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Abstract

Although risk assessments are typically conducted on a chemical-by-chemical basis, the 1996
Food Quality Protection Act required the US Environmental Protection Agency to consider
cumulative risk of chemicals that act via a common mechanism of toxicity. To this end, we are
conducting studies with mixtures of chemicals to elucidate mechanisms of joint action at the
systemic level with the end goal of providing a framework for assessing the cumulative effects of
reproductive toxicants.

Previous mixture studies conducted with antiandrogenic chemicals are reviewed briefly and two
new studies are described in detail. In all binary mixture studies, rats were dosed during pregnancy
with chemicals, singly or in pairs at dosage levels equivalent to approximately one half of the
ED50 for hypospadias or epididymal agenesis. The binary mixtures included: androgen receptor
(AR) antagonists (vinclozolin plus procymidone), phthalate esters (DBP plus BBP and DEHP plus
DBP), a phthalate ester plus an AR antagonist (DBP plus procymidone), a mixed mechanism
androgen signaling disruptor (linuron) plus BBP, and two chemicals which disrupt epididymal
differentiation through entirely different toxicity pathways: DBP (AR pathway) plus 2,3,7,8
TCDD (AhR pathway). We also conducted multi-component mixture studies combining several
“antiandrogens” together. In the first study, seven chemicals (four pesticides and three phthalates)
that elicit antiandrogenic effects at two different sites in the androgen signaling pathway (i.e. AR
antagonist or inhibition of androgen synthesis) were combined. In the second study, three
additional phthalates were added to make a ten chemical mixture.

In both the binary mixture studies and the multi-component mixture studies, chemicals that
targeted male reproductive tract development displayed cumulative effects that exceeded
predictions based upon a response addition model and most often were in accordance with
predictions based upon dose addition models. In summary, our results indicate that compounds
that act by disparate mechanisms of toxicity to disrupt the dynamic interactions among the
interconnected signaling pathways in differentiating tissues produce cumulative dose-additive
effects, regardless of the mechanism or mode of action of the individual mixture component.
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Introduction

Although risk assessments have been historically conducted on a chemical-by-chemical
basis, regulatory agencies are beginning to consider cumulative risk of chemicals. However,
a consistent framework for cumulative risk assessment has yet to be developed. It is well
known that humans (Calafat et al. 2008; Eskenazi et al. 1999; Landrigan et al. 1999; Silva
2004; Wolff et al. 2008; Wolff et al. 2007), fish (Ankley et al. 2007; Jobling et al. 1998;
Jobling and Tyler 2006; Jobling et al. 2006) and wildlife (Hall and Thomas 2007) are
continuously exposed to multiple contaminants. The chemicals found in some aquatic
systems include pesticides (Hela et al. 2005; Jaspers et al. 2006) and industrial chemicals
(Hall and Thomas 2007), as well as pharmaceuticals and hormones (Durhan et al. 2006;
Kolpin et al. 2002).

The effects of mixtures of chemicals like the ubiquitous phthalates are of concern since
humans are exposed to multiple phthalates at one time (Silva 2004; Wolff et al. 2007). In
order to address this issue, in 2006 the U.S. Environmental Protection Agency (EPA)
requested that the National Academy of Sciences (NAS) establish a panel to provide the
EPA with recommendations on whether to perform a cumulative risk assessment of the
phthalates. This review will present the major conclusions of the NAS panel (Box from p
116 of the NAS report) and discuss the data from our laboratory on the reproductive effects
of mixtures.

Our working hypothesis is that chemicals that disrupt a common system or tissue during
development contribute to cumulative toxicity and should therefore, be included in
cumulative risk assessments. The results of our studies support this hypothesis and are in
agreement with the conclusions of the NAS Report (2008) (Table 1). This represents a shift
from the current cumulative risk assessment process which only includes chemicals which
share a narrowly defined mechanism of action.

As a result of growing concerns about mixtures, the field of “mixtures toxicology” is
emerging as an area of increasing scientific and regulatory focus. For example, in 1996 the
EPA began considering the cumulative risk of chemicals that act via a common mechanism
of toxicity as mandated in the Food Quality Protection Act (FQPA). The EPA’s Offices of
Water and Research and Development and the EPA Superfund, Solid Waste and Air
Programs also have ongoing programs in the area of mixtures toxicology. In this regard, the
research from our laboratory, described herein, is intended to contribute to the development
of a guidance framework for assessing cumulative risk to reproduction and development
from exposures during pregnancy.

Our research has included mixtures of pesticides, phthalates and 2,3,7,8 TCDD. These
chemicals disrupt sexual differentiation by acting as androgen receptor (AR) antagonists,
inhibitors of fetal testosterone synthesis or as an aryl hydrocarbon receptor (AhR) agonist
(Figures 1 and 2).

We initially conducted a series of binary mixture studies exposing pregnant dams during
fetal sexual differentiation with pairs of chemicals (Gray et al. 2001b; Hotchkiss et al.
2004a; Howdeshell et al. 2007; Howdeshell et al. 2008b; Rider et al. 2009). In the binary
studies, rats were dosed with chemicals singly or in pairs at dosage levels equivalent to
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about one half of the ED50 for hypospadias or epididymal agenesis (2 x 2 factorial designs).
We predicted that by itself each chemical in a pair would cause a minimal rate of
malformations, whereas when two chemicals were mixed together they would produce
predictable, dose-additive effects on common target tissues. We found that the binary
combinations produced cumulative, dose-additive effects on the androgen-dependent tissues
that were a common component of each chemical’s phenotype. Several of the studies have
been reviewed in detail previously (Gray 2002; Gray et al. 2001a; Howdeshell et al. 2008b;
Rider et al. 2008; Rider et al. 2009) and will only be briefly reviewed, whereas the phthalate
plus dioxin binary study is new and will be presented in more detail.

In addition to the binary studies, we also have conducted three mixture studies with larger
numbers of chemicals. One study combined five phthalates together in the mixture to
determine if they produced dose-additive effects on fetal testosterone production
(Howdeshell et al. 2008b), fetal testis gene expression and postnatal development of the
male and female offspring. These phthalates all shared a common mechanism of toxicity.
The remaining two multi-component mixture studies combined chemicals that elicit
antiandrogenic effects at two different sites in the androgen signaling pathway (i.e. AR
antagonist or inhibition of androgen synthesis). One study combined seven chemicals
together and the second combined 10 chemicals in the mixture.

The paper that follows will 1) briefly describe the mechanisms and modes of toxicity in vitro
and in vivo of the individual chemicals that we selected to study in our research program
since these have been reviewed in detail previously (Gray et al. 2001b; Howdeshell et al.
2008b; Rider et al. 2008; Rider et al. 2009), 2) describe the mathematical modeling
procedures that we use to describe the effects of the individual chemicals and derive
predictions for how the mixtures will behave, 3) present a summary of the results of our
mixture studies on chemicals that act via common mechanisms of toxicity (Section A),
chemicals that act via disparate mechanisms of toxicity but disrupt the same signaling
pathway (Section B), and chemicals that disrupt common developing tissues via alteration of
diverse signaling pathways (Section C), and 4) describe a proposed framework for
cumulative risk assessment based upon disruption of a common developing system. The
review will include new data from two studies, one a multi-component mixture study of ten
chemicals that disrupt androgen signaling by diverse mechanisms of toxicity and another
study combining chemicals that disrupt different signaling pathways, the aryl hydrocarbon
receptor (AhR) agonist 2,3,7,8 TCDD and dibutyl phthalate that reduces fetal testosterone
levels.

Mechanisms and modes of action of the individual chemicals used in mixture studies

Over the last several decades our laboratory has studied the postnatal effects of in utero
exposure to a variety of environmental chemicals with diverse endocrine and non-endocrine
mechanisms of reproductive toxicity. We are now using the dose response information from
these studies to design mixture studies to determine how chemicals from different classes
with similar and diverse mechanisms and modes of action interact in the mixture. The
objective of our research is to define a framework for conducting cumulative risk
assessments of reproductive toxicants.

The chemicals selected for our current mixture studies are shown in Figure 2. In this figure,
the red indicates stronger effects whereas the black areas indicate the absence of effects.
Reviewing the columns associated with each chemical describes the 1) known mechanisms
of toxicity as determined from in vitro and short-term in vivo screening studies and 2) the
overall phenotype in the male offspring after exposure during fetal life. Comparing the
different chemicals by rows (the endpoints) allows one to compare the relative potencies
displayed by the toxicants to one another. For each endpoint, we predict that all the
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chemicals with shading (dark red to light red) will interact jointly when combined in a
mixture, but those with black squares will have no effect when included in the mixture. For
example, of the chemicals in this chart, only the phthalates reduce insulin-like peptide
hormone-3 (insl3) and cause gubernacular agenesis. Therefore, combining a phthalate with
any of the other chemicals in the chart will not enhance the phthalate-induced reduction in
insI3 mMRNA levels in the fetal testis or increase the incidence of gubernacular agenesis.

Dicarboximide fungicides: Vinclozolin and Procymidone

Of the dicarboximide fungicides, vinclozolin (Kelce et al. 1994), iprodione (Blystone et al,
in prep) and procymidone (Hosokawa et al. 1993; Nellemann et al. 2003; Ostby et al. 1999;
Vinggaard et al. 1999) act as AR antagonists in vitro and/or in vivo. These pesticides, or
their metabolites, competitively inhibit the binding of androgens to AR which leads to an
inhibition of androgen-dependent gene expression in vitro and in vivo (Kelce and Wilson
1997).

Linuron (herbicide)

While some toxicants disrupt sexual differentiation predominantly via one mechanism of
toxicity (i.e. AR antagonists or inhibitors of testosterone synthesis), some pesticides
including linuron and prochloraz act via dual mechanisms of toxicity. These pesticides
display AR antagonist activity and inhibit testosterone synthesis with varying potencies.

The herbicide linuron is an AR antagonist in vitro (Lambright et al. 2000; McIntyre et al.
2002a; Mclntyre et al. 2002b; Mclintyre et al. 2000; Turner et al. 2003). In contrast to some
AR antagonists, neither short term (Lambright et al. 2000; O’Connor et al. 2002) nor long-
term (Gray et al. 1999) administration with linuron induces elevated serum LH levels.

Prochloraz (fungicide)

Phthalates

Prochloraz is a fungicide that also disrupts reproductive development and function by
several modes of action (Noriega et al. 2005; Vinggaard et al. 2005; Vinggaard et al. 2006).
Prochloraz inhibits the steroidogenic enzymes 17, 20 lyase and aromatase and it also is an
AR antagonist (Blystone et al. 2007). In a study in which rat dams were dosed from GD 14—
18, Wilson et al. (Wilson et al. 2004) found that prochloraz reduced fetal testis testosterone
levels and increased progesterone production tenfold on GD 18 without affecting Leydig
cell insI3 mRNA levels.

In utero, some phthalates alter male and female reproductive tract differentiation via
unknown mechanisms of action. The mode of action in the male involves altered Leydig cell
migration and differentiation and abnormal gonocytes development (Hallmark et al. 2007;
Mahood et al. 2005; Mahood et al. 2006; Parks et al. 2000). The Leydig cell alterations
result in reductions in fetal testis testosterone production, and mRNA levels for key proteins
in the steroidogenic pathway including StAR and CYP11, as well as insl-3, which is critical
for gubernacular development and testis descent (Hughes and Acerini 2008; Kumagai et al.
2002).

2,3,7,8 Tetrachlorodibenzo Dioxin (TCDD)

TCDD binds with high affinity to the cytosolic AhR. This basic-helix-loop-helix receptor
acts as a transcription factor in a manner similar to the steroid hormone receptors. Although
the normal role of this transcription factor in development is unknown, gestational TCDD
treatment induces malformations of the external genitalia and subfertility in female rat (Gray
and Ostby 1995) (Flaws et al. 1997; Gray et al. 1997a) and hamster (Wolf et al. 1999)
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offspring and alters reproductive development of the male rat (Gray et al. 1995; Gray et al.
1997b) (Mably et al. 1992) (Simanainen et al. 2004) and hamster (Gray et al. 1995).

Several studies have shown that TCDD administration does not reduce adult (Gray et al.
1995; Theobald et al. 2000) or fetal androgen levels in the male rat or mouse (Ko et al.
2004) (Haavisto et al. 2001; Haavisto et al. 2006), even though several of the effects in the
male offspring include suppressed development of some androgen-dependent tissues. In
mice, it is known that TCDD directly inhibits the androgen-dependent processes by which
the urogenital sinus of fetal mice forms prostatic epithelial buds (Lin et al. 2004) without
affecting androgen levels (Akingbemi et al. 2004). Additional mechanistic studies proposed
that TCDD acted directly on AhR, ARNT, and AhR-induced transcripts in the periprostatic
mesenchyme (Vezina et al. 2008; Vezina et al. 2009). This tissue intimately contacts
urogenital sinus epithelium where buds are specified and they proposed that activation of
AR signaling disrupted dorsoventral patterning of the urogenital sinus, reprogramming the
areas where prostatic buds are specified, and prostate lobes are formed.

Administration of TCDD on the 15th day of gestation (GD 15) at doses lower than or equal
to 1 pg/kg both demasculinizes and feminizes male rat reproductive morphology and
behavior. In our first series of studies, Long Evans Hooded and Holtzman rats were dosed
by gavage with 1 ug TCDD/kg on GD 8 (a period of major organogenesis), or Syrian
hamsters, a species relatively insensitive to the lethal effects of TCDD, were dosed on GD
11 (a period equivalent to GD 15 in the rat), with TCDD at 2 pg/kg. In Long Evans and
Holtzman F1 male rats exposed on GD 15 or hamsters exposed on GD 11, puberty (preputial
separation) was delayed by about 3 days, ejaculated sperm counts were reduced by at least
58% and epididymal sperm storage was reduced by 30%. Testicular sperm production was
less affected. The sex accessory glands were also reduced in size in Long Evans offspring
treated on GD 15 in spite of the fact that serum testosterone levels, testosterone production
by the testis in vitro, and AR levels were not reduced. Some reproductive measures, like
anogenital distance and male sex behavior, were altered by TCDD-treatment in rat but not
hamster offspring (Gray et al. 1995).

In the F1 female offspring, in utero TCDD exposure (1 pg/kg on gestational day (GD) 15)
induces cleft phallus, vaginal thread formation and reduces ovarian weight (Flaws et al.
1997; Gray and Ostby 1995; Gray et al. 1997b). TCDD treatment on GD 15 at 0, 0.05, 0.20
or 0.80 pg/kg, delays vaginal opening and induces malformations of the external genitalia in
the female progeny (cleft phallus and persistent vaginal thread formation (Flaws et al. 1997;
Gray and Ostby 1995; Gray et al. 1997D).

Mixture Modeling

Over the past several decades, research in several laboratories including our own has
described the effects of individual chemicals on the reproductive development of male rats.
Individual chemical data can be used in mathematical models to make predictions about the
potential effects of mixtures on male reproductive tract development. Predicted mixture
responses can then be compared to the observed effects of the mixtures to determine the type
of joint action (dose addition, response addition, synergy, antagonism) exhibited by the
mixture.

For our mixture studies, most of the individual data were compiled from studies conducted
in our laboratory over the past twenty years (see individual chemical data in Rider et al.
2008). Occasionally, data from the literature were used to increase the robustness of the
individual chemical dose-response analyses (i.e. add data points to a partial dose-response
curve). While these historical data included studies conducted by different researchers with
several rat strains and slightly different dosing schedules, all studies included exposure to
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the chemical during the critical in utero window of male rat reproductive tract
differentiation. The use of historical data as input for mixture modeling introduces a certain
degree of variability, but is necessary given that developmental studies with an in utero
exposure and a postnatal evaluation of the offspring are resource intensive precluding the
inclusion of all the individual dose response groups within the mixture study. In addition, we
found surprisingly good agreement between overlapping studies within our lab and between
labs. We attribute this agreement to the relatively standardized procedures for measuring
organ weights and identifying reproductive tract malformations among labs from which data
were used. The greatest limitation in the modeling of mixtures of chemicals in utero is that
complete dose response curves cannot be generated for each individual chemical for many
endpoints because the systemic toxicity of some the chemicals restrains using high dosage
levels.

Assumptions are a necessary part of risk assessment as data sets are often incomplete.
Therefore, the utility of a given mixture toxicity model depends in part on whether it can
consistently produce accurate predictions even when input data contain logical assumptions.
We present our mixture work here as a body of evidence supporting the presumption that the
dose addition model consistently provides a relatively good fit to observed data despite the
use of imperfect input data.

Using GraphPad Prism 5.0 software, we transformed the data to fit a 0 to 100% scale. For
continuous endpoints (AGD and organ weights), we converted the data to percent change
from the control value and Prism input included the mean, standard error and sample size for
each group. For malformation data, we presented the data as percent incidence. We then
graphed the data on a log-linear scale and fit the data with a sigmoidal (variable slope)
equation in Graphpad Prism (see Equation 1):

Y=Bottom+(Top — Bottom)/(1+10 A ((LogED350 — X)*HillSlope)) Equation 1

where Y is the response, X is the chemical dose, Top and Bottom refer to the minimum and
maximum effect calculated from the data and ED50 is the exposure dose eliciting a 50 %
response. The parameters (Hill slope and ED50) generated from the logistic fit to the
individual chemical data were used in models to make predictions of the mixture responses.

Predicted responses from models versus observed responses

We modeled the observed mixture responses (means, standard errors and sample sizes)
using Prism software and generated predictions of the mixture effects with three types of
models (described in more detail in (Rider et al. 2008).

* dose addition
*  response addition, and
* integrated addition

The dose addition model is commonly applied to mixtures of chemicals that have the same
mechanism of action (Altenburger et al. 2000; Silva et al. 2002), whereas the response
addition model has been proposed as an alternative for use with mixtures containing
chemicals with different mechanisms of action (Backhaus et al. 2000). The integrated
addition model represents a melding of the dose and response addition models in an attempt
to deal with mixtures containing chemicals with similar and dissimilar mechanisms of
toxicity (Altenburger et al. 2005; Rider et al. 2008; Rider and LeBlanc 2005).
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Application of the dose addition (DA) model requires putting chemicals in equivalent terms
by accounting for the individual chemical potencies. This is done by dividing the
concentration of the individual chemical in the mixture by the ED50 of that chemical (see
equation 2). Once this is accomplished, these adjusted doses can be added to arrive at a total
mixture dose. The predicted response is then calculated by determining the response level
that corresponds with the total mixture dose. In summary, the slope and ED50 derived from
individual chemical dose-response analyses are input into the dose addition equation to
calculate the overall response of the mixture associated with any given mixture dose.

The dose addition equation that we used to calculate predicted responses of mixtures is:

Equation 2

where R is the response to the mixture, D;j is the concentration of chemical i in the mixture,
EDS50; is the concentration of chemical i that causes a 50% response, and p’ is the average
Hill slope (i.e. slope associated with a logistic fit of the individual chemical dose-response
curve) associated with the chemicals.

The response addition (RA) model or independent joint action model has been suggested as
the more appropriate model for mixtures of chemicals with different mechanisms of action
(Greco et al. 1992). The equation for response addition is based on probability theory and is
expressed as:

R=1- ﬁ(l -R)
i=1

Equation 3

Because this equation is specific to situations in which response level increases with
increasing dose, endpoints were converted to fit this criterion (e.g. AGD, which decreases in
males with increasing antiandrogen dose, was expressed as change from control).

The integrated addition (IA) model provides an intermediate model that incorporates both
dose and response addition (Altenburger et al. 2005; Rider and LeBlanc 2005; Teuschler et
al. 2004). Chemicals with the same mechanism of action are grouped and the total dose
associated with each group is calculated using dose addition. The groups are then combined
using response addition.

The integrated addition model is expressed mathematically as:

n F
DI
EDS0;
i=1 Equation 4
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Identifying a Framework for Cumulative Risk Assessment

The following discussion will present a summary of the data that supports the conclusions of
the NAS report and our hypothesis that the framework for cumulative risk assessments
should be broadly based upon disruption of common systems or target tissues rather than
narrowly based upon specific mechanisms of toxicity.

Mixtures Section A. Chemicals that act via common mechanisms of toxicity
* androgen receptor (AR) antagonists (vinclozolin plus procymidone)

» phthalate esters (DBP plus BBP)
» phthalate esters (DEHP plus DBP)

Mixtures Section B. Chemicals that disrupt a common pathway via disparate
mechanisms of toxicity (i.e. disruption of the androgen signaling pathway)

» aphthalate ester plus an AR antagonist (DBP plus procymidone)
» apesticide plus a phthalate (linuron plus BBP)

e amulti-component mixture of seven chemicals (vinclozolin, procymidone,
prochloraz, linuron, DBP, BBP, and DEHP)

e amulti-component mixture study of ten chemicals (DiHP, DPP and DiBP and the
chemicals used in the seven chemical study (above).

Mixtures Section C. Chemicals that disrupt a common tissue via different
signaling pathways and diverse mechanisms of toxicity (i.e. disruption of the
androgen and AhR signaling pathways in the fetal male rat reproductive tract)

e 2,3,7,8 tetrachlorodibenzo dioxin plus a phthalate (TCDD plus DBP).

Several different frameworks have been proposed for including chemicals in a cumulative
risk assessment ranging from one limited to chemicals that clearly display a common
cellular and molecular mechanism of action, to a much broader framework based upon
disruption of a common target tissue (Figures 1 and 2). The broader framework was
recommended by a recent NAS panel report (Table 1). The frameworks presented here
include grouping chemicals in a cumulative risk assessment based upon 1) common
mechanisms of toxicity, 2) disruption of common signaling pathways (a toxicity pathway
approach) or 3) a broader approach, based upon disruption of common reproductive target
tissues in the fetus (a systems approach including multiple signaling pathways) (Figure 1).

If cumulative risk assessments were conducted on the 11 chemicals (six phthalates, four
pesticides and TCDD) discussed herein using the framework based upon common
mechanisms of toxicity, then they would be clustered into at least 4 different assessments
(i.e. 1. AR antagonists, 2. inhibitors of fetal testosterone production, 3. dual mechanism
antiandrogens, and 4. AhR-mediated toxicant). The assumption would be that chemicals
with different mechanisms of toxicity interact independently and that the mixture outcome
could be predicted by response addition modeling, whereas dose addition models would
over-predict the effects. In reviewing the data one finds that dose addition models
consistently yield more accurate predictions than those from either integrated addition or
response addition models.

Grouping the chemicals for cumulative risk assessments based upon disruption of a common
signaling pathway or toxicity pathway rather than common mechanisms of toxicity assumes
that chemicals that disrupt androgen signaling will act jointly and the effects can be
predicted by dose addition modeling but these chemicals would act independently from

Int J Androl. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rider et al.

Page 9

those that disrupt the same tissue via the AhR pathway. This would result in the 11
chemicals in the current study being grouped into two independent risk assessments (i.e. 1.
androgen signaling disruptors and 2. AhR signaling disruptor).

Grouping the chemicals for cumulative risk assessments based upon disruption of a common
system or target tissue via multiple pathways and mechanisms of toxicity assumes that
chemicals that disrupt androgen signaling and AhR signaling will act jointly and the effects
of all 11 chemicals can be predicted by a single dose addition model. This is the approach
recommended in the NAS report (Table 1), and the approach supported by our studies.
Under this framework, all 11 chemicals in our studies would be included in a single
cumulative risk assessment (i.e. chemicals that target the developing reproductive tract).

Mixtures Section A. Disruption of reproductive differentiation by common
mechanisms of toxicity

A.1 Mixtures of AR antagonists, vinclozolin and procymidone: In the late 1990s and in
2005 the EPA began an examination of whether some or all members of the dicarboximide
class of fungicides, which includes vinclozolin, iprodione and procymidone, shared a
common mechanism of toxicity. At that time, the scientific information on the mechanisms
of toxicity of the imide group of dicarboximide fungicides was incomplete and the EPA did
not, therefore, recommend a cumulative risk assessment of vinclozolin, procymidone and
iprodione (http://www.epa.gov/opp00001/reregistration/vinclozolin/)
(http://www.epa.gov/oppsrrd1/REDs/procymidone_tred.pdf). Since then several studies
from our laboratory and other laboratories have been completed that address these
uncertainties. These studies demonstrate that vinclozolin and procymidone share a common
mechanism of toxicity and interact in a cumulative manner (Gray et al. 2001b; Nellemann et
al. 2003). In our AR antagonist binary study (Gray et al. 2001b), in utero exposure to
vinclozolin alone resulted in 10% incidence of hypospadias and 0% incidence of vaginal
pouch development in male rats, while procymidone exposure resulted in 0% incidence of
either malformation. The combination exposure, however, resulted in 96% incidence of
hypospadias and 54% incidence of vaginal pouch in treated animals.

A.2 Alteration of fetal Leydig cell differentiation and hormone production by
phthalates: The effects of mixtures of phthalates are a concern since humans are exposed to
multiple phthalates at one time (Silva 2004; Wolff et al. 2007). In order to address this issue,
in 2006 the EPA requested that the NAS establish a panel to provide the EPA with
recommendations on how to address the cumulative effects of the phthalates. The data from
several of the phthalate mixture studies presented herein were given to the NAS panel for
their reanalysis and evaluation
(http://www8.nationalacademies.org/cp/projectview.aspx?key=48860).

We conducted three studies with mixtures of phthalate esters. The first study combined two
phthalate esters with a common active metabolite (DBP and BBP). The second study
combined two phthalate esters with different active metabolites (DEHP and DBP)
(Howdeshell et al. 2007). In the third phthalate mixture study, we combined five phthalates
and examined the effects of the mixture on fetal testosterone synthesis and gene expression
levels and postnatal effects in the male and female offspring (Howdeshell et al. 2008c)
(Howdeshell et al in prep). The results from all three of these studies were consistent with
predictions based on a dose addition model for inducing abnormal development in utero in
male rats.

Exposure to the individual chemicals resulted in no malformations or low incidences of
malformations whereas the combination exposures typically resulted in 50% or greater
incidences of malformations (Howdeshell et al. 2007).
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In the third mixture study, we assessed the cumulative effects on fetal testosterone
production, gene expression levels and postnatal development of the male and female
offspring following in utero exposure to a mixture of five phthalates: DBP, di-iso-butyl
phthalate (DiBP), BBP, diethyl hexyl phthalate (DEHP), and di-n-pentyl (DPP) (Howdeshell
et al. 2008c). First, we characterized the dose response effects of six individual phthalates
[BBP, DBP, DEHP, diethyl phthalate (DEP), DiBP, and DPP] on gestation day (GD) 18
testicular testosterone production following exposure of Sprague Dawley rats on GD8-18.
BBP, DBP, DEHP, and DiBP were equipotent (ED50 of 440 + 16 mg/kg/d), DPP was about
3-fold more potent (ED50=130 mg/kg/d) and DEP had no effect on fetal testosterone
production.

We hypothesized that co-administration of the five antiandrogenic phthalates would reduce
testosterone production and insulin-like-3, StAR and Cyplla mRNA levels and induce male
reproductive tract malformations in a dose-additive fashion since they act via a common
mode of toxicity. In the five phthalate mixture study, dams were dosed at 100, 80, 60, 40,
20, 10, 5 or 0% of the mixture. The top dose contained 1300 mg of total phthalates/kg/d
including BBP, DBP, DEHP, DiBP (300 mg/kg/d per chemical) and DPP (100 mg DPP/kg/
d). This mixture ratio was selected such that each phthalate would contribute equally to the
reduction in testosterone. As hypothesized, fetal testosterone production (Howdeshell et al.
2008c) and gene expression levels were reduced and male reproductive tract malformations
were increased (Howdeshell et al in prep) in a dose-additive manner.

From these mixture studies, we conclude that above pairs of chemicals target the androgen
signaling pathway via the same mechanism of action and produced dose additive effects
when presented as mixtures. These results indicate that these chemicals would be good
candidates for cumulative risk assessment and supports the use of the dose addition model
for determining the effects of these mixtures.

Mixtures Section B. Disruption of the androgen signaling pathway by
disparate mechanisms of toxicity: AR antagonism and inhibition of fetal
testosterone synthesis—Environmental chemicals can disrupt the androgen signaling
pathway in the male rat fetus during sexual differentiation and alter this process via several
diverse endocrine mechanisms of toxicity (Figure 2). EDCs known to interfere with the
androgen signaling pathway include dicarboximide fungicides (e.g., vinclozolin (Kelce et al.
1994), organochlorine based insecticides (e.g., p,p=DDT and p,p=DDE (Kelce et al. 1995),
conazole fungicides (e.g., prochloraz (Noriega et al. 2005;Vinggaard et al. 1999),
plasticizers (e.g., phthalates), polybrominated diphenyl ethers (PBDEs; (Gray et al.
2004;Stoker et al. 2005) and urea-based herbicides (e.g., linuron) (Lambright et al.
2000;Mclntyre et al. 2000)..

Mixture Studies with Pesticides and Phthalates with diverse modes of toxicity: We
conducted two binary mixture studies to determine how procymidone and linuron interacted
in mixtures with phthalates. In the first study, we combined BBP (reduces fetal testosterone)
with linuron, an antiandrogen with multiple mechanisms of action (AR antagonist and
reduces fetal testosterone levels) (Hotchkiss et al. 2004b) (Wilson et al. 2004). The second
study combined DBP with the AR antagonist procymidone. In these studies, pregnant rats
were dosed on GD14-18 with either the individual compounds or the binary mixture at a
dose level equivalent to approximately one half of the ED50 value for malformations.
Following this, we conducted a study with a mixture of seven chemicals that included
vinclozolin, procymidone, linuron, prochloraz, and three phthalates DBP, DEHP and BBP
(Rider et al. 2008) and we will present new data herein on a multi-component mixture study
with a ten chemical mixture (the seven chemicals listed above and three additional
phthalates)..
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B.1 Benzyl butyl phthalate plus linuron: In the BBP and linuron study, 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, exposure to the combination resulted in cumulative effects
with males displaying 56%, 40%, and 97% incidence of hypospadias, vaginal pouch, and
epididymal agenesis, respectively ((Hotchkiss et al. 2004b).

B.2 Di-n-butyl phthalate plus procymidone: In the procymidone plus DBP study,
procymidone or DBP alone induced low incidences of hypospadias (1.5% and 0%,
respectively) and vaginal pouch (0%) whereas the males treated with the combination of
procymidone and DBP displayed 49% and 27% incidences of hypospadias and vaginal
pouch, respectively indicating that the interaction was at least dose additive.

B.3 Seven chemical mixture study, including vinclozolin, procymidone, prochloraz,
linuron and three phthalates or six phthalates: To further test our hypothesis, we designed
two multi-component mixture studies, one with seven antiandrogenic chemicals and the
other with ten chemicals (see below). The chemicals in these multi-component mixtures
alter the androgen signaling pathway via diverse mechanisms of action including AR
antagonists (vinclozolin and procymidone), mixed mechanism chemicals that bind to the AR
and decrease testosterone production (linuron and prochloraz) and testosterone synthesis
inhibiting phthalates (BBP, DBP, and DEHP in the seven chemical study (Rider et al. 2008)
and BBP, DBP, DiBP, DEHP, DPP and DiHP in the new ten chemical study (see below).
According to the current mixtures paradigm, these mixtures should conform to a model of
integrated addition. However, we found that models of integrated addition or response
addition frequently underestimated the effects of these mixtures.

B.4. Ten chemical mixture study (original data): The main objective of this study was to
expand upon our previous seven chemical mixture study by including a greater number of
chemicals in order to more clearly define the differences in predictions generated from the
dose addition model versus the integrated and response addition models. Increasing the
number of chemicals allowed for the use of lower concentrations of individual chemicals in
the mixture further testing our working hypothesis that chemicals present below their no
observed adverse effect levels can contribute to mixture toxicity as long as they have a
common target.

The dosage levels of each chemical at each dilution of the mixture is shown in Table 2. The
ED50 values of the individual chemicals used in the models to predict the effects of the
mixture are shown in Table 3. When compared to the previous seven chemical study, this
study included three more phthalates (DiBP, DiHP and DPP), slightly larger numbers of
litters per dose group and a larger number of dilutions of the top dose in order to provide
greater distinction among the model predictions in the higher dosage ranges where the dose-,
integrated- and response-addition models separate.

Materials and Methods

Animals

Thirty timed pregnant Sprague-Dawley rats were purchased from Charles River Breeding
Laboratory (Raleigh, NC) on gestation day (GD) 2. Animals were housed individually in
clear polycarbonate cages (20 cm x 25 cm x 47 cm) with a bedding of heat-treated
laboratory-grade pine shavings (Northeastern Products, Warrensburg, NY). Animals were
fed Purina Rat Chow 5008 (pregnant and lactating females) or Purina Rat Chow 5001
(weanling and adult rats) and provided with access to filtered municipal drinking water
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(Durham, NC) ad libitum. The current study was conducted under protocols approved by the
National Health and Environmental Effects Research Laboratory Institutional Animal Care
and Use Committee.

Treatment Administration—Our goal in dose selection of the seven chemical study
(four pesticides and three phthalates) was to use doses of each chemical that would
contribute to the induction of malformations approximately equally in the mixture toxicity.
The mixture contained each chemical at 1/7! of its respective ED100 for inducing
reproductive tract malformations. In the current study with ten chemicals, we kept the
mixture ratio for the four pesticides and total phthalate dose constant with the seven
chemical study.

Since this study has six phthalates (see below), rather than three, the contribution of each of
the six phthalates in the mixture was half of the contribution of the three phthalates in the
seven chemical study. Thirty pregnant rats (n= 4 (mixture groups) to 6 dams (control group);
table 2) were dosed with the vehicle (corn oil at 2.5 ml/kg; Sigma) or a dilution of the high
dose of the mixture by oral gavage on GD14-18.

It is noteworthy that the goal of these studies is to fit the full dose response curve for as
many endpoints as possible in order to determine which model best predicts the observed
effects of the mixture. The goal of these studies is not to establish no-observed-adverse-
effect levels, which would require using larger numbers of litters in the low dose range and a
longer intrauterine exposure period.

Chemical Information (reported purity)

1. Benzyl n-butyl phthalate (BBP) — 98%, Aldrich — CAS 85-68-7; lot # 08523JQ; cat
# 3,850-1.

2. Di (n-butyl) phthalate (DBP) — 98%, Sigma — CAS 84-74-2; lot # 109F0386; cat #
D-2270.

3. Diethylhexyl phthalate or Phthalic Acid bis(2-Ethylhexyl Ester) (DEHP) — Aldrich
— CAS 117-81-7, cat # D201154, lot # 09428JC, purity = 99%.

4. Diisobutyl Phthalate (DiBP) — Aldrich — CAS 84-69-5, cat # 152641, lot #
10314LC, purity = 99%.

5. Diisoheptyl Phthalate (DiHP) — Aldrich — CAS 71888-89-6, cat # 376671, lot #
06905EC, purity = technical grade.

6. Dipentyl Phthalate (DPP) - Fluka — CAS 131-18-0, ca t#80154, lot #11151652,
purity = 99 %.

7. 3-(3, 4-dichlorophenyl)-1-methoxy-1-methylurea (Linuron) — 99%, Crescent
Chemical Company - CAS 330-55-2; cat # W-146400; lot # 70226.

8. N-propyl-N-(2-(2,4,6-trichlorophenoxy)ethyl)-1H-imidazole-1-carboxamide
(Prochloraz) —99.5%, Riedel-de-Haen — CAS 067747-09-5; cat # 45631; lot #
9060X.

9. N-(3, 5-dichlorophenyl)-1, 2-imethylcyclopropane-1, 2-dicarboxamide
(Procymidone) — 99%, Chem Services — CAS 32809-16-8; cat # PS-2126; lot #
231-100A.

10. N-3, 5-dichlorophenyl-5-methyl-5-vinyl-1, 3-oxazolidine-2, 4-dione (Vinclozolin)
—99.4%,, Riedel-de-Haen — CAS 50471-44-8; cat # 35625; lot # 9126X.
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11. Vehicle — Corn Oil — Sigma — CAS 8001-30-7; cat # C-8267; lot # 126K0117.

Male offspring assessment—On postnatal day (PND) 3, all pups were sexed, weighed,
and anogenital distances (AGD) were measured with a dissecting microscope with an ocular
micrometer (Hotchkiss et al. 2004b) (Figure 3). At PND 14, each male rat was examined in
a blinded manner for areolae or nipples. At about 200 days of age, all male rats were
anesthetized with CO5, decapitated, and examined for reproductive tract alterations. The
ventral surface of each male rat was shaved and examined for the presence of nipples. Rats
were then assessed for abnormalities including cleft phallus, hypospadias, epididymal
agenesis, testicular atrophy, undescended testes, fluid filled testes, ventral prostate or
seminal vesicle agenesis, and malformations of the gubernacular cords (elongated or absent).
Weights were taken on body, glans penis, ventral prostate, seminal vesicles, testes,
epididymis, and levator ani bulbocavernous muscle (LABC) (Figure 4a).

AGD, retained nipple and organ weight data were analyzed using litter mean values on SAS
9.1 with PROC GLM (p<0.05 was the critical value for statistical significance). The
incidence of reproductive tract malformations was similarly analyzed using the litter mean
incidence of each malformation. Prism output from the observed mixture responses included
the ED50 (with standard errors and 95% confidence limits (CL)), and the goodness of fit (R
Square) of the observed data to the best-fit model. For statistical purposes, we compared the
EDA50s of the observed responses with the dose, response and integrated addition predictions
of the ED50s. Predicted ED50s differed significantly from the observed ED50 if the
predicted value was outside of the 95% CL of the ED50 of the observed response.

In the ten chemical study, no maternal toxicity (maternal weight loss or weight gain) or
treatment-related pup mortality was observed (data not shown). The body weight of the male
offspring was significantly reduced (by Dunnett’s post hoc test) in the 100% dose group. A
significant incidence of female-like retained nipples was observed in the 20% to 100% dose
groups, whereas most other tissues were significantly affected at 40% of the top dose and
above. The gubernaculum was the least sensitive tissue, being affected only at 60% of the
top dose and above.

When the androgen-dependent endpoints were analyzed, dose addition models, provided
estimates of mixture responses that closely approximated the observed responses (Figures 3,
4, 5). For example, hypospadias was observed in all of the high dose animals as predicted by
dose addition (Figure 4b) whereas integrated and response addition models only predicted
that about 20% or 0%, respectively, would be affected. Epididymal agenesis also was
accurately predicted by dose addition, but not integrated or response addition models (Figure
4c). For undescended testes, both dose addition and integrated addition models were of
similar accuracy but response addition was not useful (Figure 4d). In addition, for the
androgen dependent seminal vesicle, epididymal, ventral prostate and LABC weights
(Figure 5a,b,c,d) dose addition provided the most accurate predictions of the effects of the
ten chemical mixture. Clearly, integrated and response addition models grossly under predict
many of the effects of such mixtures indicating that a framework based narrowly upon
common mechanisms of toxicity underestimates the risk associated with exposure to multi-
component mixtures such as those used here.

Since all the chemicals used in the mixtures discussed in this section disrupt the androgen
signaling pathway, albeit via different mechanisms of toxicity, it is clear that a cumulative
risk assessment framework based upon mechanisms of toxicity would not adequately predict
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the effects of these two multi-component mixtures of chemicals with different mechanisms
of toxicity.

Mixtures Section C. Chemicals that disrupt a common tissue via different signaling
pathways and diverse mechanisms of toxicity. Disruption of the Androgen and AhR
Signaling Pathways in the fetal male rat reproductive tract. (Original data)

C.12,3,7,8 tetrachlorodibenzo dioxin (TCDD ) plus a phthalate (DBP)—The
purpose of this study was to determine whether the joint action of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and DBP on the development of the male and female
rat reproductive tract resulted in cumulative effects that exceeded response addition
predictions. The TCDD and DBP mixture study further contributes to our understanding of
the mechanisms of joint action of chemicals that disrupt androgen dependent reproductive
development. This study will help to further define the boundaries of chemicals that should
be included in a cumulative risk assessment of “antiandrogens” because they are dose
additive.

The doses of TCDD and DBP selected for this study are based upon previous dose response
studies with the individual chemicals. Wilker et al. (Wilker et al. 1996) found that a one
time in utero dose of 2 ug/kg resulted in epididymal malformations in 27% of male rats. Our
previous studies with DBP showed that a dose of 500mg/kg/day during GD 14-18 resulted

in epididymal agenesis in about 25% of male rats (Hotchkiss et al. 2004b; Howdeshell et al.
2007). For the mixture study, we wanted to select doses of the two chemicals that were
approximately equipotent and that would induce significant malformations in reproductive
organs if the chemicals did display dose additivity. Therefore, the high dose of our mixture
consisted of TCDD at 2 pg/kg administered once on GD14 and DBP administered at 500mg/
kg/day on GD14-18.

We expected that TCDD and DBP would act jointly and produce cumulative disruptions of
“common” reproductive tissues, including epididymal and testicular differentiation,

resulting in reduced epididymal and testis weights, as well as reduced sperm counts. We also
expected that since the constellation of effects for DBP and TCDD differ, there would be
some effects that would only be disrupted by one of the two chemicals and would result in
effect levels congruent with response additive predictions for those endpoints (i.e. cleft
phallus and vaginal threads in females and delayed puberty in males would result from
TCDD but not DBP treatment; retained nipples in males would result from DBP but not
TCDD treatment).

Chemical information

Methods

Di(n-butyl) phthalate (DBP) — CAS # 84-74-2, lot #, purity, density, ordering information;
Sigma catalog #; 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) — CAS # 1746-01-6, gift
from Dr L. Birnbaum; Vehicle = laboratory grade corn oil — CAS # 8001-30-7.

Thirty adult (about 90 days of age) timed-pregnant Sprague-Dawley rats were purchased
from Charles River (Raleigh, NC) and shipped to the laboratory on GD 3 (day after mating
is counted as GD1) and housed, as above. The study included 5 treatment (Table 4) groups
with 4 pregnant dams per group. On gestational day 14, dams were weighed and assigned to
one of the 5 treatment groups to ensure that the treatment groups were equally weighted.

Dams in all groups were dosed once with either TCDD or vehicle on GD14 and with either
DBP or vehicle on GD14-18. The dose groups included a control, DBP (500 mg/kg/d) alone,
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TCDD (2 pg/kg/d) alone), the 100% mixture group (DBP (500 mg/kg/d) and TCDD (2 pg/
kg/d)), or a 65% mixture group (DBP (320 mg/kg/d) and TCDD (1.3 pg/kg/d)).

Endpoints measured during development included:

1. Anogenital distance (AGD; PND3) — AGD measured under a dissecting
microscope with a 15x ocular micrometer. AGD represents the distance between
the base of the genital papilla and the rostral end of the anal opening;

2. Nipple retention (PND13-15 and at necropsy) — measurement of the position and
numbering of areolae/nipples;

3. Timing of puberty observed as preputial separation and vaginal opening (starting at
PND35 and 32, respectively and monitored until completion);

4. Mature F1 males were necropsied beginning at PND120 after they were
anesthetized with CO, and euthanized by decapitation and examined for

a. Nipple retention,
b. External malformations — hypospadias or abnormal glans penis,

c. Internal malformations — epididymal agenesis, gubernacular
malformations (agenesis or elongation), testicular malformations (fluid
filled testes, undescended testes, etc.), ventral prostate or seminal vesicle
agenesis, and

d. Androgen dependent organ weight changes — glans penis, ventral prostate,
seminal vesicle, testes, epididymides, levator ani/bulbocavernosus muscle.

e. Epididymal sperm numbers, using the methods described in (Howdeshell
et al. 2008a).

The observed effects of the mixture of 2 ug/kg/d TCDD plus 500 mg/kg/d DBP were
compared with the values predicted by response addition using a t-test to determine if the
mixture effects were greater than the response addition predicted values. For some of the
endpoints the response addition predictions were equivalent to levels induced by either DBP
(malformations of the vas deferens, epididymis, testis, and epididymal weight for example)
or TCDD (testis weight and epididymal sperm numbers) alone. In these instances, the high
dose mixture group was compared by t-test to either the DBP or TCDD alone group, as
appropriate. Since malformations of the liver and external genitalia were seen only in the
high dose mixture group, the mixture group was compared with the control, DBP alone and
TCDD groups using Fisher Exact test to determine if the mixture effect was significantly
greater than the incidence predicted by response addition.

Results of the TCDD plus DBP mixture study

In the TCDD plus DBP study, the incidences of malformed organs in the 100% and 65%
mixture groups exceeded response addition for the epididymal, testicular, vas deferens,
hypospadias and liver malformations and for testis and epididymal weights (Figure 7).
However, of these effects, only the reduction in epididymal weight was statistically
significant at the p<0.05 levels whereas the other contrasts resulted in p values between 0.10
and 0.20, likely due to the relatively small number of litters used in this preliminary study.

The increases in gross liver pathology and malformations of the external genitalia and vas
deferens were unanticipated since TCDD is not known to induce these malformations and
the gross lesions in the liver have not been seen previously with either chemical alone. For a
few endpoints (ventral prostate weight, seminal vesicle weight, and levator ani
bulbocavernosus weight) both chemicals appeared to contribute to the effects, but the
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mixture response did not exceed response addition predictions (data not shown). In this
study, there were no consistent effects on maternal toxicity or effects on F1 growth or
mortality (data not shown), but these endpoints need to be reevaluated in a larger study.

In summary, the endpoints targeted by both DBP and TCDD (decreased epididymal weight
and epididymal agenesis) produced responses that exceeded those expected if the chemicals
had acted independently through response addition. Some endpoints that we had
hypothesized to be targeted by one chemical (i.e. malformations of the vas deferens and
external genitalia) also demonstrated mixture responses that exceeded those predicted by
response addition. Other endpoints that were targeted by only one chemical (nipple retention
and delay in preputial separation) had mixture responses that were consistent with response
addition predictions. The mixture of DBP and TCDD caused liver malformations that were
not elicited by either of the chemicals alone.

If confirmed, these observations would considerably expand the framework for cumulative
risk assessment, and for this reason, we plan to build upon this study by examining a more
complete DBP plus TCDD mixture dosing regime in order to further elucidate the target-
dependent differences in mixture responses observed in this study.

Conclusions

Individual chemical dose-response data can be incorporated into models of mixture toxicity
in order to test hypotheses regarding which type of model (dose addition or response
addition) most accurately reflects observed responses to mixture exposures. Despite our
relatively robust collection of individual reproductive toxicant dose-response data, gaps
existed and necessitated the incorporation of practical assumptions. For example, we had
incomplete dose-response data for many of the phthalates (BBP, DiHP, and DiBP). The data
points that we did have overlapped with our complete dose-response data for DBP and
DEHP, therefore, we made the assumption that these five phthalates were equipotent and we
used the parameters from the DBP and DEHP dose-response curves for all of those
phthalates. In addition, limited numbers of dosage levels and sample sizes constrained the
precision of dose-response analyses. Although it is desirable to have more dose groups and
larger numbers of litter per dose group, even small transgenerational studies use
considerable resources. For example, a small study with only 4 groups and 5 litters per dose
group generates about 200 male and female offspring that are evaluated over a 6 month
period after birth. Lastly, the dose addition model we employed in this work used the
average of the Hill slopes from the mixture components, which adds another source of
inaccuracy. However, we put forth that the intentionally large differences in predictions
resulting from response addition versus dose addition models overshadow the relatively
minor inaccuracies in individual data and model assumptions (see example in Figure 4B).
The goal of this work was not to perform an exhaustive cumulative risk assessment on these
chemicals, but to elucidate the mechanisms of joint chemical action and thereby, inform
procedures by which chemicals are selected for inclusion in cumulative risk assessments.

The weight of evidence from the mixtures studies described here clearly indicates that
compounds that target the same tissue, regardless of their specific mechanism of action,
display cumulative, dose-additive effects when present in combination. This conclusion is
supported by the work of others. Gray et al. (2001) and Nellemann et al. (2003) found that
mixtures of vinclozolin and procymidone resulted in dose additive decrease in androgen-
sensitive organ weights, androgen levels, and AR-dependent gene expression in castrated,
testosterone-treated male rats. Birkhoj et al. (2004) assessed the in vitro and in vivo effects
of a combination of five pesticides with dissimilar mechanisms of action and found
androgen-sensitive endpoint responses greater than would be expected using response
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addition modeling. In a recent study conducted by Drake et al. (2009), dexamethasone
appeared to exacerbate the reproductive anomalies induced by in utero exposure of male rats
to dibutyl phthalate. This further demonstrates that assaults to male reproductive
development can come from a host of sources (chemical and physical stress) to act in
concert.

Taken together, these findings suggest a modification of the approach for cumulative risk
assessments from one based upon “commaon mechanism of toxicity” to one that includes the
cumulative assessment of chemicals that disrupt development of common tissues. This
would result in a target organ and timing based approach rather than one based on a
narrowly defined mechanism of toxicity. We propose that the primary focus should be on
the biological system or the target tissue rather than the mechanism of toxicity or even a
single signaling pathway. Normal development of the fetal reproductive tract tissues is
almost certainly dependent upon the interconnecting and dynamic, inductive signaling
pathways that converge on the earliest genes that initiate sexual differentiation in the rat
fetus, as seen in the liver and pancreas (Wandzioch and Zaret 2009). These inductive
networks are dynamic and change within hours. The different signaling pathways function in
parallel to induce normal expression of different early genes, and disrupting or delaying any
signal in the network will result in permanent alterations of the normal sexual phenotype.
For this reason, we propose that a cumulative risk assessment should include all chemicals
which target that system during the same critical developmental period.
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Expanding the Framework for Cumulative Risk Assessment
From Mechanisms of toxicity, to Toxicity Pathways and then Systems Biology

Figure 1.
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A diagram showing how different mechanisms of toxicity and disruption of diverse toxicity
pathways (Androgen- versus Ah receptor signaling pathways) converge as an integrated
network of pathways to disrupt the development of the reproductive tract during a critical

developmental period.
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“Heat Map”
of the Reproductive
Toxicants used in our
mixture studies
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Figure 2.

“Heat map” displaying the intensity of effects of each chemical in vitro, in short-term in
vivo screens and on F1 male and female offspring after exposure in utero during sexual
differentiation. The red shading indicates stronger effects whereas the black areas indicate
the absence of effects. Reviewing the columns associated with each chemical describes the
1) known mechanisms of toxicity as determined from in vitro and short-term in vivo
screening studies and 2) the overall phenotype in the male offspring after exposure during
fetal life. Comparing the different chemicals by rows (the endpoints) allows one to compare
the relative potencies displayed by the toxicants to one another. For each endpoint, we
predict that all the chemicals with shading (light red to dark red) will interact jointly when
combined in a mixture, but those with black squares will have no effect when included in the
mixture.
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Figure 3.

Effects of the individual chemicals on AGD at 3 days of age (Fig 3A). Phthalates refers to
the group of phthalates (DBP, DiBP, DiHP, BBP, and DEHP) which have similar potency
and are represented by the dose-response data from DBP and DEHP. DPP is not shown on
this graph, but was three times as potent as the other phthalates and was assumed to have a
dose-response curve with a similar shape as that of the other phthalates. Observed (OBS)
effects of the mixture on AGD at 3 days of age (Fig 3B, male and female) and observed and
predicted effects in our new multi-component mixture study with ten chemicals (four
pesticides and six phthalates) on AGD in male rats at 3 days of age (Fig 3C). Since AGD is
linear in the low dose range, all models (dose (DA), integrated (1A) and response addition
(RA) provided similarly accurate predictions for the observed reductions in AGD. The
ED50s as % of the top dose (100%) are shown for the observed and predicted effects of the
mixture on F1 male rat AGD at three days of age. Predicted ED50 values with shading fall
outside of the 95% confidence limits surrounding the ED50 calculated from the observed
data. RA provides less accurate predictions than either DA or 1A models. Values on the
figures are means and standard errors of observed responses and predicted responses.
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[Malformations in F1 male rats: Ten Chemical Mixture Study
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Figure 4.

Summary of the observed (Fig 4A) and predicted effects in our new multi-component
mixture study with ten chemicals (four pesticides and six phthalates) on reproductive tract
malformations detected in adult F1 males. Individual chemical data that went into models
can be found in Rider et al. 2008. Dose addition (DA) models more accurately predicted the
effects of the mixture of ten chemicals on the incidences of hypospadias (Fig 4B) and
epididymal agenesis (Fig 4C). The integrated addition (1A) model under-predicts effects and
the response addition (RA) model predicts no malformations at even the highest dose. The
ED50s as % of the top dose (100%) are shown for the observed and predicted effects of the
mixture on F1 male rat malformations (hypospadias, epididymal agenesis and undescended
testes (Fig 4D)). Predicted ED50 values with shading fall outside of the 95% confidence
limits surrounding the ED50 calculated from the observed data. Only the DA model
accurately predicted the observed incidences of all three of these malformations. Values on
the figures are means and standard errors of observed responses and predicted responses.
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Organ weights from F1 male rats: Ten Chemical Mixture Study
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Figure 5.

Summary of the observed and predicted effects in our new multi-component mixture study
with ten chemicals (four pesticides and six phthalates) on reproductive tract organ weights
measured in adult F1 males. Individual chemical data that went into models can be found in
Rider et al. 2008. The ED50s as % of the top dose (100%) are shown for the observed and
predicted effects of the mixture on F1 male rat seminal vesicle (Fig 5A), epididymal (Fig
5B), ventral prostate (Fig 5C) and LABC (Fig 5D) weights. Predicted ED50 values with
shading fall outside of the 95% confidence limits surrounding the ED50 calculated from the
observed data. The reductions in seminal vesicle, ventral prostate, epididymal and LABC
weights were all more accurately predicted by dose addition (DA) than by either integrated
addition (1A) or response addition (RA) models. The DA model accurately predicted all the
reductions except for the reduction in ventral prostate weight, where it slightly under-
predicted the magnitude of the effect. However, it was still clearly the “best” model as
compared to 1A or RA predictions. Values on the figures are means and standard errors of
observed responses and predicted responses.
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A.

Figure 6.
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A summary of the binary mixture study with DBP and 2,3,7,8 TCDD, a mixture of
chemicals that disrupts diverse receptor signaling pathways (AR and AhR) is presented here.
The incidences of malformed organs in the 100% (TCDD at 2 pg/kg on GD 14 and DBP at
500 mg/kg/d GD 14-18) and 65% mixture group exceeded response addition (RA) for the
epididymal and testicular (Fig 6A), vas deferens (Fig 6C), external genitalia (Fig 6F) and

liver (Fig 6G) malformations and epididymal (Fig 6B) and testis weights (Fig 6E) and

epididymal sperm numbers (Fig 6D). The increases in gross liver pathology and
malformations of the external genitalia were unanticipated since TCDD is not known to
induce hypospadias and the gross lesions in the liver have not been seen previously with
either chemical alone. Values on the figures are means and standard errors of observed
responses. The line identified as RA is the response level predicted by the RA model for the
effect of the high dose mixture of TCDD and DBP. The effect of the high dose mixture was
significantly greater (p<0.03 by t-test of litter mean values) than the level predicted by the
response addition model.
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Table 1

Main points from National Academy of Science report: “Phthalates and Cumulative Risk Assessment: The
Task Ahead”

. Mixtures of phthalates produce effects that are well-predicted using the dose addition model.

. Other antiandrogen mixtures (including mixtures of phthalates with other antiandrogens) also conform to the dose addition model.
. Dose addition is an appropriate model for mixtures of antiandrogenic chemicals including phthalates.

. The response addition model is not an appropriate model for antiandrogenic chemicals.

. The criteria for including chemicals in cumulative risk assessments is too narrow and should be expanded to include chemicals with
similar effects.

. The current cumulative risk assessment process is not protective because it does not include all chemicals which elicit dose additive
toxicity.
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