of individual phthalates would predict the effects the same 5 

phthalate mixture on androgen-sensitive postnatal male reproductive tract development 

(Howdeshell et al., 2015) In brief, the observed mixture responses were compared to 

predictions of dose addition based on the previously published potencies of the individual 

phthalates to reduce fetal testosterone production (Howdeshell et al., 2008b) relative to a 

reference chemical and published postnatal data for the reference chemical (e.g., DBP). As 

hypothesized, dose addition based on fetal testosterone production accurately predicted the 

observed mixture effect on 11 of 14 endpoints, including the induction of reproductive 

malformations, suppression of androgen-sensitive reproductive organ weights, and inhibition 

of gene expression of insl3, and genes involved in steroidogenesis (Howdeshell et al., 2015). 

Similar dose additive effects have been observed for a mixture of 9 phthalates (DBP, DEHP, 

BBP, DiBP, DPeP, dihexyl (DHP), diheptyl (DHeP), diisononyl (DiNP), or diisodecyl 

phthalate (DiDP) on inhibition of fetal testosterone and several genes involved in 

steroidogenesis and steroid hormone transport (Hannas et al., 2012).

Mixtures with Multiple Mechanisms of Action, Same Pathway

We have also investigated the potential for cumulative effects of mixtures of antiandrogenic 

chemicals operating via different molecular or cellular mechanisms of toxicity to alter male 

reproductive development (Table 1). This broader approach focuses on chemicals that either 

disrupt a common signaling pathway and/or a common target tissue, rather than a common 

mechanism of toxicity. Grouping chemicals that affect a common target tissue is in line with 

the NAS recommendations (National Academies of Science, 2008) and would represent a 

considerable broadening of the chemicals considered for cumulative risk.

In one of the first mixture studies combining antiandrogenic chemicals with different 

mechanisms of action, we investigated whether the phthalate BBP (a fetal testosterone 

inhibitor) would act in a cumulative fashion if combined with the pesticide linuron (an 

androgen receptor antagonist as well as an enzyme inhibitor). In this study, BBP, linuron, or 

a mixture of BBP and linuron were administered to pregnant rats from gestational day 14 

to18. In utero exposure to BBP alone elicited a 0% incidence of hypospadias and vaginal 

pouch formation and 12% incidence of epididymal agenesis in male rats. In utero exposure 

to linuron alone resulted in 0% incidence of hypospadias and vaginal pouch development 

and 63% incidence of epididymal agenesis. However, the mixture of BBP and linuron 

resulted in hypospadias in 56% of males, vaginal pouch in 40% of males, and epididymal 

agenesis in 97% of the males (Hotchkiss et al., 2004). This study was one of the first to 

suggest that chemical mixtures with a variety of mechanisms of action can act in a 

cumulative fashion; this study did not evaluate dose addition.
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Next, we conducted a binary study with another phthalate, DBP (a fetal testosterone 

production inhibitor), and procymidone (a pure androgen receptor antagonist) to evaluate 

whether chemicals that do not share any similarities in their mechanism of action are able to 

act in a cumulative fashion on a common adverse outcome; in this case, the adverse outcome 

was androgen-sensitive reproductive tract development (Hotchkiss et al., 2010). If these 

chemicals act in a cumulative fashion, then the dose addition model would most accurately 

predict the responses of the mixtures. If, as would be predicted by the response addition 

model, the chemicals with different mechanisms of action did not act in a cumulative 

fashion, then the response addition model would most accurately predict the empirical data. 

This study built on previously published experiments with the individual chemicals from our 

laboratory in which determined the shape of the dose response curves. We then conducted an 

experiment with a mixture of procymidone and DBP given at a dose that was expected to 

induce 100% incidence (ED100) of reproductive tract malformations in male rats. In 

addition to this high dose, we conducted a second experiment where we treated the pregnant 

rats with a mixture at 83, 67, 50, 33, 17, 8, 4, or 0% of the maximal dose. In the binary 

mixture, we observed that each chemical alone induced low incidences of hypospadias 

(DBP, 0% and procymidone, 1.5%) or vaginal pouch (DBP or procymidone, 0%). In 

contrast, the males exposed in utero to the mixture of DBP and procymidone displayed 49% 

incidence of hypospadias and a 27% incidence of vaginal pouch indicating that the 

interaction was at least dose additive. In the second experiment, interstitial cell hyperplasia 

and adenoma were observed in the testes of rats from the high dose groups of the mixture, 

but not in either the procymidone or DBP treatment groups (Hotchkiss et al., 2010).

Another set of experiments added further clarity to whether chemicals can act on different 

parts of a common signaling pathway and induce cumulative effects (Rider et al., 2008; 

Rider et al., 2010). In the first experiment, pregnant rats were dosed from gestation day 14 to 

18 with a dose range of an antiandrogenic chemical mixture comprised of: two androgen 

receptor antagonists (procymidone and vinclozolin), three phthalates (e.g., testosterone 

synthesis inhibitors (BBP, DBP, DEHP; testosterone synthesis inhibitors), and two pesticides 

with dual mechanisms of androgen receptor antagonism and testosterone synthesis inhibition 

(prochloraz and linuron) (Rider et al., 2008). The second experiment involved the same 

antiandrogenic chemicals and added three more phthalates (DiBP, diisooheptyl phthalate 

(DiHeP), and DPeP; testosterone synthesis inhibitors) (Rider et al., 2010). The chemicals 

were combined such that the high dose of each chemical contributed equally to induce 100% 

malformations (ED100) at the highest mixture dose tested. We had multiple chemicals 

acting via the same mechanism as well as groups of chemicals acting on different parts of 

the androgen signaling pathway by different mechanisms, so we tested dose addition, 

response addition as well as integrated addition models. Thus, we also tested whether the 

integrated addition model would provide the most accurate prediction of the effects. The 

dose addition model provided the best fit to observed mixture effects to disrupt androgen-

sensitive reproductive tract development and induce reproductive malformations in the male 

rat, even though not all chemicals acted via a common cellular mechanism of action (Rider 

et al., 2008; Rider et al., 2010). Given that dose addition most closely predicted the effects 

observed, consideration of the cumulative effects of chemicals affecting multiple aspects of 

the same signaling pathway is warranted.
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Mixtures with Different Pathways, Same Target Tissue

From our previous work, we established that chemicals that act via the same or disparate 

mechanisms of action should be considered for their cumulative effects if they alter the AOP 

network for disrupted androgen- and insl3-dependent male reproductive development. One 

extension of this is to ask whether chemicals that affect the same target tissue via different 

signaling pathways would also act in a cumulative manner (Table 1). An initial study 

investigating this possibility used two chemicals that affect reproductive tissues via distinct 

signaling pathways - the androgen signaling pathway and the aryl hydrocarbon receptor 

(AhR) signaling pathway (Rider et al., 2010). The two chemicals used were DBP, and 

2,3,7,8 tetrachlorodibenzo dioxin (TCDD). Dams were dosed with either DBP, TCDD, or 

one of two different doses of a mixture of DBP and TCDD. The doses of the mixture were 

selected to produce a significant incidence of malformations in the adult male rats. This 

mixture of DBP and TCDD reduced the weight of the epididymides, a common androgen-

sensitive target tissue, which were greater than that which would have been predicted by 

response addition alone (independent action). In other tissues classically affected by DBP 

displayed alterations that were either greater than expected via response addition or 

anticipated by response addition. These initial data suggest that the universe of chemicals 

that should be considered for cumulative effects may, in fact, be much larger than simply 

chemicals which disrupt a common signaling pathway. Further studies are needed to 

determine whether the mixture of DBP and TCDD act in a dose-additive manner.

Mixture with Different Mechanism of Action, Converging AOPs and Same 

Pathway

Disruption of different key events along the steroidogenic pathway was investigated in a 

mixture study examining the potential cumulative effects of combining the fetal Leydig cell 

toxicant, dipentyl phthalate (DPeP) with the cholesterol lowering drug, Simvastatin (Beverly 

et al., 2014) (Table 1). Although both these chemicals potentially affect the steroid 

biosynthesis pathway, they do so via different modes of action. DPeP is a fetal androgen 

synthesis inhibitor (molecular initiating event unknown), while Simvastatin directly inhibits 

an enzyme, HMG-CoA reductase, in the cholesterol synthesis pathway (e.g., part of the 

cholesterol AOP). Because cholesterol is the precursor in steroid hormone production, we 

hypothesized that Simvastatin alone would reduce cholesterol and decrease the level of fetal 

testosterone production when administered during the critical period of sexual 

differentiation. Secondly, we hypothesized that a mixture of DPeP and Simvastatin would 

reduce fetal testosterone production in a cumulative fashion. In the mixture study, pregnant 

rats were dosed with either Simvastatin, DPeP, or a mixture of both chemicals. The doses 

were based on previous studies and were expected to partially but not completely reduce 

testosterone levels in fetal rats exposed to the individual chemicals. The results of the 

mixture could then be examined for cumulative or antagonistic effects. The results suggested 

that the mixture of DPeP and Simvastatin had a cumulative effect on fetal testosterone 

production despite operating via two different MOAs (Beverly et al., 2014).
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Our laboratory is working on several studies which test the accuracy of the dose addition 

model to predict effects chemical mixtures with different mechanisms of action on the same 

AOP network and in combination with a chemical from a converging AOP (i.e., Simvastatin) 

on male reproductive development in rats (Table 1). The DBP and pyrifluquinazon (PFQ) 

mixture study combines two chemicals with different molecular initiating events in the same 

androgen AOP network to test for dose and response additive effects on F1 male rat 

reproductive development (Justin Conley and Earl Gray, Jr., under preparation). An 18 

chemical study has been designed to test the accuracy of dose, response, or integrated 

addition models to predict the effects on F1 male reproductive development when the top 

dose of the mixture includes each chemical at one-fifth of the lowest observed effect level 

(LOEL) for inducing a developmental reproductive effect; the study tested 100, 50, 25, 12.5, 

6.25 and 0% of the top dose of the mixture (Justin Conley and Earl Gray, Jr, under 

preparation). Finally, we have designed a 15 chemical mixture to determine if 15 chemicals, 

each chemical present in the top dose at twice its no observed effect level (NOEL) for 

inducing a developmental reproductive effect, would behave in a dose, response, or 

integrated addition manner (Justin Conley and Earl Gray, Jr, ongoing study); the dose range 

of the 15 chemical mixture included two very low dose groups (100, 50, 3, 0.5, 0.05, and 0% 

of the top dose).

Animal to human extrapolation

The metabolism of phthalates is similar between rats and humans (Kluwe, 1982), and the 

fetuses of both species are exposed to similar metabolites of these chemicals (Calafat et al., 

2006; Silva et al., 2004). Silva et al. (2004) reported that MBP and MEHP, monoester 

metabolites of DBP and DEHP respectively, were detected in 93% (MBP) and 24% (MEHP) 

of 54 human amniotic fluid samples tested. Two percent of the human amniotic fluid 

samples had MBP and MEHP levels that differed by only five-fold (MBP) and 24-fold 

(MEHP) from the levels in rat amniotic fluid from dams treated with oral dosage levels near 

their lowest observed adverse effect levels (LOAEL) (Calafat et al., 2006; Gray et al., 2009; 

Mylchreest et al., 2000). This margin of exposure is within the default uncertainty factor of 

100, which is normally applied to risk assessment when considering experimental animal 

data to human data. It is possible that the human fetus is exposed levels of phthalate 

metabolites greater than reported in Silva (Silva et al., 2004) because analytical methods for 

measuring phthalate metabolites have since improved and a number of oxidative metabolites 

of monoesters have been detected in greater quantity monoester metabolites in human urine 

samples (Barr et al., 2003; Koch et al., 2004; Silva et al., 2006). Research on phthalate 

metabolism in rats has also been useful in identifying potential human phthalate metabolites. 

Our laboratory has collaborated with the Centers for Disease Controls (Atlanta, GA) to 

analyze phthalate metabolites in the urine samples of adult Sprague-Dawley rats treated with 

di-isodecyl phthalate (Kato et al., 2007), di-n-octyl phthalate (Silva et al., 2005), and DPeP 

(Silva et al., 2011). Similar metabolism studies have also been conducted on the phthalate 

containing flame retardant tetrabromophthalate (BEH-TEBP) (Silva et al., 2016) and the 

phthalate alternative di(isononyl)cyclohexane-1,2-dicarboxylate (DINCH) (Silva et al., 

2012).
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Implications for cumulative risk assessment for human health

Developmental reproductive toxicity studies of phthalates in laboratory animals have 

important implications for human health risk assessments. The US Consumer Products 

Safety Commission convened a panel of experts to conduct a risk assessment on the 

phthalates used in consumer products (Lioy et al., 2015). The panel, called the Chronic 

Hazard Advisory Panel on Phthalates and Phthalate Alternatives (referred to here as CHAP) 

used animal data for the basis of the phthalate risk assessment due to a lack of human data to 

directly quantify risk. A hazard index (HI) approach was applied for the 5 reproductive 

toxicant phthalates known to be present in consumer products: DBP, DiBP, BBP, DEHP, and 

DiNP. The HI is the sum of hazard quotients (HQs), which are the ratio of exposure (e.g., 
estimate of daily intake) to intakes deemed acceptable for an individual chemical for the 

same period of time (e.g., usually daily). Acceptable daily intakes (also called tolerable daily 

intakes or TDIs) and reference doses (RfDs) are examples of values that have been used as 

the denominator of HQs for assessing cumulative risk (Lioy et al., 2015). Daily intake was 

based on human biomonitoring data of specific phthalates metabolites in pregnant women 

(15–44 years old; NHANES 2005–2006 (CDC, 2012)) and infants (ages 2–36 months old; 

(Sathyanarayana et al., 2008a; Sathyanarayana et al., 2008b)). The HI estimate was based on 

an individual’s urinary concentrations of mixtures of phthalates, instead of population 

percentiles, which allowed for an analysis of the distribution of HI among the individuals 

sampled. A HI of >1.0 indicates possible concern for adverse health effects in the exposed 

individual. The authors reported an elevated hazard for pregnant women and infants with 

approximately 10% of pregnant women and 4–5% of infants exceeding a HI >1.0. 

Furthermore, the CHAP also reported that the number of individuals with a HI>1.0 would 

increase if the cumulative risk assessment included these 5 phthalates in combination with 

10 antiandrogenic chemicals with different modes of action; specifically, they estimated a HI 

of 0.88 in the 75th percentile and that 20% of pregnant women would have a HI>1.0 (CHAP, 

2014; Lioy et al., 2015). The estimated HI for this complex mixture represents a worst case 

exposure scenario based on biomonitoring data for the five phthalates and three of the 

antiandrogenic chemicals (bisphenol A, butylparaben, and propylparaben) as well as the 

high intake of 7 additional antiandrogenic chemicals of different modes of action reported in 

Kortenkamp and Faust (2010) (vinclozolin, prochloraz, procymidone, linuron, fenitrothion, 

p,p’-DDE, and BDE99).

In addition to the CHAP report, many international agencies have conducted cumulative risk 

assessments on select phthalates detected in their biomonitoring programs. Many of the 

assessments reported that children were more likely to have a HI>1 than adults. Beko et al. 

(2013) reported that 30% of 439 Danish children exceeded the TDI levels of DBP, DiBP and 

DEHP when considering exposure from dust ingestion, inhalation and dermal absorption to 

assess the cumulative tolerable daily intake (TDIcum). In contrast when the tolerable daily 

intake was based on each phthalate individually, the recommended TDI was exceeded for 

only two phthalates: DBP (5.1% of the children) and DiBP (5.3% of the children tested) 

only (Beko et al., 2013). A cumulative risk assessment of phthalates in the Belgian 

population reported that 25% of children had a HI >1.0 based primarily on exposure to 

DEHP, DiBP and DBP (Dewalque et al., 2014). Hartmann et al. (2015) reported that 4% of 
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Austrian children of age 7 years old and 13% of children of age 11 years old exceeded the 

HI of 1.0 when the assessment was based on TDI, but no children were in excess of the HI 

of 1.0 when the assessment was based on reference dose (RfD; the estimate of the daily oral 

dose) of the antiandrogenic phthalates.

Conclusions

In conclusion, chemicals that disrupt reproductive tract development can contribute to 

cumulative risk, even though the individual chemicals may act via different mechanisms of 

action to disrupt the androgen signaling pathway. As would be predicted, chemicals that 

share the same mechanism of action (e.g., androgen receptor antagonists) elicited a 

cumulative effect on the development of androgen-sensitive tissues. However, chemicals that 

operate via different mechanisms of action also can act in a dose additive fashion on the 

androgen signaling pathway. While there are different mechanisms at play (e.g., androgen 

receptor antagonism and inhibition of fetal testosterone synthesis), these alterations can act 

in a dose additive manner by reducing the quantity of activated androgen receptor and 

subsequent gene expression in the reproductive tissues resulting in adverse effects for the 

developing male rat. In addition to chemicals which operate via different mechanisms of 

action on a common pathway, recent research has suggested that alterations on entirely 

different pathways that converge on a single tissue can also have at least additive effects. 

This was demonstrated with the co-exposure of chemicals which affect the AR signaling 

pathway with a chemical (TCDD) that alters the AhR pathway. Both of these pathways 

converge on several common reproductive tissues and results from this initial study support 

the conclusions reached by the NAS panel in 2008 which recommended considering all 

chemicals that affect a common tissue in a cumulative assessment (National Academies of 

Science, 2008). Furthermore, the laboratories of Ulla Hass and Andreas Kortenkamp have 

corroborated our observations that dose addition accurately predicts the effects of mixtures 

of antiandrogenic chemicals on androgen-dependent reproductive development, regardless of 

whether the individual chemical share a mechanism of action or not (Christiansen et al., 

2009; Hass et al., 2007; Metzdorff et al., 2007; Orton et al., 2014; Orton et al., 2012). They 

also report that mixtures of endocrine disrupting chemicals combined at environmentally-

relevant dose levels induce effects greater than expected based on individual chemical doses 

levels (Axelstad et al., 2014; Isling et al., 2014). Research on mixtures of antiandrogens and 

other combinations of endocrine-disrupting chemicals is an important area of study that, in 

combination with human biomonitoring, will inform more accurate cumulative risk 

assessments to preserve human reproductive health.
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Highlights

1. Many chemicals disrupt androgen-sensitive male reproductive development in 

the rat.

2. Mixtures of antiandrogenic chemicals act via dose addition, regardless of 

mechanism.

3. Cumulative risk assessments report a HI>1 for phthalates with other 

antiandrogens.
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Figure 1. 
Adverse outcome pathway network for disrupted androgen- and insulin-like hormone 3 

(Insl3)-dependent reproductive development in male rats. The first column of the AOP 

network identifies three classes of chemicals known to disrupt the androgen-signaling 

pathways via three different mechanisms of action. Different colored arrows indicate the 

pathway through which each set of chemicals exerts its affects: blue arrows, androgen 

receptor (AR) antagonists; green arrows, dual mechanism of action chemicals (AR agonists 

antagonists and steroid enzyme inhibitors; and red arrows, phthalates (molecular initiating 

event unknown, but known to inhibit fetal testosterone (T) production. *Reproductive 

toxicant effects of phthalates are not mediated via the AR or the peroxisome proliferator 

activated receptor alpha (PPARα). **INSL3 hormone is required for maturation of the 

gubernacular cords, which leads to transabdominal descent of the testes (the first phase of 

testes descent).
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Table 1

List of chemical mixtures targeting male reproductive development in the Earl Gray, Jr. laboratory, USEPA (as 

of October, 2016)

Type of mixture Mixture study designa:
Chemicals in mixture

Mechanism of individual chemicals Mixture
model(s)
testedb

Reference

Similar
mechanisms of
action, same
signaling

pathwayc

B, EQ:
Vinclozolin (VIN) + Procymidon
(PROCYM)

VIN and PROCYM: Androgen receptor 
(AR) antagonists

RA (Andrew 
Hotchkiss and Earl 
Gray, Jr., 
unpublished; 
Howdeshell et al., 
2008)

B, EQ:
Di(n)butyl phthalate (DBP) +
Benzyl butyl phthalate (BBP)

DBP and BBP: inhibitors of fetal 
testosterone (T) synthesis
with a one common active metabolite 
(monobutyl phthalate
(MBP)

RA (Andrew 
Hotchkiss and Earl 
Gray, Jr., 
unpublished; 
Howdeshell et al., 
2008)

B, EQ:
DBP + Diethylhexyl phthlate
(DEHP)

DBP and DEHP: inhibitors of fetal T 
synthesis with different
active metabolites (MBP and 
monoethylhexyl phthalate
(MEHP)

DA, RA Howdeshell et al., 
2007

FR-D, EQ:
BBP + DBP + DEHP +
Diisobutyl phthalate (DiBP) +
Dipentyl phthalate (DPeP)

BBP, DBP, DEHP, DiBP, and DPeP: 
inhibitors of fetal T
synthesis

DA, RA Howdeshell et al, 
2008; Howdeshell 
et al. 2015

FR-D, EQ:
BBP + DBP + DEHP + DiBP +
DPeP + Dihexyl phthlate (DHP) +
Diheptyl phthalate (DHeP) +
Diisoheptyl phthalate (DiHeP) +
dicyclohexyl phthalate (DCHP)

BBP, DBP, DEHP, DiBP, DHP, DHeP, 
DiHeP, DCHP, and
DPeP: inhibitors of fetal T synthesis

DA, RA Hannas et al., 
2012

B, EQ:
BBP + Linuron (LIN)

BBP: inhibitor of fetal T synthesis
LIN: AR antagonist and direct inhibitor of T 
synthesis

DA Hotchkiss et al. 
2004

FR-D, EQ:
DBP + PROCYM

DBP: inhibitor of fetal T synthesis
PROCYM: AR antagonist

DA, RA Hotchkiss et al. 
2010

FR-D, EQ:
VIN + PROCYM + Prochloraz
(PROCL) + LIN + BBP + DBP +
DEHP

VIN and PROCYM: AR antagonists
LIN: AR antagonist and direct inhibitor of T 
synthesis
PROCL: AR antagonist and direct inhibitor 
of steroid
hormone synthesis
BBP, DBP, and DEHP: inhibitors of fetal T 
synthesis

DA, RA, IA,
TEQ

Rider et al., 2008

FR-D, EQ:
VIN + PROCYM + PROCL +
LIN + BBP + DBP + DEHP +
DiBP + DiHeP + DPeP

VIN and PROCYM: AR antagonists
LIN: AR antagonist and direct inhibitor of T 
synthesis
PROCL: AR antagonist and inhibitor of 
steroid hormone
synthesis
BBP, DBP, DEHP, DiBP, DiHeP, DPeP: 
inhibitors of fetal T
synthesis

DA, RA, IA Rider et al., 2010

FR-D, EQ:
DBP + Pyrifluquinazon (PFQ)

DBP: inhibitor of fetal T synthesis
PFQ: Possible AR antagonist

DA, RA Earl Gray, Jr., 
under preparation

Different
signaling
pathways, same
target tissue

B, EQ
DBP + 2,3,7,8-
Tetrachlorodibenzo-p-dioxin
(TCDD)

DBP: inhibitor of fetal T synthesis
TCDD: Aryl hydrocarbon receptor (AhR) 
agonist

RA Rider et al., 2010
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Type of mixture Mixture study designa:
Chemicals in mixture

Mechanism of individual chemicals Mixture
model(s)
testedb

Reference

Converging
AOPs, same target
tissue

B, EQ:
DPeP + Simvastatin (SIM)

DPeP: inhibitor of fetal T synthesis
SIM: inhibitor of cholesterol synthesis (via 
inhibition of 3-
hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA)
reductase) resulting in reduced fetal T 
synthesis

RA Beverly et al., 
2014

Converging
AOPs, same target
tissue and
different
mechanisms of
action, same
signaling pathway

18 chemical, FR-D, LOEL study:
VIN + PROCYM + PROCL +
PFQ + p,p’- dichlorodiphenyl
dichloroethylene (pp’DDE) + LIN
+ PHTHALATES (BBP + DBP +
DEHP + DiBP + DiHeP + DPeP+
DHeP+ DCHP+ DHP) +
flutamide (FLUT) + finasteride
(FIN) + SIM

VIN, PFQ, FLUT, p,p’DDE and PROCYM: 
AR antagonists
LIN: AR antagonist and direct inhibitor of T 
synthesis
PROCL: AR antagonist and direct inhibitor 
of steroid
hormone synthesis
BBP + DBP + DEHP + DiBP + DiHeP + 
DPeP+ DHeP+
DCHP+ DHP: inhibitors of fetal T synthesis
SIM: inhibitor of cholesterol synthesis (via 
inhibition of 3-
hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA)
reductase) resulting in reduced fetal T 
synthesis
FIN: direct inhibitor of dihydrotestosterone 
(DHT) synthesis
(via 5 alpha reductase)

DA, RA, IA, Justin Conley and 
Earl Gray, Jr., 
under preparation

15 chemical FR-D, NOEL study:
VIN + PROCYM + PROCL
+PFQ+ pp’DDE+LIN +
PHTHALATES (BBP + DBP +
DEHP + DiBP + DiHeP + DPeP+
DHeP+ DCHP+ DHP)

VIN, PFQ, p,p’DDE and PROCYM: AR 
antagonists
LIN: AR antagonist and direct inhibitor of T 
synthesis
PROCL: AR antagonist and direct inhibitor 
of steroid
hormone synthesis
BBP + DBP + DEHP + DiBP + DiHeP + 
DPeP+ DHeP+
DCHP+ DHP: inhibitors of fetal T synthesis

DA, RA, IA, Justin Conley and 
Earl Gray, Jr., 
ongoing

a
Mixture study design: binary (B) or fixed ratio dilution (FR-D) design with equipotent doses (EQ), doses based on one-fifth the lowest observed 

effect level (LOEL), or doses based on twice the,no observed effect level (NOEL) for the individual chemicals for the top dose.

b
Mixture models tested include: dose addition (DA), integrated addition (IA), response addition (RA), and toxic equivalency factor (TEQ). Studies 

that did not specifically test a mixture model, but compared the data to the individual chemical responses were considered to have tested RA.

c
AOP: adverse outcome pathway.
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