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PREFACE

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) mandates
that the Agency for Toxic Substances and Disease Registry (ATSDR) shall assess whether adequate
information on health effects is available for the priority hazardous substances. Where such information
is not available or under development, ATSDR shall, in cooperation with the National Toxicology
Program, initiate a program of research to determine these health effects. The Act further directs that
where feasible, ATSDR shall develop methods to determine the health effects of substances in
combination with other substances with which they are commonly found.

To carry out the legislative mandate, ATSDR’s Division of Toxicology (DT) has developed and
coordinated a mixtures program that includes trend analysis to identify the mixtures most often found in
environmental media, in vivo and in vitro toxicological testing of mixtures, quantitative modeling of joint
action, and methodological development for assessment of joint toxicity. These efforts are interrelated.
For example, the trend analysis suggests mixtures of concern for which assessments need to be
conducted. If data are not available, further research is recommended. The data thus generated often
contribute to the design, calibration or validation of the methodology. This pragmatic approach allows
identification of pertinent issues and their resolution as well as enhancement of our understanding of the
mechanisms of joint toxic action. All the information obtained is thus used to enhance existing or
developing methods to assess the joint toxic action of environmental chemicals. Over a number of years,
ATSDR scientists in collaboration with mixtures risk assessors and laboratory scientists have developed
approaches for the assessment of the joint toxic action of chemical mixtures. As part of the mixtures
program a series of documents, Interaction Profiles, are being developed for certain priority mixtures that
are of special concern to ATSDR.

The purpose of an Interaction Profile is to evaluate data on the toxicology of the “whole” priority mixture
(if available) and on the joint toxic action of the chemicals in the mixture in order to recommend
approaches for the exposure-based assessment of the potential hazard to public health. Joint toxic action
includes additivity and interactions. A weight-of-evidence approach is commonly used in these
documents to evaluate the influence of interactions in the overall toxicity of the mixture. The weight-of-
evidence evaluations are qualitative in nature, although ATSDR recognizes that observations of
toxicological interactions depend greatly on exposure doses and that some interactions appear to have
thresholds. Thus, the interactions are evaluated in a qualitative manner to provide a sense of what
influence the interactions may have when they do occur.

The assessments in the document are not intended to trigger a regulatory action, but rather to serve as
screening tools to assess the potential for joint toxic action of chemicals in the mixture of concern.

Literature searches for this Interaction Profile were conducted in 1999-2000, with limited updating in
2001, following peer review. This final version of the document, released in 2004, includes changes
made in response to public comments. However, no new literature searches were done.
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SUMMARY

Breast-feeding offers the developing infant the benefits of balanced nutrition and passive immunization,
but the detection of persistent, environmental chemicals in human breast milk samples from various
regions of the world has led to concerns that these chemicals may have detrimental effects on the health
and/or development of children. Chlorinated dibenzo-p-dioxins (CDDs), hexachlorobenzene, p,p’-DDE,
methylmercury, and polychlorinated biphenyls (PCBs) were selected as an important subset of persistent
chemicals detected in breast milk for the purposes of reviewing data on their joint toxic actions following

oral exposure.

Epidemiological studies in Michigan, North Carolina, New York, the Netherlands, and the Faroe Islands
found statistically significant associations between increasing concentrations of particular persistent
chemicals found in maternal fluid samples (i.e., PCBs, CDDs, p,p’-DDE, or mercury in cord serum or
breast milk) and deficits in motor and cognitive functions in children. The Netherlands and Faroe Islands
studies also demonstrated beneficial effects of breast feeding on neurological development. A study of
formula-fed monkeys exposed to a PCB mixture from birth to 20 weeks found evidence that lactational
exposure to persistent chemicals may contribute to neurodevelopmental deficits. These studies identify
mild neurodevelopmental deficits as a possible health hazard, but the results are suggestive that observed
deficits may have been associated with gestational rather than lactational exposure to persistent
chemicals. These studies do not establish causal relationships between exposure to persistent chemicals
in breast milk and neurological deficits. Furthermore, they are not useful for assessment of health hazards
specific to a community or scenarios involving exposures to mixtures of CDDs, hexachlorobenzene,

p,p’-DDE, methylmercury, and PCBs.

To facilitate exposure-based assessments of possible health effects associated with oral exposures to
mixtures of CDDs, hexachlorobenzene, p,p’-DDE, methylmercury, and PCBs in environmental media,
food, and/or breast milk, available data on the joint toxic action of mixtures of these breast milk
contaminants were reviewed, and the weights of evidence were assessed concerning the mode of joint
toxic action of pairs of the five chemicals. Only a limited amount of evidence is available on the
existence of greater-than-additive or less-than-additive interactions between a few pairs of the chemicals
of concern: (1) hexachlorobenzene potentiation of tetrachlorodibenzo-p-dioxin (TCDD) reduction of body
and thymus weights (a greater-than-additive interaction); (2) PCB antagonism of TCDD immunotoxicity

(less-than-additive interaction); (3) PCB antagonism of TCDD developmental toxicity (less-than-additive
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interaction); and (4) synergism between PCBs and methylmercury in disrupting regulation of brain levels
of dopamine that may influence neurological function and development (greater-than-additive
interaction). Weight-of-evidence analyses of these data, however, indicate that scientific evidence for
these interactions is limited and is inadequate to characterize the possible modes of joint action on these
toxicity targets. For the remaining pairs, additive joint action at shared targets of toxicity is either
supported by data (for a few pairs) or is recommended as a public health protective assumption due to
lack of interaction data, conflicting interaction data, and/or lack of mechanistic understanding to reliably
project potential non-additive interactions. Therefore, it is recommended that additivity be assumed as a
public health protective measure in exposure-based assessments of health hazards from exposure to

mixtures of these components.

A target-organ toxicity dose (TTD) modification of the hazard index approach is recommended for
carrying out exposure-based screening assessments of possible health effects from oral exposure to
mixtures of the chemicals. TTDs for the individual chemical components are derived, and application of
the approach is described. There are several reasons supporting this recommendation to use a component-
based approach. There are no direct data available to characterize health hazards (and dose-response
relationships) from mixtures containing all five components. Physiologically-based pharmacokinetic/
pharmacodynamic (PBPK/PD) models have not yet been developed that would predict pertinent target
doses of the components under scenarios involving exposure to mixtures of all five components. Finally,
available information on toxic actions of the individual components indicates that joint actions of CDDs,
hexachlorobenzene, p,p’-DDE, methylmercury, and PCBs on several toxicity targets are plausible,
including nervous system development, immune functions, reproductive organ development, and cancer.
If the screening assessment indicates a potential hazard to public health, further evaluation is needed,
using biomedical judgment and community-specific health outcome data, and taking into account

community health concerns.
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1. Introduction

The primary purpose of this Interaction Profile for chlorinated dibenzo-p-dioxins (CDDs), hexachloro-
benzene, p,p’-DDE, methylmercury, and polychlorinated biphenyls (PCBs) is to evaluate data on the
toxicology of the “whole” mixture and the joint toxic action of the chemicals in the mixture in order to
recommend approaches for assessing the potential hazard of this mixture to public health. To this end,
the profile evaluates the whole mixture data (if available), focusing on the identification of health effects
of concern, adequacy of the data as the basis for a mixture minimal risk level (MRL), and adequacy and
relevance of physiologically-based pharmacokinetic/pharmacodynamic models for the mixture. The
profile also evaluates the evidence for joint toxic action—additivity and interactions—among the mixture
components. A weight-of-evidence approach is commonly used in these profiles to evaluate the influence
of interactions in the overall toxicity of the mixture. The weight-of-evidence evaluations are qualitative
in nature, although the Agency for Toxic Substances and Disease Registry (ATSDR) recognizes that
observations of toxicological interactions depend greatly on exposure doses and that some interactions
appear to have thresholds. Thus, the interactions are evaluated in a qualitative manner to provide a sense
of what influence the interactions may have when they do occur. The profile provides environmental
health scientists with ATSDR’s Division of Toxicology (DT) recommended approaches for the
incorporation of the whole mixture data or the concerns for additivity and interactions into an assessment
of the potential hazard of this mixture to public health. These approaches can then be used with specific

exposure data from hazardous waste sites or other exposure scenarios.

Breast-feeding is widely recognized as offering the developing infant the benefits of balanced nutrition
and passive immunization against microbial infections (Pohl and Tylenda 2000), but the detection of
persistent environmental pollutants in breast milk samples from general populations in the United States,
the Netherlands, Sweden, and elsewhere has led to concerns that these chemicals may have detrimental
effects on the health and/or development of breast-fed children. Environmental chemicals that have been
detected in samples of human breast milk include mercury and methyl mercury, lead, cadmium, PCBs,
CDDs, chlorinated dibenzofurans (CDFs), brominated diphenylethers (BDES), and persistent forms of
organochlorine pesticides such as p,p’-dichlorodiphenylether (p,p’-DDE), hexachlorobenzene, mirex, and
lindane (Abadin et al. 1997; Hooper and McDonald 2000; Pohl and Hibbs 1996; Pohl and Tylenda 2000).
Chemicals that are lipophilic and resistant to metabolic degradation have a tendency to increasingly
accumulate with increasing levels of the food chain and to distribute to fatty tissue and breast milk within

the human body.



Five persistent chemicals or chemical classes detected in human milk (CDDs, hexachlorobenzene,
p,p’-DDE, methylmercury, and PCBs) were selected for the purposes of reviewing available data on their
joint actions in producing toxic effects following oral exposure. PCBs, p,p’-DDE, and hexachloro-
benzene were selected because they have been detected with very high frequency in breast milk in a
recent study of women residing in the U.S. Great Lakes region (Kostyniak et al. 1999), in a study of the
general population in North Carolina (Rogan et al. 1986a), and in a recent Canadian study of the general
population that included the Great Lakes basin (Newsome et al. 1995). It is also expected that breast milk
of fish-eating populations in the U.S. Great Lakes region may contain CDDs and methylmercury, because
these chemicals have been detected in Great Lakes fish (ATSDR 2001c). Whereas recent U.S.
monitoring studies have not focused on the presence of CDDs and methylmercury in breast milk, CDDs
have been detected in earlier U.S. studies, as well as in studies in the Netherlands, Canada, Germany,
New Zealand, Japan, and Russia (Pohl and Hibbs 1996), and methylmercury has been detected in breast
milk samples from Japan, Germany, and Sweden (Abadin et al. 1997). In addition, elevated levels of
PCBs and mercury were detected in samples of breast milk from mothers residing in the North Atlantic

Faroe Islands where the seafood diet includes pilot whale meat and blubber (Grandjean et al. 1995a).

Another reason for selecting these five chemicals is that there is a fair amount of overlap in the wide
range of endpoints or organs that these chemicals affect in humans and/or animals (see Appendices A-E,
Table 1). This overlap leads to concern that, following exposure to mixtures of the five chemicals in
breast milk or other food sources, all five may jointly act to produce altered neurological development,
suppression of immune competence, or cancer, and three (CDDs, p,p’-DDE, and PCBs) may jointly act to

alter development of reproductive organs (Table 1).

This profile begins with a brief review of recent studies designed to examine whether or not detrimental
effects on the health and/or development of breast-fed children may be associated with persistent
chemicals detected in breast milk. Available data on the joint toxic actions of the five chemicals of
concern are next reviewed. The weight of evidence is assessed concerning whether binary mixtures of
these chemicals may be expected to jointly act in additive, less-than-additive, or greater-than-additive
manners. Following the review of these data, their relevance to public health concerns associated with
exposures to mixtures of these chemicals is discussed, and recommendations are made for exposure-based

assessments of joint toxic actions of this mixture of chemicals.



Table 1. Health Effects Observed in Humans or Animals after Oral Exposure to Chemicals of
Concern. (See Appendices A, B, C, D, and E for More Details.)

Chemicals of concern?

2,3,7,8-TC | Hexachloro- | p,p’-DD Methyl-

Effects DD benzene E mercury PCBs
Wasting syndrome X X X
Kidney damage X

Liver damage X XP xP X
Immunosuppression xP X X X xP
Thyroid hormone disruption X X X
Female reproductive organ X XP X X
disruption

Male reproductive organ disruption X X X X
Neurological impairment X X X X X
Altered neurological development x° XP X XP XP

(pre- and/or post-natal)

Altered female reproductive organ X X
development

Altered male reproductive organ X xP X
development

Other developmental effects X X X X X
(malformations or fetotoxicity)

Cancer® X X X X X

2Upper case and bolded X indicates that effects have been observed in humans. Lower case and non-bolded x indicates that
effects have been observed only in animals.

PIndicates that these are the most sensitive noncancer health effects from oral exposure (i.e., they occur at lower dose levels
than other noncancer effects).

°No data are available for p,p’-DDE effects on this endpoint, but altered neurobehavior was observed in adult rats following
exposure to single oral doses of 0.5 mg p,p’-DDT/kg on postnatal day 10 (Eriksson et al. 1990, 1992).

dCarcinogenic responses have been demonstrated in animals exposed to each of the chemicals. EPA has derived oral slope
factors for humans exposed to 2,3,7,8-TCDD, hexachlorobenzene, p,p’-DDE, and PCBs based on tumor responses in animals
(see Appendices A, B, C, and E). EPA did not derive a slope factor for humans exposed to methylmercury based on evidence
that effects on the nervous system and its development would occur at exposure levels much lower than those necessary to
produce cancer (see Appendix D).




For the purposes of this profile, 2,3,7,8-TCDD, the best studied CDD, is taken to be representative of
other CDDs based on assumptions that CDDs display joint additive toxic actions that are mediated by a
common initial mechanism involving binding to the Ah receptor (Appendix A; ATSDR 1998), and that
interactions between 2,3,7,8-TCDD and other non-CDD chemicals are representative of interactions
between other CDDs and other non-CDD chemicals. Although no data were located to directly support
the second assumption, there are several observations supporting the first assumption, including: (1) acute
or subchronic exposure of rats to individual CDDs produce a similar spectrum of toxic effects (Kociba

et al. 1978; Viluksela et al. 1998a, 1998b); (2) acute oral exposure of rats to a mixture of four CDDs with
chlorination in the 2,3,7,8-positions produced decreased body weight and deaths in rats at dose levels
equivalent to dose levels of the individual components producing similar effects (Stahl et al. 1992); and
(3) 13-week oral exposure of rats to a mixture of four CDDs produced a spectrum of effects (e.g.,
decreased body weight, increased mortality, induction of hepatic ethoxyresorufin O-deethylase [EROD])
similar to effects produced by the individual CDDs at equipotent dose levels (Viluksela et al. 1998a,
1998b).

Like CDDs, oral exposure of animals to PCB mixtures elicits a broad array of effects, including a body
weight wasting syndrome involving thymic atrophy, induction of hepatic Phase | (CYP oxygenases) and
Phase Il (e.g., UDP-glucuronyltransferases) enzymes, liver damage and enlargement, porphyria, kidney
damage, immunosuppression, thyroid hormone disruption, disruption of female and male reproductive
organs, altered development of female and male reproductive organs, neurological impairment, altered
neurological development (associated with pre- or post-natal exposure), and cancer (Appendix E; ATSDR
2000). In contrast to CDDs, Ah-receptor mediation may account for only a subset of the wide array of
PCB-induced effects. There is increasing evidence from animal studies that several PCB-induced effects
may involve multiple mechanisms (ATSDR 2000; Fischer et al. 1998; Hansen 1998; Li and Hansen 1997;
Safe 1994b). PCB-induced effects that appear to predominately involve Ah-receptor dependent
mechanisms include: induction of hepatic activities of CYP1ALl, 1A2, and 1B1 (Connor et al. 1995;
Hansen 1998; Safe 1994b); body weight wasting and thymic atrophy from acute exposure (Hori et al.
1997; Safe 1994b); and porphyria and porphyria cutanea tardea (Smith et al. 1990b). PCB-induced
effects involving Ah-receptor independent mechanisms include: induction of hepatic activities of
CYP2B1, 2B2, 2A1, and 3A (Connor et al. 1995; Hansen 1998); neurological and neurodevelopmental
effects involving changes in brain dopamine levels (Seegal 1996b, 1998) and/or changes in brain cell

intracellular calcium homeostasis and related signal transduction processes (Tilson and Kodavanti 1997;
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Tilson et al. 1998; Wong and Pessah 1996, 1997; Wong et al. 1997); and tissue injury related to activation
of neutrophils (Brown and Ganey 1995; Ganey et al. 1993; Tithof et al. 1995).

The profile does not focus on a representative PCB congener (or congeners) or subclasses of PCBs to
discuss interactions with the other components of the subject mixture, because it is likely that:

(1) multiple mechanisms are involved in PCB-induced health effects; (2) different PCB congeners may
produce effects by different and multiple mechanisms; and (3) humans are exposed to complex mixtures
of PCB congeners with differing biological activities. PCB mixtures are discussed as the entity of
concern in parallel with ATSDR’s PCB MRLs, which are derived for exposure to PCB mixtures (see
Appendix E).






2. Joint Toxic Action Data for the Mixture of Concern

and Component Mixtures

2.1 Mixture of Concern

No studies were located that examined health effects in humans or animals exposed to mixtures
exclusively containing CDDs, hexachlorobenzene, p,p’-DDE, methylmercury, and PCBs. No
physiologically-based pharmacokinetic/pharmacodynamic (PBPK/PD) models were found for mixtures of
these five chemicals. There are, however, several studies designed to examine whether or not detrimental
effects on the health and/or development of breast-fed children may be associated with persistent

chemicals detected in breast milk. Review of these studies follows.

Concerns that biopersistent and lipophilic chemicals accumulating in breast milk may present health
problems offsetting benefits of breast feeding have led to studies examining possible relationships
between adverse effects in breast-fed children and chemicals detected in breast milk, and to studies
examining several health endpoints in animals following exposure to mixtures of biopersistent chemicals
during gestation and/or lactation. Biopersistent, potentially toxic chemicals that have been detected in
breast milk include PCBs, CDDs, CDFs, pesticides or their persistent metabolites such as p,p’-DDE and
hexachlorobenzene, and metals including cadmium, lead, and mercury (Abadin et al. 1997; DeKoning
and Karmaus 2000; Kostyniak et al. 1999; Newsome et al. 1995; Pohl and Hibbs 1996; Pohl and Tylenda
2000; Rogan 1996).

Results from studies examining concentrations of CDDs, p,p’-DDE, hexachlorobenzene, mercury, and
PCBs in breast milk indicate that mean or median concentrations show a 10- to 100-fold range among
studies for each of these chemicals (Table 2). This variation has been ascribed to numerous factors
including spatially and temporally related differences in exposure of individuals and groups of
individuals, differences in sampling, and differences in analytical techniques across studies (Abadin et al.
1997; DeKoning and Karmaus 2000; Pohl and Hibbs 1996; Pohl and Tylenda 2000; Rogan 1996). Breast
milk monitoring studies conducted in Sweden for the past 20-30 years indicate that exposure to certain
persistent chemicals may be decreasing during this period, but exposure to others may be increasing. For
example, average concentrations of CDDs, CDFs, and PCBs (Hooper and McDonald 2000) and p,p’-DDE
(Table 2; Pohl and Tylenda 2000) in Swedish breast milk samples have been decreasing, while levels of

polybrominated diphenyl ethers have been increasing (Hooper and McDonald 2000).



Table 2. Levels of Chemicals of Concern in Human Breast Milk Samples
from General Populations

Range of mean
or median Newborn intake via
concentrations breast milk?
Chemical (ng/g lipid) (ng/kg/day) Region Reference
CDDs and 0.013-0.028° 0.00009-0.00057¢ United States, Canada, Pohl and Hibbs
CDFs Germany, New Zealand, 1996
Japan, Russia
CDDs and 0.162-0.485" 0.00115-0.00344* South Vietnam (1970-1973) Pohl and Hibbs
CDFs 1996
Mercury 130-793° 0.922-5.625 Japan, Germany, Sweden Abadin et al. 1997
(total)
Hexachloro- | 5-63 0.035-0.447 New Zealand, Brazil, Pohl and Tylenda
benzene Arkansas, Australia, Canada, 2000
Mexico, Quebec Caucasians
Hexachloro- | 100->1,000 0.709—>7.094 France, Spain, Quebec Inuits, | Pohl and Tylenda
benzene Slovak Republic, Czech 2000
Republic
p,p’-DDE 500 3.547 Sweden 1989 Pohl and Tylenda
1,200 8.513 Sweden 1979 2000
2,000 14.188 Sweden 1967
p,p’-DDE 300—>3,000 2.128-21.281 New Zealand, Brazil, France, Pohl and Tylenda
Australia, Quebec Caucasians | 2000; Rogan
and Inuits, Arkansas, Canada, | etal.1986a
Slovak Republic, Czech
Republic, Germany, North
Carolina
PCBs 167-1,770 1.185-12.556 Japan, Quebec Caucasians and | DeKoning and
Inuits, New York, Michigan, Karmaus 2000
Netherlands, Poland, Finland,
Croatia, North Carolina

8Converted from 0.6-3.6 ug Hg/dL, using a conversion factor of 45.4 g lipid/10 dL milk (DeKoning and Karmaus 2000).
Organic forms accounted for about 7-50% of total mercury (Abadin et al. 1997).
PMeasured in 2,3,7,8-TCDD toxic equivalents (TEQs).
“Calculated, based on assumptions of 3.2 kg body weight, 45.4 g fat/L milk and 0.5 milk/day (DeKoning and Karmaus 2000),
as follows: 5 ng/g fat x 45.4 g fat/L x 0.5 L/day x 1/3.2 kg x 1 ug/1,000 ng=0.035 pg/kg/day.




Results from a North Carolina study (Gladen and Rogan 1991; Gladen et al. 1988; Rogan et al. 19864,
1986b, 1987) and a Dutch study (Huisman et al. 1995a, 1995b; Koopman-Esseboom et al. 1994a, 1994b,
1996; Patandin et al. 1998, 1999a, 1999b) of breast-fed children provide some evidence that exposure to
mixtures of biopersistent chemicals in human breast milk at exposure levels in the upper range of
background levels or exposure during gestation via placental transfer may be associated with mild neuro-
developmental delays in some children. Results from these studies are suggestive that the observed
delays may have been associated with gestational exposure rather than lactational exposure. Public health
agencies concur that the benefits of breast-feeding appear to outweigh the risks for most people (Abadin
et al. 1997; Pohl and Hibbs 1996; Pohl and Tylenda 2000; Rogan 1996).

The North Carolina study, started in 1978, measured PCBs and p,p’-DDE in breast milk, maternal serum,
and cord blood, and followed children to assess whether variability in growth, development, and duration
of lactation were associated with levels of these chemicals in breast milk at birth (Gladen and Rogan
1991; Gladen et al. 1988; Rogan et al. 1986a, 1986b, 1987). The maternal participants (n = 880) were
volunteers who were planning to deliver at one of three participating hospitals. They were not a random
sample of the North Carolina population, but were a cohort expected to have normal exposure (i.e., not
elevated relative to the general population) to biopersistent chemicals. Fifty-three percent had a college
education, 41% were professionals, 18% smoked, 40% drank alcohol at least once a week, 90% were
white with ages ranging from 16 to 41 years, 21% reported eating sport fish at least once during
pregnancy, and 88% breast-fed their child, at least to some extent (Rogan et al. 1986a). PCBs and
p,p’-DDE were detected in about 90 and 99% of breast milk samples, respectively. PCB levels were
below detection limits in most samples of cord serum (88%) and placenta (97%), whereas p,p’-DDE
levels were detected in more than 90% of cord serum and placenta samples. Amounts of PCBs and
p,p’-DDE in breast milk at birth were used as an index of maternal body burden to examine possible
relationships between prenatal exposure to these chemicals and variability in growth, development, and
duration of lactation. Median PCB and DDE levels in breast milk at birth were 1.8 and 2.4 ppm (1,770
and 2,400 ng/g fat), respectively. Levels of both chemicals in milk declined by about 20 and 40% over

6 and 18 months of lactation.

Birth weight, head circumference, and neonatal jaundice showed no association with PCB and DDE
levels in milk at birth, in a multiple regression analysis that included potential cofounding variables such
as previous pregnancies, race, sex, age, and sport-fish consumption (Rogan et al. 1986b). Multivariate
regression analyses indicated that increasing levels of PCBs and DDE in milk at birth were significantly

associated with decreasing scores on two of seven cluster scores on the Brazelton Neonatal Behavioral
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Assessment Scale administered to the newborn infants within 3 weeks of delivery (Rogan et al. 1986b).
The affected scores were for tonicity involving measures of motor maturity (i.e., general muscle tone,
pull-to-sit, activity, and defensive movements) and for reflexes (20 physical reflexes were assessed).
Mothers with the highest levels of PCBs or DDE in milk had shorter median durations of lactation (13 or
10 weeks, respectively) than mothers with the lowest levels of these chemicals (26 weeks), but, in
multivariate regression analyses, the association between PCB or DDE levels and duration of lactation
was not significantly significant (Gladen et al. 1988). No statistically significant associations were found
between levels of PCBs or DDE in milk and weight gain or frequency of illness-related physician visits
for the children in the first year after birth (Rogan et al. 1987). Children were also assessed with the
Bayley Scales of Infant Development at 6, 12, 18, and 24 months (Gladen et al. 1988; Gladen and Rogan
1991). Multivariate regression analyses indicated that decreasing psychomotor development index scores
at 6 and 12 months of age, but not mental development index scores, were significantly associated with
increasing PCB levels in milk at birth (Gladen et al. 1988). Psychomotor scores at 6 and 12 months were
not significantly associated with p,p’-DDE levels in milk at birth, or with measures of postnatal PCB or
p,p’-DDE exposures (Gladen et al. 1988). At 18 and 24 months of age, scores for psychomotor or mental
development were not statistically significantly associated with measures of prenatal or postnatal
exposure to PCBs or p,p’-DDE (Gladen and Rogan 1991).

The Netherlands study, started in 1990, measured PCBs in cord and maternal plasma sampled in the last
month of gestation and PCBs and CDDs in breast milk sampled in the second week after delivery and
followed children to assess whether variability in birth size, growth, neurological development, and
thyroid hormone status could be associated with levels of these chemicals in the biological fluids
(Huisman et al. 1995a, 1995b; Koopman-Esseboom et al. 1994a, 1994b, 1996; Lanting et al. 1998a,
1998b; Patandin et al. 1998, 1999a, 1999b). The study population included 418 mother/child pairs: 207
pairs from Rotterdam (105 breast-fed and 102 formula-fed) and 211 pairs from Groningen (104 breast-fed
and 107 formula-fed). Plasma samples were analyzed for four PCB congeners assessed as non-planar
(2,3',4,4' 5-pentachlorobiphenyl, 2,2', 3,4,4',5'- and 2,2',4,4',5,5'-hexachlorobiphenyl, and

2,2',3,4,4' 5,5'-heptachlorobiphenyl). Milk samples were analyzed for 17 2,3,7,8-substituted CDDs and

CDFs, 3 PCBs assessed as planar and 23 PCBs assessed as non-planar (Huisman et al. 1995a).

Within 4 weeks of birth, newborns from the Rotterdam and Groningen groups were examined for
neurological deficits and assigned a reflex score (based on 10 reflex measures ), a postural tone score
(based on 11 muscle tone measures), and a neurological optimality score (based on 60 neurological

measures) (Huisman et al. 1995a). Logistic regression analyses that adjusted for potential confounding
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variables such as maternal age, smoking, and alcohol consumption indicated that scores for reflex,
postural tone, and neurological optimality were not significantly associated with levels of the four non-
planar PCBs in maternal or cord plasma (Huisman et al. 1995a). In contrast, significant associations were
found for increased incidence of non-optimal neurological scores and increased breast milk levels of 5/7
CDDs, 2/10 CDFs, 1/3 planar PCBs, and 10/23 non-planar PCBs (including 7/17 diortho-substituted
PCBs) (Huisman et al. 1995a). Increasing incidence of postural tone scores assessed as hypotonia was
significantly associated with increasing breast milk levels of planar PCBs expressed as TCDD toxicity
equivalents (i.e., TEQs), but no significant associations were found between reflex scores and breast milk
levels of PCBs or other analyzed chemicals (Huisman et al. 1995a). Multivariate regression analysis of
the results of a 57-item examination focusing on motor functions of the children at 18 months of age
indicated that decreasing neurological optimality scores were significantly associated with increasing
levels of PCBs in cord plasma, but no significant associations were found between neurological

optimality scores and breast milk levels of PCBs and/or CDDs (Huisman et al. 1995b).

Children from the Rotterdam group were also assessed for mental and psychomotor development using
the Dutch version of the Bayley Scales of Infant Development at 3, 7, and 18 months of age (Koopman-
Esseboom et al. 1996). Multivariate regression analyses that included potential confounding variables
such as maternal education found no significant association at 3, 7, or 18 months between mental
development scores and levels of four PCBs in maternal or cord plasma, levels of PCBs in breast milk, or
levels of total PCB and dioxin TEQs in breast milk. At 3 months of age, decreasing psychomotor
development scores were significantly associated with increasing PCB levels in maternal plasma, but this
relationship was not statistically significant at 7 or 18 months. Multivariate regression analyses revealed
no significant associations between psychomotor scores at 3, 7, or 18 months and breast milk levels of
PCBs or total PCB and dioxin TEQs. At 7 months of age, increasing duration of breast feeding was
significantly associated with increasing psychomotor development scores and mental development scores

(Koopman-Esseboom et al. 1996).

Neurological status was also assessed in children from the Rotterdam and Groningen groups at 42 months
of age (Lanting et al. 1998a, 1998b; Patandin et al. 1999a, 1999b). A neurological optimality score for
each child was determined based on a 56-item examination focusing on motor functions (Lanting et al.
1998a, 1998b). Multivariate regression analyses showed no significant associations between neurological
optimality score based on motor functions and PCB levels in maternal or cord plasma or levels of dioxins,
PCBs, or PCB and dioxin TEQs in breast milk (Lanting et al. 1998a, 1998b). A beneficial effect of breast

feeding was found on tests of fluency of movements (Lanting et al. 1998b). Cognitive abilities were also
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assessed at 42 months using the Kaufman Assessment Battery for Children (Patandin et al. 1999a).
Multivariate regression analyses showed a statistically significant association between decreasing scores
on all three scales of the examination and increasing concentrations of PCBs in maternal plasma sampled
during gestation, but no statistically significant associations were found between cognitive scores and
breast milk levels of non-dioxin-like PCBs or total PCB and dioxin TEQs (Patandin et al. 1999a). The
breast-fed group of children at 42 months of age showed a higher median plasma concentration of four
sentinel PCBs (0.75 pg/L; range=0.23-5.90) than the median concentration (0.21 pg/L; range=0.08-0.46)
of the formula-fed children (Patandin et al. 1999b), but no significant associations were found between
cognitive scores and children’s plasma PCB levels at 42 month of age (Patandin et al. 1999a). The
authors concluded that (1) in utero exposure to PCBs was associated with poorer cognitive functioning at
42 months; (2) maternal PCB body burden should be reduced; and (3) breast-feeding should not be
discouraged (Patandin et al. 1999a).

Other findings from the Dutch study include:

e statistically significant associations between increasing cord and serum levels and decreasing
birth weight or growth rate from birth to 3 months, but no significant association between breast
milk levels of PCBs or dioxins (at 2 weeks after birth) and birth weight or 3-month postnatal
growth rates (Patandin et al. 1998);

e significant associations between increasing PCB and dioxin TEQ levels in breast milk and
decreasing maternal plasma levels of triiodothyronine (T,) or thyroxine (T, ) or increasing plasma
levels of thyroid stimulating hormone (TSH) in infants at 2 weeks and 3 months after birth

(Koopman-Esseboom et al. 1994a); and

e no statistically significant associations between PCB levels in maternal or cord plasma or PCB
levels in milk and symptoms of respiratory tract infection of the infants in the first 18 months of
life or levels of antibodies to mumps, measles, or rubella, but significant associations between
changes in T cell subpopulations in the infants at 18 months of age and levels of PCB and dioxin
TEQs in maternal or cord plasma (Weisglas-Kuperus et al. 1995).

The neurological effects observed in the North Carolina and Dutch studies were somewhat similar.
Neurological deficits associated with motor function in the Bayley Scales of Infant Development were
associated with increasing levels of persistent chemicals in cord serum or breast milk samples only at

birth or ages <18 months. Assessments at later ages up to 42 months found no significant associations
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between decreasing motor function scores and increasing concentrations of persistent chemicals in
maternal milk at birth. The Dutch study also assessed cognitive function in the Kaufman Assessment
Battery for Children at 42 months; significant associations were found for decreasing scores with
increasing indices of prenatal exposures to PCBs, CDDs, and CDFs, but not with increasing indices of
post-natal exposure. The Dutch study was also designed to compare breast feeding with formula feeding
and found an advantageous effect of breast feeding on fluency of movement at 18 and 42 months.
Members of both groups of investigators recommended that breast feeding should not be discouraged, but
that maternal exposures to toxic persistent environmental chemicals should be reduced (Patandin et al.
1999b; Rogan 1996).

Prospective studies of children whose mothers frequently consumed Lake Michigan (Jacobson and
Jacobson 1996; Jacobson et al. 1984, 1985, 1990a) or Lake Ontario (Lonky et al. 1996; Stewart et al.
1999, 2000b) sport fish contaminated with complex mixtures of persistent chemicals found statistically
significant associations between prenatal exposure to PCBs (the only chemicals investigated) from
maternal consumption of fish and deficits in neonatal behavioral development (Jacobson et al. 1984;
Lonky et al. 1996; Stewart et al. 1999, 2000b), in short-term memory during infancy (Jacobson et al.
1985), in short-term memory during early childhood (Jacobson et al. 1990a), and in general intellectual
ability during early school years (Jacobson and Jacobson 1996). Due to several study design limitations,
the weight of the evidence from these studies is insufficient to establish causal relationships between fish
consumption and adverse health effects in humans, but the hypothesis of a possible association between
PCB exposure from maternal Great Lakes fish consumption and altered childhood neurological
development is plausible based on the findings. Other hypotheses, however, have been proposed,
including the possible involvement of other persistent chemicals in contaminated fish or synergistic
interactions between PCBs and other neurotoxicants in fish. (See the ATSDR [2001c] Interaction Profile
on Persistent Chemicals Found in Fish for more detailed discussion of these and other studies on possible

associations between health effects and consumption of contaminated fish.)

A cohort study of neurobehavioral development in children of mothers residing in the North Atlantic
Faroe Islands where pilot whale meat and blubber are components of the diet reported that mild deficits in
neuropsychological development of the children at 7 years of age were associated with increasing
mercury concentrations in maternal cord blood (Grandjean et al. 1997). In a companion nested matched
case-control study, average neuropsychological performance of children whose mothers had a hair-
mercury concentration of 10-20 pg/g was compared with that of “control” children whose mothers had

hair concentrations below 3 ug/g (Grandjean et al. 1998). The case group showed mild cognitive deficits,
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compared with controls, in the domains of motor function, language, and memory (Grandjean et al. 1998).
The design of these studies precluded determining the possible contribution of postnatal exposure to
neurotoxicants in breast milk or other components of the postnatal diet. More detailed discussion of these
studies can be found elsewhere (ATSDR 1999b). In contrast, the early attainment of the ability to sit,
creep, and stand in Faroe Island infants through 12 months of age was associated with breast feeding,
which was associated with increased hair-mercury concentrations (Grandjean et al. 1995b). In addition,
infants who reached these developmental milestones early had significantly higher hair-mercury
concentrations than children who attained them later. These results suggest that although breast feeding
may have led to higher mercury exposure, the benefits of breast feeding may have offset or masked

possible neurodevelopmental effects from mercury.

Although the epidemiological studies point to gestational exposure to persistent toxic chemicals being
more important than lactational exposure in affecting neurological development, a study of monkeys
found long-term, exposure-related behavioral deficits in formula-fed monkeys exposed to PCBs from
birth to 20 weeks (Rice 1997, 1998, 1999a, 1999b; Rice and Haywood 1999). Male monkeys were given
oral doses of 0 or 7.5 pg/kg/day of a PCB mixture in a liquid diet formula. The mixture contained

15 congeners representing about 80% of the PCB content of Canadian samples of human breast milk;
relative concentrations in the mixture were similar to those in human milk (Arnold et al. 1999; Rice
1997). Monkeys were hand-reared from birth and received only the liquid diet during the first 2 weeks.
The liquid diet was supplemented with solid food during the remaining 18 weeks of exposure. Monkeys
were assessed between 2.5 and 5 years of age for performance on a series of behavioral tasks. Exposed
monkeys showed blood concentrations of PCBs at the end of exposure (1-3 ppb) that were within the
range (2—10 ppb) of values for general human populations (Rice 1999a). Daily PCB intakes of the
exposed monkeys were within the range of estimates of human newborn PCB intakes from breast milk
cited in Table 2. Exposed monkeys showed deficits in a spatial delay alternation task with no indication
of a deficit in spatial memory per se and performance deficits on a fixed interval schedule of
reinforcement. Rice (2000) discussed the parallels between the features of attention deficit hyperactivity
disorder (ADHD) in human children and the deficits noted in PCB- and lead-exposed monkeys (impaired
discrimination reversal and spatial delayed alternation performance and impaired performance on a fixed
interval schedule of reinforcement). Rice (1999a) concluded that “these results have implications for the
potential contributions of exposure to PCBs through breast milk to later impairment in cognitive

function”.
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2.2 Component Mixtures

No studies were located that examined health effects in humans or animals exposed to four- or three-
membered mixtures of the five components of concern. No PBPK/PD models were found for four-,
three-, or two-membered mixtures of these chemicals. The following subsections present evaluations of
health effects data and discussions of mechanistic information pertinent to the joint toxic action of each

pair of components.

2.2.1 2,3,7,8-TCDD and Hexachlorobenzene

No studies were located that compared effects on health endpoints following oral exposure to binary
mixtures of 2,3,7,8-TCDD (or other CDDs) and hexachlorobenzene with effects following exposure to

the compounds alone.

Hexachlorobenzene competitively inhibited the binding of 2,3,7,8-TCDD to Ah-receptor sites in in vitro
rat hepatic cytosol preparations (Hahn et al. 1989). The affinity of hexachlorobenzene for the Ah receptor
was about 10,000-fold lower than that of 2,3,7,8-TCDD. Rats fed a diet containing 3,000 ppm hexa-
chlorobenzene for 4-7 days showed a decrease in TCDD-binding specific activity in hepatic cytosol
preparations compared with activity in preparations from control rats (Hahn et al. 1989). The decrease
was principally due to a decrease in the number of Ah-receptor-binding sites in the cytosol (Hahn et al.
1989). Such a decrease in cytosolic Ah-receptor levels has been observed following administration of
other Ah receptor ligands (such as TCDD and 3-methylcholanthrene) and has been proposed to be due to

movement of ligand-receptor complexes into the nucleus (see Appendix A).

In immature rats given single intraperitoneal doses of hexachlorobenzene (400 umole/kg in corn oil =
113.9 mg/kg), two days before injection of 10 or 30 pg/kg doses of 2,3,7,8-TCDD in corn oil, decreases
in body weight gains and relative thymus weights, compared with controls, were much larger than in rats
given 10 or 30 pg/kg 2,3,7,8-TCDD (0.031 or 0.093 umole/kg) alone (Li et al. 1989). For example,

13 days after injection of 30 pg/kg TCDD, rats with hexachlorobenzene pretreatment had lost an average
of about 10 grams of body weight and had an average relative thymus weight <0.01% of body weight
(some of the rats in this group were athymic) compared with a body weight gain of about 40 grams and a
relative thymus weight of 0.15% in rats given 30 ug/kg 2,3,7,8-TCDD alone. During this 13-day period,
control rats showed a body weight gain of 80 grams and relative thymus weight of 0.25%. Single doses

of hexachlorobenzene alone, as high as 3,000 umole/kg, had no effect on body weight gain or relative
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thymus weight.

Because hexachlorobenzene exposure alone showed no effects on body weight gain or thymus weight, the
data appear to indicate that hexachlorobenzene pretreatment potentiates these effects of 2,3,7,8-TCDD,
which have been proposed to be mediated via the Ah receptor. Three days after injection of

400 umole/kg hexachlorobenzene, cytosolic levels of the Ah receptor in the thymus, lung, and kidney
(but not in the liver) were decreased by about 50% compared with vehicle controls. After 14 days,
thymic Ah receptor levels returned to levels similar to control levels, but remained depressed in the lung
and kidney. Li et al. (1989) also observed that sole administration of hexachlorobenzene or TCDD
induced hepatic cytochrome P450 (CYP) enzyme activity levels (arylhydrocarbon hydroxylase [AHH]
and ethoxyresorufin O-deethylase [EROD]) that persisted 15 days after dose administration, but enzyme
levels induced by hexachlorobenzene at the maximum level tested (3,000 pmole/kg) were 50% lower than
maximum levels induced by 30 ng/kg 2,3,7,8-TCDD. Li et al. (1989) noted that the mechanistic
significance of hexachlorobenzene-induced changes in Ah receptor levels, CYP enzyme induction

patterns, and potentiation of 2,3,7,8-TCDD toxicity was unknown.

One possible expectation of the effect of a hexachlorobenzene pretreatment, or simultaneous exposure to
large doses of hexachlorobenzene and small doses of 2,3,7,8-TCDD, is that, by depleting cytosolic levels
of the Ah receptor, hexachlorobenzene may inhibit formation of TCDD-Ah receptor complexes and
subsequent development of TCDD toxic effects. This is the opposite, however, of what was observed in
the Li et al. (1989) rat study. Subsequent studies providing confirming evidence for hexachlorobenzene
potentiation of acute TCDD toxicity and a plausible mechanistic explanation were not located. One
possible partial explanation of the observation is that the potentiation may involve hexachlorobenzene
interacting with some unidentified component, other than the Ah receptor, of the mechanism by which

acute exposure to TCDD produces body weight wasting and thymic atrophy.

It is unknown if the apparent potentiation of TCDD toxicity by hexachlorobenzene is dependent on the
absolute dose levels of the two agents. TCDD alone at the tested dose levels produced impaired body
weight gain and decreased thymus relative weights, whereas hexachlorobenzene alone, at dose levels up
to 7- to 8-fold higher than the dose which was potentiating, was without effect on these endpoints. Other
animal studies have reported that oral exposure to hexachlorobenzene can produce thymic atrophy and
decreased body weight gain that may be similar to the wasting syndrome produced by 2,3,7,8-TCDD
(Barnett et al. 1987; Courtney 1979; Smith et al. 1987; Vos 1986), but intraperitoneal doses of hexa-

chlorobenzene alone that were examined in the Li et al. (1989) study were not high enough to cause these
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effects in the rat strain that was studied. Other issues of uncertainty regarding the observed apparent

potentiation include whether it is dependent on:

the sequence of exposure (will it also occur with simultaneous exposure to TCDD and hexa-

chlorobenzene?);

e the relative dose levels of the two compounds (the potentiating dose of hexachlorobenzene was
approximately 4,000- or 13,000-fold greater than the dose levels of TCDD on a pmole/kg

basis—is this a requirement for the apparent potentiation?);

e the duration and route of exposure (will long-term co-exposure to oral hexachlorobenzene and

TCDD produces the same potentiation as acute, intraperitoneal exposure?); and

e the type of TCDD-induced effect. (For example, although hexachlorobenzene potentiated
TCDD-induced thymic atrophy, it is uncertain that hexachlorobenzene will potentiate TCDD
immunosuppression. In humans, childhood and adult thymectomy produces no adverse effects on
immune function. In addition, thymectomy of adult animals did not modify TCDD-induced
suppression of antibody response to sheep red blood cells, and suppression of immune responses
occurred at dose levels significantly lower than those required to produce thymic atrophy in adult

animals [see Kerkvliet 1994 for review]).

In summary, an acute intraperitoneal administration study of rats found that pretreatment with hexa-
chlorobenzene potentiated 2,3,7,8-TCDD-induced effects on body weight and thymus weight (Li et al.
1989), but the study design has several limitations (e.g., incomplete characterizations of the dose-response
relationships for the individual compounds and dependence of the apparent potentiation on relative dose
levels) that do not allow a full characterization of the possible potentiation of hexachlorobenzene on these
TCDD effects. No additional studies were located that further examined or replicated this effect, and a

plausible mechanistic explanation of the reported potentiation is not readily apparent.

Studies designed to examine the possible influence of 2,3,7,8-TCDD on hexachlorobenzene toxicity were
not located, and mechanistic understanding is inadequate to support a reliable projection of the mode of
joint action of CDDs and hexachlorobenzene on any toxicity target. Oxidative metabolism of hexachloro-
benzene is important to the expression of hexachlorobenzene induction of hepatic porphyria and perhaps

other hexachlorobenzene-induced effects, but the involvement of the parent material in some effects has
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also been proposed (e.g., thyroid disruption; see van Raaji et al. 1993 and Appendix B). 2,3,7,8 TCDD is
well known as a potent inducer of CYP1A isozymes (Kohn et al. 1996), but studies of the effects of tri-
acetyloleandomycin (TAQ), a selective inhibitor of CYPIIIA, in rats indicate that CYPIIIA enzyme
activities are important for the expression of hexachlorobenzene hepatic porphyria (den Besten et al.
1993). den Besten et al. (1993) postulated that uroporphyrinogen decarboxylase is inhibited by an as yet
unidentified reactive intermediate that is formed in the liver during the CYPIIIA-catalyzed transformation
of hexachlorobenzene to pentachlorophenol, based on observations that repeated exposure of rats to high
doses of pentachlorobenzene (which is also metabolized to pentachlorophenol and tetrachlorohydro-
quinone) did not induce porphyria. Even if TCDD can induce enzymes involved in the metabolism of
hexachlorobenzene, capabilities of downstream enzymes (e.g., Phase Il enzymes) might be sufficient, or
may also be induced, so that increased concentrations of toxic metabolites may not occur with co-

exposure to TCDD relative to hexachlorobenzene alone.

Mechanistic understanding of other hexachlorobenzene-induced health effects (such as neurological
effects, decreased circulating levels of thyroid hormones, and disruption of female reproductive organs) is
insufficient to clearly indicate whether TCDD induction of CYP or Phase Il enzymes involved in hexa-
chlorobenzene metabolism will influence hexachlorobenzene toxicity. Although it is known that hexa-
chlorobenzene can bind to the Ah receptor in vitro with an affinity that is 10,000-fold less than
2,3,7,8-TCDD (Hahn et al. 1989), the degree to which the Ah receptor is involved in the expression of

hexachlorobenzene toxicity is unknown.

A brief summary of the toxicological interaction data for 2,3,7,8-TCDD and hexachlorobenzene is

provided in Table 3.



Table 3. Summary of Available Data on the Influence of 2,3,7,8-TCDD on Toxicity/Carcinogenicity of Hexachlorobenzene and the
Influence of Hexachlorobenzene on Toxicity/Carcinogenicity of 2,3,7,8-TCDD by Sequential Exposure
Results
Duration Endpoint Greater than additive Additive/no effect Less than additive Conclusions References
Intraperitoneal Exposure (mg/kg/day)
2,3,7,8-TCDD Influence on Toxicity/Carcinogenicity of Hexachlorobenzene
Acute thymus and 0.010 or No apparent Lietal. 1989
body weight 0.030+113.9% (r)° interaction, but hexa-
chlorobenzene
treatment alone at
doses tested was
without effect on these
endpoints.
Hexachlorobenzene Influence on Toxicity/Carcinogenicity of 2,3,7,8-TCDD
Acute thymus and 113.9+0.010 or 0.030* Greater than additive Lietal. 1989

body weight Ok

®First dose listed is for the chemical influencing the other chemical’s toxicity/carcinogenicity.
PSpecies code: r = rat
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2.2.2 2,3,7,8-TCDD and p,p’-DDE

2,3,7,8-TCDD and p,p’-DDE have both been demonstrated to disrupt the development of the male rat
reproductive system (i.e., cause antiandrogenic effects) and are thought to disrupt development by
different mechanisms (see Table 1 and Appendices A and C). Administration of single doses of
2,3,7,8-TCDD as low as 0.16-1 ug/kg to pregnant rats on gestation day 15 (a treatment that is thought to
produce in utero and lactational exposure of offspring) produced a host of effects on the reproductive
system of male offspring without affecting plasma androgen levels (Bjerke et al. 1994; Gray et al. 1997;
Roman et al. 1995, 1998a, 1998b). Observed antiandrogenic effects include decreased accessory sex
organ weights including prostate, decreased daily sperm production, and decreased cauda epididymal
sperm number; decreased responsiveness of the adult prostate to androgenic stimulation; shortened
anogenital distance, and decreased messenger ribonucleic acid (MRNA) levels of prostatic androgen-
regulated genes. It has been hypothesized that 2,3,7,8-TCDD, via an initial interaction with the Ah
receptor, may indirectly affect androgen signaling by altering growth factor pathways, but specific
molecular events have not been determined (Gray et al. 1995; Roman et al. 1998b). Antiandrogenic
effects observed in male offspring rats following in utero and lactational exposure to p,p’-DDE include
shortened anogenital distance, increased nipple retention, decreased prostate weight and cauda epididymal
sperm number, and delayed attainment of puberty (see Loeffler and Peterson 1999 for review). These
effects, like those from 2,3,7,8-TCDD, are observed without changes in circulating androgen levels, but
p,p’-DDE is a direct competitive inhibitor of ligand binding to the androgen receptor (Kelce et al. 1995,
1997), whereas 2,3,7,8-TCDD is not expected to interfere with androgen receptor-ligand binding (Roman
et al. 1998D).

Co-exposure of pregnant rats to oral doses of 2,3,7,8-TCDD and p,p’-DDE in a corn oil (95%)/ acetone
(5%) vehicle produced a statistically significant greater percentage reduction in the average relative
weights of the ventral or dorsolateral prostates of male offspring at weaning (65 and 70% of controls at
postnatal day 21, respectively), compared with TCDD exposure alone (81 and 86% of controls) or
p,p’-DDE exposure alone (83 and 83% of controls) (Loeffler and Peterson 1999). The effects of these
compounds alone or in combinations on prostate weight were transient (observed at 21 postnatal days)
and were not observed at postnatal days 49 or 63. Pregnant rats were exposed to 0.25 pg 2,3,7,8-TCDD
alone/kg on gestation day 15, 100 mg p,p’-DDE alone/kg on gestation days 14-18, or a combination of
these two protocols. As expected, serum levels of androgens (3-alpha diol, testosterone) in male offspring
were not affected (compared with controls) by in utero and lactational exposure to either chemical alone

or to the mixture. Cauda epididymal sperm numbers at postnatal day 63 in male offspring were
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significantly decreased by exposure to 2,3,7,8-TCDD or p,p’-DDE alone (decreased by 16.7 or 17.6%
compared with controls, respectively), but mixed exposure did not significantly decrease the number
further (22%). Patterns of immunostaining with anti-androgen receptor antibody in prostate tissue of
male offspring exposed to the mixture showed qualitative characteristics of the effects of both compounds
individually. Several other measures of antiandrogenic activity were examined, but no significant
exposure-related effects were observed in any of the exposed groups. These endpoints have been
demonstrated to be affected in male rat offspring at dosage levels of 2,3,7,8-TCCD or p,p’-DDE higher
than those used in this study and included anogenital distance, age of puberty, weights of other accessory
sex organs (seminal vesicles, epididymides, and testes), daily sperm production at postnatal days 49 or 63,

and prostate levels of MRNA for several androgen-regulated genes.

The authors variously referred to the response on prostrate weight to the mixture of TCDD and p,p’-DDE
as augmented, potentiated, and additive, but acknowledged that the design of the study is inadequate to
make definitive conclusions regarding the mode of joint action (additive, greater-than-additive, or less-
than-additive) (Loeffler and Peterson 1999). To conduct a more rigorous examination, the authors noted
that “several doses of each compound would have to be tested in various combinations (i.e., isobolo-
graphic design)”. A simple non-statistical analysis of the data provides a rough indication that the organ
weight response to the mixture may be explained by additivity, but the reliance on an assumption of a
linear dose-response relationship in this analysis and the lack of a statistical test precludes discarding the
possibility of greater-than-additive or less-than-additive joint action on this endpoint. In this analysis, the
differences in the average 21 day postnatal relative prostate weights for the TCDD alone group and the
control group mean (about 0.11 mg/g body weight calculated from data in Figure 3 of Loeffler and
Peterson 1999) and the p,p’-DDE group mean and the control mean (about 0.12 mg/g body weight) are
summed (0.23 mg/g body weight) and compared with the change in relative prostate weight produced by
the mixture (about 0.20 mg/g body weight). The predicted “additive” response of the individual
components (0.23 mg/g body weight) is similar to the observed response to the mixture (0.20 mg/g body
weight), but application of statistical tests (that account for experimental and biological variability) to

compare these values is not possible.

The sum of changes in relative prostate weights induced by 2,3,7,8-TCDD and p,p’-DDE alone compared
with the response to the binary mixture suggests that these compounds may additively affect male rat
prostate weight development, but more definitive tests of this hypothesis would require an experimental
design with several doses of each compound and a statistical test of additivity. The available results

provide no evidence for marked synergistic or antagonistic interactions between concurrent oral exposure



to doses of 2,3,7,8-TCDD and p,p’-DDE. Mixed exposure did not affect several other measures of
antiandrogenic activity that have been demonstrated to be adversely affected by doses of the individual

compounds higher than those used in this study.

A brief summary of the toxicological interaction data for 2,3,7,8-TCDD and p,p’-DDE is provided in
Table 4.
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Table 4. Summary of Available Data on the Influence of 2,3,7,8-TCDD on Toxicity/Carcinogenicity of p,p’-DDE and
the Influence of p,p’-DDE on Toxicity/Carcinogenicity of 2,3,7,8-TCDD by Simultaneous Exposure

Results
Duration Endpoint Greater than additive | Additive/no effect Less than additive Conclusions References
Oral Exposure (mg/kg/day)
2,3,7,8-TCDD Influence on Toxicity/Carcinogenicity of p,p’-DDE
Acute prostate weights 0.00025+1007 (r)° Additive action is Loeffler and
in offspring suggested, but the study 