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Abstract
Risk assessments are typically conducted on a chemical-by-chemical basis; however, many
regulatory bodies are developing frameworks for assessing the cumulative risk of chemical mixtures
of chemicals. The current investigation examined how chemicals that disrupt rat sex differentiation
via two diverse mechanisms disrupt F1 male rat reproductive development, when administered
together orally on days 14–18 of gestation. Experiment 1 used a mixture of 50 mg/kg-d procymidone
and 500 mg/kg-d dibutyl phthalate (DBP), whereas experiment 2 used 150 mg/kg-d procymidone
and 1125 mg/kg-d DBP (top dose), or 0, 4.17, 8.33, 16.7, 33.3, 50, 66.7, and 83.3% of the top dose.
When we compared the dose and response addition predictions to the observed effects we found that
dose addition models were more accurate than response addition models, indicating that compounds
that act by different mechanisms of toxicity produce cumulative dose-additive effects.
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1. Introduction
Although risk assessments are typically conducted on a chemical-by-chemical basis, regulatory
agencies and the scientific community are actively involved in discussions of how to conduct
cumulative risk assessments for mixtures of chemicals. At present, there is no consistent
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framework for conducting cumulative assessments and experimental data are needed to
facilitate the development of such a framework. Concern about mixtures of chemicals has
arisen because studies show that humans [1], fish [2–5] and wildlife [6] are exposed to multiple
chemicals. As a result, the study of the effects of mixtures of chemicals is an emerging area of
increasing scientific and regulatory focus.

The US EPA began considering the cumulative risk of some of the chemicals that act via a
common mechanism of toxicity under the 1996 Food Quality Protection Act (FQPA, Public
Law 104–170, formerly known as H.R. 1627 at
http://www.epa.gov/pesticides/regulating/laws/fqpa/gpogate.pdf). The US EPA’s Offices of
Water and Research and Development and the EPA Superfund, Solid Waste and Air Programs
have ongoing programs in this area. In this regard, the objective of our research is to provide
data that facilitate the development of a guidance framework for assessing cumulative risk to
reproduction and development from exposures that occur during pregnancy. Our working
hypothesis is that chemicals that disrupt a common system or tissue during development,
whether or not they have the same mechanism of toxicity, contribute to cumulative toxicity
and should, therefore, be included in cumulative risk assessments. Several investigators have
shown that mixtures of chemicals with diverse mechanisms of toxicity produce effects that far
exceed those predicted by response addition models, which assume independent action for
chemicals with different mechanisms of toxicity [7–10]. Our mixture research has included
different combinations of pesticides, phthalates and 2,3,7,8-tetrachlorodibenzodioxin (TCDD)
[9–15]. 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, respectively. Our results are in agreement with the conclusions of the National
Academy of Science (NAS) Report on Phthalates [16] which reviewed the current research on
mixtures for the US EPA. This approach represents a fundamental shift from the current
cumulative risk assessment frameworks that only include chemicals sharing a narrowly defined
mechanism of action in a cumulative assessment.

In the current study, we conducted two mixture experiments to determine how two chemicals
with very distinct mechanisms of toxicity interact in a mixture. In these studies, pregnant rats
were dosed during sexual differentiation on gestational days (GD) 14–18 with either the
individual compounds or a mixture of them, and the postnatal development of the male
offspring was monitored through adulthood.

The two chemicals selected for this investigation were chosen because their modes of action
have been well characterized and they disrupt fetal male rat reproductive development via
different cellular and molecular mechanisms of toxicity. They do not share a “common
mechanism of toxicity”. procymidone (PRO) is a fungicide with androgen receptor (AR)
antagonist activity, displayed both in vitro and in vivo [17–20]. PRO competitively inhibits
the binding of androgens to the AR which leads to an inhibition of androgen-dependent gene
expression in vitro and in vivo. In contrast, di-n-butyl phthalate (DBP) does not bind the AR,
but rather, it alters male rat sexual differentiation by, in part, disrupting Leydig cell migration,
differentiation and function [21–24]. This in turn results in reductions in (1) fetal testis
testosterone production, (2) mRNA levels for key proteins in the steroidogenic pathway
including StAR and CYP11, and (3) reductions in insl-3 mRNA: insl3 is a peptide that is critical
for gubernacular development and normal testis descent [25,26].

The first experiment was a 2 × 2 factorial design with a control group, a PRO group, a DBP
group and one mixture group, which combined the pesticide with the phthalate (this experiment
has been briefly reviewed in [9,10,15,27] but the detailed results of this experiment have not
been presented). We combined 500 mg/kg-d of the fetal testosterone synthesis inhibitor DBP
with 50 mg/kg-d of the AR antagonist PRO. These dosage levels were based upon previous
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dose–response studies on each chemical and the mixture was expected to induce malformations
of the external genitalia (hypospadias) in approximately half the male offspring if it behaved
in a dose additive fashion.

In the second DBP and PRO mixture experiment we increased the number of dose groups and
expanded the dose range with the mixture. This experiment used a fixed ratio design, with a
control group and eight dilutions of the mixture of PRO and DBP and was designed to examine
the interaction in utero of these two chemicals over a broad dose range. To make predictions
the ED50s and Hillslope values from individual chemical dose–response experiments for each
chemical were calculated using logistic regression analyses for several androgen-dependent
endpoints (Table 1). These values were used in dose addition (DA) and response addition (RA)
models to predict the effects of the DBP plus PRO mixture in the second mixture experiment.
Then, the ED50s and Hillslope values from this second mixture experiment were calculated
using logistic regression analyses and the results were compared to the predictions from the
DA and RA models.

Even though each of these modes of disruption of the androgen signaling pathway results in
different phenotypes in male rat offspring, our studies indicate that they both affect some of
the same tissues. However, the relative potency factors (RPF) for PRO and DBP vary greatly
from tissue to tissue (Table 1 and Fig. 1) [9,10]. Therefore, the contribution of each chemical
to the overall mixture response depends upon the specific tissue and is not uniform across the
reproductive tract. With this in mind, induction of hypospadias was chosen as the focal endpoint
and the ratio of PRO and DBP in the mixture was selected such that each chemical would
contribute equally to the induction of hypospadias (Table 1) if they behaved in a dose additive
manner. Since this endpoint typically displays a steep threshold, DA and RA models should
predict very different values. In contrast, DA and RA predictions for anogenital distance (AGD)
and retained nipples in infant male rats are quite similar because the dose–response curves are
more linear and, as a consequence, one cannot determine for this endpoint “which is the best
model”: DA or RA. In summary, our hypothesis was that DA predictions would provide a more
accurate fit than the RA model to the effects of the mixture of PRO and DBP on the induction
of hypospadias, and, in addition, that DA models would provide predictions that were as good,
or better, than RA models for the other androgen-dependent endpoints.

2. Materials and methods
2.1. Animals

Timed-pregnant Sprague–Dawley rats were purchased from Charles River Breeding
Laboratory (Raleigh, NC) on GD 2. Upon receipt, animals were housed individually in clear
polycarbonate cages (20 cm × 25 cm × 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),
maintained on a 14:10 h light:dark cycle, and provided with access to filtered municipal
drinking water (Durham, NC) ad libitum.

Laboratory-grade corn oil (CAS # 8001-30-7, Sigma C-8267, Lot # 89H0149) was the vehicle
chosen to prepare all dosing solutions, which were administered by oral gavage in 2.5 ml of
corn oil/g body weight from GD 14 to 18. Dams were randomly assigned to dose groups within
each experiment in a manner that provided each group with similar means and variances in
initial body weight before dosing was initiated (randomized complete block design with
maternal weight as blocking factor (large to small)). In these experiments, the dose
administered was adjusted daily based on individual maternal weight changes throughout the
dosing period. The current study was conducted under protocols approved by the National
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Health and Environmental Effects Research Laboratory Institutional Animal Care and Use
Committee.

2.2. Presentation of individual DBP and PRO chemical studies
Summaries of the individual DBP and PRO studies have been described previously [15,27],
however, the results were reanalyzed in order to select the appropriate ratio of DBP and PRO
for the second experiment herein and further interpreted to facilitate understanding of the
expected behavior of these two toxicants in the two new mixture studies in the current
investigation. In the PRO experiment, PRO was administered at 0, 25, 50, 100, 150 and 250
mg/kg-d from GD 14 to 18 to four dams per dose group (n = 17–30 F1 males per dose group).
In the DBP experiment, DBP was administered at 0, 250, 500, 750 or 1000 g/kg/d to 3 dams
per dose group from GD 14 to 18 (n = 5–15 F1 males per dose group).

First, the ED50 values for the DBP and the PRO studies were determined for male reproductive
tract alterations (Table 1). Following this, we calculated the relative potency of DBP relative
to PRO [relative potency = (DBP ED50)/(PRO ED50)]. We also calculated a Toxicity
Equivalence Factor (TEF) for DBP versus PRO [PRO TEF = 1; DBP TEF = (PRO ED50)/
(DBP ED50)] and we calculated the Toxicity Equivalent Quotient (TEQ) for the top dose of
the mixture which describes the contributions of PRO and DBP in mg/kg-d in the top dose
group [TEQ total = (TEQ PRO) + (TEQ DBP), TEQ for PRO = 150 mg/kg-d; TEQ for DBP
= DBP mg/kg-d × TEF].

Comparing the TEQs of PRO to DBP allowed us to determine our mixture ratio in the second
experiment in order to administer PRO and DBP in a manner such that each would contribute
equally to inducing hypospadias if they behaved in a dose additive manner. Table 1 is sorted
such that the endpoints where DBP and PRO should contribute equally to the effect are at the
top, and those endpoints for which an effect would be due to the action of a single chemical
are at the bottom. The importance of this is that DA and RA models provide more divergent
predictions when (1) the two chemicals contribute equally to the induction of the effect as is
the case for hypospadias but not for epididymal or gubernaculuar agenesis and (2) the effect
has a steep threshold as is the case for hypospadias but not for AGD.

2.3. Experiment 1
The first mixture experiment was a 2 × 2 factorial design (Vehicle control, PRO alone, DBP
alone and DBP plus PRO). PRO (Riedel de Haen, Product #34369, Lot # 72480, CAS
#32809-16-8) was administered by gavage at 50 mg/kg-d and DBP (Sigma # D2270, Lot
#109f0386, CAS #84-74-2) was administered at 500 mg/kg-d. Each of the four dose groups
contained 10 dams per group. AGD and the number of retained female-like nipples (out of 12
possible), and malformations were measured in all F1 males and organ weights were measured
in 2–3 males per litter (control n = 23, DBP n = 26, PRO n = 24 and DBP plus PRO n = 21
males) with 10 litters per group. F1 Males were necropsied at about 150 days of age.

2.4. Experiment 2
The second experiment was a fixed ratio, dilution experiment with a vehicle control, a top dose,
and seven dilutions of the top dose. Pregnant dams were weighed and assigned to 1 of 9
treatment groups (0, 4.17, 8.33, 16.7, 33.3, 50, 66.7, 83.3, and 100% of the top dose (150 mg
PRO/kg-d and 1125 mg DBP/kg-d)) with four pregnant rats/group such that each treatment
group had a similar group body weight (g) on GD14. The ratio of PRO to DBP in the mixture
was constant in each dose group [Ratio = 1 part PRO/7.5 parts DBP] (the contributions of PRO
and DBP in each dose group are shown in Table 1).
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2.5. Maternal, neonatal and infant F1 male rat data
Maternal weight was recorded daily during dosing and at birth. At birth (postcoital day 23 =
postnatal day (PND) 1), litter sizes were counted, while body weight and AGD were measured
on offspring at PND 2 (experiment 1) or PND day 3 (experiment 2). At 13 days of age, male
offspring were examined (in a blinded manner) for “nipples”. At PND 24 male pups were
weaned and housed in groups of 2 or 3 littermates, and the dams were necropsied and the
numbers of implantation scars were counted.

Beginning on PND35 and continuing until completion, males were evaluated for timing of
preputial separation (PPS), a landmark of puberty in the male rat. At approximately 4 months
of age, males were anesthetized with CO2 and decapitated, the animals were shaved and the
numbers of permanent nipples counted. Males were examined for the presence of external
malformations, including the presence of hypospadias and abnormal glans penis (cleft phallus,
exposed os penis and incomplete preputial glans separation) and internal malformations,
including: epididymal agenesis, gubernacular malformations (i.e. agenesis and elongated
underdevelopment of the gubernaculum), testicular malformations (e.g. testicular atrophy,
cryptorchid testes, fluid-filled testes), and prostatic and seminal vesicular agenesis.
Gubernacula measuring ≥ 20 mm in length were considered abnormal. The following organs
were removed and their weights recorded: glans penis, ventral prostate, seminal vesicles, testes,
epididymides, and levator ani/bulbocavernosus (LABC) muscles. Testes were preserved in
fixative, imbedded in paraffin, stained with hematoxylin and eosin stain and examined for
histopathological lesions by a board-certified pathologist.

3. Mixture modeling
Individual chemical dose–response 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 (DA, RA, synergy, or antagonism) exhibited by the mixture.

Using GraphPad Prism 5.0 software (La Jolla, CA), we transformed the individual chemical
dose–response data to fit a 0–100% 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 Eq. (1)):

(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 (Hillslope and ED50) generated from the logistic fit to the individual
chemical data were used in models to make predictions of the mixture responses.

4. 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 DA or RA models
(described in more detail in [9]).

The DA equation that we used to calculate predicted responses of mixtures was:
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(2)

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
Hillslope (i.e. slope associated with a logistic fit of the individual chemical dose–response
curve) associated with the chemicals.

The RA model has been suggested as the more appropriate model for mixtures of chemicals
with different mechanisms of action [28]. The equation for response addition is based on
probability theory and is expressed as:

(3)

where R is the response of the mixture and Ri is the response of the individual chemicals (i) in
the mixture.

The Prism output from the observed mixture responses included the ED50 (with standard errors
and 95% confidence limits (CL)), and the goodness of fit (R2) for the “best-fit” model. For
statistical purposes, we compared the ED50s of the observed responses from the second
experiment with the predictions of the ED50s from the DA and RA models. Predicted ED50s
differed significantly from the observed ED50s if the predicted value was outside of the 95%
CL of the observed ED50. In addition, we fit the observed effects of the mixture to the logistic
regression parameters of the DA and RA logistic regressions and compared how the resulting
“goodness of fit” (R2 value) compared to R2 of the “best-fit” for the mixture effects. If either
the DA or RA model perfectly predicted the effects seen with the mixture then the R2 value
would be equal to the R2 value from the “best-fit” model.

5. Results
5.1. Preliminary experiment with PRO and DBP

The effects of PRO and DBP individually are shown in Fig. 1 and the results of the logistic
regression analyses are shown in Table 1.

5.2. Experiment 1: 2 × 2 factorial experiment
In experiment 1, many of the observed effects of the mixture were significantly greater than
those predicted by the RA model for several of the androgen-dependent tissues including
seminal vesicle, LABC and cauda epididymal weights (Table 2), as well as the incidences of
hypospadias, vaginal pouch, malformed ventral prostate and seminal vesicles and the total
percent of malformed males (Table 3). The results of this initial experiment indicated that PRO
and DBP were not acting independently in the mixture, as described by the RA model.

5.3. Experiment 2: fixed ratio, dilution experiment with 9 treatment groups
The dose-related effects of the mixture of PRO and DBP are shown in Fig. 2A and the logistic
regression with ED50 values is shown in Fig. 2B. The ventral prostate (VP), seminal vesicles
(SV) and epididymal (EPI) weight reductions display similar dose-related effects with an ED50
of about 50% of the top dose: LABC weight has an ED50 of about 68% of the top dose and
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the ED50 for testis and Cowper’s gland weights is about 90% of the top dose. Body weight is
relatively less affected and was significantly reduced in only the top dose group. Glans penis
(GP) weight displays an apparent inverted U-shaped dose–response because many or all the
genitalia in the higher dose groups were too malformed to weigh, but the few that were not
malformed were of normal size (Table 4).

As expected, due to the linear nature of the dose–response curves the DA and RA model
predictions for AGD reduction and PND 13 nipple retention were similar (Fig. 3A and B).
However, the ED50s for the RA were significantly higher than the ED50s of observed data (as
indicated by the 95% CL of the mixture data). The DA model also more accurately predicted
the numbers of permanently retained female-like nipples in F1 males than the RA model (Fig.
3C). As hypothesized, the DA model more accurately predicted the effects of the mixture on
the induction of hypospadias (Fig. 4A) and also the reductions in ventral prostate weight (Fig.
4B and Table 5) and seminal vesicle weights (Fig. 4D and Table 5). LABC weight reductions
were more accurately predicted in the low dose range by the DA than the RA model but the
reverse was reverse was true for the two high dosage levels (Fig. 4C). DA and RA model
predictions of epididymal agenesis (Fig. 5A) and epididymal weight (Fig. 5B) differed
significantly from the observed results, but the overall deviations from the observed effects
were not large.

In the second mixture experiment, the testes displayed three prominent dose-related lesions
including seminiferous tubular degeneration and interstitial cell hyperplasia and adenoma (Fig.
6B). Since DBP induced degeneration of the seminiferous tubules of the testis, whereas PRO
did not (Fig. 6A) in our individual chemical dose–response studies, the effects of the mixture
on the seminiferous tubules may be attributed to the effect of DBP alone. We also observed
interstitial cell hyperplasia and adenoma in the testes of F1 male rats from the high dose groups
of the mixture (Fig. 6B); effects that had not been seen in either of our PRO or DBP individual
dose–response studies. Given that we do not have any dose–response information for the
individual chemicals in the mixture on these Leydig cell alterations, we were unable to calculate
DA and RA predictions for these effects.

6. Discussion
The current investigation was designed to determine if a mixture of two endocrine disrupting
reproductive toxicants with disparate mechanisms of toxicity, behaved in a response additive
or dose additive manner. While our earlier studies used mixtures of seven chemicals [9] and
10 chemicals [10] in which there are potentially a large number of complex interactions, in the
current study there is only a single chemical-to-chemical interaction of PRO with DBP; a
pesticide that acts as an AR antagonist, and a phthalate that disrupts fetal testis hormone
production, respectively.

The RA model has typically been associated with mixtures like PRO and DBP, based upon the
assumption that chemicals that have different mechanisms of action will act independently of
one another [28] and is the general approach used by the USEPA’s OPPTS in their assessment
of the cumulative effects of food use pesticides; to date, regulatory agencies have not included
chemicals like PRO and DBP in cumulative risk assessments. The results of the current
experiments clearly indicate that DA models more accurately predict the effects of the mixture
of an AR antagonist (PRO) with a chemical that acts by inhibiting fetal testis hormone
production (DBP). Not only do these two chemicals have few structural similarities and act
via different modes of action, they directly target different fetal tissues; PRO acts on AR in the
reproductive tract and accessory tissues whereas DBP acts on the fetal testis by disrupting
Leydig cell function.
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Administration of the mixture of PRO and DBP produces a wide range of effects on hormone-
dependent tissues (Fig. 2A and B). DA models always provided predictions that were
equivalent to, or better than, those provided by RA models. DA and RA models produce similar
predictions if (1) the effect has a linear dose–response and (2) if the effect results primarily
from one of the two chemicals in the mixture. For example, the incidence of elongation or
agenesis of the gubernaculum was likely induced solely by DBP in the mixture as phthalates
reduce fetal insl3 mRNA hormone levels whereas AR antagonists do not. Although AR
antagonists do induce testis nondescent when administered during sexual differentiation, this
is due to ectopic attachment of the gubernaculum in the abdominal or suprainguinal regions
rather than agenesis or elongation of this tissue [29,30]. In addition, the induction of vas
deferens and epididymal agenesis and degeneration of the seminiferous tubules of the testis
were induced primarily by DBP in the mixture (Table 1).

We were unable to generate predictions for the induction of interstitial cell hyperplasia and
adenoma in the testes in the second experiment (Fig. 6B) because the lesions were not seen in
either the PRO or DBP individual dose–response studies. However, other investigators have
reported testis interstitial cell hyperplasia and adenomas in male rat offspring after in utero
exposure to DBP [31]. This observation, coupled with the absence of Leydig cell adenomas in
F1 male rats after in utero exposure to relatively high doses of flutamide [30], a potent AR
antagonist, suggests that these testis lesions were primarily induced by DBP or the interaction
of DBP with PRO. Given that we do not have any dose–response information for the individual
chemicals in the mixture on these Leydig cell alterations, we cannot determine if the induction
of interstitial cell hyperplasia or adenoma in the testes by the PRO and DBP mixture represent
DA, RA or true synergism.

For a significant percentage of these effects in the second experiment we did not calculate DA
or RA predictions since we do not have dose–response data for one or both of the chemicals
at the high end of the dose–response curve (Figs. 1 and 6). While it would be desirable to obtain
such data on each individual chemical, we do not want to induce overt maternal or fetal toxicity
and there also are issues of solubility of a chemical and limits to the volume of the vehicle
administered by gavage.

The evidence from the two mixture studies described herein clearly indicates that chemicals
that affect the same tissue, regardless of their specific mechanism of action, display cumulative,
dose-additive effects when present in combination. This conclusion is supported by all of our
previous studies with mixtures of chemicals with diverse mechanisms of toxicity as well as
work from other laboratories. For example, the effects of a mixture of seven chemicals (four
pesticides and three phthalates) [9] and a mixture of 10 chemicals (four pesticides and six
phthalates) [10] were more accurately predicted by DA models than either RA or Integrated
Addition models. Similar results have been reported for the in utero effects of antiandrogens
by several other investigators [7,32–34]. Furthermore, the reproductive anomalies induced by
in utero exposure of male rats to DBP are exacerbated by treatment during sexual differentiation
with chemicals like dexamethasone [35] and 2,3,7,8-tetrachlorodibenzodioxin [10].

Taken together, the results of the current study suggest that a modification of the approach for
cumulative risk assessments is necessary from one based upon “common mechanism of
toxicity” to one that includes the cumulative assessment of chemicals that disrupt development
of common tissues.
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Fig. 1.
Individual chemical dose–response data for procymidone and di-n-butyl phthalate (DBP) were
analyzed using a four parameter logistic regression model with GraphPad Prism 5.0 software.
The ED50 and Hillslope values from the logistic regression analyses for anogenital distance
in neonatal male rats (AGD), retained areolas/nipples in infant male rats and malformations
(hypospadias, epididymal agenesis) and organ weights (epididymal, levator ani plus
bulbocavernosus (LABC) muscles, seminal vesicles and ventral prostate) in adult male F1 rats.
The X axes are in log10 scale.
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Fig. 2.
Logistic regression analyses of the malformation (A) and organ weight (B) data from the second
mixture experiment using nine dilutions of a mixture of procymidone and di-n-butyl phthalate
(DBP). The list of endpoints at the right of each panel displays the ED50 values for each
endpoint at the right. Abbreviations: GP—glans penis, VP—ventral prostate, SV—seminal
vesicle, LABC—levator ani bulbocavernosus muscles, COWS—Cowper’s glands, TWT—
testis weight, EPIS—epididymis, Body—body weight. The X axes are in log10 scale.
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Fig. 3.
Observed (OBS) and dose (DA) and response (RA) addition predictions on the effects of the
mixture of procymidone and DBP from experiment two on anogenital distance (AGD) at 3
days of age (A), and retained areolae/nipples in infant (B) and adult male (C) rat offspring. The
panels also include the ED50 values from the logistic regression of the observed data and the
DA and RA predicted effects. Yellow shaded values differ significantly from the observed
ED50s because the values fell outside the 95% confidence limits of the observed ED50s. For
AGD, and retained nipples in infants and adult males, DA provided a more accurate prediction
than did the RA model. However, for AGD the difference between the ED50 for DA and the
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ED50 for RA was not great. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 4.
Logistic regression plots of the observed (OBS) and dose- (DA) and response- (RA) addition
predictions on the effects of the mixture of procymidone and DBP from experiment two on the
induction of hypospadias (A), and reduced ventral prostate (B), levator ani plus
bulbocavernosus muscles (C) and seminal vesicle weights (D). The panels also include the
ED50 values from the logistic regression of the observed data and the DA and RA predicted
effects. Yellow shaded values differ significantly from the observed ED50s. These values fell
outside the 95% confidence limits of the observed ED50s. The DA but not RA model provided
an accurate prediction of the effects of the mixture on hypospadias and seminal vesicle weight
and the DA model was more accurate than the RA model in predicting ventral prostate weight
reductions. The X axes are in log10 scale. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 5.
Observed (OBS) and dose (DA) and response (RA) addition predictions on the effects of the
mixture of procymidone and DBP from experiment two on the induction of epididymal
agenesis (A) and reduced epididymal weight (B). The panels also include the ED50 values
from the logistic regression of the observed data and the DA and RA predicted effects. Yellow
shaded values differ significantly from the observed ED50s. These values fell outside the 95%
confidence limits of the observed ED50s. The DA and RA models provided predictions of
equivalent accuracy for the effects of the mixture on the epididymis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 6.
Observed effects of the individual chemicals PRO (procymidone) and di-n-butyl phthalate
(DBP) (A) and the mixture of PRO and DBP from experiment two (B) on the induction of
histopathological lesions of the testis. Abbreviations: ST degen.—seminiferous tubule
degeneration in the testis, IC—interstitial cell (Leydig cell). The panels also include the ED50
values from the logistic regression of the observed data.
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Table 3

Cumulative developmental effects in male SD rat offspring of procymidone, an AR antagonist, and the phthalate
DBP at 50 and/or 500 mg/kg-d, respectively to the dam on gestational days 14–18. Male offspring reproductive
malformation data.

Treatment Control n = 36
males

Procymidone n = 66 DBP n = 58 Procymidone and DBP n
= 45

Percent with nipples 0% 68.2 22.4 91.1

Percent witha hypospadias 0% 1.5 0 48.8a

Vaginal poucha 0% 0 0 26.7a

Bladder stonesa 0% 0 0 11.1a

Ventral prostate malformed (unilateral or complete
agenesis)a

2.8% 3.0 6.9 28.9a

Seminal vesicle malformeda 0% 0 10.3 31.1a

Coagulating gland malformed 0% 0 0   0

Testicular malformations (fluid-filled and flaccid) 0% 0 24.1 28.9

Epididymal malformations 0% 0 24.1 28.9

Percent of males with any malformationa (except
permanent nipples)

0% 7.5% 29.3 55.6a

a
Shaded indicates the percent change in the mixture group exceeds the prediction from the response addition model. n = 10 litters per dose group.
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Table 5

A comparison of the goodness of fit (R2) values from logistic regression analyses (GraphPad Prism 5.0 software)
obtained for the “best-fit” model versus the R2 values obtained when the data were constrained to the dose addition
(DA) and response addition (RA) model parameters. If either the DA or RA model perfectly predicted the effects
seen with the mixture then the R2 value would be equal to the R2 value from the “best-fit” model when the
observed data were fit to a logistic regression model using DA or RA model parameters. The difference among
“best-fit” R2 values and DA and RA R2 values indicates the lack of fit of the observed effects to the DA and RA
predictions. In all cases shown in the far right column of the table, DA R2 values were closer than RA R2 values
to the actual effects of the mixture. In some cases, the DA model was a considerably better model than was the
RA model. For other endpoints like LABC and epididymal weights (data not shown), the DA and RA R2 values
are similar, as they are for seminal vesicle weight.

Endpoint R2 “goodness of fit” of the observed data to
“best-fit”, DA and RA models

Logistic model R2

Best-fit DA RA DA > RA

Hypospadias 0.94 0.85 0.25 60%

Number of permanent nipples 0.96 0.89 0.65 24%

Seminal vesicle weight 0.89 0.83 0.65 18%

Ventral prostate weight 0.80 0.75 0.63 12%

AGD AT day 3 0.89 0.87 0.85   2%

% of 12 nipples on PND 13 0.89 0.87 0.85   2%
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