PCBs 33

3. HEALTH EFFECTS

Contents of Chapter 3

Introduction, 33 Health Effects in Wildlife Potentially Relevant to
Discussion of Health Effects, 90 Human Health , 285

Death, 90 Toxicokinetics, 295

Systemic Effects, 92 Absorption, 296
Respiratory, 92 Distribution, 305
Cardiovascular, 94 Metabolism, 316
Gastrointestinal, 97 Elimination and Excretion, 322
Hematological, 99 Physiologically Based Pharmacokinetic
Musculoskeletal, 102 (PBPK)/Pharmacodynamic (PD) Models, 336
Hepatic Effects, 103 Mechanisms of Action, 348
Renal Effects, 120 Endocrine Disruption, 372
Endocrine Effects, 122 Children’s Susceptibility, 380
Dermal Effects, 136 Biomarkers of Exposure and Effect, 394
Ocular Effects, 141 Interactions with Other Chemicals, 401
Body Weight Effects, 144 Populations That Are Unusually Susceptible, 410
Other Systemic Effects, 146 Methods for Reducing Toxic Effects, 411

Immunological and Lymphoreticular Effects, 146 ~ Adequacy of the Database, 413
Neurological Effects, 165

Reproductive Effects, 202

Developmental Effects, 227

Genotoxic Effects, 246

Cancer, 251

3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology and epidemiology of
polychlorinated biphenyls (PCBs). It contains descriptions and evaluations of toxicological studies and
epidemiological investigations, as well as toxicokinetic and other kinds of data pertinent to assessing the
health effects of PCBs. Conclusions on the relevance of this information to public health, where possible,

are discussed in Chapter 2 (Relevance to Public Health).

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

The health effects of PCBs have been extensively tested. Most studies investigated commercial PCBs
mixtures that were produced in the United States before 1977 under Aroclor trade names. Health effects
studies are also available for PCB mixtures produced in foreign countries. Among the most common
tested foreign commercial PCB mixtures are Kanechlors, which were produced in Japan, and Clophens,

which were produced in Germany. As in the United States, PCBs are no longer produced in Japan or
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Germany. Foreign PCB mixtures differed from Aroclors mainly in percentages of individual chlorinated
biphenyls, method of production, and level of contaminants. As discussed in Chapter 4, commercial PCB
mixtures are comprised of various PCB congeners (there are 209 possible individual chlorinated
biphenyls), as well as contaminants from the manufacturing process, particularly chlorinated
dibenzofurans (CDFs). Information regarding the numbering system for PCBs and other chemical terms
used to define the position of the chlorines on the biphenyl structure are provided in Chapter 4. The
acronym PCBs is a general term used to refer to any commercial or other kind of mixture of congeners,

such as environmental mixtures or animal tissue residues.

Evaluation of the health effects of PCB mixtures is complicated by numerous factors, particularly their
congeneric composition, since ultimately, the toxicity of the mixture is due to the toxicity of the
individual congeners, their interactions, and interactions with other structurally related chemicals such as
CDFs and dioxins. For example, lot-to-lot differences in the congener distribution of commercial PCBs
have been reported, which could contribute to some variations in toxicity observed among studies. The
degree of CDF contamination is also a consideration in assessing the toxicity of commercial PCBs,
because reported concentrations of CDFs varied among Aroclor formulations as well as with time period
of manufacture. Concentrations of CDFs usually were higher in the Japanese and European PCBs than in
Aroclors, and PCBs manufactured in the late 1970s had lower levels of contaminates than those produced
earlier. In general, this profile is concerned with effects of PCBs in the presence of minimal CDF
contamination. However, most health effects studies of PCB mixtures did not determine or report purity,
or provide lot numbers that could be used to locate information on CDF contamination or congener
distribution. Toxicological data for Kanechlors and Clophens are included in this chapter when these data
provide information on effects that are not fully characterized for Aroclors because effects produced by
Aroclors, Kanechlors, and Clophens are generally considered to be similar, at least for mixtures with
equivalent percentages of chlorine (Kimbrough 1987). In addition, the lowest observed adverse effect
levels for commercial PCB mixtures have been determined with Aroclors. Selected toxicity and
mechanistic data on individual chlorinated biphenyl congeners also are included in this chapter because
this information is potentially useful for assessing health effects and interactions of environmental

mixtures of PCBs.

Using current health effects evaluation procedures, toxicity data for individual congeners may over- or
underestimate the actual risk of PCB mixtures because the toxicity of congeners may be influenced by
other congeners and chemicals in an additive, more than additive (synergistic), or less than additive

(antagonistic) way. As discussed in Chapter 2 (Section 2.3), the current approach to assessing risks uses a
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commercial mixture (Aroclor 1254) and an experimental mixture (a formulation representing the

congeners found in breast milk) to develop health guidance values for environmental exposure to PCBs.

Information on health effects of PCBs in humans is available from studies of people exposed
occupationally, by consumption of contaminated rice oil in Japan (the Yusho incident) and Taiwan (the
Yu-Cheng incident), by consumption of contaminated fish and other food products of animal origin, and
via general environmental exposures. As discussed in Chapter 6, people are environmentally exposed to
PCBs that differ from commercial PCB mixtures due to changes in congener and impurity composition
resulting from processes such as volatilization and other kinds of partitioning, chemical or biological
transformation, and preferential bioaccumulation. Due to their stability and lipophilicity, PCBs usually
accumulate in higher food-chain organisms and are stored in fatty tissues. Food consumption has been
and continues to be the major source of body burden of PCBs in the general population. There is
evidence that diets high in fish from PCB-contaminated waters, such as those in the Great Lakes and

St. Lawrence River basins, can significantly increase a person’s dietary intake of PCBs. Breast-fed
infants of mothers who have diets high in contaminated fish may have a particularly increased risk for

PCB exposure due to its presence in the milk.

PCBs are 1 of 11 persistent toxic substances that have been identified as critical Great Lakes pollutants by
the International Joint Commission Water Quality Board (GLWQB 1985). In 1990, Congress amended
the Federal Water Pollution Control Act and mandated the Environmental Protection Agency (EPA), in
consultation with the Agency for Toxic Substances and Disease Registry (ATSDR) and the Great Lakes
states, to submit a research report on the adverse human health effects related to water pollutants in the
Great Lakes. Since then, ATSDR has awarded research grants and established cooperative agreements to
coordinate basin-wide human health effects research. The primary interests of ATSDR’s Great Lakes
Human Health Effects Research Program are to document and characterize the exposure, identify
populations at higher risk, identify associations between the consumption of contaminated Great Lakes
fish and short and long-term harmful health effects, identify the most sensitive end points, establish
registries and surveillance cohorts, and identify ways to prevent or mitigate exposure and resulting health
effects (Johnson and DeRosa 1999; Johnson et al. 1998, 1999, 2000). PCB-related findings from the
Great Lakes Research Program, as well as results from a number of other studies on health effects

associated with exposures to PCBs through fish consumption, are included in this chapter.

Health effects have been observed in humans who consumed rice oil contaminated with heat-degraded

Kanechlors in the Yusho and Yu-Cheng poisoning incidents. There is a historical linkage between



PCBs 36

3. HEALTH EFFECTS

Yusho/Yu-Cheng and PCBs, and some health assessment documents ascribe effects from these incidents
to PCBs. Unlike usual PCB mixtures, the Yusho and Yu-Cheng Kanechlors were heated in thermal heat
exchangers (before rice oil contamination occurred) and also during cooking, resulting in the production
of relatively high concentrations of CDF and polychlorinated quarterphenyl (PCQ) impurities. The
concentrations of PCBs and PCQs in the rice oils were 100- to 500-fold greater than the CDFs. CDFs are
generally considered the main causal agent, based on the following evidence: comparisons with Japanese
workers with higher PCB blood levels who had few or none of the symptoms present in the rice oil
poisonings; decreasing serum levels of PCBs in victims with persistent health effects; induction of Yusho
health effects in animals exposed to reconstituted mixtures of CDF congeners similar to those in Yusho
oils, but not by exposure to PCBs or PCQs alone; and comparative toxicity evaluations of PCB and CDF
congeners in the unheated source mixture, contaminated rice oil, and tissues of victims (Bandiera et al.
1984; Kunita et al. 1985; Ryan et al. 1990; Safe 1990; Tanabe et al. 1989). Although there is a general
consensus that CDFs were main contributors to the health effects in the Yusho and Yu-Cheng victims,
certain PCB congeners have the same mechanism of action as CDFs and polychlorinated dibenzol’
p-dioxins (CDDs). Effects of Yusho and Yu-Cheng exposure, therefore, are indirectly relevant to
assessing health effects of PCBs because they demonstrate the sensitivity of humans to dioxin-like
toxicity and suggest that humans might respond to dioxin-like PCB congeners in a similar manner.
Additionally, recent evidence indicates that some of the subtle effects can be attributed to non-dioxin-like
PCB congeners (Guo et al. 1996; Soong and Ling 1997). Brief summaries of the effects from the Yusho
and Yu-Cheng incidents are presented in this profile; a more complete discussion of the health effects
associated with the Yusho and Yu-Cheng incidents can be found in the ATSDR toxicological profile on
CDFs (ATSDR 1994) and CDDs (ATSDR 1998), and reviews by Hsu et al. (1994) and Masuda (1994).

Fires and other sources of high temperatures, such as hazardous waste incinerators and electrical
transformer fires, also can greatly increase the toxicity of PCB mixtures by formation of CDFs (Rappe
and Buser 1989). For example, in a transformer fire in the Binghamton (New York) State Office Building
(BSOB), dielectric fluid composed of 65% Aroclor 1254 and 35% polychlorinated benzenes was
pyrolyzed. The pyrolysis led to the formation of a fine, oily soot, which was distributed throughout the
building via ventilation shafts. In addition to PCBs, the soot contained high levels of CDFs, CDDs,
including 2,3,7,8-tetrachlorodibenzodioxin (TCDD), chlorinated biphenylenes, and other chemicals.
Limited information is available on health effects in people who were exposed to this soot dermally, by
inhalation, or by ingestion from eating with dirty hands. A discussion of the health effects associated

with the BSOB incident can be found in the ATSDR toxicological profile for CDFs and reports by
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Schecter (1983, 1986, 1987), Schecter and Tiernan (1985), Schecter et al. (1985a, 1985b), and Fitzgerald
et al. (1986, 1989).

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by health effect (death, systemic,
immunological, neurological, reproductive, developmental, genotoxic, and carcinogenic effects), and then
by human and animal studies subdivided by type of exposure (e.g., occupational, contaminated fish
consumption, inhalation, oral, and dermal). These data are discussed in terms of three exposure periods:

acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or
lowest-observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the
studies. LOAELS have been classified into "less serious" or "serious" effects. "Serious" effects are those
that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory
distress or death). "Less serious" effects are those that are not expected to cause significant dysfunction
or death, or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious" effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which
major health effects may start to appear. LOAELs or NOAELSs should also help in determining whether
or not the effects vary with dose and/or duration, and place into perspective the possible significance of

these effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others concerned with
appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAEL) or exposure levels at or below which
no adverse effects (NOAELSs) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.
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Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of polychlorinated
biphenyls are indicated in Table 3-2 and Figure 3-2. Because cancer effects could occur at lower
exposure levels, Figure 3-2 also shows a range for the upper bound of estimated excess risks, ranging

from a risk of 1 in 10,000 to 1 in 10,000,000 (10 to 1077, as developed by EPA.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been
made for PCBs as discussed in Chapter 2 (Section 2.3) . An MRL is defined as an estimate of daily
human exposure to a substance that is likely to be without an appreciable risk of adverse effects
(noncarcinogenic) over a specified duration of exposure. MRLs are derived when reliable and sufficient
data exist to identify the target organ(s) of effect or the most sensitive health effect(s) for a specific
duration within a given route of exposure. MRLs are based on noncancerous health effects only and do
not consider carcinogenic effects. MRLs can be derived for acute, intermediate, and chronic duration
exposures for inhalation and oral routes. Appropriate methodology does not exist to develop MRLs for

dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.



Table 3-1. Levels of Significant Exposure to PCB Mixtures - Inhalation

a Exposure/ LOAEL
Key to Species duration/ NOAEL Less serious Serious Reference
figure (strain) frequency System (mg/m3) (mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
Systemic
1 Rat 30d Hepatic 0.009 M Casey etal. 1999
(Sprague- 7 diwk 1242
Dawley) 23 h/d
Endocr 0.009 M (increased thyroid serum
T3 and T4 hormones)
Bd Wit 0.009
Other 0.009 (epithelial hyperplasia in
urinary bladder)
2 Rat 213d Hepatic 1.5 (unspecified moderately Treon et al. 1956
(NS) 5 diwk severe degeneration) 1254
7
hr/d Renal 1.5 (slight degeneration of
renal tubules)
Bd Wit 1.5
3 Rat 24d Hepatic 8.6 Treon et al. 1956
(NS) ? g/‘l’"k 1242
r/d Bd Wt 8.6
4  Mouse 24d Hepatic 8.6 Treon et al. 1856
(NS) ? g/‘%k 1242
]
f Bd Wt 8.6
5 Mouse 213d Hepatic 1.5 (unspecified slight Treon et al. 1956
(NS) 5 diwk degeneration) 1954
7 hr/d
Renal 1.5
Bd Wit 1.5

S103443 H1VaH ‘¢

$490d

6€



Table 3-1. Levels of Significant Exposure to PCB Mixtures - |phalation

(continued)

a Exposure/ LOAEL
Kﬁeyutz S;)tecies duration/ NOAEL Less serious Serious Reference
gur (strain)  frequency System {mg/m3) {mg/m3) (mg/m3) Chemical Form
6  Gn pig 121d Hemato 54 Treon et al. 1956
(NS) ? g/\/lék : 1254
r
Hepatic 54
Bd Wt 5.4 (16% decreased body
weight gain)
7  Gnpig 213d Hepatic 1.5 (slight vacuolation) Treon et al. 1956
(NS) ? g%k 1254
Renal 1.5
Bd Wt 1.5  (22% reduced body weight
gain)
8 Gnpig 24d Hepatic 8.6 Treon et al. 1956
(NS) > diwk 1242
7 hr/d
Bd Wit 8.6
9 Rabbit 121d Hemato 54 Treon et al. 1956
(NS) 5 diwk 1254
7 hr/d .
Hepatic 54
Renal 54
Bd Wt 5.4
10 Rabbit 24d Hepatic 8.6 Treon et al. 1956
(NS) ? g’%k 1242
f Bd Wt 8.6
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Table 3-1. Levels of Significant Exposure to PCB Mixtures - Inhalation (continued)

a Exposure/ LOAEL .
Key to Spec?es duration/ NOAEL Less serious Serious . Reference
figure ({strain) frequency System (ma/m3) {mg/m3) (mg/m3) Chemical Form
11 Rabbit 213d Hepatic 1.5 (hydropic degeneration, Treon et al. 1956
(NS) ? gls;;k fatty changes) 1254
I
Renal 1.5
Bd Wit 1.5

a
The number corresponds to entries in Figure 3-1.

Bd Wt = body weight; d = day(s); Gn Pig = guinea pig, Hemato = hematological; hr = hour(s); LOAEL = lowest-observable-adverse-effect level; NOAEL = no-observable- adverse-effect level,
NS = not specified; wk = week(s); 1242 = Aroclor 1242; 1254 = Aroclor 1254
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Figure 3-1. Levels of Significant Exposure to PCB Mixtures - Inhalation
Intermediate (15-364 days)
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral

Exposure/ LOAEL
a Duration/ Refi
Keyto  species Frequency NOAEL Less Serious Serious N er(?nce
figure (Strain) (Specific Route) System {mg’/kg/day) (mg/kg/day) {mg/kg/day) Chemical Form
ACUTE EXPOSURE
Death
1 Rat once 4250 M (LD,,) Bruckner et al. 1973
(Sprague- (GO) 1242
Dawley)
2 Rat once 1010 M (LDy,) Garthoff et al. 1981
(Osborne- (GO)
Mendel) 1254
3 Rat once 1295 M (LD,) Linder et al. 1974
(Sherman) (GO) 1254
4 Rat once 1315 M (LDy,) Linder et al. 1974
(Sherman) (GO) 1260
5 Mouse 2wk 130 M (3/5 died) Sanders et al. 1974
(ICR) (F) 1254
6 Mink once 4000 (LD,,) /1-\;I7e7rich and Ringer
(NS) ©) 1254
7  Mink once 750 (LD,) :;\gl7e7rich and Ringer
(NS © 1221
Systemic :
8 Rat 4 x Bd Wt 25F Brown and
(Sprague (GO) Lamartiniere 1995
Dawley) 1221
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Exposure/
Duration/

a
Keyto  species  Frequency

LOAEL

Reference

: . NOAEL Less Serious Serious
fi .
igure  (Strain) (Specific Route) System (mglkg/day) (malkg/day) (mg/kg/day) Chemical Form
9 Rat once Resp 4000 M Bruckner et al. 1973
(Sprague- (GO) 1242
Dawley)
Cardio 4000 M
Gastro 4000 M
Hemato 4000 M (crenated RBCs,
increased PMNs)
Hepatic 4000 M (fatty vacuoles, necrotic
foci)
Renal 4000 M (vacuolated, fatty
tubular cells; protein
casts)
Endocr 4000 M
Dermal 4000 M
Bd Wit 4000 M
10 Rat 4d Hepatic 05M 1.0 M (increased serum Carter 1984
(Fischer- 344) (F) cholesterol) 1254
Bd Wt 3.9M
11 Rat 4d Hepatic 05M 1.0 M (increased relative liver Carter 1985
(Fischer- 344) (F) weight; increased serum 1254
* cholesterol)
Bd Wt 1.9M
12 Rat 2wk Hepatic 1.9 M (increased serum fgg:r and Koo
(Fischer- 344) (F) cholesterol) o)
Bd Wt 19M
13 Rat 7d Endocr 2.3 M (decreased thyroid Hood et al. 1999
(Sprague- (F) serum T,hormone) 1254
Dawley)

S103443 HITV3IH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ ' LOAEL
Key tc,a Duration/ Ref
SPECies Frequency NOAEL - - ejerence
: A L S S
figure  (Strain) (Specific Route) System {mg/kg/day) (fnsgs/k;:;:;)s (m;/r;(;l;:ay) Chemical Form
14 Rat 6d " Hepatic 50 M (increased serum Kato and Yoshida
(Wistar) F cholesterol and liver 1980
®) weight) 1248
15 Rat 14d Hepatic 50 F (vacuolar degeneration) " Kling et al. 1978
(Wistar) (F) 1254
Bd Wt 50 F (30% decrease in body
weight gain)
16 Rat 7d Hepatic 2.5M (increased relative liver Price et al. 1988
(Wistar) (F) weight; decrease 1254
glucose 6-phosphatase
in liver)
Endocr 2.5M (increased colloid

droplets in thyroid;
reduced serum T,
hormone)

17 Mouse 2wk Hepatic 130 M Sanders et al. 1974
(ICR) @) 1254
Endocr 130 M (10-fold increase in
. serum corticosterone;
2-fold increase in relative
. adrenal weight)

18 Pig 11d Gastro 100 (gastric ulceration) Hansen et al. 1976
(NS) 1x/d 1254
G)

sg0d
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Exposure/ LOAEL
Key tOa Duration/ Rt
Species  Frequency NOAEL . . eference
: . Less Serious Serious
figure  (Strain) (Specific Route) System (mg/kgiday) (ma/kg/day) (mg/kg/day) Chemical Form
Neurological
19 Rat once 1000 M 2500 M (diminished exploratory 6000 M (ataxia, coma) Bruckner et al. 1973
(Sprague- (GO) behavior, decreased 1242
Dawley) response to pain stimul,
unusual gait)
20 Rat 10d 2 4 (behavioral alterations; Pantaleoni et al.
(Fischer- 344) Gd 6-15 impaired swimming 1988
1 x/d performance and acquisition 1242
(GO) of one-way avoidance
response)
21 Rat once 500 M (decreased dopamine in Seegal et al. 1986b
(Wistar) (GO) caudate nucleus) 1254
Reproductive
22 Rat 5d 8M 32 M (decreased fertility in male ~ Sager 1983
(Hotzman) Ld1,3,5,7, offspring; 52% decreased 1254
9 number of fetuses)
1x/d
(GO)
23 Rat 5d 8 F (reduced uterine weight 64 F (reduced implantation rate ~ Sager and Girard
(Holtzman) Ld1,3,5,7, and mating rate in and increased 1994
9 female offspring) post-implantation loss in 1254
1 x/d female offspring)
(GO)

S103443 H1TVIH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

a ‘Duration’ LOAEL
Kevlo  Species Frequency NOAEL Less Serious Serious Reference
figure  (Strain) (Specific Route) System (mg/kg/day) (ma/kg/day) (ma/kglday) Chemical Form
24 Rat 5d 8 M (decreased fertility in male ~ Sager etal. 1987
(Hottzman) Ld1,3,5,7, offspring; 21% decreased 1954
9 implants, 29% decreased
1x/d embryos)
(GO)
25 Rat 5d 8M 16 M (decreased fertility in male ~ Sageretal. 1991
(Holtzman) lg-d 1,3,57, offspring) 1254
Ix/d
(GO)
Developmental
26 Rat 9d 50 100  (60% decreased survival at  Linderetal. 1974
(Sherman)  Gd 7-15 weaning) 1254
1x/d
(GO)
27 Rat 7d 5 (decreased thyroid Morse et al. 1996¢
(Wistar) Gd 10-16 plasma T, hormone in 1254
1x/d fetuses and 5-day-old.
(GO) pups)
28 Rat 10d . 25 (decreased thyroid Schuur et al. 1998a
(Wistar) Gd 10-20 serum T, hormone in 1254
1x/d pups)
(GO)
29 Rat 10d 25 5  (12% decreased fetal 15 (65% decreased fetal survival) Spencer 1982
(Sprague- Gd 6-15 weight) 1254
Dawley) (F)

S1O3443 HLV3IH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

$g0d

Exposure/ LOAEL
Key toa i b Reference
figqure Ssptec!es Frequency NOAEL Less Serious Serious .
g (Strain) (Specific Route)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
30 Rat 10d 100 Yg;ereuve etal
i Gd 6-15
(Wistar) 1 x/d 1254
(GO)
31 Mouse once 244  (hydronephrosis) Haake et al. 1987
(cs7BU/6N) Gd 9 1254
(GO)
32 Mouse 12d 12.5 Welsch 1985
(ICR) Gd6-18 1254

)]
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Expos-urel LOAEL
Key to’ Species FDUl'atIOI'l/ Reference
it requency NOAEL - Seri
figure  (Strain) (Specific Route) System {mg/kg/day) li:gs,:;g:;)s (m;Irll((;lljdsay) Chemical Form

INTERMEDIATE EXPOSURE
Death

33 Monkey 2-3mo 4 M (nearly 100% mortality) Allen 1975; Alien

and Norback 1976

(Rhesus) (F 1248

34 Rat 2.5wk 1530 M (LD,,) Garthoff et al. 1981
(Osborne- 2 xhwk 1254
Mendel) (GO)

35 Rat 8 mo 72.4 F (8/10 died) g;lz)rough etal.
(Sherman) F) 1260

36 Mouse 6 mo 48.8 M (17/25 died) Koller 1977
(BALBIc) (F) 1254

37 Mink 4 mo 2.8  (4/12 died) qf\g_lgich and Ringer
(NS) F) 1254

38 Mink 247d 19  (deathin 2/3 males and 8/10 Bleavins etal. 1980
(NS) F) females) 1242

39 Mink 28d 12 (1in5 died) Homshaw et al.
NS) ® 1254

S103443 HIVAH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ Ref
Species  Frequency NOAEL Less Seri Seri eference
figure  (Strain) (Specific Route) System (mg/kg/day) (::Ik;z:;; (m;;'l((;l;;ay) Chemical Form
Systemic
40 Monkey 2-3 mo Gastro 4 M (hyperplasia, ulceration) A"ganZSI '/(“1'2;6
an orpac
(Rhesus) (F) 1248
Hemato 4 M (unquantified anemia,
increased macrophages,
decreased WBCs)
Hepatic 4 M (hypertrophy, decreased
serum cholesterol)
Dermal 4 M (alopecia, acne)
Ocular 4 M (excessive lacrimation,
congestion of the
conjunctiva)
Bd Wt 12 M (25% weight loss)
41 Monkey 3mo Cardio : 12 M (pericardial edema) ?ggg 3:;’ :Zrtbaal(:k
, e .
(Rhesus) (F) 1973
1248
Gastro 12 M (ulceration of gastric mucosa)
Hemato 12 M (moderate anemia; 18%
« decreased Hgb and Hct)
Dermal 12 M (alopecia, facial edema)
Ocular 12 M (eye discharge)
Bd Wt | 12 M (26% weight loss)

$g0d
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/

3 L OAEL
Key toa Species FDuratlonl Reference
I re_quency NOAEL L Seri Seri '
figure (Strain) {Specific Route) System (ma/kg/day) (:;s;/k;/:;:;)s (m;/rll(‘;l;:ay) Chemical Form
42 Monkey 2mo Gastro 08 F 1.3 F (gastric ulceration) Allen et al. 1974a
(Rhesus) (F 1248
Hemato 08 F 1.3 F (anemia)
Hepatic 08 F 1.3 F (focal necrosis)
Renal 13F
Dermal 0.8 F (facial edema, alopecia)
Ocular 1.3 F (edema of the eyelids)
43 Monkey 2 mo Dermal 0.1 F (ache, alopecia) Barsotti et al. 1976
(Rhesus) (F) 1248
Ocular 0.1 F (swelling of the eyelids)
44 Monkey 8 mo Hepatic 0.4 (lipid accumulation, focal Barsotti et al. 1976
(Rhesus) (F) necrosis, increased serum 1248
SGPT, decreased
albumin/globulin ratio)
45 Monkey  2mo Gastro 0.12 M (cysts formation in Becker et al. 1979
(Rhesus) F gastric submucosa) 1242
Dermal 0.12 M (facial edema)
Ocular 0.12 M (reddening of eyelids)
Bd Wt 0.12 M (no weight gain)
46 Rat 10-15 wk Musc/skel 0.1 M (increased femur Andrews 1989
(Fischer- 344) 1x/d density) 1254
(GO) Endocr 25M

S103443 HLVIH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/

A LOAEL
Key toa Species FDuratlonI Reference
1 re.quency NOAEL L Seri Seri
figure  (Strain) (Specific Route) System {mg/kg/day) (sf;k;z:;)s (mé/rll((;llj:ay) Chemical Form
47 Rat 5 wk Hepatic 1 10 M (increased relative liver Andrews 1989
(Fischer- 344) 1x/d weight and serum 1254
(GO) cholesterol)
Renal 1 10 M (increased relative kidney
weight; 3-fold increase in
urinary LDH; increase in
protein in urine)
Bd Wt 10 25M (12-15% body weight
loss)
48 Rat 3wk Resp 100M Bruckner et al. 1973
(Sprague- 3 dwk 1242
Dawley) (GO)
Cardio 100 M
Gastro 100 M
Hepatic 100 M (necrotic foci; increased
SGOT)
Renal 100 M (lipid vacuoles and
protein casts in tubular
epithelium)
Endocr 100 M
) Dermal 100 M

S103443 HLTV3H €
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Table 3-2.

Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Expos_ure/ LOAEL
Key to’ Species FDuratlonl Reference
" requency NOAEL Less Serious Serious
figure i .
g (Strain) (Specific Route) System (mg/kg/day) (mg/kg/day) (malkg/day) Chemical Form
49 Rat 2-6 mo Hemato 15M Bruckner et al. 1974
{Sprague- (F 1242
Dawley)
Hepatic 0.3 M (increased relative liver
weight, lipid content and
increased urinary
coproporphyrin)
Renal 15M
Endocr 1.5M
Bd Wt 15M
50 Rat 35d Hepatic 0.25M 1.25 M (increased relative fiver Bruckner et ai. 1977
(Sprague- {F) weight and liver 1954
Dawley) triglycerides)
Bd Wt 125M
51 Rat 5 mo Endocr 0.09 F (decreased thyroid Byrne et al. 1987
(Sprague- 3] serum T3 and T4 1254
Dawiey) hormones)
Bd Wit 43 F
52 Rat 5-7 mo Hepatic 25F Byrne et al. 1988
(Sprague- F) 1254
Dawley) *
Endocr 0.05F 0.25 F (decreased adrenal
serum corticosterone,
DHEA and DHS
hormones)
53 Rat 4 wk Endocr 0.25 M (altered thyroid follicular Collins and Capen
(Osborne- (F) ultrastructure, increased 1980a
Mendel) serum T3 hormone) 1254

S103443 HITVEH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/
Key t(’a Duration/ _
Species  Frequency NOAEL L . . eference
fi i : ess Serious Serious .
igure  (Strain) (Specific Route)  System (mg/kg/day) (mg/kg/day) (mafkg/day) Chemical Form
54 Rat 4wk Endoer 2.5M (vacuolated thyroid Collins et al. 1977
(Osborne- F) follicular cells, 1254
Mendet) decreased serum T,
hormone)
55 Rat 2 mo Hepatic 5F (25% increase in relative G;_}dStei" etal
(Sherman)  (F) liver weight, porphyria) 1974
1254
Bd Wi 5F
56 Rat 15 wk Hepatic 0.1 M 1.0 M (increase liver weight; Gray et al. 1993
(Fischer- 344) 7 diwk hypertrophy and 1254
(GO) vacuolar degeneration)
Renal 0.1 M 1.0 M (cortical tubular protein
casts)
Endocr 0.1 M (reduced serum
thyroxine levels)
Bd wit 1.0M 10 M (13% reduced weight 25 M (55% reduced weight gain)
gain)
57 Rat 5wk Endocr 0.025 M 0.25 M (altered thyroid follicular Kasza et al. 1978
(Holtzman) F ultrastructure) 1254
58 Rat 20d -« Hepatic 15M (increased liver weight Kato et al. 1982a
(Wistar) F and serum cholesterol) 1248
Endocr 15M
59 Rat 8 mo Hepatic 1.4 M 6.5 M (increased relative and Kimbrough et al.
(Sherman) F ' absolute liver weight; 1972
cytoplasmic 1260
vacuolation)
Bd Wt 72F 32.8 M (12% reduced weight 382 F (27% reduced weight gain)

gain)

S103443 HITVIH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral {(continued)

$80d

Exposure/ LOAEL
Key toa Duration/ —
Species  Frequency NOAEL L _ ; eference
fi : N ess Serious Serious j
lgure  (Strain) (Specific Route)}  System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
60 Rat 8 mo Hepatic 16 F 6.8 M (increase in relative liver Kimbrough et al.
(Sherman) F weight; cytoplasmic 1972
vacuolation) 1254
Bd Wt 75F 36.4 M (35% reduction in weight
gain)
61 Rat 30d Hepatic 50 (severe vacuolar Kiing et al. 1978
(Wistar) 3] degeneration, lipid 1254
accumulation and necrosis)
Bd Wt 50 (72% decreased body weight
gain)
62 Rat 4wk Hepatic 25M 25 M (increased liver Litterst et al. 1972
(Oshorne- ') triglycerides) 1242
Mendel)
63 Rat 120 d Endocr 7.1 M (degenerative changes 14.3 M (increased severity of the Rao and Banerji
(Wistar) 7 diwk in adrenal medulla) adrenal changes) 1993
) 1260
64 Rat 35d (gd Endocr 12.5 F (increased relative Seo and Meserve
(Sprague-  0-pnd 15) thyroid weight; 1995
Dawley) (F) depressed T, levels) 1254
N Bd Wt 125 F 25 F (27% decreased body weight)
65 Rat 10 wk Endocr 35M Wassermann et al.
(NS) w) 1973
1221
66 Mouse 23 wk Dermal 26 F (hyperkeratosis, Bell 1983
(Swiss- 2] . erythema, cysts) 1254
Webster)

S103443 HIV3IH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Expos_urel LOAEL
Keyto" Speci FDuratlonl Reference
pecies requency NOAEL Less Serious v Serious
figure  (Strain) (Specific Route) System (mg/kg/day) (ma/kg/day) (ma/kg/day) Chemical Form
67 Mouse 6or11mo  Hepatic . 49.8 M (liver necrosis, adenofibrosis, Ein;bro;:g;\“and
increased liver weight) inder
(BALB/c) (F 1254
Bd Wt 49.8 M
68 Mouse 6 mo Hepatic 05M 4.9 M (mild degeneration and 48.8 M (severe liver necrosis) Koller 1977
(BALB/c) F necrosis of hepatocytes, 1254
increased absolute liver
weight)
69 Mouse 6 wk Resp 22 M Loose et al. 1978a
(BALB/c) R 1242
Hepatic 22 M
70 Gn pig 8 wk Hemato 40F Yg;zaﬂd de Roij
(NS) ® 1260
Hepatic 40 F
Renal 40 F
Endocr 40F
Dermal 40 F
Bd Wt 40F
71 Rabbit 8wk « Hemato 6.5M ?g;set and Sharma
(New Zealand) (F) {054
Hepatic 6.5M
Renal 6.5M
Endocr 6.5M
Bd Wt 6.5M

S103443 HLVAIH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key t’:,a Duration/ Ref
Species  Frequency NOAEL . Seri eference
figure  (Strain) (Specific Route) System {mg/kg/day) sz:gslf ;::;,‘)s (m;/r:(:l;:ay) Chemical Form
72 Pig 91d Gastro 9.2 (gastric erosions) Hansen et al. 1976
(NS) ] 1242
Endocr 9.2 (increased relative
adrenal weight)
Bd Wt 9.2 (55-62% decreased weight
gain)
73 Mink 39 wk Hemato 0.4 q\g'f?”ch and Ringer
(NS) (3] 1254
Bd Wit 0.4
74 Mink 247 d Gastro 0.9 1.9 (gastric ulcers) Bleavins et al. 1980
(NS) (F) 1242
Bd Wt 0.9 1.9  (emaciation)
75 Mink 28 d Gastro 1.8 3.9 (hemorrhage) :*gggshaw etal.
(NS) ) 1254
Bd Wt 1.1 1.8  {10% body weight loss in
treated, 7% weight gain in
controls)
immunological/lLymphoreticular
76 Monkey 11 mo 01F 0.2 F (decreased anti-SRBC ;fggg*as and Hinsdill
{Rhesus) F hemolysin titers) 1248
77 Monkey 238d 0.1 F (decreased antibody Truelove et al. 1982

(Cynomolgus) (F)

response to SRBC
antigen)

1254

S103443 HITVAH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ =
Species  Frequency NOAEL . _ eference
N N L S
figure  (Strain) (Specific Route)  System (ma/kg/day) (:gs/kg;:;:;)s (ns];;'"(‘;'/‘;ay) Chemical Form
78 Rat 5-15 wk 1™ 10 M (decreased natural killer cells Smialowicz et a.
(Fischer- 344) 7 diwk at 15 weeks, decreased
(GO) thymus weight) 1254
79 Mouse 6 mo 05M 4.9 M (increased susceptibility to Kolier 1977
(BALB/c) (F) Moloney leukemia virus) 1954
80 Mouse 6 mo 05M 4.9 M (increased susceptibility to Koller 1977
(BALB/c) (F) Moloney leukemia virus) 1242
81 Mouse 6 mo 49 M Koller 1977
(BALB/c) (F) 1221
82 Mouse 6 wk 22 M (decreased resistance to Loose et al. 1978a
(BALB/c) F bacterial endotoxin and 1242
protozoans leading to death)
83 Mouse 5 wk 13 F (increased sensitivity to 130 F (decreased resistance to Thomas and Hinsdill
(ARSF1) (F) bacterial endotoxin) bacterial infection resuttingin 1978
death) 1248
84 Gn pig 8 wk 0.8 F (decreased gamma Vos and de Rojj
(NS) (F) globulin- containing cells 1972
in lymph nodes) 1260
85 GnPig 6 wk 08F 4 F (decreased antibodies to Vosand Van
(albino) &) tetanus toxoid and skin ?;‘;;‘G'mte"hws
reactivity to tuberculin
i ) Clophen A60

S103443 HLVAH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Expos_urel LOAEL
Key to’ Species FDUl’atlon/ Reference
! requency NOAEL Less Seri Serious
figure  (Strain) (Specific Route)  System (ma/kg/day) (f:gs/kgelzg;)s (m;;ll(;lday) Chemical Form
86 Rabbit 8 wk 0.18 M (marked thymic atrophy) 15g7eset and Sharma
New Zealand
(New Zealand) (F) 1254
Neurological
87 Monkey 20 wk 0.0075° M (decreased behavioral Rice 1997, 1698,
(Cynomolgus) Ld 1-140 performance in :_lgggb. 5‘1‘799937“
1x/d nonspatial and spatial 1 ggwg:' '
(G) discrimination reversal )
tasks) simulated human
milk
88 Monkey 20 wk 0.8 (decreased dopamine Seegal et al. 1990
(Macaque) 7 diwk content in caudate, 1016
F putamen, substantia
nigra, and
hypothalamus)
89 Monkey 20 wk 0.8 M (decreased dopamine Seegal et al. 1991b
(Macaque) 7 diwk contents in brain areas) 1016
(F)
90 Monkey 20 wk 3.2 M (significant reduction in Seegal et al. 1994
(Macaque) 1x/d gopamine in several 1016
F - rain areas)
91 Rat 52 wk 141 F Freeman et al. 2000
(Sprague- 1016
Dawley) (F)
92 Rat 52 wk 75F Freeman et al. 2000
(Sprague- 1242

Dawley)

(R

S1O03443 HLV3H ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/

Key toa Duration/ LOARL
Species  Frequency NOAEL . . Reference
. . Less Serious : Serious
figure  (Strain) {Specific Route) System (mg/kg/day) {mg/kg/day) (mg/kg/day) Chemical Form
93 Rat 52 wk 69 F Freeman et al. 2000
(Sprague- 1254
Dawley) F)
94 Rat 52 wk 6.7F Freeman et al. 2000
(Sprague- 1260
Dawley) (F)
95 Rat 36d 4 (elevated auditory Goldey et al. 1995
(Long- Evans) Gd 6-21 threshold at 1 kHz) 1254
Ld 1-21
(GO)
96 Rat 80d 2.4 (impaired avoidance reaction Lilenthal and
(Wistar) F and retention of alearned ~ Winneke 1991
task) Clophen A-30
97 Rat 42d 0.13 1.3 (decreased motor 13.5  (50% neonatal death) Overman et al.
(Wistar) (F) coordination of pups, 1987
increased relative liver 1254
weight)
98 Rat 21d 1 2 (impaired learning, abnormal Pantaleoni et al.
(Fischer- 344) ppd 1-21 swimming behavior, 1988
1 x/d decreased open field activity) 1242
(GO)
Reproductive
99 Monkey 2mo 0.8 F (reduced conception rate, ~ Allenetal. 1974a
{Rhesus) post-implant resorption and/or4204s

F

abortion)

S1O3443 HIVIH ‘¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Orai (continued)

Exposure/ LOAEL
Key toa Duration/ Ref
Species  Frequency NOAEL Less Seri Seri eference
fgure  (Strain) (SpecificRoute)  System (mg/kgiday) (mokgiday) (mo/kgiday) Chemical Form
100 Monkey 38 wk 0.2 F (reduced conception rate, ~ Arnold et al. 1990
(Rhesus) S diwk post-implant bleedingand 1254
(F) abortion)
101 Monkey 7 mo 0.1 F (increased menstrual 0.2 F (reduced conception rate) ~ Barsotti etal. 1976
(Rhesus) F length) 1248
102 Rat 1 mo 10 F (increased estrus, decreased Brezneretal. 1984
(Wistar) 1 x/d receptivity, vaginal bleeding, 1254
(GO) delayed parturition)
103 Rat 15 wk 10M 25 M (reduced seminal vesicle Gray et al. 1993
(Fischer- 344) 7 diwk ang epfgigyma: weights 1254
- (GO) and epididymai sperm
counts following weanling
exposure)
104 Rat 67 d 6.9 354  (decreased litter size) Linder et al. 1974
(Sherman) (F) 1260
105 Mouse 108 d 125 F 12.5 F (55% decreased conception) Welsch 1985
(ICR) F) - 1254
106 Rabbit 12-15 wk 4 F Seiler et al. 1994
(New Zealand) 3 Xwk 1260
(GO)
107 Mink 39wk 0.4 (decreased reproduction Aulerich and Ringer
(NS) F) rates and litter size) :529;:

S103443 HLvaH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ .
Species  Frequency NOAEL Less Seri Seri eference
figure (Strain) (Specific Route) System (ma/kg/day) ;::Ik;:;:;)s (m;;:;‘/‘;ay) Chemical Form
108 Mink 21wk 0.2 0.9 (decreased reproduction Aulerich and Ringer
(NS) F rates and litter size) 1977
1254
109 Mink 247 d ' 0.9 (no reproduction) Bleavins et al. 1980
(NS) ) 1016
110 Mink %0d 1.3 F (48% reduced litter size with gfgztrom etal.
NS no live births)
(NS) F) 1254
111 Mink 6 mo 0.1 M Wren et al. 1987b
(NS) (F) 1254
Developmental
112 Monkey 2mo 0.8  (2/3 resorption or abortion)  Allenetal. 1974a
(Rhesus) F 1248
113 Monkey 20 wk 0.0075  (minimal reduction in IgM Arnold et al. 1999
((hESUS, Ld1-140 and |gG anﬁt')odies to simulated human
cynomolgus) 1x/d SRBB'C, trins;etnt ;iecrease milk
in B lymphocytes
© .
114 Monkey 238d 0.1  (100% fetal death) Truelove et al. 1982
(Cyno- (A 1254
molgus)
115 Rat 1 mo : 10 (35% decreased litter size, ~ Brezneretal. 1984
(Wistar) 1x/d decreased pre- and post- 4254
(GO) weaning survival)

$g0d
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

$g90d

lipid accumulation in
hepatocytes from F1b)

Expos_urel LOAEL
Key toa Species FDuratlonI Reference
: requency NOAEL Less Serious Serious
fi i .
igure  (Strain) (Specific Route) System (ma/kg/day) (malkg/day) (mg/kglday) Chemical Form
116 Rat 42d 2.5 (decreased thyroid function of Cg"'gs and Capen
(Osborne-  Gd 1- pups) 1980c :
Mendel) Ppd 21 1254
(F)
117 Rat 49d 8 (decreased serum T, in Corey et al. 1996
(Sprague- ~ Gd 1- 60-day pups after 1254
Dawley) Ppd 28 exposure through
) gestation and weaning)
118 Rat 36d 1 (decreased free and total 4 (15% pup mortality on Goldey et al. 1995
(Long- Evans) Gd 6-21 T, serum levels in pups postnatal day 21; 3% in 1254
Ld 1-21 on Pnd 7, 14, and 21) controls)
(GO)
119 Rat 36d 3.1 (significant reduction in Juarez de Ku et al.
(Sprague-  Gd 1-21 serum T, and in ChAT 1994
Dawley) Ld 1-15 activity in brain from 1254
(] pups)
120 Rat 67 d 6.9 354 (significantly reduced survival Linderetal. 1974
(Sherman) (F) at weaning) 1260
121 Rat 187 d, 0.39 1.5 (enlarged liver cells and Linder et al. 1974
(Sherman)  (F) \'/:aZCL;oIated cytoplasm in 1260
a
122 Rat 186 d 72F 37  (significant increase in Linder et al. 1974
{Sherman) ") preweaning mortality rate, 1254

© 8103443 HIWVIH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Expos_urel LOAEL
Key to’ Species FDuratmnl Reference
. requency NOAEL Less Serious Serious
figure  (Strain) (Specific Route) System (mg/kg/day) (mg/kg/day) (malkg/day) Chemical Form
123 Rat 129 d 0.32 15 (15-24% decreased litter size, Linder etal. 1974
(Sherman) F lipid accumutation in 1954
hepatocytes)
124 Rat - 42d 0.13 13.5 (50% neonatal death) Overman et al.
" 1987
(Wistar) (F) 1254
125 Rat 51d 0.1 (decreased thyroid Provost et al. 1999
(Sprague- Gd 1- serum T,and T, 1254
Dawley) Ppd 30 hormones in pups)
F)
126 Rat 36d 6.3 (reduced body serum 125  (27% reduction in pup body ~Seoand Meserve
; . 1995
(Sprague- Gd 1- temperature, T,, oxygen weight on day 15; reduced
Dawley) Ppd 15 consumption in offspring T,, reduced body 1254
F on day 15; body weight temperature)
reduced 11%)
127 Rat 35d (gd 12.5 (reduced body Seo and Meserve
0-pnd 15) temperature) 1995
(Sprague- p p
Dawley) F 1254
128 Rat 36d 1 (decreased thyroid Zoeller et al. 2000
(Sprague- ~ Gd 6-ppd 21 serum T, hormone in 1254
Dawley) F pups)
129 Mouse 108 d 125F Welsch 1985
(ICR) F 1254
130 Gn pig 42d 2.5 F (34% increased fetal death) Lundkvist 1990
(NS) Gd 18-60 Clophen AS0
1 x/d
(GO)

S103443 H1TVAH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Exposure/ LOAEL
Key toa Speci FDuratlo:m/ Reference
pecies requency NOAEL Less Seri Seriou
figure  (Strain) (Specific Route) System {mg/kg/day) (:znsgs/k:;;:;)s (mg;ll(; /:ay) Chemical Form
131 Rabbit 11 wk 28 F (focal fiver necrosis in Iggg*as and Hinsdill
developing pups, severe
(Newzealand) (F) vacuolization) 1248
132 Rabbit 28d 10 125  (71% fetal death) Villeneuve et al.
(NS) Gd 1-28 1971
1x/d 1254
(GO)
133 Mink 6 mo 0.18  (neonatal death) Wren et al. 1987b
(NS) (F) 1254

S103443 H1Tv3H ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ o
Species  Frequency NOAEL Less Seri Seri eference
ﬁgure (Stram) (Speciﬁc ROUtE) System (mglkglday) (:]Sgs/kge,:;:;])s (m;;-;:;l;:ay) Chemical Form
CHRONIC EXPOSURE
Death
134 Rat 104-105 wk 2.5M (34% decreased survival) ~ NCI 1978
(Fischer- 344) (F) 1254
Systemic
135 Monkey 17 mo Dermal 0.1 M (alopecia, acne ?‘ggg and Norback
(Rhesus) (F) periorbital edema) 1ods
Bd Wt 0.1 M (body weight loss not
quantitated)
136 Monkey 37 mo Hemato 0.02 F (decreased mean Arnoid et al. 1993a,
(Rhesus) 1 x/d platelet volume) :2?2"
(o]
© . Hepatic 0.04 F (decreased serum
cholesterol)
Endocr 0.08 F
Dermal 0.005 F (elevated and separated
toenails)
Ocular 0.08 F (increased incidence of
eye exudate;
* inflammation of
Meibomian glands)
Bd Wt 0.08 F

S103443 HLTvVaH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Expos_urel LOAEL
Key to" Species F?:;?jtm; NOAEL i i Reference
figure  (Strain) (Specific Route) System (mglkg/day) li;sgslksge/z:;:)s (nf;;liz‘;:ay) Chemical Form
137 Monkey 72 mo Resp 0.080 F Arnold et al. 1997
(Rhesus} F 1254
Cardio 0.080 F
Gastro 0.080 F
Hemato 0.080 F
Hepatic 0.040 0.080 F (increased relative liver
weights)
Renal 0.080 F
Endocr 0.080 F
Dermal 0.020 0.040 F (nail and nailbed 0.080 F {severely altered finger and
changes) toenails)
Ocular 0.080 F
Bd Wt 0.080 F
138 Monkey 22 mo Endocr 0.08 F Looetal. 1989
(Rhesus) 1x/d 1254
©
139 Monkey 12 mo Gastro 0.2 F (mucinous hypertrophy) Tryphonas et al.
(Rhesus) 5 diwk 1986a
) 1254
Hemato 0.2 F (hypoproliferative
. anemia)
Hepatic 0.2 F (hepatocyte necrosis,
gall bladder and biliary
duct hypertrophy)
Endocr 02F
Dermal 0.2 F (nail loss, facial edema)
Ocular 0.2 F (conjunctivitis)

S103443 HLIVaH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

$80d

Expos_ure/ LOAEL

Key o . Duration/ Referenc

. Spec!es Fre_quency NOAEL Less Serious Serious ¢

igure  (Strain) (Specific Route)  System Chemical Form
(mg/kg/day) (mg/kg/day) {mg/kg/day)
140Monkey 28 mo Gastro 0.2 F (hypertrophic Torphonas etal.
(Rhesus) S diwk gastropathy) g:ib
) i .
Hemato 0.2 F (severe normocytic anemia;

46-47% decreased
hemoglobin and hematocrit)

Hepatic 0.2 F (liver hypertrophy and
necrosis)
Endocr 0.2 F (thyroid desquammation)
Dermal 0.2 F (nail loss, gingival
necrosis)
Bd Wt 02F
141 Rat 21 mo Bd Wt 5F Kimbrough et al.
1975
(Sherman) (F) 1260

S1O3443 HIIVIH ¢
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Table 3-2, Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Exposure/ LOAEL
Key toa Duration/ Ref
Species  Frequency NOAEL L . . eference
fi . . ess Serious Serious .
igure  (Strain) (Specific Route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
142 Rat 24 mo Resp 8.0M Mayes et al. 1998
Dawley) (F)
Cardio 8.0M
112 F
Gastro 80M
1M12F
Hemato 8.0M
2.7 F (decreased RBC count
and Hb concentration)

Musc/skel 80M
1M2F

Hepatic 2.0 M (hepatocellular

2.7 F hypertrophy and
vacuolization)

Renal 8.0M
112 F
Endocr 80M
1M12F
Ocular 8.0M
11.2F
. Bd Wt 8.0M
1M12F

S103443 H1VIH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ ot
Species  Frequency NOAEL L . . eference
N A S S
figure  (Strain) (Specific Route) System {mg/kg/day) (::sgslk;l;:;)s (m;;ll(;l;:ay) Chemical Form
143 Rat 24 mo Resp 40M Mayes et al. 1998
Dawley) (F)
Cardio 40M
57 F
Gastro 40 M
57F
Hemato 40M
57 F
Musc/skel 40M
57F
Hepatic 2.0 M (hepatocellular
2.8 F hypertrophy and
vacuolization, bile duct
hyperplasia)
Renal 40M
57F
Endocr 2.0 M (thyroid follicular cell
57 F hyperplasia)
Dermal 40M
57F
. Ocular 40M
57F
Bd Wt 40M
28 F 5.7 F (10% decreased final

body weight)

S103443 HLTVIH €
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

Exposure/ LOAEL
Key toa Duration/ Ref
Species  Frequency NOAEL L . . eference
fi : L ess Serious Serious j
gure  (Stran) (SpecificRoute)  System  (mg/ig/day) (mg/kg/day) (mg/kg/day) Chemical Form
144 Rat 24 mo Resp 43 M Mayes et al. 1998
(Sprague- ad lib 6.1F 1254
Dawley) (F)
Cardio 43 M
6.1F
Gastro 43 M
6.1F
Hemato 4.3 M
6.1F
Musc/skel 43 M
6.1F
Hepatic 1.0 M (hepatocellular
1.4 F hypertrophy and
vacuolization, bile duct
hyperplasia, increased
serum cholesterol)
Renal 43 M
6.1F
Endocr 1.0 M (thyroid follicular cell
6.1F hyperplasia)
Dermal 43 M
6.1F
* Ocular 43M
61F
Bd Wt 1.0M 2.0 M (12% decreased final

body weight)

1.4 F (15% decreased final
body weight)

6.1 F (28% decreased final body
weight)
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/
Species  Frequency NOAEL . . Reference
figure . . Less Serious Serious j
g (Strain) (Specific Route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
145 Rat 24 mo Resp 41 M Mayes et al. 1998
(Sprague_ ad hb 5.8 F 1260
Dawley) (F)
Cardio 41 M
58 F
Gastro 41 M
58F
Hemato 41 M
1.4 F (decreased RBC count,
Hb, and Hct)
Musc/skel 41M
58F
Hepatic 1.0 M (hepatocellular
1.4 F hypertrophy and
vacuolization, bile duct
hyperplasia)
Renal 41 M
58F
Endocr 1.0 M (thyroid follicular celt
58F hyperplasia)
Dermal 41 M
58 F
Ocular 41 M
58 F
Bd Wt 41 M
58F
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ LOAEL
Key toa Duration/ Ref
Species Frequency NOAEL . Seri eference
flowre  (Strair) (Specific Route)  System (mglgiday) _(mgkgiday) (malkgiday) Chemical Form
146 Rat 104-105wk Dermal 1.25 2.5 (alopecia, facial edema) NC11978
(Fischer- 344) (F) 1254
Ocutar 125 2.5 (exophthalmia)
Bd Wt 1.25 F (10% decreased body
weight gain)
147 Rat 52 wk Hepatic 1 10 F (significant increase in Phillips et al. 1972
(Wistar) F absolute liver weight) 1954
Bd Wt 1F 10 F (36% reduction in final body
weight)
Immunological/Lymphoreticular
148 Monkey 23 mo 0.005° F (reduced IgM and IgG Tryphonas et al.
(Rhesus) 7 diwk antibody responses to 1989
(©) sheep red blood cells)
Neurological
149 Monkey 16-21 mo 0.1  (impaired learning and Bowman et al. 1978
(Rhesus) Pmm 6- hyperactivity in offspring) 1248
Ppm 3
)
150 Monkey 21.8 rho 0.03 Levin et al. 1988
(Rhesus) Pmm 7- 1016
Ppm 4
(F
151 Monkey 18.2 mo 0.007 F 0.03 F (decreased Schantz et al. 1989
- il
(F) offspring)

$40d
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Table 3-2. Levels of Significant Exposure to PCB Mixtures -

Oral (continued)

a
Keyto gpecies

Exposure/
Duration/
Frequency
figure  (Strain) (Specific Route)

NOAEL

System  (mg/kg/day)

Less Serious

Serious
(mg/kg/day)

Reference
Chemical Form

Reproductive
152 Monkey 17 mo
(Rhesus) (F)
153 Monkey 37 mo
(Rhesus) 1 x/d
©
154 Rat 24 mo
(Sprague_ ad llb
Dawley) F
155 Rat 24 mo
(Sprague- adlib
Dawley) (F)
156 Rat 24 mo
(Sprague_ adlib
Dawley) ()
157 Rat 24 mo
Dawley) F -

De\}elopmental

158 Monkey
(Rhesus)

18.2 mo
Pmm 3-

Ppm 3
(F)

0.005 F

0.1 M (decreased spermatogenesis, fggg and Norback

0.02 F (42% reduced conception

0.1

and libido)

rate)

1248

Arnold et al. 1995
1254

Mayes et al. 1998
1016

Mayes et al. 1998
1242

Mayes et al. 1998
1254

Mayes et al. 1998
1260

(50% mortality, dermal/ocular Allen and Barsotti

effects, and degenerative
changes in thymus, spleen
and lymph nodes)

1248

S103443 HIV3aH ¢
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/ :
Key toa Duration/ LOAEL et
Species  Frequency NOAEL . . eference
. A Less Serious Seriou
flgure  (Strain) (Specific Route)  System  (mg/g/day) (malkglday) (malkglday) Chemical Form
159 Monkey 18 mo 0.1 F (72% infant deaths) Allen et al. 1980
(Rhesus) (3] 1248
160 Monkey ~48 mo 0.005 (inflammation of tarsal 0.02 (fetal and post-partum deaths Arnold et al. 1985
(Rhesus) pmm 37- glands, nail lesions, gum in 4/4 impregnated monkeys) 1254
Ppw 22 recession, and reduced
1 x/d IgM antibody levels to
(©) ' SRBC in infant offspring)
161 Monkey 72 mo 0.005 F (inflammation of tarsal Arnold et al. 1997
(Rhesus) F) glands, nails and nail 1954
beds in infants)
162 Monkey 12 mo 0.007 F 0.03  (18% reduced birth Barsotti and Van
ight Miller 1984
(Rhesus) F) weight) 1016
163 Monkey 21.8mo 0.007 0.03  (18% reduced birth Levin etal. 1988
(Rhesus) Pmm 7~ weight) 1016
Ppm 4
(F)
164 Monkey 18.2 mo 0.007 F 0.03 F (18% lower birth weight) Schantz et al. 1989
(Rhesus) Pmm 42- 1016
Ppm 4
)
Cancer -
165 Rat 21 mo 5 F (CEL: liver hepatocellular ~ Kimbrough et al.
(Sherman) @) carcinomay) 1 222

S1O3443 HLTV3IH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/

$80d

A LOAEL
Key to’ Species F?:;?Jtelz?:; Reference
! ! NOAEL Less Serious Seri
figure  (Strain) (Specific Route)  System (ma/kg/day) (malkgiday) (m;;ll(zl/l:ay) Chemical Form
166 Rat 24 mo 5.4 F (CEL: liver hepatoceliular Mayes et al. 1998
(Sprague- ad lib adenoma) 1016
Dawley) F)
167 Rat 24 mo 2.0 M (CEL: thyroid follicutar cell ~ Mayes et al. 1998
(Sprague- adlib adenoma) 1242
Dawley) (F)
2.8 F (CEL.: liver hepatoceliular
adenoma)
168 Rat 24 mo 1.0 M (CEL: thyroid follicular cell ~ Mayes etal. 1998
(Sprague- ad lib adenoma) 1254
Dawley) (F
1.4 F (CEL: liver hepatocellular
adenoma)
169 Rat 24 mo 1.0 M (CEL: thyroid follicular cell ~ Mayes etal. 1998
(Sprague- adlib adenoma) 1260
Dawley) F
1.4 F (CEL: liver hepatocellular
adenoma)
170 Rat 104-105 wk 125  (CEL: liver neoplastic NCI 1978
(Fischer- 344) (F) nodules, adenoma and 1054

hepatocellular carcinoma)

S103443 HIVIH '€
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Table 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)

Exposure/

A LOAEL
Key toa . Duration/ . Reference
" Spec!es Fre_quency NOAEL Less Serious Serious
igure  (Strain} (Specific Route) System (ma/kg/day) (ma/kg/day) {mg/kg/day) Chemical Form
171 Rat 24 mo 42 (CEL: hepatocellular C‘\;’rft’ack j";'SS
(Sprague- ® neoplasms) ) Zman
Dawley) 20

*The number corresponds to entries in Figure 3-2.
*Used to derive an intermediate oral minimal risk level (MRL) of 0.00003 mg/kg/day; dose divided by an uncertainty factor of 300 (10 for extrapolation from a
LOAEL to a NOAEL, 3 for extrapolation from animals to humans, and 10 for human variability).

‘Used to derive a chronic oral minimal risk level (MRL) of 0.00002 mg/kg/day; dose divided by an uncertainty factor of 300 (10 for extrapolation from a LOAEL to
a NOAEL, 3 for extrapolation from animals to humans, and 10 for human variability).

Bd Wt = body weight; BUN = blood urea nitrogen; {C) = capsule; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); DHEA =
dehydroepiandrosterone; DHS = dehydroepiandrosterone sulfate; Endocr = endocrine; F = female; (F) = feed; (G) = gavage; Gastro = gastrointestinal; Gd =
gestational day, gest = gestation; Gn Pig = guinea pig; (GO) = gavage, oil; Hemato = hematological, Ld = lactation day; L DH = lactate dehydrogenase; LD,, =
lethal dose, 50% kill; LOAEL = lowest-observable-adverse-effect level; M = male; mo = month(s); Musc/skel = musculoskeletal; NOAEL =

no-observable-adverse-effect level; NS = not specified; Pmd = pre-mating day, Pmm = pre-mating month; PMN = polymorphonuclear; Ppd = post-parturition day;
" Ppw = post-parturition week; Ppm = post-parturition month; RBC = red blood cell; Resp = respiratory; SGOT= serum glutamic oxaloacetic transaminase; SRBC
= sheep red blood cell; T3 = triiodothyronine; T4 = thyroxine; (W) drinking water; WBC = white blood cell; wk = week(s); x = time(s); 1016 = Aroclor 1016; 1221 =
Aroclor 1221; 1242 = Aroclor 1242; 1248 = Aroclor 1248; 1254 = Aroclor 1254; 1260 = Aroclor 1260
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2.

Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
Chronic (=365 days)
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Figure 3-2. Levels of Significant Exposure to PCB Mixtures - Oral (continued)
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Table 3-3. Levels of Significant Exposure to PCB Mixtures - Dermal
Exposure/ LOAEL
Duration/
Species Frequency Svst NOAEL Less Serious Serious Reference
(Strain)  (Specific Route)  SYS®M  (mgygiqay) (mg/kg/day) (mg/kg/day) Chemical Form
ACUTE EXPOSURE
Death
Mouse once 2,273 F (unspecified number of deaths Puhvet et al. 1982
(Skh:HR-1) in a group of 3 animals) 1254
INTERMEDIATE EXPOSURE
Systemic
Mouse 6 wk Dermal 136 F Puhvel et al. 1982
(Skh:HR-1) 4 dAwk 1254
Rabbit 38d Hemato 421 F Vos and Beems
(New 5 diwk 1971
Zealand) 1260
Hepatic 42.1 F (centrilobular
degeneration, focal
. necrosis, porphyria)
Renal 421 F (tubular degeneration)
Dermal 42.1 F (hyperkeratosis, acne)
Bd Wt 42.1 F (decreased body weight)
Rabbit 28d . Hepatic 44.4 F (hepatomegaly, Vos and
(New 5 diwk centrilobular Notenboom-Ram
Zealand) degeneration, focal 1972
necrosis, porphyria, 1260
increased SGPT and
SGOT)
Renal 444 F
Dermal 44.4 F (hyperkeratosis, acne)
Bd Wt 44.4 F (34% decrease in body

weight gain)
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Table 3-3. Levels of Significant Exposure to PCB Miixtures - Dermal (continued)

Exposure/

Duration/ LOAEL
Speci.es Fre_quency Systemn NOAEL Less Serious Serious Reference
(Strain)  (Specific Route) Y (mg/kg/day) (mgfkg/day) (mglkg/day) Chemical Form
Immunological/Lymphoreticular
Rabbit 38d 42.1 F (thymic atrophy) Vos and Beems
Zealand) 1260
Rabbit 28d 44.4 F (thymic atrophy) Vos and
(New 5 diwk Notenboom-Ram
Zealand) 1972

1260

Bd Wt = body weight; d = day(s); F = female; Hemato = hematological; LOAEL = lowest-observable-adverse-effect level; NOAEL = no-observable-adverse-effect level;

SGOT = serum glutamic oxaloacetic transaminase; SGPT = serum glutamic pyruvic transaminase; wk = week(s); 1242 = Aroclor 1242; 1254 = Aroclor 1254; 1260 = Aroclor 1260
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PCBs 90

3. HEALTH EFFECTS - Death

3.2 DISCUSSION OF HEALTH EFFECTS

3.2.1 Death

3.2.1.1 Human Studies

No studies were located regarding deaths in humans from acute exposure by any route. Some studies of
longer-term occupational exposures found increased mortality from cardiovascular disease and cancer, as

discussed in Sections 3.2.2.2.1 and 3.2.8.2, respectively.

3.2.1.2 Animal Studies

Inhalation Exposure. Intermittent exposure to near-saturation vapor concentrations of heated

Aroclor 1242 (8.6 mg/m®) over 24 days was not lethal in rats, mice, rabbits, or guinea pigs, and no signs
of intoxication were reported (Treon et al. 1956). Pneumonia, apparently unrelated to PCB exposure,
caused death in some of the test and control animals except those exposed to 8.6 mg/m® Aroclor 1242.
The vapor concentrations are unknown, as the technique used to estimate them has since been shown to
be invalid; possible CDF contamination was not reported because CDFs had not then been discovered.
Similar exposures to lower concentrations of heated Aroclors 1242 and 1254 were also found not to
produce lethality in these species. No data were located regarding lethality or decreased longevity of

animals due to acute or chronic inhalation of PCBs.

Oral Exposure. There are no marked differences in acute LDy, values of Aroclor PCB mixtures for
observation periods of <30 days. Single-dose LDy, values of 4,250 mg/kg for Aroclor 1242 (Bruckner et
al. 1973), 1,010 to 1,295 mg/kg for Aroclor 1254 (Garthoff et al. 1981; Linder et al. 1974), and

1,315 mg/kg for Aroclor 1260 (Linder et al. 1974) have been reported in rats. In minks, single-dose LD,
values ranged between 750 and 1,000 mg/kg for Aroclor 1221, and were >3,000 mg/kg for Aroclor 1242
and 4,000 mg/kg for Aroclor 1254 (Aulerich and Ringer 1977). In addition to differences in PCB
congener composition, the variation in LDy, values may be related to factors such as animal strain, age,
sex, or formulation purity. There is evidence, for example, that immature rats (3—4 weeks old) are more
susceptible than adults (Grant and Phillips 1974; Linder et al. 1974). Causes of death from acute
exposure are unclear, but principal signs of toxicity in rats included diarrhea and respiratory depression,
and dehydration may be a principal contributing factor (Bruckner et al. 1973). Single-dose oral lethality

data for species other than rats and minks were not located.
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Three of five mice fed Aroclor 1254 in the diet at an estimated dose of 130 mg/kg/day for 14 days died of
unspecified causes by day 15 (Sanders et al. 1974). At the highest Aroclor 1254 dose of 520 mg/kg/day,
5 of 5 mice died within 7 days, but none of the 5 mice treated with 2.5 mg/kg/day died.

Estimated dietary doses of 4 mg/kg/day Aroclor 1248 for 2—3 months (Allen 1975; Allen and Norback
1976) and 0.12—4 mg/kg/day Aroclor 1242 for 92-245 days were lethal for monkeys (Becker et al. 1979).
Survival effects were not clearly related to dose in the Becker et al. (1979) study, but this could be due to
the small numbers tested (one per dose), which is not unusual in studies of nonhuman primates.
Tryphonas et al. (1984) dosed Cynomolgus monkeys (Macaca fasicicularis) with Aroclors 1248 and
1254 at 2 and 5 mg/kg/day for 3 days/week for 4 weeks. Aroclor 1248 was more toxic than

Aroclor 1254. Minks and monkeys appear to have similar susceptibility to lethal effects of intermediate-
duration oral PCB exposure (Aulerich and Ringer 1977; Aulerich et al. 1986; Bleavins et al. 1980;
Hornshaw et al. 1986; Ringer et al. 1981). LDs, values of 7.1-7.3 and 1 mg/kg/day were determined for
minks fed Aroclor 1254 for 28 days (Aulerich et al. 1986; Hornshaw et al. 1986) and 9 months (Ringer
et al. 1981), respectively. Death occurred in 33% of the minks fed 2.8 mg/kg/day Aroclor 1254 for

4 months (Aulerich and Ringer 1977). The average time to death in minks fed 1.9 mg/kg/day

Aroclor 1242 ranged from 156 to 171 days, with . 67% mortality occurring by 247 days (Bleavins et al.
1980). Death in minks was generally due to visceral hemorrhagic lesions. Female minks are more
sensitive than males. Intermediate-duration gavage and feed studies in rats and mice reported that much
higher doses of Aroclor 1254 or 1260 caused death (Garthoff et al. 1981; Kimbrough et al. 1972; Koller
1977). Although this may be due to species differences in susceptibility, the shorter and intermittent
duration of exposure (2.5 weeks, 2 days/week) and mode of administration (gavage) in rats may account

for some of the apparent differences.

Decreased survival occurred in male rats fed diets containing estimated doses $1.25 mg/kg/day

Aroclor 1254 for 104—-105 weeks (NCI 1978). A dose of 2.5 mg/kg/day induced a 34% decrease in
survival. The cause of death was not specified. There was no effect on survival in similarly treated
female rats, and a NOAEL for mortality was not identified. There was no attempt to identify or quantitate
impurities in the Aroclor 1254 test compound. Decreased survival is not a universal finding in chronic
PCB studies, as survival was unchanged or lifespan was extended in rats treated with estimated doses of
3.45-5 mg/kg/day 60% chlorine PCB mixtures (Aroclor 1260 and Clophen A60) via diet (Norback and
Weltman 1985; Schaeffer et al. 1984).
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Dermal Exposure. A single topical dose of 2,273 mg/kg Aroclor 1254 was fatal to hairless mice within
24 hours (Puhvel et al. 1982). It was not specified whether all three treated mice died or whether the
Aroclor was administered in pure acetone or in acetone-mineral oil emulsion. Median lethal doses for
single dermal applications of PCBs to rabbits were between 794 and 1,269 mg/kg for Aroclors 1242 and
1248, between 1,260 and 3,169 mg/kg for Aroclors 1221 and 1262, and between 1,260 and 2,000 mg/kg
for Aroclors 1232 and 1260 (Fishbein 1974; Nelson et al. 1972). These PCBs were applied undiluted
except for Aroclors 1260 and 1262, which were administered in corn oil. Other details regarding the
exposure protocol were not provided. Cause of death was not reported, and there was no clear trend of
toxicity with degree of chlorination. Lethality data for other species or durations of exposure were not

located. The lethal dose from the Puhvel et al. (1982) study is recorded in Table 3-3.

3.2.2 Systemic Effects

3.2.2.1 Respiratory

3.2.2.1.1 Human Studies

There are limited data on potential respiratory effects of PCB exposure in humans. Cross-sectional
studies provide suggestive evidence for an association. Upper respiratory tract or eye irritation (48%),
cough (14%), and tightness of the chest (10%) were noted among 326 capacitor workers exposed to
0.007-11 mg/m’ mean air concentrations of various Aroclors for >5 years (Fischbein et al. 1979;
Warshaw et al. 1979). The significance of these effects is unknown due to lack of a control group;
however, the prevalence of upper respiratory tract or eye irritation (48%) raises concern that they are
exposure-related. Other limitations of this study include discrepancies between the reports of Fischbein et
al. (1979) and Warshaw et al. (1979), poor definition of the cohort, and failure to distinguish between past
and present symptoms. Additionally, capacitor manufacturing plants typically used large amounts of
volatile degreasing agents that may have contributed to pulmonary symptom complaints. Chest pain
while walking occurred more frequently (16%) in a group of 55 male transformer workers exposed to
Aroclor/trichlorobenzene mixtures (Askarels) than in age-matched workers never occupationally exposed
to PCBs (Emmett et al. 1988a). The workers were employed for a mean duration of 3.75 years, and the
range of PCB personal exposures (primarily Aroclor 1260) measured in the breathing zone was
0.00001-0.012 mg/m®. CDF contamination ranged from 13 to 116 ppb by weight. The chest pain
symptom was not investigated further and was not attributed to a specific cause. A correlation between

coughing on the job or soon after work and PCB blood levels in electrical capacitor manufacturing
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workers has been reported (Smith et al. 1982). These workers were exposed to various Aroclors and
Askarels, in PCB concentrations ranging from 0.003 to 0.08 mg/m’ (duration of exposure was not

reported).

In addition to these reported respiratory tract symptoms, changes in lung function were observed in the
PCB workers discussed above. These include a significant decrease in 1-second forced expiratory
volume (FEV,) in the transformer workers (Emmett et al. 1988b); this is the same cohort evaluated by
Emmett et al. (1988a). However, when adjusted for smoking habits, FEV was not statistically significant.
Fourteen percent of 243 workers examined in the Warshaw et al. (1979) study showed reduced forced
vital capacity (FVC) as compared to standard values. Decreased FVC was noted in 8% of the
nonsmokers (12.5% males, 4.3% females) and in 17% of the current and former smokers (16% males,
18.7% females). Of all workers with reduced FVC, 80% demonstrated a restrictive pattern of impairment
(increased FEV /FVC) without radiologic changes. Similar results were initially found in another
spirometry study of 179 workers from the same plant population as that studied by Warshaw et al. (1979)
(Lawton et al. 1986). The 1976 findings were not confirmed by followup evaluations performed in 1979
and 1983 after no further PCB exposure, and were considered to be artifactual due to deficient pulmonary
function testing in 1976 and lack of radiologic changes to account for the restrictive impairment observed
(Lawton et al. 1986). The workers had a history of clinically recognized respiratory illness and/or
symptomatology, and obstructive impairment (increased FVC, decreased FEV,/FVC) was found in about
15% of the workers in the initial and followup evaluations (1976 and 1979), but these effects could not be
attributed solely to PCB exposure. The occurrence of self-reported respiratory effects was not elevated
among residents who lived within 0.5 mile of three PCB-contaminated waste sites (Stehr-Green et al.

19864).

Potential respiratory effects have also been reported in Yusho and Yu-Cheng patients. More frequent or
severe respiratory infections (Kuratsune 1989; Rogan 1989) and chronic bronchitis accompanied by
persistent cough and sputum production (Nakanishi et al. 1985; Shigematsu et al. 1971, 1977) have been

reported.
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3.2.2.1.2 Animal Studies

No studies were located regarding respiratory effects in animals after inhalation exposure to PCBs. There
were no histological alterations in the lungs of rats administered a single 4,000 mg/kg dose of

Aroclor 1242 by gavage and evaluated 24 hours posttreatment or in rats treated with 100 mg/kg/day
Aroclor 1242 by gavage every other day for 3 weeks (Bruckner et al. 1973). Mice fed a diet that provided
-22 mg Aroclor/kg/day for 6 weeks had no changes in lung weight or histology (Loose et al. 1978a,
1978b). Lung inflammation was observed in rats that died following dietary exposure to Phenoclor DP6
at .25 mg/kg/day for 8 days or .50 mg/kg/day for 6 days (Narbonne et al. 1978). Other respiratory end
points were not examined in these studies. No histopathologic changes were observed in the trachea or
lungs of male or female rats that were fed Aroclor 1016, 1242, 1254, or 1260 for 24 months at intake
levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or 4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998). Rhesus
monkeys receiving daily doses of 0.005, 0.020, 0.040, or 0.080 mg/kg/day Aroclor 1254 for 72 months
showed no effects on lung tissue (Arnold et al. 1997).

Intermediate-duration dietary exposure to single congeners did not result in histological damage in the
lungs of rats fed diets providing #4.1 mg/kg/day of PCB 153 (Chu et al. 1996a), #4.2 mg/kg/day of
PCB 128 (Lecavalier et al. 1997), #7.4 mg/kg/day of PCB 126 (Chu et al. 1994), #4.0 mg/kg/day of
PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of PCB 77
(Chu et al. 1995), or #0.17 mg/kg/day of PCB 118 (Chu et al. 1995).

The highest NOAEL values and all reliable LOAEL values for respiratory effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.2 Cardiovascular

3.2.2.2.1 Human Studies

A number of occupational exposure studies have investigated the possible relationship between PCB
exposure and increased risk of cardiovascular disease or altered blood pressure; the inconsistency of the
results precludes drawing conclusions from these studies. Mortality from circulatory diseases was
significantly increased in the high exposure subgroup of a cohort of 242 male capacitor manufacturing
workers with >5 years exposure and >20 years latency (Gustavsson and Hogstedt 1997). The

standardized mortality ratio (SMR) in the subgroup was 328 (5 observed/1.52 expected deaths, 95%
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confidence interval [CI] 33—61, p value not reported). Kimbrough et al. (1999a) found no significant
increases in mortality related to ischemic heart disease, hypertension with heart disease, other diseases of
the heart, cerebrovascular disease, or circulatory system (arteries, veins, pulmonary circulation) in a study
of 7,075 male and female capacitor workers. One of the subgroups (male salaried workers) in this study
had a significantly decreased risk of mortality from ischemic heart as indicated by an SMR lower than
100 (44 observed/97.5 expected deaths, SMR=45, 95% CI 107-766, p<0.01). Neither of these studies
reported adequate quantitative exposure data. The inconsistent results of these studies could be due to
differences in exposure levels, durations, and latencies, as well as types of Aroclors and cohort sizes.

Additional information on these studies is provided in Section 3.2.8.2.1.

Blood pressure measurements (systolic and diastolic) and electrocardiograms were normal in

194 capacitor plant workers (152 male, 43 female) who were exposed to Aroclors 1254, 1242, and

1016 for an average duration of 17 years (Lawton et al. 1985a). Limited exposure characterization,
consisting of monitoring in one area of the plant several months prior to the cardiovascular evaluations,
showed a geometric mean PCB concentration of 0.69 mg/m’. No correlation was found between diastolic
blood pressure in capacitor manufacturing workers, when adjusted for age and sex, and serum PCBs
(Smith et al. 1982). Abnormal blood pressure measurements or other cardiovascular abnormalities were
not reported in other studies of PCB-exposed workers that underwent general physical examinations and

medical histories (Baker et al. 1980; Chase et al. 1982; Emmett et al. 1988a; Fischbein et al. 1979).

A 30% increase over the national average incidence of borderline and definite hypertension was observed
in Triana, Alabama, residents (Kreiss et al. 1981). Increased systolic and diastolic blood pressure were
significantly associated with serum PCB levels. However, the relationship between systolic blood
pressure and serum PCB levels disappeared when serum cholesterol and triglyceride levels were factored
in, but that between diastolic blood pressure and PCBs remained significant. Consumption of
contaminated fish was the only known source of PCB exposure; the actual intake of PCBs was not
reported. The population was also exposed to dichlorodiphenyltrichloroethane (DDT) via consumption of
fish. Serum DDT and serum PCB levels were highly correlated. Multivariate analysis showed that the
PCB-blood pressure association was independent of serum DDT levels, age, sex, and weight. The excess
prevalence of hypertension cannot be attributed solely to PCBs (or DDT) with any degree of certainty due
to the lack of a matched control group, co-linearity of DDT and PCB serum concentrations, and unknown
effects of DDT residues on the metabolism or toxicity of PCBs (Kreiss 1985). Subsequent studies of
environmentally exposed populations without exposure to DDT have failed to show an association

between hypertension and PCBs. No excess of hypertension was found in 106 people who had lived near
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PCB-containing hazardous waste sites for at least 5 years (Stehr-Green et al. 1986a). Mean PCB blood
levels were <10 ppb. A significant association between increased diastolic blood pressure and serum
PCB levels was observed, but the association failed to achieve statistical significance (p=0.08) when
possible confounding effects of both age and smoking were controlled. There was no association
between elevated systolic or diastolic blood pressure and serum levels of PCBs in 840 residents of New
Bedford, Massachusetts, who were exposed via consumption of contaminated fish (Massachusetts
Department of Public Health 1987). However, most subjects in this study had serum PCB levels that

were within the typical range of the U.S. population.

3.2.2.2.2 Animal Studies

Data on the cardiovascular toxicity of PCBs in animals are limited to several oral exposure studies
conducting histological examinations of the heart and blood vessels. Pericardial edema occurred in four
of six monkeys given 12 mg/kg/day Aroclor 1248 in the diet for 3 months (Allen et al. 1973). However,
Rhesus monkeys receiving daily doses of 0.005, 0.020, 0.040, or 0.080 mg/kg/day Aroclor 1254 for

25 months showed no effects on cardiac tissue (Arnold et al. 1997). Histological examination of the heart
was normal in rats evaluated 24 hours following a single 4,000 mg/kg dose of Aroclor 1242 or

100 mg/kg/day Aroclor 1242 every other day for 3 weeks administered by gavage (Bruckner et al. 1973).
No histopathologic changes were observed in the heart of male or female rats that were fed Aroclor 1016,
1242, 1254, or 1260 for 24 months at dose levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or 4.1-5.8 mg/kg/day,
respectively (Mayes et al. 1998). Rhesus monkeys receiving daily doses of 0.005, 0.020, 0.040, or

0.080 mg/kg/day Aroclor 1254 for 25 months showed no effect on cardiac tissue (Arnold et al. 1997).

In a series of 13-week dietary exposure studies using single PCB congeners, no histological alterations in
the heart or thoracic aorta were observed in rats fed diets providing #4.1 mg/kg/day of PCB 153 (Chu et
al. 1996a), #4.2 mg/kg/day of PCB 128 (Lecavalier et al. 1997), #7.4 mg/kg/day of PCB 126 (thoracic
aorta was not examined) (Chu et al. 1994), #4.0 mg/kg/day of PCB 105 (Chu et al. 1998b),

#3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of PCB 77 (Chu et al. 1995), or

#0.17 mg/kg/day of PCB 118 (Chu et al. 1995).

Hennig and associates (Hennig et al. 1999; Slim et al. 1999) demonstrated in in vitro studies that exposure
to PCB 77 disrupts endothelial barrier function in the vascular endothelium; this was not seen for

PCB 153.
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The highest NOAEL values and all reliable LOAEL values for cardiovascular effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.3 Gastrointestinal

3.2.2.3.1 Human Studies

Clinical observations suggestive of gastrointestinal damage have been reported in workers exposed to
airborne PCBs and in the Yusho cohort. A statistically significant increase in loss of appetite was

reported by PCB-exposed transformer workers (20%) as compared to the control group (4%) (Emmett

et al. 1988a). PCB levels, primarily Aroclor 1260, ranged from 0.00001 to 0.012 mg/m’. Gastrointestinal
symptoms (anorexia, nausea, vomiting, and abdominal pain) and weight loss were also reported in 18% of
capacitor workers exposed to various Aroclors at mean concentrations of 0.007—11 mg/m’ (Fischbein

et al. 1979). The statistical significance of the effects cannot be determined since a control group was not
examined. A significant association was found between loss of appetite and increasing PCB blood levels
in electrical equipment manufacturing workers who were exposed to various Aroclors and Askarels at

PCB concentrations of 0.003-0.08 mg/m’ (Smith et al. 1982).

Postprandial epigastric distress, epigastric pain with or without a burning sensation, postprandial
headache, and intolerance to fatty foods were noted in 50% of workers exhibiting liver effects (Maroni

et al. 1981a). The workers (40 males and 40 females) were exposed to concentrations of Pyralene 3010 or
Apirolio (Italian PCB formulations) ranging from 0.048 to 0.275 mg/m® for an average duration of

12 years. Both of these products were PCB mixtures of unreported purity that had a 42% chlorine
content. Some of these workers were also exposed to a PCB mixture containing 54% chlorine. There
was no control group in this study, precluding a determination of the significance of the results.
Gastrointestinal effects (vomiting and diarrhea) have been observed in Yusho patients (Kuratsune 1989).
No signs of gastrointestinal effects were reported in community members exposed to PCB-contaminated

sludge or in PCB exposed workers (Baker et al. 1980).
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3.2.2.3.2 Animal Studies

No histopathologic effects were observed in the stomach or intestines of six rats 24 hours following a
single near-lethal dose of 4,000 mg/kg of Aroclor 1242 by gavage (Bruckner et al. 1973). In contrast,
hemorrhage into the stomach and foci of ulceration in the stomach and duodenum were observed in rats
given a single lethal gavage dose (inadequately quantified) of Aroclor 1254 or 1260 (Kimbrough et al.
1972). Gastric ulcers were observed in two pigs that were treated with 100 mg/kg/day Aroclor 1254 for
11 days (Hansen et al. 1976). The lesions in the pigs were similar in gross and histological appearance to

those observed in intermediate-duration studies with monkeys discussed below.

Intermediate-duration dietary administration of Aroclor 1248 (Allen 1975; Allen and Norback 1973,
1976; Allen et al. 1973, 1974a) and Aroclor 1242 (Becker et al. 1979) to monkeys produced gastritis with
hypertrophy and hyperplasia of the gastric mucosa. The gastric changes progressed to include mucous-
filled cysts in the mucosa penetrating into the submucosa, ulceration of the gastric mucosa resulting from
ruptured cysts or erosion, and hemorrhage. Estimated doses of $1.3 mg/kg/day Aroclor 1248 or

$0.12 mg/kg/day Aroclor 1242 for 2 months produced these gastric changes in monkeys (Allen 1975;
Allen and Norback 1976; Allen et al. 1974a; Becker et al. 1979). Only a minimal number of

Aroclor 1242-exposed animals were tested (mostly one monkey per dose group), although the severity of
the histopathologic changes was dependent on both exposure length and dose. Gastric ulcers also
occurred in minks at similar dietary doses of Aroclor 1016, 1242, or 1254 (Bleavins et al. 1980;
Hornshaw et al. 1986), and there is evidence of gastric erosion and necrosis in pigs treated with

9.2 mg/kg/day Aroclor 1242 or 1254 for 91 days (Hansen et al. 1976). In seasoned sows, which are prone
to gastric hyperemia, erosions were more severe in two of five sows receiving 9.2 mg/kg/day

Aroclor 1242 (Hansen et al. 1975). Gastrointestinal lesions were also observed in Baltic seals, and found
to be directly associated with body burdens of PCBs and/or metabolites (Bergman and Olsson 1985;
Olsson et al. 1994). There were no histological changes in the stomach or intestines of rats treated with

100 mg/kg/day Aroclor 1242 by gavage 3 times/week for 3 weeks (Bruckner et al. 1973).

Re-examination of the National Cancer Institute (NCI 1978) cancer bioassay showed Aroclor 1254
induced intestinal metaplasia and some adenocarcinoma in the glandular stomach of Fischer 344 rats
following chronic dietary treatment (Morgan et al. 1981; Ward 1985) (see Section 3.2.8.3.2). The
intestinal metaplasia appeared to be dose-related. Nonproliferative gastric lesions were not observed. No
histopathologic changes were observed in the gastrointestinal tract of male or female rats that were fed

Aroclor 1016, 1242, 1254, or 1260 for 24 months at dose levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or
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4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998). Moderate mucinous hypertrophic gastropathy was
evident in three of four Cynomolgus monkeys treated with 0.2 mg/kg/day Aroclor 1254 in the diet for
12—13 months (Tryphonas et al. 1984, 1986a) and in two of four Rhesus monkeys treated similarly for
28 months (Tryphonas et al. 1986b). No effects on stomach tissue were observed in Rhesus monkeys

receiving daily doses of #0.080 mg/kg/day Aroclor 1254 for 72 months (Arnold et al. 1997).

No histological alterations were observed in the organs and tissues of the gastrointestinal tract of rats
following a 13-week dietary exposure to #4.1 mg/kg/day of PCB 153 (Chu et al. 1996a), #4.2 mg/kg/day
of PCB 128 (Lecavalier et al. 1997), #7.4 mg/kg/day of PCB 126 (Chu et al. 1994), #4.0 mg/kg/day of
PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of

PCB 77 (Chu et al. 1995), or #0.17 mg/kg/day of PCB 118 (Chu et al. 1995).

The highest NOAEL values and all reliable LOAEL values for gastrointestinal effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.4 Hematological

3.2.2.4.1 Human Studies

In general, hematological effects have not been observed in humans occupationally exposed to PCBs.
Capacitor plant workers (152 males, 43 females) exposed to Aroclors 1254, 1242, and 1016 for an
average duration of 17 years showed slightly decreased numbers of polymorphonuclear neutrophil (PMN)
white cells and slightly increased lymphocyte, monocyte, and eosinophil counts when compared to
normal values (Lawton et al. 1985a). Limited exposure characterization, consisting of monitoring in one
area of the plant several months prior to hematological evaluation, showed a geometric mean PCB
concentration of 0.69 mg/m’. Values for other white cells, erythrocytes, hemoglobin, and hematocrit
were within normal ranges. Other studies of PCB-exposed workers have reported essentially normal
hematology including total and differential white blood cell counts (Chase et al. 1982; Emmett et al.
1988b; Fischbein et al. 1979; Maroni et al. 1981b; Ouw et al. 1976; Smith et al. 1982). Mild normocytic

anemia and leukocytosis have been reported in Yu-Cheng patients (Rogan 1989).
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3.2.2.4.2 Animal Studies

Erythrocyte count, leukocyte count, and hemoglobin level were evaluated in 3—6 rabbits and guinea pigs
intermittently exposed to chamber concentrations of 5.4 mg/m?® Aroclor 1254 or 6.8 mg/m* Aroclor 1242
over a period of 120 or 121 days, respectively (Treon et al. 1956). Alterations included increased
erythrocytes in the rabbits (Aroclor 1254) and increased hemoglobin in the guinea pigs (both Aroclors);

however, although statistically significant, neither change was regarded as physiologically significant.

Packed blood cell volume was increased in male rats given single lethal doses of 4,000 or 6,000 mg/kg
Aroclor 1242 by gavage (Bruckner et al. 1973, 1974). Crenated erythrocytes and increased PMNs were
observed at 4,000 mg/kg, but not at 6,000 mg/kg. The investigators indicated that the effect on cell

volume reflected dehydration rather than a direct hematologic effect.

Anemia has been observed in monkeys treated with Aroclor 1248 or 1254 in intermediate-duration
studies (Allen 1975; Allen and Norback 1973, 1976; Allen et al. 1973, 1974a) and chronic-duration
studies (Allen 1975; Arnold et al. 1990; Tryphonas et al. 1984, 1986a, 1986b). The anemia was
manifested by decreased hemoglobin content, decreased hematocrit, and hypocellularity of erythrocytic
and other precursor cells in the bone marrow, occurred at doses of $4 mg/kg/day for 2 months (Allen
1975; Allen and Norback 1976) and $0.2 mg/kg/day for 12-28 months (Arnold et al. 1990; Tryphonas

et al. 1986a, 1986b), and may be related to moribund condition of the monkeys. The anemia was not
quantified in all studies, but the existing data indicate that it was moderate to severe after intermediate and
chronic exposure. Numbers of circulating neutrophils were generally increased and lymphocytes were
decreased in these studies. Hematological changes consistent with a picture of anemia have also been
observed in monkeys treated with 0.08 mg/kg/day Aroclor 1254 for 37 months; a dose of 0.02 mg/kg/day
produced a decrease in mean platelet volume (Arnold et al. 1993b). Rhesus monkeys receiving daily
doses of #0.080 mg/kg/day Aroclor 1254 for 72 months, however, showed no effect on hematological
parameters (Arnold et al. 1997).

Hematological changes do not appear to be a clear effect of PCB exposure in animals. Small numbers of
rats (four per PCB) fed 50 mg/kg/day Aroclor 1248, 1254, or 1262 for 4-6 weeks showed marked
neutrophilia and slightly increased hemoglobin and hematocrit (Allen and Abrahamson 1973). No
consistent hematologic effects were observed in rats (6 per dose) fed #1.5 mg/kg/day Aroclor 1242 for
2—-6 months (Bruckner et al. 1974), in guinea pigs (12 per dose) fed #4 mg/kg/day Aroclor 1260 for

8 weeks (Vos and de Roij 1972), or in rabbits (7 per dose) fed #6.5 mg/kg/day Aroclor 1254 for 8 weeks



PCBs 101

3. HEALTH EFFECTS - Systemic

(Street and Sharma 1975). There were no treatment-related changes in hemoglobin levels or hematocrit
in minks (10 per PCB) fed 0.4 mg/kg/day Aroclor 1016, 1221, 1242, or 1254 for #39 weeks (Aulerich
and Ringer 1977). Red blood cell count and hemoglobin concentration were reduced in female rats (50
per group) that were fed Aroclor 1016 or 1260 for 24 months at intake levels $2.7 or $1.4 mg/kg/day,
respectively (Mayes et al. 1998). No hematologic effects were observed in female rats that were similarly
exposed to #5.7 mg/kg/day Aroclor 1242 or #6.1 mg/kg/day Aroclor 1254, or in male rats exposed to
Aroclor 1016, 1242, 1254, or 1260 at intake levels of #8.0, #5.7, #6.1, or #4.1 mg/kg/day, respectively.

Intermediate-duration exposure to single congeners has resulted in hematological effects in rats.
Significant decreases in hemoglobin, hematocrit, mean corpuscular hemoglobin, mean corpuscular
volume, and decreased eosinophils were observed in rats treated with 4.0 mg/kg/day of PCB 105 (Chu et
al. 1998b). Decreases in hemoglobin, hematocrit erythrocyte count, mean corpuscular hemoglobin, mean
corpuscular volume, and platelets were observed after exposure to 7.4 mg/kg/day of PCB 126 (Chu et al.
1994). In contrast, no hematological effects were observed similarly treated rats exposed to

#0.77 mg/kg/day of PCB 77 (Chu et al. 1995), #0.17 mg/kg/day of PCB 118 (Chu et al. 1995),

#3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), or #4.2 mg/kg/day of PCB 128 (Lecavalier et al. 1997).

No effects on hemoglobin, hematocrit, or differential leukocyte count were observed in rabbits exposed to
60% chlorine PCBs in isopropanol (Aroclor 1260, Clophen A60, or Phenoclor DP6) applied to the shaved
back skin 5 days/week for 38 days at estimated doses of 42 mg/kg/day (Vos and Beems 1971). Total
leukocyte count was reduced, but insufficient information was provided to determine whether this effect
was adverse, whether it was due to a direct effect on the reticuloendothelial system, or if it was secondary
to other toxicity (hepatic and renal damage also occurred). CDFs were found only in the non-Aroclor

PCBs (detection limit, 1 ppm).

The highest NOAEL values and all reliable LOAEL values for hematological effects for each study are
recorded in Tables 3-1, 3-2, and 3-3, and plotted in Figures 3-1 and 3-2.
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3.2.2.5 Musculoskeletal

3.2.2.5.1 Human Studies

There are limited data on the musculoskeletal toxicity of PCBs in humans. Only one report of
musculoskeletal effects was located (Fischbein et al. 1979). Joint pain was reported by - 11% of the
workers exposed to various Aroclors at mean area concentrations of 0.007—11 mg/m’. A higher
prevalence was noted in female workers (15.2%) than in males (7.7%). Muscle pain was reported by
<4% of the males and females. Information on the severity or constancy of the joint and muscle pain was
not reported, physiological testing was not performed, and there was failure to distinguish between past
and present symptoms. The statistical significance of these symptoms cannot be determined because a
control group was not examined. No studies were located regarding musculoskeletal effects in humans
after oral exposure to PCBs, although a 10% prevalence of unspecified joint problems was reported
among farm families who consumed dairy products and beef that were contaminated with PCBs

(Humphrey 1983).

3.2.2.5.2 Animal Studies

Little information exists regarding musculoskeletal effects of PCBs in animals. Changes in femur bone
morphology resulting in weaker bones occurred in growing (28-day-old) rats (10 per dose) that were
treated with Aroclor 1254 by gavage for 10-15 weeks (Andrews 1989). Effects included increased femur
density at $0.1 mg/kg/day; decreased cross-sectional and medullary areas at $10 mg/kg/day; and
decreased femur weight, volume, length, and cortical area and strength at 25 mg/kg/day. No definite
effects on bone flexibility were observed. Serum and urinary calcium levels were increased, but there

were no treatment-related alterations in serum parathyroid hormone concentration

No histopathologic changes were observed in skeletal muscle of male or female rats that were fed
Aroclor 1016, 1242, 1254, or 1260 for 24 months at dose levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or
4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998). Similarly, there were no histological alterations in
skeletal muscle of rats exposed to #4.1 mg/kg/day of PCB 153 (Chu et al. 1996a), #4.2 mg/kg/day of
PCB 128 (Lecavalier et al. 1997), #4.0 mg/kg/day of PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of
PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of PCB 77 (Chu et al. 1995), or #0.17 mg/kg/day of

PCB 118 (Chu et al. 1995) in the diet for 13 weeks.
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The highest NOAEL values and all reliable LOAEL values for musculoskeletal effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.6 Hepatic Effects

3.2.2.6.1 Summary

In humans, clinical studies of PCB workers reported associations between increased serum levels of liver-
related enzymes, lipids, and cholesterol and serum PCBs. Studies of people exposed to PCBs by
ingestion of contaminated fish in Triana, Alabama or contaminated rice oil in the Yusho or Yu-Cheng
incidents have reported increases in serum levels of some liver enzymes characteristic of microsomal
enzyme induction or liver damage, but these effects cannot be attributed solely to PCBs due to the mixed
chemical nature of the contaminated fish and heated rice oil exposures. Serum cholesterol, but not
triglycerides, was increased in consumers of contaminated fish, whereas increased serum triglycerides,

but not cholesterol, were associated with Yusho and Yu-Cheng exposure.

Hepatotoxicity of PCBs is well-documented in animals exposed to commercial mixtures or single
congeners for acute, intermediate, or chronic durations by oral and other routes of exposure. PCB-
induced liver effects in animals seem to be reversible when mild and include microsomal enzyme
induction, liver enlargement, increased serum levels of liver-related enzymes and lipids, altered porphyrin
and vitamin A metabolism, and histopathologic alterations that progress to non-neoplastic degenerative
lesions (particularly fatty and necrotic changes) and/or tumors with higher doses or longer duration
exposures. Intermediate- and chronic-duration oral studies indicate that monkeys are more sensitive than

rats to PCB hepatotoxicity.

3.2.2.6.2 Human Studies

3.2.2.6.2.1 Liver Enzymes, Enlargement, and Pathology

Occupational Exposure. Hepatic effects have been investigated in a number of epidemiology studies and
clinical surveys of PCB-exposed workers. Increased serum levels of liver-related enzymes, particularly
gamma-glutamyl transpeptidase (GTP), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (AP), and/or lactate dehydrogenase (LDH), were reported in many of these
studies (Chase et al. 1982; Emmett et al. 1988b; Fischbein 1985; Fischbein et al. 1979; Lawton et al.
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1985a; Maroni et al. 1981a, 1981b; Ouw et al. 1976). Additionally, increases in levels of these serum
enzymes have been correlated with serum PCB levels (Baker et al. 1980; Chase et al. 1982; Emmett et al.

1988b; Fischbein 1985; Fischbein et al. 1979; Lawton et al. 1985a; Smith et al. 1982).

Asymptomatic hepatomegaly and increased serum levels (elevated to slightly above normal range) of
GTP, AST, and/or ALT were found in 14 of 80 capacitor manufacturing or repair workers who were
exposed to non-Aroclor PCB mixtures with a 42% chlorine content (Italian formulations Pyralene 3010 or
Apirolio) for an average of 12 years (Maroni et al. 1981a, 1981b). Two other workers had increased
serum enzyme levels without liver enlargement. PCB levels ranged from 48 to 275 pg/m’ in the
workroom air, 2-28 pug/cm? on the skin surface (palms), and 41-1,319 ug/kg in the blood. The
investigators considered the liver enlargement indicative of hepatic microsomal induction. Comparison
of the 16 workers with abnormal liver findings and the 64 without abnormal findings showed that those
with the abnormalities had statistically significant (p<0.01) higher mean concentrations of
trichlorobiphenyls, pentachlorobiphenyls, and total PCBs in the blood. Additionally, significant positive
correlations were found between the frequency of workers with the abnormal liver findings and
increasing levels of blood trichlorobiphenyls (p<0.001), pentachlorobiphenyls (p<0.05), and total PCBs
(p<0.001). No matched control group was included in the study, there was no apparent association
between severity of hepatomegaly and blood PCB levels, and hepatomegaly was not reported in other
studies that included physical examinations conducted even at similar or higher serum PCB levels (e.g.,

Fischbein et al. 1979; Smith et al. 1982).

Serum enzyme (AST, ALT, LDH, AP) and bilirubin levels were within normal limits in 16 workers
exposed to PCBs (type not reported) primarily via dermal contact with used transformer oil containing
-600,000 ppm PCBs or secondary contact with contaminated clothes or shoes (Brandt-Rauf and Niman
1988). No correlation between serum triglyceride levels and serum PCB levels was found. Physical
examinations showed no dermal or other abnormalities consistent with PCB exposure, but it is not
specifically mentioned if the examinations looked for liver enlargement. Serum PCB concentrations in

the study group were low (generally <10 ppb) in comparison to other occupational studies.

Clearance of antipyrine, a known substrate for microsomal hepatic enzymes, was used to test liver
function in two studies of PCB-exposed workers (Alvares et al. 1977; Emmett et al. 1988b). A
significantly lower mean half-life of antipyrine clearance from blood was found in five workers exposed
for an average of 9 years to various Aroclors, including Aroclor 1260, compared to five control subjects

matched for age, sex, and smoking/drinking habits (Alvares et al. 1977). The antipyrine clearance halfT]
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lives were 10.8 and 15.6 hours in the exposed and control subjects (p<0.005), respectively, suggesting
that exposure induced hepatic microsomal enzymes. The exposed workers were a subgroup of the
population studied by Fischbein et al. (1979) who were exposed to mean PCB concentrations ranging
from 0.007 to 11 mg/m’. The second study (Emmett et al. 1988b) found no difference in antipyrine
plasma half-life in transformer maintenance workers primarily exposed to lower concentrations of
Aroclor 1260 (#0.012 mg/m?®) for an average of 3.75 years compared with controls matched for age, race,
and marital status, but not for current smoking and drinking habits (Emmett et al. 1988b). The reason for
the different antipyrine liver function test findings in these studies is not clear, but is most likely due to
levels and durations of exposure since serum PCB levels were higher (up to 125 ppb) in the responding
group (Fischbein et al. 1979) and (<15 ppb) in the Emmett et al. (1988b) group. The difference might

also be related to smoking and/or drinking habits.

Contaminated Fish Consumption. Limited information is available on hepatic end points in populations
who consumed fish contaminated with PCBs and other chemicals in Triana, Alabama (Kreiss et al. 1981)
and the Baltic Sea area (Svensson et al. 1994). No data were located on liver effects in fisheaters from the

Great Lakes/St. Lawrence River basin.

Serum y-glutamyl transpeptidase (GGT) and cholesterol (Section 3.2.2.6.2.2), but not serum ALT or
bilirubin, were positively correlated with serum PCB levels in 458 residents of Triana, Alabama (Kreiss
et al. 1981). These associations were independent of factors such as age and alcohol and fish
consumption, although the natural partitioning of PCBs into serum lipids could contribute to the
correlation. Consumption of contaminated fish was the only known source of PCB exposure. The mean
serum concentration of PCBs (analyzed as Aroclor 1260) was 17.2 ppb. Levels of DDT were also
increased in residents and fish, and there was a strong positive correlation between serum concentrations
of DDT and PCB. Serum DDT levels did contribute to the variance in serum GGT and other effects, but
this does not preclude the possibility of an interaction between PCB and DDT.

A comparison of 23 Swedish males with a high consumption of Baltic Sea fish and 20 men with virtually
no fish consumption showed no statistically significant differences in serum levels of AST, ALT, GGT,
AP, or bilirubin (Svensson et al. 1994). The fisheaters had elevated blood levels of PCBs and other

organochlorines, as well as increased erythrocyte levels of methylmercury.

Yusho and Yu-Cheng Exposures. Clinical alterations that have been observed in people exposed during

the Yusho and Yu-Cheng PCB accidental ingestion incidents include increases in serum liver-related
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enzymes and triglycerides and urinary uroporphyrins (Kuratsune 1989; Rogan 1989). Elevations in
serum AST and ALT are generally consistent findings in Yu-Cheng patients (Rogan 1989), although few
abnormalities in AST and ALT and other basic liver function indices have been associated with Yusho
exposure (Kuratsune 1989; Masuda 1994). Results of non-routine serum tests (e.g., accelerated
erythrocyte sedimentation rate, high titer in thymol turbidity, increased M fraction of lactate
dehydrogenase, and increased alkaline phosphatase and ribonuclease levels) suggested liver damage in

some Yusho patients, particularly severe cases (Masuda 1994).

The predominant morphological finding in the liver of Yusho patients appears to be ultrastructural
changes suggestive of microsomal enzyme induction, particularly alterations in the endoplasmic reticulum
and pleomorphic and enlarged mitochondria (Kuratsune 1989; Masuda 1994). Mortality from cirrhosis of
the liver and from liver diseases excluding cirrhosis was increased in both sexes in a cohort of

1,940 Yu-Cheng victims (>95% of all registered cases) followed for 12 years after exposure (Hsieh et al.
1996). SMRs for cirrhosis and other liver diseases were 2.79 (95% CI 1.39-5.00) and 5.40 (CI
1.47-13.82), respectively, compared to the Taiwan national populations; rates were similarly increased
compared to local populations. Mortality from all liver diseases during the first 3 years after exposure

(SMR=10.76, 5.37-19.26) was more than 8§ times higher than in the subsequent 9 years.

3.2.2.6.2.2 Serum Lipids, Triglycerides, and Cholesterol

Occupational Exposure. Levels of liver-regulated serum lipids, particularly triglycerides and cholesterol,
have been studied in PCB-exposed workers. Serum triglycerides, total cholesterol, ALT, and
albumin/globulin ratio were increased in capacitor plant workers with a mean length of employment of

17 years (Lawton et al. 1985a). These workers were exposed to various Aroclor mixtures at a mean
concentration of 0.69 mg/m’ (range, 0.2-2.0), based on monitoring performed in only one area of the
plant several months prior to clinical evaluation. In other studies, no changes in serum cholesterol,
triglycerides, high-density lipoproteins (HDL), low-density lipoproteins (LDL), very low-density
lipoproteins (VLDL), and/or serum albumin levels were found in workers exposed primarily to

Aroclor 1260 (#0.012 mg/m’) for a mean of 3.75 years (Emmett et al. 1988b) or to an unspecified Aroclor

mixture (PCB air concentration not reported) in transformer fluids for 4—-17 years (Chase et al. 1982).

Significant positive correlations between serum triglyceride or cholesterol levels and serum PCBs in
PCB-exposed workers have been reported (Baker et al. 1980; Chase et al. 1982; Emmett 1985; Emmett et
al. 1988b; Lawton et al. 1985a; Smith et al. 1982), but not all studies were adjusted for all major
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confounding variables. For example, when adjusted for all confounders, Emmett et al. (1988b) found no
correlation between serum lipids and serum PCBs. Evidence from this and other studies indicates that
correlations between serum lipids and PCBs may be due to the partitioning of PCBs between adipose
tissue and lipids in the blood (Brown and Lawton 1984; Emmett 1985; Emmett et al. 1988b; Lawton et al.
1985a). Data from the Yusho and Yu-Cheng incidents (see subsection below) and animal studies (see
Section 3.2.2.6.3.2), however, indicate that elevated serum lipids are an effect of oral exposure to high

levels of PCBs.

Contaminated Fish Consumption. Serum cholesterol, serum GGT, and blood pressure, but not serum
HDL cholesterol or triglycerides, were positively correlated with serum PCB levels in 458 residents of
Triana, Alabama (Kreiss et al. 1981). These associations were independent of age, sex, fish consumption,
body mass index, and alcohol consumption. Consumption of contaminated fish was the only known
source of PCB exposure, but PCB intake was not estimated. DDT was also increased in the serum of the
people and in the fish, and serum DDT and serum PCB levels were highly correlated. Serum DDT levels

did not contribute to the variance in serum cholesterol, serum GGT, or blood pressure.

General Population Exposures. Serum cholesterol and triglycerides were increased in individuals with
elevated serum PCB levels who had resided near waste sites for 5 years (Steer-Green et al. 1986a, 1986b).
The increases were not substantially greater than normal, however, and neither levels of cholesterol nor
triglycerides correlated with serum PCB concentrations. Other findings included a significant positive
correlation of total bilirubin with serum PCB levels, and significant negative correlations of serum
albumin with serum PCBs and of AST with serum lipid fraction-adjusted PCB levels. This study used
pooled data from combined residential and occupational exposure. Similar results were reported by
Steinberg et al. (1986) using uncorrected data. In addition, a positive correlation between the activities of
B-glucuronidase and SN-nucleotidase and total serum PCBs was observed in individuals who lived or
worked near an electrical equipment manufacturing plant. Similar positive correlations were also found
with serum dichlorodiphenyl dichloroethene (DDE) (a metabolite of DDT); no correlations were observed

when potential confounding factors (e.g., age, cholesterol) were removed.

Yusho and Yu-Cheng Exposures. Markedly elevated serum triglyceride levels with unchanged total
serum cholesterol was a laboratory finding characteristic of Yusho and Yu-Cheng exposures (Oxymora et
al. 1979; Masuda et al. 1994; Uzawa et al. 1969). The elevated triglycerides generally persisted for

several years following exposure and subsequently declined to normal levels.
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3.2.2.6.2.3 Porphyria

Occupational Exposure. Sixty-seven PCB-exposed workers with a mean employment length of 12 years
(range, 2-32 years) exhibited increased urinary excretion of total porphyrins and porphyrin homologues
(coproporphyrin, pentaporphyrin, hexaporphyrin, heptaporphyrin, and uroporphyrin) compared to a
control population of unexposed electrical workers (Colombi et al. 1982). No shift in the relative urinary
levels of porphyrin homologues was observed between the exposed and control groups. The exposed
workers were exposed to Aroclor 1254 (unquantitated) for up to 17 years and, subsequently, to
0.048-0.275 mg/m’® Pyralene 3010 (42% chlorine content) for an unspecified duration; dermal exposure
to both PCB mixtures could not be ruled out. In another study, urinary coproporphyrin, uroporphyrin,
and porphobilinogen did not correlate with serum PCB levels in workers exposed to various Aroclors and

Askarels in concentrations ranging from 0.003 to 0.08 mg/m® for >13 years (Smith et al. 1982).

Urinary porphyrin excretion and serum GGT activity were significantly increased in 51 workers who
were exposed for a mean duration of 10 years, and 28 of 51 subjects had elevated concentrations of PCBs
in the blood (Maroni et al. 1984). As discussed by James et al. (1993), average urinary excretion of
porphyrins was almost twice as high as unexposed control group values, but no correlation was found

between porphyrin excretion and blood PCB levels.

Yusho and Yu-Cheng Exposures. Type B hepatic porphyria (i.e., a uroporphyrin/coproporphyrin ratio
greater than 1) is a consistent finding in Yu-Cheng patients, including children born to exposed mothers
(Chang et al. 1980; Gladen et al. 1988; Hsu et al. 1994; Lu et al. 1980). Abnormal urinary porphyrin

levels have rarely been associated with Yusho exposure (Masuda et al. 1994).

3.2.2.6.2.4 Evaluation of Human Studies

There is no clear indication that environmental exposure to PCBs has caused adverse liver effects in
humans. Evidence for liver effects of PCBs in humans has been sought in numerous studies of exposed
workers. Hepatic end points in these studies are essentially limited to serum enzymes (e.g., AST, ALT,
and GGT) and other biochemical indices (e.g., bilirubin, serum lipids, and cholesterol) that are routinely-
examined in clinical assays. Antipyrine elimination was evaluated in two studies of PCB workers
(Alvares et al. 1977; Emmett et al. 1988b). Results suggest a threshold of 100 ppb in serum for
phenobarbital-type induction in humans (Brown 1994). A positive correlation between the frequency of

workers with hepatomegaly and elevated serum enzyme values and increasing levels of PCBs in the blood
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was reported in one study (Maroni et al. 1981a, 1981b), but there was no apparent relationship between
severity of the effect and PCB levels, and no matched control group was included in the study. Studies of
people exposed to PCBs by ingestion of contaminated fish (Kreiss et al. 1981) or contaminated rice oil in
the Yusho or Yu-Cheng incidents (Kuratsune 1989; Masuda 1994; Rogan 1989) have shown increases in
serum levels of some liver enzymes and other hepatic indices that are indicative of microsomal enzyme
induction or liver damage. Ultrastructural changes indicative of microsomal enzyme induction are
predominant hepatic morphological findings in Yusho patients. Due to the mixed chemical nature of the

fish and rice oil exposures, the results cannot be attributed solely to PCBs.

Increased levels of serum triglycerides and cholesterol have not been reported consistently in workers
with long-term occupational exposure to PCBs. As discussed by James et al. (1993), the variable results
can be explained, at least partially, by failure of the studies to control for variables known to affect serum
lipid levels, particularly age, alcohol consumption, and medical history. Because tissue concentrations
are generally considered to be a better measure of body burdens and dose received than serum lipid levels,
this may explain the difficulty in showing a correlation between serum lipid levels and PCB dose.
Additionally, both Emmett et al. (1988b) and Lawton et al. (1985a) showed that associations with serum
lipid levels and serum PCB levels can be explained by the partitioning behavior of PCBs, suggesting that
serum lipid levels may affect serum PCB levels rather than PCB exposure affecting serum lipid levels.
However, as described in the following section, animal data indicate that exposure to PCBs can indeed
increase serum lipid levels. A limited amount of information is available on serum lipid effects of PCBs
in nonoccupational populations. Serum cholesterol, but not triglycerides, was increased in Triana,
Alabama, consumers of contaminated fish (Kreiss et al. 1981), and increases in serum triglycerides, but
not cholesterol, were associated with Yusho and Yu-Cheng exposure (Masuda et al. 1994; Oxymora et al.

1979; Uzawa et al. 1969).

Increased urinary excretion of porphyrins appears to be associated with occupational exposure to PCBs
(Colombi et al. 1982; Maroni et al. 1984; Smith et al. 1982). Hepatic porphyria was commonly observed
in people exposed during the Yu-Cheng PCB incident, although it was not a usual finding in Yusho cases

(Chang et al. 1980; Gladen et al. 1988; Hsu et al. 1994; Lu et al. 1980; Masuda et al. 1994).
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3.2.2.6.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for hepatic effects for each study are recorded
in Tables 3-1, 3-2, and 3-3, and plotted in Figures 3-1 and 3-2.

3.2.2.6.3.1 Liver Enzymes, Enlargement, and Pathology

Inhalation Exposure

No histological changes occurred in the liver of adolescent male rats that were whole-body exposed to

0 or 900 ng/m* Aroclor 1242 vapor 23 hours/day for 30 days (Casey et al. 1999). The generation of the
vapor-phase test atmosphere was based entirely on the evaporation of a liquid PCB mixture using a
system that did not create aerosol droplets, and the concentration and congener composition of the test
atmosphere was well characterized. Limitations of this study include only one exposure level and liver
end point and a relatively small number of animals (8/group); however, uptake of PCBs in the liver was
confirmed by tissue analysis, and the exposure was sufficient to induce effects in other tissues, including

the thyroid, which is known to be particularly sensitive to PCBs.

Histopathologic lesions were found in the livers of rats, mice, rabbits, and guinea pigs that were
intermittently exposed to chamber concentrations of 1.5 mg/m’ Aroclor 1254 for 7 hours/day for 150 days
over a total of 213 days (Treon et al. 1956). Alterations varied in severity depending upon species,
ranging from cytoplasmic vacuolation in guinea pigs to fatty metamorphosis and other degenerative
lesions in rats. Similar exposures of rats, mice, rabbits, or guinea pigs to Aroclor 1242 for 7 hours/day at
1.9 mg/m’ for 150 of 214 days, or 8.6 mg/m’ for 17 of 24 days, did not produce histopathology in the
liver or other viscera. Relative liver weight, measured in rats, guinea pigs, and rabbits exposed for

7 hours/day to 6.8 mg/m’ Aroclor 1242 for 82 of 120 days or 5.4 mg/m* Aroclor 1254 for 83 of 121 days
was increased only in the rats exposed to Aroclor 1254; liver histology was not evaluated in these studies.
None of the exposure scenarios produced treatment-related gross liver pathology in any of the species. It
was necessary to vaporize the Aroclors by heating to 55-138 EC to attain the concentrations used in the

study, although these temperatures are too low to cause formation of CDFs (Morita et al. 1978).

No information was located on hepatotoxicity in animals following acute- or chronic-duration inhalation

exposure to PCBs.
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Oral Exposure

Commercial PCB Mixtures. Relatively little information is available on hepatic effects of acute-duration
oral exposure to PCBs. Liver microsomal enzyme activity (aminopyrine N-demethylation and acetanilide
hydroxylation) was increased in rats exposed to 0.5 mg/kg/day (lowest tested level) Aroclor 1254 for
durations as short as 1-3 days (Bruckner et al. 1977); no other hepatic end points were evaluated in this
study. Relative liver weight and serum total cholesterol were increased in rats that were fed estimated
doses of $1 mg/kg/day Aroclor 1254 for 4 days, but not 0.5 mg/kg/day (Carter 1984, 1985); histology
was not evaluated. Acute-duration studies evaluating hepatic effects of PCBs other than microsomal
enzyme induction at doses lower than those in the Carter (1984, 1985) studies were not located. Effects
in rats exposed to higher doses of PCBs in acute-duration studies included increased liver weight,
decreased liver glucose 6-phosphatase, and/or decreased serum cholesterol at $1.9 mg/kg/day

Aroclor 1254 (Carter and Koo 1984; Price et al. 1988) and 50 mg/kg/day Aroclor 1248 (Kato and
Yoshida 1980), as well as degenerative hepatic histopathological changes at PCB doses $50 mg/kg/day as
discussed below. Additional information on PCB-induced hypercholesterolemia is included in

Section 3.2.2.6.3.2.

The lowest reported hepatic effect levels in intermediate-duration oral studies are NOAELs for
microsomal enzyme induction in rats (Bruckner et al. 1974, 1977; Litterst et al. 1972). Liver microsomal
nitroreductase and demethylase were induced in rats that were fed $0.03 mg/kg/day (lowest tested dose)
Aroclor 1242, 1248, 1254, or 1260 for 4 weeks (Litterst et al. 1972). All of these PCB mixtures also
caused increased relative liver weight at $2.5 mg/kg/day and increased liver triglycerides at

$25 mg/kg/day; however, histology was not evaluated. The effects were generally dose-related among
the mixtures and the maximum increase in liver triglycerides was caused by Aroclor 1248. No
histological changes were found in the liver of adolescent rats exposed to dietary doses of 0 or

0.033 mg/kg/day Aroclor 1242 for 30 days (Casey et al. 1999). Limitations of this study include a
relatively small number of animals (8/group) and the lack of more than one dose level and hepatic end
point, although tissue congener analyses confirmed uptake of PCBs in the liver. Hepatic microsomal
enzymes, liver weight, and lipid deposition in the liver were increased in rats fed $0.25 mg/kg/day
Aroclor 1242 for $2 months; no other hepatic histopathologic changes were observed, and serum levels of
AST and ALT were not increased (Bruckner et al. 1974). Dietary ingestion of $0.25 mg/kg/day

Aroclor 1254 for $35 days similarly induced hepatic microsomal enzymes in rats, but other liver effects
(increased liver weight and triglyceride content; histology was not evaluated) only occurred at a higher

dose of 1.25 mg/kg/day (Bruckner et al. 1977). Another study with Aroclor 1254 found no significant
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change in liver weight in rats fed up to 2.5 mg/kg/day for 5 months (Byrne et al. 1988); no other hepatic

end points were evaluated.

Increased relative liver weight and hepatocellular hypertrophy, but no additional histological changes in
the liver, occurred in mice that were fed 22 mg/kg/day Aroclor 1242 for 6 weeks (Loose et al. 1978a,
1978b). Microsomal enzyme activity (as indicated by decreased pentobarbital-induced sleeping time) and
liver weight were increased in mice fed 32.5 or 130 mg/kg/day Aroclor 1254 for 2 weeks (Sanders et al.
1974). No other liver end points (e.g., serum indices, histology) were evaluated, precluding the
determination of whether these doses were hepatotoxic in mice. Liver weights were also increased in
mice that were fed an estimated dose of 37.5 mg/kg/day Aroclor 1260 for 14 days, but not in mice
administered a single 50 mg/kg dose by gavage (Whysner et al. 1998); no other liver toxicity end points

were included in either study.

Fatty degeneration and necrotic changes are characteristic hepatic histopathological effects of PCBs that
have been induced in rats and mice exposed to relatively high oral doses, including rats given a single
4,000 mg/kg dose of Aroclor 1242 by gavage (Bruckner et al. 1973); rats fed 100 mg/kg/day

Aroclor 1242 for 3 weeks (Bruckner et al. 1973), 50 mg/kg/day Aroclor 1248 or 1254 for 2—4 weeks
(Allen and Abrahamson 1973; Kling et al. 1978), or $6.5-7.5 mg/kg/day Aroclor 1254 or 1260 for

8 months (Kimbrough et al. 1972), and mice fed 4.88 mg/kg/day Aroclor 1254 for 6 months or

49.8 mg/kg/day for 11 months (Kimbrough and Linder 1974; Koller 1977). Additionally, lipid
accumulation occurred in the liver of offspring of rats that were fed 1.5 mg/kg/day Aroclor 1254 or
1260 (Linder et al. 1974), and hepatocellular hypertrophy and vacuolar degeneration developed in
weanling rats that ingested $1.0 mg/kg/day Aroclor 1254 for 10 weeks (Gray et al. 1993). Rabbits fed
2.1 or 6.5 mg/kg/day Aroclor 1254 for 8 weeks had increased relative liver weight, but no treatment-
related histological alterations (Street and Sharma 1975); other hepatic end points were not evaluated.
Similarly, there were no histological changes in the livers of guinea pigs with significantly increased

relative liver weight fed #4 mg/kg/day Aroclor 1260 for 8 weeks (Vos and de Roij 1972).

The most comprehensive chronic toxicity study of PCBs in rodents provides comparative clinical and
histology data on four Aroclor mixtures (Fish et al. 1997; General Electric Co. 1997a, 1997b; Mayes et al.
1998). Rats were fed Aroclor 1016, 1242, 1254, or 1260 for 24 months at two (Aroclor 1242) or three
dose levels per sex at ranges of 2.0-11.2, 2.0-5.7, 1.0-6.1, or 1.0-5.8 mg/kg/day, respectively. Each lot
of the basal feed contained <0.15 ppm of PCBs (estimated dose <0.01 mg/kg/day). As discussed in
Section 3.2.8.3.2, the Aroclor 1254 test mixture had levels of congener 3,3',4,4',5-pentaCB (PCB 126)
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that were about 2 times greater than that of “ordinary” Aroclor 1254. The liver was a target of all four
PCB mixtures as indicated by increases in relative liver weight and hepatic mixed-function oxidases,
serum enzyme and cholesterol levels, nonneoplastic lesions, and/or tumors. Hepatic enzyme induction
varied with time and declined after reaching maxima, demonstrating the dynamic nature of the CYP end
points (Fish et al. 1997). These effects were usually much more severe in females than in males and
showed the following general pattern of Aroclor toxicity: 1254>1260.1242>1016. Carcinogenicity data
from this study are summarized in Section 3.2.8.3.2. Nonneoplastic liver effects induced by Aroclor 1016
included increased hepatocellular hypertrophy and vacuolization at $2.0 mg/kg/day, and increased
relative liver weight and bile duct hyperplasia at $2.7 mg/kg/day. Effects caused by Aroclor 1242
included increased hepatocellular hypertrophy and vacuolization, altered hepatocellular foci, and bile duct
hyperplasia at $2.0 mg/kg/day, with increased liver weight, serum cholesterol, and bilirubin occurring at
5.7 mg/kg/day. Aroclor 1254 induced hepatocellular changes (hypertrophy, vacuolization, altered foci),
bile duct hyperplasia, and increased serum cholesterol and liver weight at $1.0 mg/kg/day, with increases
in serum AST, ALT, and GGT occurring at $2.9 mg/kg/day. Aroclor 1260 caused hepatocellular changes
(hypertrophy, vacuolization, altered foci), bile duct hyperplasia, and increased liver weight at

$1.4 mg/kg/day, and increased serum GGT and cholesterol at $2.8 mg/kg/day.

Histopathological changes in the liver also occurred in rats exposed to dietary Aroclor 1254 at

1.25-5 mg/kg/day for 2 years (Morgan et al. 1981; NCI 1978; Ward 1985), Aroclor 1260 at 5 mg/kg/day
for 16 months followed by 2.5 mg/kg/day for 8 months and then no treatment for 5 months (Norback and
Weltman 1985), or Aroclor 1260 at 5 mg/kg/day for 21 months (Kimbrough et al. 1975). Although
preneoplastic and neoplastic liver lesions were induced in these as well as other rat studies (see

Section 3.2.8.3.2), no nonproliferative changes, or nonproliferative lesions that did not progress to liver

neoplasms after 1 year, were described.

Intermediate- and chronic-duration studies in monkeys indicate that this species is more sensitive than
rodents to the hepatotoxic effects of PCBs. For example, lipid accumulation and focal necrosis were
found in one female monkey that died after administration of 0.1 mg/kg/day Aroclor 1248 for 173 days
and in one female monkey that died after being fed 0.2 mg/kg/day Aroclor 1248 for 310 days (Barsotti
etal. 1976). Although only one animal per dose was examined, it is likely that these effects are treatment
related due to the characteristic nature of the hepatic response and because similar effects on the liver
occurred in monkeys at higher doses in other intermediate-duration studies (Allen 1975; Allen and

Norback 1976; Allen et al. 1974a).
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Cynomolgus monkeys that were fed relatively high doses of 2 mg/kg/day Aroclor 1248 or 5 mg/kg/day
Aroclor 1254 for up to 20-23 weeks had serum biochemistry changes (increased ALT, AST, AP, LDH,
cholesterol, triglycerides, and bilirubin) and histopathologic changes in the liver, including hyperplasia,
fatty degeneration and degeneration of hepatocytes, and gall duct/gall bladder epithelial cell hypertrophy
hyperplasia (Tryphonas et al. 1984). Hepatic effects observed in Rhesus monkeys after 12—28 months of
dietary exposure to 0.2 mg/kg/day Aroclor 1254 included liver enlargement, fatty degeneration,
hepatocellular necrosis, and hypertrophic and hyperplastic changes in the bile duct (Tryphonas et al.
1986a, 1986b). Rhesus monkeys that ingested capsules containing 0.005, 0.02, 0.04, or 0.08 mg/kg/day
Aroclor 1254 for 72 months had increased liver weight attributed to hyperplasia (unspecified) at

0.08 mg/kg/day, as well as decreased serum levels of total bilirubin and cholesterol and increased serum

triglycerides as summarized in Section 3.2.2.6.3.2 (Arnold et al. 1993b, 1997; Bell et al. 1994).

Defined Experimental Mixtures. Female Long-Evans rats were pre- and postnatally exposed to pelleted
food containing Aroclor 1254 or a laboratory PCB mixture of 14 congeners resembling the congener
pattern in human breast milk (Hany et al. 1999b). Exposure began 50 days prior to mating and was
terminated at the day of birth (postnatal day [PND] 0), and the offspring were subsequently exposed via
maternal milk until PND 21. The reported estimated average daily PCB intake by the dams was the same
for both mixtures at 4 mg/kg/day. Relative liver weight was significantly higher than controls on

PND 0 in both Aroclor 1254-exposed dams and their offspring, on PND 0 in offspring of the rats exposed
to the simulated mixture, and on PND 21 in nonpregnant (unsuccessfully mated) females exposed to
Aroclor 1254 or the simulated mixture. Additional information on the experimental design and results of
this study, including the congener composition of the simulated mixture and nonhepatic data, are

summarized in Section 3.2.6 (Developmental Effects).

Toxicity of a mixture of PCB congeners analogous to that in human breast milk (Canadian women) was
studied in monkeys (Arnold et al. 1999). Groups of infant Cynomolgus monkeys (6 control males,

10 treated males) and Rhesus monkeys (2 control and 3 treated males, 1 control and 3 treated females)
ingested the congener mixture in a total daily dose of 0 or 7.5 pg PCBs/kg/day from birth until 20 weeks
old, and were observed until they were at least 66 weeks old. The dose represented the approximate daily
intake of a nursing human infant whose mother’s milk contained 50 ppb PCBs (the Health Canada
guideline for maximum concentration in breast milk). Reported hepatotoxicity-related end points are
limited to serum biochemical indices, including liver enzymes (ALT, AST, GGT, AP), bilirubin,
triglycerides, and cholesterol; data for liver weight and histology are not yet published (as of July 2000).

Although there were no statistically significant differences between the exposed and control groups for
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any of the individual hepatic end points, significant increasing trends with time were found for serum

cholesterol in both strains of monkeys and serum GGT in Rhesus monkeys.

Single Congeners. Multiple hepatic end points were evaluated in comparative studies of individual
congeners in rats, mice, and monkeys. In the most comprehensive series of studies, rats were exposed to
diets containing four dose levels of a congener for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b;
Gilroy et al. 1996, 1998; Lecavalier et al. 1997; MacLellan et al. 1994a, 1994b, 1994c¢; Peng et al. 1997;
Singh et al. 1996, 1997). Eight congeners were tested based on frequent occurrence in environmental
samples and human tissues or toxic potency. Hepatic effects included increased liver weight, biochemical
changes (e.g., increased serum enzymes and cholesterol, increased liver porphyrins, and decreased liver
vitamin A), and histopathology (e.g., cytoplasmic vacuolation and fatty alterations). The most toxic
congener was PCB 126 with a LOAEL of 0.74 pg/kg/day, which was approximately 1/50 of the LOAEL
of 39 ng/kg/day for PCB 105 (the next most toxic congener) and 1/500 of the LOAEL of 425 ng/kg/day
for PCB 128 (the least toxic congener). Considering dose-response and severity of liver effects, the order
of toxicity was PCB 126 > PCB 105 >PCB 118 . PCB 77 >PCB 153 . PCB 28 > PCB 128. In general,
the non-ortho and mono-ortho substituted congeners were more potent than the di-ortho substituted

congeners.

The comparative toxicity of four symmetrical hexachlorobiphenyl isomers was studied in mice (Biocca et
al. 1981). Male mice were fed several dose levels of PCB 136, PCB 153, PCB 155, and PCB 169 daily
for 28 days. The hepatic LOAEL (foamy cells and microabscesses) was 200 pg/kg/day for PCB 169 and
much higher for the other congeners at 21.4 mg/kg/day. Liver effects induced at doses higher than the
LOAEL included fatty metamorphosis (PCBs 155 and 169) and increased liver porphyrins (PCB 169).

Rhesus monkeys were exposed to PCB 52 or PCB 77 in estimated dietary doses of 0 or 60 ug/kg/day for
133 days (McNulty et al. 1980). Pathologic changes, including dilation of the extrahepatic biliary tree
and hyperplastic intrahepatic biliary vessels, were induced by PCB 77 but not PCB 52. Additional liver
data were not obtained for PCB 77 due to high systemic toxicity manifested as clinical signs, general

emaciation, and marked effects in nonhepatic tissues.

Dermal Exposure. Limited information is available on liver toxicity of PCBs in dermally-exposed
animals. Aroclor 1260, Clophen A60, or Phenoclor Dpb (all 60% chlorine PCB mixtures) was applied in
isopropanol to the shaved back skin of female New Zealand rabbits (four/group) on 5 days/week for 28 or
38 days at estimated doses of 0 or 42—44 mg/kg/day (Vos and Beems 1971; Vos and Notenboom-Ram
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1972). Hepatic effects included increased relative liver weights, histopathologic changes (e.g.,
centrilobular degeneration and hepatocyte atrophy, focal necrosis, and cytoplasmic hyalin degeneration),
and increased fecal porphyrin levels. In general, the effects occurred in all treated animals and were least
and most pronounced in the Aroclor 1260 and Clophen A60 groups, respectively. The CDF content of
the Aroclor 1260 used in these experiments was below the detection limit (1 ppm); however, the

analytical techniques available then were relatively insensitive.

3.2.2.6.3.2 Serum Lipids, Triglycerides, and Cholesterol

Oral Exposure

Commercial PCB Mixtures. Serum total cholesterol, HDL-cholesterol, and relative liver weight were
increased in rats that were fed estimated doses of $1 mg/kg/day Aroclor 1254 for 4 days; no effects
occurred at 0.5 mg/kg/day (Carter 1984, 1985). Serum LDL- and VLDL-cholesterol fractions were not
increased in any dose group (#3.9 mg/kg/day). The lowest level causing increased HDL-cholesterol and
liver weight was 1 mg/kg/day in the Carter (1984) study and 1.9 mg/kg/day in the Carter (1985) studies.
Effects in rats exposed to PCBs in other acute-duration studies included increased serum cholesterol and
liver weight at $1.9 mg/kg/day Aroclor 1254 (Carter and Koo 1984; Price et al. 1988) and 50 mg/kg/day
Aroclor 1248 for 4 days (Kato and Yoshida 1980), as well as degenerative hepatic histopathological
changes at 50 mg/kg/day Aroclor 1254 and 4,000 mg/kg/day Aroclor 1242 (Bruckner et al. 1973; Kling

et al. 1978) as summarized above in Section 3.2.2.6.3.1.

Changes in serum lipid profiles commonly occurred in rats exposed to PCBs in intermediate-duration
dietary studies (Andrews 1989; Bruckner et al. 1974, 1977; Gray et al. 1993; Kato et al. 1981a, 1981b,
1982b; Kling and Gamble 1982; Litterst et al. 1972). Effects included increased liver lipids at

$0.3 mg/kg/day Aroclor 1242 for 2—-6 months (Bruckner et al. 1974), increased liver triglycerides at
1.25 mg/kg/day Aroclor 1254 for 35 days (Bruckner et al. 1977), increased serum cholesterol at

$10 mg/kg/day Aroclor 1254 for 5 weeks (Andrews et al. 1989), and increased liver lipids and liver and
serum cholesterol at $15 mg/kg/day Aroclor 1248 for 20-24 days (Kato et al. 1981b, 1982b). Serum
cholesterol, phospholipids, and triglycerides were similarly increased in rats fed 15 mg/kg/day

Aroclor 1248 for 68 days (Oda and Yoshida 1994). Additional analyses performed by Oda and Yoshida
(1994) showed that serum total lipoproteins were also elevated, with increases in protein, cholesterol,

phospholipid, and triglycerides occurring among the lipoprotein fractions (VLDL, LDL, HDL1, HDL2).
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Increased serum cholesterol was one of several manifestations of liver toxicity in rats found in the
24-month comparative study of several Aroclor mixtures (General Electric Co. 1997a, 1997b; Mayes et
al. 1998) summarized in Section 3.2.2.6.3.1. Serum cholesterol was increased in females exposed to
Aroclors 1242, 1254, and 1260 at 5.7, $1.4, and $2.8 mg/kg/day, respectively; no serum cholesterol
changes were induced by Aroclor 1016 at doses as high as 11.2 mg/kg/day. Increased serum cholesterol
levels observed in most PCB-exposed males appeared to be treatment-related only for Aroclor 1254. The
effect in Aroclor 1254 males was minimal as the increase was slight and not clearly dose-related
(statistically significant at 1.0 and 4.3 mg/kg/day, but not at 2.0 mg/kg/day). Increases in serum
cholesterol in males exposed to Aroclor 1016, 1242, and 1260 were not consistently dose- or time-related
and were considered to be equivocal. Considering the effect levels and sizes of increases in females, the

order of toxicity was Aroclor 1254 followed by 1260, 1242, and 1016.

Effects in monkeys that ingested Aroclor 1254 in capsules daily for 37 months included normal plasma
lipid profiles at doses #0.02 mg/kg/day, decreased total and VLDL + LDL cholesterol at

$0.04 mg/kg/day, and decreased HDL cholesterol and total carnitine (which is involved in fatty acid
metabolism) at 0.08 mg/kg/day (Arnold et al. 1993b; Bell et al. 1994). Plasma triglycerides were
significantly elevated an apparent maximum of 30-40% at all tested doses (0.005-0.08 mg/kg/day) except
0.04 mg/kg/day. Bell et al. (1994) found statistically significant correlations supporting a causal
relationship between PCB intake and the plasma lipid/lipoprotein changes, including an indication that
the elevation in plasma triglycerides was not due to the partitioning of PCBs between adipose tissues and

blood lipids. No correlation was found between the increases in triglycerides and HDL cholesterol.

Single Congeners. A comprehensive series of toxicity studies was performed in rats that were fed
various individual congeners for 13 weeks, as detailed in Section 3.2.2.6.3.1 (Chu et al. 1994, 1995,
1996a, 1996b, 1998b; Gilroy et al. 1996, 1998; Lecavalier et al. 1997; MacLellan et al. 1994a, 1994b,
1994c; Peng et al. 1997; Singh et al. 1996, 1997). Effects included increased serum cholesterol levels that
were caused by exposure to PCB 126 at $7.4 pug/kg/day and PCB 105 at $3,960 ug/kg/day. No changes
in serum cholesterol were induced by PCB 28 at #3,956 ng/kg/day, PCB 77 at #892 pg/kg/day, PCB 118
at #683 ug/kg/day, PCB 128 at #4,397 ug/kg/day, or PCB 153 at #4,125 ug/kg/day.
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3.2.2.6.3.3 Porphyria

Oral Exposure

Commercial PCB Mixtures. Urinary coproporphyrin levels were increased in rats that ingested 0.3 or
1.5 mg/kg/day Aroclor 1242 in the diet for 2—6 months (Bruckner et al. 1974). Rats treated with

5 mg/kg/day Aroclor 1254 in the diet had maximum increases in liver microsomal P-450 concentration
and liver weight after 1 week, but onset of porphyria and induction of §-aminolevulinic acid (ALA)
synthetase was delayed until 2—7 months of treatment (Goldstein et al. 1974). A marked accumulation of
uroporphyrins occurred in the liver, and urinary excretion of coproporphyrin and other porphyrins was
increased; the largest increase was in uroporphyrins. The uroporphyrins in the liver and urine of the

treated rats consisted primarily of 8- and 7-carboxyporphyrins.

Single Congeners. Increased hepatic uroporphyin is one of the effects observed in rats that were fed
various single PCB congeners for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Gilroy et al.
1996, 1998; Lecavalier et al. 1997; MacLellan et al. 1994a, 1994b, 1994c; Peng et al. 1997; Singh et al.
1996, 1997). Liver uroporphyrin was increased by exposure to PCB 126 at $0.74 ug/kg/day, PCB 105 at
$3,960 ng/kg/day, or PCB 128 at $4,210 pg/kg/day, but not by PCB 28 at #3,956 ug/kg/day, PCB 77 at
#892 ng/kg/day, PCB 118 at #683 pg/kg/day, or PCB 153 at #4,125 pg/kg/day. Additional information

on the design and results of these studies is summarized in Section 3.2.2.6.3.1.

Dermal Exposure. Groups of four New Zealand rabbits were dermally treated with 0 or

4244 mg/kg/day estimated doses of Aroclor 1260, Clophen A60, or Phenoclor Dpb (all 60% chlorine
PCB mixtures), on 5 days/week for 28 or 38 days (Vos and Beems 1971; Vos and Notenboom-Ram
1972). The PCBs were dissolved in isopropanol and applied to shaved back skin. All three PCB
mixtures caused significantly increased fecal levels of coproporphyrin and protoporphyrin, and ultraviolet
fluorescence, indicative of porphyrin accumulation, was increased in the liver and other tissues. Similar
dermal exposure to the congener PCB 153 caused higher fecal levels of coproporphyrin and
protoporphyrin than those in rabbits exposed to the same dose of Aroclor 1260 (Vos and Notenboom-
Ram 1972).
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3.2.2.6.3.4 Other Hepatic Effects

Vitamin A homeostasis was altered in rats that were exposed to 100 mg/kg/day (only tested dose) of
PCB 169 in the diet for 77 days (Bank et al. 1989). Effects included significantly decreased hepatic
vitamin A, increased renal vitamin A, increased serum retinol, decreased plasma clearance and half-time
of injected retinol (i.e., intravenously administered [*H]retinol-labeled retinol binding protein[’
transthyretin complex), decreased hepatic and increased renal uptake uptake of injected retinol, and

increased urinary and fecal excretion of injected retinol.

Vitamin A levels in the liver were also reduced in rats following oral exposure to various other congeners
for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Gilroy et al. 1996, 1998; Lecavalier et al.
1997; MacLellan et al. 1994a, 1994b, 1994c; Peng et al. 1997; Singh et al. 1996, 1997). This effect
occurred following ingestion of PCB 126 at $0.74 pg/kg/day, PCB 77 at $768 pg/kg/day, and PCB 153
at $4,125 ug/kg/day), but not by exposure to PCB 28 at #3,956 ug/kg/day, PCB 105 at

#4,327 ng/kg/day, PCB 118 at #683 pg/kg/day, or PCB 128 at #4,397 pg/kg/day.

3.2.2.6.3.5 Evaluation of Animal Studies

The hepatotoxicity of commercial PCBs is well-documented in numerous intermediate- and chronic-
duration studies in animals, particularly in rats and monkeys, which are the most extensively tested
species. These studies also indicate that monkeys are more sensitive to PCBs than rats and other
laboratory species. Liver effects are similar in nature among species, appear to be reversible when mild,
and characteristically include hepatic microsomal enzyme induction, increased serum levels of liver-
related enzymes indicative of possible hepatocellular damage, liver enlargement, fat deposition, fibrosis,
and necrosis. Ultrastructural changes include hepatocyte alterations associated with microsomal enzyme
induction (e.g., proliferation of endoplasmic reticulum, enlarged and pleomorphic mitochondria), lipid
droplets, and enlarged parenchymal cells. There is relatively little information on hepatic effects of
commercial PCB mixtures in animals exposed by acute-duration oral exposure or the inhalation or dermal
routes, although available data are consistent with the findings of the intermediate- and chronic-duration
oral studies. The results of a comprehensive comparative 24-month oral toxicity study in rats indicate
that the general pattern of hepatotoxicity was Aroclor 1254 > Aroclor 1260 . Aroclor 1242 >

Aroclor 1016 (Mayes et al. 1998).
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Other liver-related effects of PCBs include altered lipid and porphyrin metabolism. Increased serum
levels of total lipids, triglycerides, and/or cholesterol are characteristic effects of short- and long-term oral
exposures to PCBs that are well-documented in rats and monkeys (Carter 1984, 1985; Kato and Yoshida
1980; Kato et al. 1982a, 1982b; Oda and Yoshida 1994; Quazi et al. 1984). The results of comparative
studies in rats exposed to various Aroclor mixtures for 24 months (Mayes et al. 1998) or single congeners
for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Gilroy et al. 1996, 1998; Lecavalier et al.
1997; MacLellan et al. 1994; Peng et al. 1997; Singh et al. 1996, 1997) indicate that Aroclor 1254 and
3,3',4,4',5-pentaCB (PCB 126) are particularly effective in increasing serum cholesterol. Hepatic
porphyria is a well-documented effect that has been induced in rats, rabbits, and other species following
oral or dermal exposure to PCBs (Bruckner et al. 1974; Chu et al. 1994, 1995, 1996a, 1996b, 1998b;
Gilroy et al. 1996, 1998; Goldstein et al. 1974; Lecavalier et al. 1997; MacLellan et al. 1994a, 1994b,
1994c¢; Peng et al. 1997; Singh et al. 1996, 1997; Vos and Beems 1971; Vos and Notenboom-Ram 1972).

3.2.2.7 Renal Effects

3.2.2.7.1 Human Studies

Urinalysis of PCB-exposed capacitor plant workers showed no abnormalities in blood urea nitrogen
(BUN) or other routinely-examined kidney function indices (Fischbein et al. 1979; Lawton et al. 1985a).
Most of the workers studied by Fischbein et al. (1979) were exposed to mean concentrations of
Aroclors 1254 and 1242 and/or other PCBs ranging from 0.007 to 11 mg/m’ for $5 years; 40% of the
workers were employed for $20 years. The workers in the Lawton et al. (1985a) study were exposed to
various Aroclor mixtures for a mean duration of 17 years; the mean PCB concentration was 0.69 mg/m’
(range, 0.2-2.0), based on monitoring performed in only one area of the plant several months prior to

clinical evaluation.

3.2.2.7.2 Animal Studies

Information on the renal toxicity of PCBs comes from an inhalation study, a number of oral exposure
studies, and several dermal exposure studies involving PCB mixtures or single congeners. Slight
degeneration of the renal tubules was observed in rats exposed to chamber concentrations of 1.5 mg/m’
Aroclor 1254 over 213 days (Treon et al. 1956). No information was reported on renal histological
effects in other species (mice, guinea pigs, and rabbits) exposed to Aroclor 1254 under the same

conditions or in rats, mice, guinea pigs, or rabbits similarly exposed to 1.9 mg/m* Aroclor 1242.
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Interpretation of gross pathology data in this study is complicated by imprecise reporting and/or small
numbers of animals, but it appears that there were no gross renal changes. The concentrations of PCBs
are uncertain due to an invalid analytical technique and differential enrichment of the more volatile PCB

congeners in the vapor phase.

A single near-lethal gavage dose of 4,000 mg/kg of Aroclor 1242 produced renal tubular damage in an
unreported percentage of rats evaluated 24 hours following treatment (Bruckner et al. 1973). Effects
included vacuolated tubular epithelial cells with fatty deposits and epithelial cells and proteinaceous casts
in the tubular lumens and urine. Neither serum sodium or potassium ion concentrations or blood pH
values were altered significantly by treatment, but lack of changes in these indices does not necessarily
indicate that there was no functional damage in the kidney. No effect on kidney weight was observed in
pregnant C57BL/6J mice given #21 mg/kg PCB by gavage on 5 consecutive days beginning on day 1, 6,
or 11 of pregnancy (Rodriguez et al. 1997).

Cortical tubular protein casts were observed in the kidneys of rats treated with $1.0 mg/kg/day

Aroclor 1254 for 15 weeks (Gray et al. 1993). The same group of investigators had previously observed
increased kidney weight and biochemical alterations suggestive of functional renal damage, including
increased urinary lactate dehydrogenase and urinary protein in rats treated with $10 mg/kg/day

Aroclor 1254 by gavage for 5—15 weeks (Andrews 1989). Histology was not evaluated in the Andrews
(1989) study. Renal histopathologic changes (lipid vacuolization and sloughing of the tubular epithelium)
occurred in rats with no increase in kidney weight when treated with 100 mg/kg/day Aroclor 1242,

3 days/week for 3 weeks (Bruckner et al. 1973); these degenerative effects are similar to those observed
in the acute study described above. No histological effects were observed in the kidneys of rats treated
with 1.5 mg/kg/day Aroclor 1242 in the diet for 2—6 months (Bruckner et al. 1974). Similarly, no renal
histopathologic changes were observed in male or female rats that were fed Aroclor 1016, 1242, 1254, or
1260 for 24 months at dose levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or 4.1-5.8 mg/kg/day, respectively
(Mayes et al. 1998). There were no treatment-related renal organ weight changes or histological effects in
rabbits fed #6.5 mg/kg/day Aroclor 1254 for 8 weeks (Street and Sharma 1975) or guinea pigs fed

#4 mg/kg/day Aroclor 1260 for 8 weeks (Vos and de Roij 1972). No renal histological effects were
observed in one monkey that died after 128 days of dietary treatment with 1.3 mg/kg/day Aroclor 1248
(Allen et al. 1974a). Rhesus monkeys receiving daily doses of 0.005, 0.020, 0.040, or 0.080 mg/kg/day

Aroclor 1254 for 72 months also showed no effects on renal tissue (Arnold et al. 1997).



PCBs 122

3. HEALTH EFFECTS - Systemic

In a series of 13-week dietary exposure studies using single PCB congeners, no histological alterations in
the kidneys were observed in rats fed diets providing #4.1 mg/kg/day of PCB 153 (Chu et al. 1996a),
#4.2 mg/kg/day of PCB 128 (Lecavalier et al. 1997), #7.4 mg/kg/day of PCB 126 (Chu et al. 1994),
#4.0 mg/kg/day of PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), or

#0.77 mg/kg/day of PCB 77 (Chu et al. 1995). In similarly treated rats exposed to PCB 118, minimal
histological damage (cytoplasmic shedding and inclusions in the renal tubules) was observed at

0.17 mg/kg/day (Chu et al. 1995).

Hydropic degeneration of the convoluted tubules, destruction of tubular epithelial cells, tubular dilation,
and proteinaceous casts were observed in half of the rabbits treated with Aroclor 1260 in an isopropanol
vehicle applied 5 days/week for 38 days at an estimated dose of 42 mg/kg/day (Vos and Beems 1971).
No kidney effects were observed in a similar study in which 44 mg/kg/day Aroclor 1260 was applied in
the same manner to adult female New Zealand rabbits 5 days/week for 28 days (Vos and Notenboom-
Ram 1972). The reason for the discrepancy in the results is unclear since the doses are essentially the
same, but it may be related to the small numbers treated (four per study) and to the longer duration of the

1971 study. The Aroclor 1260 used in both studies had undetectable (<1 ppm) levels of CDFs.

The highest NOAEL values and all reliable LOAEL values for renal effects for each study are recorded in
Tables 3-1, 3-2, and 3-3, and plotted in Figures 3-1 and 3-2.

3.2.2.8 Endocrine Effects

This section describes effects of exposure to PCBs on the thyroid and other non-reproductive endocrine
systems. Estrogenic, anti-estrogenic, and anti-androgenic effects of PCBs are discussed in Sections 3.2.5

(Reproductive Effects), 3.5.2 (Mechanisms of Toxicity), and 3.6 (Endocrine Disruption).

3.2.2.8.1 Summary

A number of studies have examined the relationships between PCB exposure and thyroid hormone status
in both children and adults. The results suggest that PCBs can induce thyroid toxicity as well as a variety
of changes in thyroid hormone levels. Differing results have been reported for differing Aroclor mixtures
and PCB congeners, as well as for differing exposure scenarios and differing ages at the time of exposure.
Increased thyroid gland volume has been found among workers at a PCB production facility as well as

among nearby residents. An elevated odds ratio for goiter has been found among the Yu-Cheng cohort.
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In addition, numerous statistically significant positive and/or negative correlations (for a number of
different age groups) have been reported between circulating levels of TSH, T,, and T;, and varying

measures of PCB exposure.

Evidence for a thyroid hormone involvement in PCB toxicity in animals is much stronger and includes
findings in rodents and nonhuman primates. Depending on dose and duration, PCBs can disrupt the
production and disposition of thyroid hormones at a variety of levels. The major findings include

(1) histological changes in the thyroid gland indicative of both stimulation of the gland (e.g., similar to
that induced by TSH or a hypothyroid state) and a disruption of the processing of follicular colloid
needed for normal production and secretion of thyroid hormone; (2) depression of serum T, and T, levels,
which may effectively create a hypothyroid state (in some studies, low doses resulted in elevated serum
T, levels while depressed levels occurred at higher PCB doses); (3) increased rates of elimination of T,
and T, from serum; (4) increased activities of T,-uridine diphosphate-glucuronyl transferase (UDP-GT)
in liver, which is an important metabolic elimination pathway for T, and T;; (5) decreased activity of
iodothyronine sulfotransferases in liver which are also important in the metabolic elimination of
iodothyronines; (6) decreased activity of iodothyronine deiodinases including brain Type-2 deiodinase,
which provide the major pathways for the production of the active thyroid hormone, T,; and (7) decreased
binding of T, to transthyretin, an important transport protein for both T, and T,. Other effects of PCBs on
endocrine function that have been observed in experimental animals include effects on the adrenal glands

and serum adrenal steroid levels.

3.2.2.8.2 Human Studies

Occupational Exposures. Total thyroxine (T,) and free T, (T, index) were significantly lower
(approximately 10%) in a group of 55 transformer maintenance workers compared to a comparison
control group of workers (Emmett et al. 1988b), even though thyroid hormone levels were in the normal
range for adults in both groups. The transformer workers were primarily exposed to Aroclor 1260 at
levels ranging from 0.00001 to 0.012 mg/m?*; the mean length of exposure was approximately 4 years.
Although there was a statistically significant increase in thyroxine levels in the PCB-exposed cohort,
there was no correlation between PCB levels in serum or adipose tissue and serum T, concentrations

(adjusted for age, smoking, and alcohol consumption).

Langer et al. (1998) measured thyroid volumes in 238 employees of a factory that produced PCBs, and in

572 adults from “less polluted areas” of Slovakia, which formed a sex- and age-matched control group.
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Various serum indices of thyroid status were measured in subsamples of these groups, including total
serum T,, serum TSH, thyroglobulin (TGB); and antibodies for thyroid peroxidase (TPO Ab),
thyroglobulin (Tg Ab), and TSH receptor (TSHR Ab). Mean thyroid volume was significantly greater in
the workers compared to the control group (18.85+0.69 mL vs. 13.47+0.48 mL, p<0.001). Workers also
had a significantly elevated prevalence of TPO Ab, Tg Ab, and TSHR Ab. There were no differences
between the worker and control groups with regard to serum T,, TSH, or TGB concentrations. Although
larger thyroid volume could reflect a difference in the iodine intakes between the two groups, the
investigators indicated that this was not likely because iodine intakes were considered sufficient in
Slovakia and urinary iodine concentrations were similar in the worker and control groups (data not

reported).

Yusho and Yu-Cheng Exposures. In a case-control study of the Taiwan Yu-Cheng cohort, 795 exposed
subjects and 693 sex- and age-matched controls were interviewed for information about health and
medical history (Guo et al. 1999). The odds ratio (OR) for goiter (men and women combined) was

2.8 (CI, 1.2-7.1) and 4.0 (CI, 1.5-13.9) for goiter that was treated with medication or surgery. The ORs
for hypothyroidism or hyperthyroidism were not significant (males, 0.95; females, 1.7).

General Population Exposures. Several studies have examined relationships between indices of PCB
exposure and thyroid hormone status, as indicated from measurements of serum thyroid hormones. The
results of these studies have been mixed, with negative, positive, or no correlations observed. Osius et al.
(1999) examined the relationship between whole blood concentrations of various PCB congeners and
serum TSH, free T,, and free T; in children who lived near a hazardous waste incinerator. Although the
median and 5th—95th percentile ranges of the hormone concentrations in the study population

(671 children, ages 7—10 years) were within expected ranges for children, a significant positive (f=7.129,
p=0.039) association was found between concentrations of TSH in serum and PCB 118 in blood.

Significant negative associations were found between serum T, and PCBs 138, 153, 180, 183, and 187.

Several studies have examined relationships between thyroid hormone levels in infants and maternal or
neonatal PCB concentrations, or mixed PCB and CDD concentrations (Koopman-Esseboom et al. 1994a;
Longnecker et al. 2000; Nagayama et al. 1998a; Winneke et al. 1998a). Hormone levels were within
normal ranges in these studies. In describing hormone levels in the serum or plasma, the designations TT,
or TT; have been used to denote total hormone concentrations, whereas free concentrations are denoted as
FT, or FT,. If not specified in the report, the notations T, or T, have been used. Longnecker et al. (2000)

compared PCB concentrations in breast milk of 880 mothers to serum TSH, TT,, and FT, concentrations
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in cord blood at delivery. The subjects in this study are from the North Carolina Breast Milk and Formula
Project cohort summarized in Section 3.2.4.2.1.2. Concentrations of T, and TSH were not shown to be
related to breast milk PCB concentrations. However, a significant positive correlation (1=0.15,
p=0.029)was found between TSH concentrations in cord blood and total serum PCBs in 170 infants from
the German cohort in the European Background PCB Study summarized in Section 3.2.4.2.1.2 (Winneke
et al. 1998b). Nagayama et al. (1998) examined the relationship between serum TSH, TT,, and TT; in
infants and estimated intake of 2,3,7,8-TCDD toxic equivalent (TEQ) in breast milk during the first year
of postnatal life. Significant negative correlations were found for serum TT, and TT;; no relationship was
apparent between infant serum TSH or thyroxine binding globulin (TBG) and TEQ intake. The mean
total TEQ intake was 34 ng/kg; however, the co-planar PCB contribution to the estimated TEQ intake,
and intakes of other PCBs were not reported. As part of the Dutch Mother-Child Study cohort
summarized in Section 3.2.4.2.1.2, Koopman-Esseboom et al. (1994a) compared TEQ levels of PCBs and
dioxins in maternal milk with TT; and TT, concentrations in maternal plasma, TSH concentrations in cord
plasma at delivery, and TSH concentrations in venous plasma of the infants at ages 2 weeks and

3 months. Higher levels of total PCB-dioxin TEQ, dioxin TEQ, and both planar and non-planar-PCB
TEQ in milk were significantly correlated with lower maternal plasma TT; concentrations in the last
month of pregnancy, lower maternal plasma TT, and TT, concentrations in the 2™ week after delivery,

and higher plasma TSH concentrations in the infants at 2 weeks and 3 months of age.

Langer et al. (1998) measured thyroid volumes in 454 adolescents in Slovakia who lived near a factory
that produced PCBs, and in 956 adolescents who lived in “less polluted areas” of Slovakia, which formed
a sex- and age-matched control group. Various serum indices of thyroid status were measured in
subsamples of these groups, including TSH and TPO Ab. Mean thyroid volume was significantly greater
in the group who lived near the factory compared to the control group (9.37+0.17 mL vs. 8.07+0.10 mL,
p<0.001). There were no differences between the groups with regard to serum TSH or TPO Ab
concentrations. As with the worker cohort (discussed with the occupational studies), the investigators
indicated that a difference in the iodine intakes between the two groups was not likely because iodine
intakes were considered to be sufficient and urinary iodine concentrations were similar in the two groups

(data were not reported).

An ongoing epidemiologic study is investigating the potential for health effects in Native Americans from
exposure to persistent toxic substances (Dellinger et al. 1997; Tarvis et al. 1997). Fish consumption,
species consumed, and medical histories were obtained from 541 Native Americans on eight reservations

in Minnesota, Wisconsin, and Michigan. Preliminary results indicated elevated serum PCB levels (mean
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was 3.7 ppb and the maximum was 9.6 ppb) were correlated with self-reported diabetes and liver disease
in two of the cohorts (Ojibwa and Red Cliff). The average annual fish consumption rate was 23 g/day.
No additional information was available regarding the potential link between PCBs and diabetes,
although there is growing evidence of an association between dioxin exposure and diabetes (ATSDR

1998).

Evaluation of Human Studies. The epidemiological literature suggests a link between PCBs exposure
and thyroid hormone anomalies in humans. Studies that have examined relationships between PCB
exposure and thyroid hormone status, in children or adults, have reported a variety of different results,
with findings of both negative and positive significant correlations between PCB exposure and circulating
levels of TSH, T, or T, depending on the specific type of analysis for PCB exposure, the age of the
cohort, and the specific exposure scenario (Emmett et al. 1988b; Koopman-Esseboom et al. 1994a;
Langer et al. 1998; Longnecker et al. 2000; Nagayama et al. 1998; Osius et al. 1999; Winneke et al.
1998a). A comparison of PCB levels in blood and breast milk in some of these studies is included in
Appendix A. Although many of the populations examined had thyroid hormone levels within normal
ranges, many of these studies also showed statistically significant differences in circulatory thyroid
hormone levels in exposed cohorts compared to unexposed controls. In addition, a significantly elevated
OR for goiter was found among the Yu-Cheng cohort (Guo et al. 1999), suggesting the possibility of
excess thyroid disease in a population that experienced relatively high exposures to mixtures of PCBs and
CDDs. Other observations include reports of increased thyroid gland volume among workers at a PCB
production facility, as well as among nearby residents (Langer et al. 1998). Considering the
epidemiologic data as well as the much stronger findings in thyroid studies in animals discussed in the
following section, there is mounting evidence of thyroid hormone involvement in PCB toxicity in

humans.

3.2.2.8.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for endocrine effects for each study are
recorded in Tables 3-1 and 3-2, and plotted in Figures 3-1 and 3-2.

Effects on Thyroid Gland and Hormones

Commercial PCB Mixtures. Various effects on the thyroid gland and thyroid hormone system have been

observed in rats exposed to Aroclor 1254 by the oral route. Descriptions of the histological changes in
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the rat are reasonably consistent across studies. Typical findings, depending on the dose, include
hyperplasia, hypertrophy, and increased vacuolization of follicular cells, depletion of follicular colloid
and reduced follicular size, and thyroid enlargement (Collins and Capen 1980a; Collins et al. 1977).
These changes are similar to the histological appearance of the gland during prolonged TSH stimulation
(Capen 2000). Additional abnormalities have also been noted when the gland has been examined at the
ultrastructural level. Collins and Capen (1980a) observed in PCB-treated rats the accumulation of colloid
droplets and large, abnormally shaped lysosomes in the follicular cells that were indicative of a disruption
of the normal lysosomal processing of colloid. They also noted distinct abnormalities in follicular
microvilli (shortening and abnormal branching) that were uncharacteristic of the TSH-stimulated or
iodide-stimulated gland. Thus, the effects of Aroclor 1254 on the thyroid gland are not completely
explained solely by a direct or indirect stimulation of the gland through a TSH mechanism. A complex
mechanism is further indicated from observations of the forementioned structural changes with or without
concurrent changes in circulating thyroid hormone (T, or T;) or TSH levels, or changes in hormone levels
without changes in thyroid gland, or changes in hormone levels that vary in magnitude and direction over
time (Hood et al. 1999; Saeed and Hansen 1997). Thus, while a general consensus has emerged that
Aroclor 1254 produces a stimulation of the thyroid gland and thyroid hormone production (Byrne et al.
1987), it is not clear to what extent this results from a direct effect on the thyroid gland or as an indirect
effect resulting from changes in circulating thyroid hormone and induction of TSH. It is likely that both
contribute to varying degrees depending on the dosage and duration of exposure (Saeed and Hansen
1997). It is important to emphasize that characteristic structural changes that have been attributed to
Aroclor 1254 may not be apparent when the gland is viewed only at the light microscopic level, which
has been the approach used in most studies. Furthermore, histopathology of the gland should not be
inferred from observed changes in circulating thyroid hormone or TSH levels, alone. Experimental
studies that provide evidence for Aroclor-mediated effects on the thyroid gland and/or thyroid hormone
status are noted below. In describing hormone levels in the serum or plasma, the designations TT, or TT,
have been used to denote total hormone concentrations, whereas free concentrations are denoted as FT, or

FT,. If not specified in the report, the notations T, or T, have been used.

In an acute-duration study, Hood et al. (1999) observed significant depression of serum TT, and FT, in
rats fed $25 ppm Aroclor 1254 in food (2.3 mg/kg/day) for 7 days and depression of TT;, but not FT, in
rats fed $50 ppm (4.6 mg/kg/day). PCBs at exposure levels up to 200 ppm (18 mg/kg/day) had no effect
of serum TSH levels or on thyroid structure. TT, levels were reduced in rats fed $2.5 mg/kg/day for

7 days, but there were no treatment-related changes in serum TT; (Price et al. 1988). This study reports

histological changes in the thyroid gland that are typical of Aroclor 1254-related changes that have been
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observed in intermediate- and chronic-duration studies; however, it is not clear from the report whether

the changes occurred at the 2.5 mg/kg/day dosage or at higher dosages.

Collins et al. (1977) conducted one of the more comprehensive evaluations of the histopathology of
intermediate-duration exposures to Aroclor 1254 in rats. Rats were fed 5, 50, or 500 ppm Aroclor 1254 in
food for 4 weeks (approximately 0.44, 4.4, or 44 mg/kg/day). Ultrastructural changes in the thyroid were
evident at the lowest exposure level and became more pronounced and evident with light microscopy at
the 50 ppm exposure level (4.4 mg/kg/day). Serum concentrations of TT, were significantly depressed
(42%) at the 50 ppm level and both TT, and TT; were depressed (79 and 13%, respectively) at the

500 ppm level. Thyroid lesions in rats that were exposed to 500 ppm for 6 weeks followed by 250 ppm
for 6 weeks were largely absent after a subsequent 12 weeks on a control diet, suggesting substantial
recovery, and were not evident at all after a period of 35 weeks on the control diet (Collins and Capen
1980a). A similar time course of recovery of serum TT, concentrations was observed. Thus, the

observed lesions in this study and at these doses appeared to be reversible.

In other intermediate-duration studies, oral exposures of rats for 1-5 months decreased serum levels of T,
and T, and/or produced histological changes in the thyroid (Byrne et al. 1987; Gray et al. 1993; Kasza

et al. 1978). Thyroid effects in rats occurred at oral doses as low as 0.09 mg/kg/day for 35 days (Byrne

et al. 1987). In Sprague-Dawley rats, serum levels of T, decreased when rats received daily gavage
dosages of $0.1 mg/kg/day Aroclor 1254 for 15 weeks; however, no histopathologic alterations were
observed in the thyroid after gavage dosages of up to 25 mg/kg/day Aroclor 1254 (Gray et al. 1993). The
lack of effect of this dose of Aroclor 1254 on the histological status of the thyroid in the Sprague-Dawley
rat, in comparison to histological changes observed in Osborne-Mendel rats at similar dosages and
durations (Collins and Capen 1980a; Collins et al. 1977), suggests a possible strain-related difference, or
some other unaccounted variable in either study. Byrne et al. (1987) attempted to discern the relative
contributions of production and metabolism in the depression of serum T, concentrations that occur
during Aroclor 1254 exposure. In rats exposed to Aroclor 1254 in diet at concentrations $1 ppm

(0.09 mg/kg/day) for $35 days, serum TT, and TT; levels were depressed; however, the rate of clearance
of injected radiolabeled T, was not changed by the PCB exposures, relative to a control group, suggesting
that the decline in T,, and possibly T, concentrations, was primarily the result of a decline in T,

production in the thyroid.

In chronic-duration studies, enlarged thyroid glands and follicles with desquamated cells were observed

in Rhesus monkeys exposed to 0.2 mg/kg/day Aroclor 1254 for 28 months (Tryphonas et al. 1986b);
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serum levels of thyroid hormones were not evaluated. In Cynomolgus monkeys, treatment for 12 months
with 0.2 mg/kg/day Aroclor 1254 did not induce histological alterations in the thyroid (Tryphonas et al.
1986a). Rhesus monkeys receiving daily doses of 0.005, 0.020, 0.040, or 0.080 mg/kg/day Aroclor 1254
for 72 months showed no effect on thyroid tissue (Arnold et al. 1997). After 37-months of exposure to
0.08 mg/kg/day Aroclor 1254, serum TT, and FT, (T, index) were not different from controls (Arnold et
al. 1993b). The incidence of follicular cell hyperplasia (generally minimal or mild) was increased in a
non-dose-related pattern in male rats that were fed Aroclor 1242, 1254, or 1260 for 24 months at dose
levels of $2.0, $1.0, and $1.0 mg/kg/day, respectively (Mayes et al. 1998). This thyroid lesion was not
observed following exposure to similar doses of Aroclor 1016 in male rats or Aroclor 1016, 1242, 1254,
or 1260 in female rats. Thyroid follicular cell adenomas were also increased in the male rats as discussed

in the animal cancer section (3.2.8.3.2).

The effects of gestational exposures to Aroclor 1254 on the thyroid gland and thyroid hormone status of
neonates have been examined in numerous studies. Lesions in the thyroid were observed in pups born to
dams that were exposed to 50 or 500 ppm Aroclor 1254 (2.5 or 25 mg/kg/day) from gestation

day 1 through postnatal day 21 (Collins and Capen 1980c). The pups also had depressed serum levels of
TT, and TT;. Aroclor 1254 (3.1, 6.2, or 12.5 mg/kg/day, oral) administered to rats during gestation and
lactation depressed serum TT,, but not TT;, in the neonatal rats (Juarez de Ku et al. 1994). Aroclor 1254
administered to rats on days 10—16 of gestation (5 or 25 mg/kg/day, oral) depressed plasma TT; in the
dams and both plasma TT, and FT, in fetuses and 5-day neonates (Morse et al. 1996¢). Fetal brain levels
of T,, but not T,, were also depressed. No changes were detected in fetal or neonatal plasma TSH
concentration. Other effects observed that are relevant to the thyroid hormone system included an
increase in Type II thyroxine 5'-deiodinase activity in fetal brain and depression of activity in 21-day-old
pups, and an increase in T,-UDP-GT activity in fetal and pup liver. Provost et al. (1999) observed a
depression in both serum total T, and T, concentrations in rats that had been exposed to 1.25 or 12.5 ppm
Aroclor 1254 (approximately 0.1 or 1 mg/kg/day) during gestation and through postnatal day 30. Zoeller
et al. (2000) fed pregnant rats 0, 1, 4, or 8 mg/kg/day Aroclor 1254 beginning on day 6 of gestation
through weaning of pups. Dosages $1 mg/kg/day depressed serum TT, levels in the pups. Serum
concentrations of TT, and FT, were depressed in dams and fetuses after gavage doses of 25 mg/kg/day
Aroclor 1254 on gestation days 10-20 (Schuur et al. 1998a). Although serum concentrations of the
sulfate ester of T, were not affected by Aroclor 1254 treatment, the activity of 3,3'-T,-sulfotransferase in
liver cytosol preparations was lower in the treatment group relative to the control group. Activities of
iodothyronine deiodinase in liver was also decreased in the dams and fetuses in the treatment group.

Type II deiodinase activity was significantly increased in fetal, but not maternal brain in the treatment
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group. T,-UDP-GT activity in maternal liver was significantly increased in the treatment group. These
observations suggest that Aroclor 1254 can potentially affect thyroid hormone status by modifying
several different metabolic pathways for T,, including glucuronide and sulfate conjugation, and

deiodination of iodothyronines.

Aroclor 1254 (1, 4, or 10 mg/kg/day, oral) administered on gestation day 6 through postnatal

day 21 depressed postnatal (day 7-21) serum TT, concentration ($1 mg/kg/day) and T; concentration
($4 mg/kg/day), without a change in serum TSH concentration (Goldey et al. 1995). Thyroid hormone
levels recovered from depressed levels with time and were nearly at control levels by postnatal day 45.
Neurobehavioral deficits were observed in the pups, including decreased motor activity and changes in
acoustic startle response (see Section 3.2.4.3.3); these changes were significantly attenuated in pups that
received subcutaneous injections of T, that increased serum T, and T, concentrations (Goldey and
Crofton 1998). Rates of elimination of both hormones from serum were accelerated in the pups that had
been exposed to Aroclor 1254, relative to controls. These observations suggest that the observed
neurobehavioral deficits may have been attributable to deficits in thyroid hormones. The increased
elimination of T, and T, from serum is consistent with an induction of UDP-GT or other elimination

pathways for thyroid hormones (e.g., deiodination of T, to T;).

In a longer feeding study, pregnant rats were exposed to 125 or 250 ppm Aroclor 1254 in food from
gestation day 1 through weaning of pups (Corey et al. 1996). The weaned pups either continued the
exposure until postnatal day 60 or were fed the control diet. Reported dosages during gestation were 8 or
18 mg/kg/day, and during lactation were 37 or 62 mg/kg/day. Serum TT, concentrations, but not TT,,
were depressed (>90% decrease) at postnatal day 60 in all of the exposure groups. In pups that were
removed from the PCB exposure after weaning, serum TT, concentrations partially recovered, but, unlike
the Collins and Capen (1980a) study previously discussed, remained significantly lower than control

levels.

Seo and Meserve (1995) reported the effects of maternal ingestion of Aroclor 1254 in pregnant and
lactating rats on the development of thermoregulation in neonates. Female pregnant Sprague-Dawley rats
(n=6-8) were fed ad libitum 125 or 250 ppm (6.3 or 12.5 mg/kg/day) Aroclor 1254 and continued on the
diet from conception to completion of the experiment when pups were 15 days old. Serum TT, levels
were depressed in female rats treated with 6.3 and 12.5 mg/kg/day during pregnancy and lactation.
Relative thyroid weight increased (19 mg/100 g +1.3) significantly in animals given 6.5 mg/kg/day
compared to controls, but not at the 12.5 mg/kg/day dose.
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In contrast to the depression of circulating levels of thyroid hormone levels that has been observed in rats
exposed to Aroclor 1254, rats exposed to Aroclor 1242 (32 pg/kg/day in food or 900 ng/m? vapor, whole
body exposure) for 30 days had higher serum concentrations of TT, and TT, than rats in a control group
(Casey et al. 1999). Histological changes in the thyroid observed in the rats exposed to the aerosol
included increased vacuolization of thyroid follicle cells with reduced follicular colloid, changes that are
typical of TSH stimulation of the gland. The elevation in thyroid hormone levels observed in this study
supports earlier observations of increased serum T, levels following low doses of PCB 153 (Li et al.
1994), PCB 110 (Li et al. 1998), a mixture of PCBs collected in the air over a landfill (Li and Hansen
1996b), and Aroclor 1242, but not Aroclor 1254, in chick embryos (Gould et al. 1997). The rats exposed
to the Aroclor 1242 vapor may have received a substantial ingestion dose, because of deposition of PCBs

on the fur and because the animals were exposed and housed two animals per cage.

Cooke et al. (1996) demonstrated a possible thyroid hormone-mediated response of the testes to

Aroclor 1254. This study found increased testes weight and sperm production in 135-day-old rats that
were administered subcutaneous doses of Aroclor 1254 (.40 mg/kg/day) or Aroclor 1242

(- 80 mg/kg/day) on postnatal days 1-25. Serum TT, concentrations were also depressed in these rats,
and the effects on the testes were attenuated by injections of T, on postnatal days 1-25. In contrast to the
results of this study, Gray et al. (1993) found no effect of oral exposure to Aroclor 1254 (up to

25 mg/kg/day) on testes weights or sperm numbers in rats that had substantially depressed levels of serum
TT, and TT;; however, the study initiated the dosing of the rats on postnatal day 31, after the
development of Sertoli cells is complete in the rat, and, thus, may have missed a vulnerable period in the

postnatal development of the testes.

Defined Experimental Mixtures. PCBs were extracted from an NPL site and doses ranging from 3 to

96 mg/kg were administered to 20-day-old female rats for 2 days (Hansen et al. 1995). The animals were
sacrificed 24 hours after the last dose. Serum total T, declined significantly at doses of $36 mg/kg/day;
however, at doses >12 mg/kg/day, thyroid follicular cells increased in size, while the colloid area
decreased to <60% of control values, indicative of thyroid gland stimulation. Depression of serum T, was
also observed in 21-day-old rats that received the same soil mixture and a charcoal filtered mixture, which
had considerably lower TCDD equivalents (Li and Hansen 1996a). When compared to extracts of
superficial dust and debris and airborne PCBs, the soil extract was somewhat less potent than the air

extract (Li and Hansen 1996Db).
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Single Congeners. Histopathologic lesions of the thyroid gland developed in rats that were exposed to
single PCB congeners in food for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Lecavalier et al.
1997). The lesions consisted of a reduction in size and collapse of the thyroid follicles, reduced follicle
colloid density, and cellular changes, including cytoplasmic vacuolization and nuclear vesiculation of
follicle cells. These changes were evident to varying degrees of severity at the following dosages:

PCB 28 at $36 mg/kg/day; PCB 77 at $0.070 mg/kg/day; PCB 105 at $0.039 mg/kg/day; PCB 118 at
$0.17 mg/kg/day; PCB 126 at $0.00074 mg/kg/day; PCB 128 at $0.43 mg/kg/day; and PCB 153 at
$0.35 mg/kg/day.

Depressed concentrations of T, have been observed in rats exposed to single PCB congeners in food for
13 weeks (Desaulniers et al. 1997; Van Birgelen et al. 1992, 1994a, 1994b, 1995). Effective dosages
were as follows: 75 ng/kg/day PCB 77 decreased serum TT,, but not serum TSH (Desaulniers et al.
1997); 50 pg/kg/day PCB 126 decreased FT,and TT, plasma concentrations; 1.2 mg/kg/day; PCB 156
decreased plasma FT, concentration; and 6 mg/kg/day of PCB 156 depressed both free and TT,
concentrations (Van Birgelen et al. 1995). These same dosages increased activity of UDP-GT in liver
homogenate, including activity when either T,, p-nitrophenol, or 1-naphthol were the substrates
(Desaulniers et al. 1997; Van Birgelen et al. 1995). This is consistent with the induction of UDP-GT1A1,
which utilizes T, and simple phenols as a substrate, and with the induction of cytochrome P-450 1A1 at
these same dosages of PCB congeners (Chu et al. 1995; Van Birgelen et al. 1995). These observations
suggest a possible involvement of the Ah receptor in modifying the metabolism and, thereby circulating

levels of T,.

Rice (1999a) administered oral doses (0.25 or 1.0 pg/kg/day) of 3,3',4,4',5-pentaCB (PCB 126) to female
rats, 5 days/week beginning 5 weeks prior to and through pregnancy, gestation, and lactation. Serum T,
levels were depressed in 21-day-old pups, but not in 60-day-old pups or in the dams. Darnerud et al.
(1996a) found no changes in plasma FT, or TT, concentrations in maternal mice given a single oral dose
of up to 10 mg/kg PCB 77 in corn oil on day 13 of gestation; however, FT, and TT, concentrations in
plasma of the 13-day-old fetus were depressed (36 and 45%, respectively). This study also found
substantial binding of 4-hydroxylated metabolites of PCB 77 in fetal serum to serum transthyretin and
that binding of T, to transthyretin was substantially decreased in serum of the exposed pups, relative to
the control group. This observation suggests that hydroxylated metabolites of certain PCBs may compete
for binding of T, to transthyretin, and is consistent with the results of in vitro binding studies that have
estimated transthryretin binding affinities of 4-OH metabolites of PCB congeners to be similar to that of

T, (Cheek et al. 1999; Lars et al. 1994).
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An intraperitoneal dose of 8 mg/kg/day of 2,3,3'.4',6-pentaCB (PCB 110), administered to female rat pups
on postnatal days 21 and 22, increased serum TT, levels, while higher doses resulted in a dose-dependent
decrease in serum TT, levels ( Li et al. 1998). A PCB 110 preparation contaminated with 0.4%
3,3',4,4'5-pentaCD (PCB 126) produced a dose-dependent decrease in serum T, levels (4 mg/kg/day or

higher) without an increase in serum T, levels.

Effects on the Adrenal Gland and other Endocrine Systems

Commercial PCB Mixtures. PCB-related effects on the adrenal gland have been reported after repeated
oral exposure to PCBs; however, a single dose of 4,000 mg Aroclor 1242/kg did not induce histological
alterations in the adrenals or pancreas in rats (Bruckner et al. 1973). Significantly increased serum
corticosterone levels were reported in mice following $8.1 mg/kg/day Aroclor 1254 for 2 weeks (Sanders
et al. 1974); adrenal weight was increased at 130 mg/kg, but histology was not evaluated. Intermediate-
duration studies with rats found that serum corticosterone levels were increased by dietary exposure to

15 mg/kg/day Aroclor 1248 for 20 days (Kato et al. 1982a), 35 mg/kg/day Aroclor 1221 for 10 weeks
(Wassermann et al. 1973), and 0.1 mg/kg/day Aroclor 1254 for 15 weeks (Miller et al. 1993b). Bergman
and Olsson (1984) have attributed much of the pathology in PCB-contaminated Baltic seals to adrenal
cortical hyperplasia. Rats fed 0.05-2.5 mg/kg/day Aroclor 1242 or 1221 for 5 months had decreased
serum levels of the adrenal cortex hormones, dehydroepiandrosterone (DHEA) and dehydroepiandrol’]
sterone sulfate (DHS). The decreases in DHEA, DHS, and corticosterone occurred at $0.25 mg/kg/day
Aroclor 1254, but not at 0.05 mg/kg/day; no corticosterone data were reported for Aroclor 1242 or

1221 (Byme et al. 1988). The degree of hormone inhibition was dose related and generally increased
with increasing degree of mixture chlorination. These reductions in circulating hormones were
accompanied by decreased adrenal weight with Aroclor 1254 (not evaluated with Aroclor 1242 or 1221).
There were no changes in plasma corticosteroids in rats fed #1.5 mg/kg/day Aroclor 1242 for 2—6 months
or in adrenal weight in rats fed 100 mg/kg/day Aroclor 1242 for 3 weeks (Bruckner et al. 1973, 1974). In
another study (Miller et al. 1993b), no histopathological changes were observed in the adrenals from
Fischer 344 rats treated with up to 25 mg/kg/day Aroclor 1254 by gavage for 15 weeks. Rao and Banerji
(1993), however, reported degenerative changes in the adrenals of Wistar rats treated with

$7.1 mg/kg/day Aroclor 1260 in the diet for 120 days. The differing results from these two studies may
reflect differences in the congeneric composition of the Aroclors, in strains of animals, and/or in the

methods of administration.
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Adrenal weight was unchanged in rabbits fed #6.5 mg/kg/day Aroclor 1254 for 8 weeks (Street and
Sharma 1975), and adrenal cortex histology was normal in monkeys fed 0.2 mg/kg/day Aroclor 1254 for
12 months (Tryphonas et al. 1986a), but hormone evaluations were not performed. Pigs treated with

9.2 mg/kg/day Aroclor 1242 for 91 days exhibited increased relative weight of the adrenals (Hansen et al.
1976). No histological alterations were observed in adrenals from guinea pigs treated with

#4.0 mg/kg/day Aroclor 1260 in the diet for 8 weeks (Vos and de Roij 1972). Monkeys treated with
dietary doses of #0.08 mg/kg/day Aroclor 1254 for up to 22 months showed no treatment-related changes
in serum hydrocortisone levels (Loo et al. 1989). Histological examinations and higher doses were not
tested, and levels of other adrenal cortex hormones were not evaluated. However, Arnold et al. (1997)
reported that Rhesus monkeys that received daily doses of 0.005, 0.020, 0.040, or 0.080 mg/kg/day

Aroclor 1254 for 72 months showed no effect on adrenal tissue.

No histopathologic changes were observed in the adrenal, pancreas, pituitary, or parathyroid glands of
male or female rats that were fed Aroclor 1016, 1242, 1254, or 1260 for 24 months at dose levels of
8.0-11.2,4.0-5.7, 4.3-6.1, or 4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998). Serum parathyroid
hormone levels were not affected in rats treated with up to 25 mg/kg/day Aroclor 1254 for up to 15 weeks

(Andrews 1989).

Single Congeners. Histopathologic evaluations of the adrenal glands, ovary, parathyroid, pancreas, and
pituitary revealed no treatment-related changes in rats that were exposed to single PCB congeners in food
for 13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Lecavalier et al. 1997). The highest dosages
in the studies were as follows: PCB 28, 3.8 (males) and 4.0 (females) mg/kg/day; PCB 77, 0.77 (males)
and 0.89 (females) mg/kg/day; PCB 105, 4.0 (females) and 4.3 (males) mg/kg/day; PCB 118,

0.17 (females) and 0.68 (males) mg/kg/day; PCB 126, 7.4 (males) and 8.7 (females) pg/kg/day; PCB 128,
4.2 (males) and 4.4 (females) mg/kg/day; and PCB 153, 3.5 (males) and 4.1 (females) mg/kg/day.

Serum concentrations of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone
concentrations were measured in rats exposed for 13 weeks to PCB 28 or PCB 77 in food (Desaulniers et
al. 1997). No changes, relative to the control group, were observed at doses of 500 pg/kg/day PCB 28 or
75 ug/kg/day PCB 77. Acute intraperitoneal administration of PCB 126 in adult rats caused decreased
serum concentrations of T, at $6.25 pg/kg/day, T, at $25 pg/kg/day, LH at $100 pg/kg/day, and FSH at
400 pg/kg/day (Desaulniers et al. 1999). Similar administration of PCB 153 caused an increase in serum

T, and decrease in serum LH at a dose level of 25 mg/kg/day.
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Evaluation of Animal Studies. Studies in animals, including rodents and nonhuman primates, provide
strong evidence of thyroid hormone involvement in PCB toxicity. Although the studies differ in design
and, the emerging picture is that, depending of dose and duration, PCBs can disrupt the production and
levels of thyroid hormones, both in the thyroid and in peripheral tissues, can interfere with their transport
to peripheral tissues, and can accelerate the metabolic clearance of thyroid hormones. Exposure to PCBs
in utero and/or during early development (e.g., through breast milk) can deplete levels of circulating
thyroid hormones in the fetus or neonate, which may give rise to effectively a hypothyroid state during
development. The most convincing evidence that PCBs can exert toxicity by disrupting thyroid hormone
system derives from two studies in rats. In one study, neurobehavioral deficits in pups that experienced
exposures to Aroclor 1254 in utero and during nursing were significantly attenuated by subcutaneous
injections of T, that increased serum T, and T concentrations that were otherwise depressed in the PCB-
exposed animals (Goldey and Crofton 1998). While this study examined relatively high doses of
Aroclor 1254 ($1 mg/kg/day), it nevertheless demonstrated neurodevelopmental effects that are directly
relevant to observations made in epidemiological studies and to neurological sequelae of fetal
hypothyroidism, including disturbances of motor function and hearing. In the second study, increased
testes weight and sperm production in rats that were administered Aroclor 1254 on postnatal days 1-25
were attenuated by injections of T, on postnatal days 1-25, which also prevented the depression in serum
T, concentrations (Cooke et al. 1996). Here again, although produced by relatively large doses of
Aroclor 1254 (.40 mg/kg/day, subcutaneous), similar effects can be produced by other hypothyroid-
inducing agents, including 6-propyl-2-thiouracil (PTU). Furthermore, the effects observed may reflect a
disruption of the normal sexual maturation process, which is known to be associated with neonatal

hypothyroidism in humans (Longcope 2000).

Certain PCBs or certain exposures to PCBs may increase serum T, levels at low doses and decrease serum
T, in a dose-dependent manner at higher doses (Gould et al. 1997; Li and Hansen, 1996b; Li et al. 1994,
1998). This effect may reflect stimulation of the thyroid gland as suggested by concurrent morphological

changes in the thyroid follicles.

Other effects of PCBs on endocrine function that have been observed in experimental animals include
effects on the adrenal glands and serum adrenal steroid levels (Byrne et al. 1988; Kato et al. 1982a; Miller
et al. 1993b; Rao ad Banerji 1993; Sanders et al. 1974; Wasserman et al. 1973). Studies that have shown
depressed levels of adrenal cortical steroids in PCB-exposed animals are also relevant because depressed

levels of adrenal steroids have been associated with hypothyroidism in humans (Dluhy 2000). In



PCBs 136

3. HEALTH EFFECTS - Systemic

hypothyroidism, this effect is thought to result from decreases in both secretion and metabolism of

adrenal steroids.

3.2.2.9 Dermal Effects

3.2.2.9.1 Summary

Chloracne and other dermal alterations are well known markers of exposure to PCBs and structurally-
related halogenated aromatic hydrocarbons. Chloracne and other dermal alterations have been reported in
subjects occupationally exposed to PCBs and in individuals exposed by accidental ingestion of rice oil
contaminated with high concentrations of PCBs, CDFs, and related chemicals (Yusho and Yu-Cheng). In
general, chloracne appears in individuals with serum PCB levels 10-20 times higher than those of the
general population, but there is great variability among individuals. Therefore, chloracne is not a
sensitive marker of PCB exposure. Long-term oral administration of relatively low doses of PCBs to
monkeys resulted in dermal alterations similar to those observed in humans exposed to high
concentrations of PCBs. The dermal effects were observed in the monkeys at serum PCB levels not much
higher than serum PCB levels in humans with no known point source exposure to PCBs. Offspring from
monkeys exposed during gestation and nursed by exposed mothers also developed dermal alterations after
a few weeks of suckling. There are reports of rodents also developing skin alterations, but only after

high exposures to PCB.

3.2.2.9.2 Human Studies

3.2.2.9.2.1 Occupational Exposure

Chloracne is the most easily recognized effect of exposure to PCBs and structurally-related chlorinated
organic chemicals (Rice and Cohen 1996). Chloracne is a high-dose response in animals and humans;
and its presence in humans indicates exposure to PCBs and/or other chlorinated organic compounds, but
its absence does not preclude such exposure. Furthermore, the variability of the response in more highly
exposed individuals suggests that susceptibility varies greatly among individuals. Chloracne can first
occur on the face, particularly under the eyes and behind the ears. With increasing exposure, the rest of
the face and neck, upper arms, chest, back, abdomen, outer thighs, and genitalia may be affected. When

severe, chloracne can cover the entire body. Clinically, changes vary from an eruption of comedones to
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the occurrence of papules and pustules. Histologically, the lesions consist of keratinous cysts caused by

squamous metaplasia of sebaceous glands. The acute stage is followed by vermiculite skin atrophy.

Mild to moderate chloracne was observed in 7 of 14 workers exposed to 0.1 mg/m* Aroclors (formulation
not specified) for an average duration of 14.3 months (Meigs et al. 1954). Because PCBs were used as a
heat exchange material, it is possible that the workers were exposed to such pyrolysis products as CDFs.
In these workers, the chloracne was found primarily on the face, especially the cheeks, forehead, and ears.
Three cases of chloracne occurred among an unspecified number of autoclave operators exposed to
5.2-6.8 mg/m’ Aroclor 1254 for 4-7 months in 1954 (Bertazzi et al. 1987), but pyrolytic formation of
CDFs is a confounding factor. In 1977, four more cases of chloracne were diagnosed among 67 workers
from the same plant who were engaged in impregnating capacitors with Pyralene 3010

(0.048-0.275 mg/m?) and had skin contact confirmed as a major exposure route. An increased incidence
of nonadolescent acneform eruptions was reported in workers exposed to 0.007—11 mg/m’ mean
concentrations of various Aroclors for >5 years; 40% of the workers were exposed for >20 years
(Fischbein et al. 1979, 1982). Maroni et al. (1981a, 1981b) reported 10 cases of acne and/or folliculitis
and 5 cases of dermatitis among 80 capacitor manufacturing workers examined in Italy. All of the
workers with chloracne were employed in high exposure jobs. Their blood PCB concentrations ranged

from 300 to 500 ppb.

Other dermal effects reported in workers include skin rashes, pigmentation disturbances of skin and nails,
erythema and thickening of the skin, and burning sensations (Fischbein et al. 1979, 1982; Ouw et al.
1976, 1982; Smith et al. 1982). In these studies, the workers were exposed to various Aroclors at levels
as low as 0.003 mg/m’ for >5 years. Statistically significant associations between dermatologic effects
and plasma levels of higher chlorinated PCB congeners have been reported (Fischbein et al. 1979, 1982;
Smith et al. 1982). No relationships between the incidence of skin rash or dermatitis and plasma levels of

lower chlorinated PCBs were found (Smith et al. 1982).

3.2.2.9.2.2 Accidental Exposure

Effects in the skin were widely reported among victims of the Yusho and Yu-Cheng poisoning episodes
exposure (Guo et al. 1999; Kuratsune 1989; Lu and Wu 1985; Rogan 1989). It is important to mention,
however, that the findings from the studies of these groups cannot be attributed solely to exposure to
PCBs since the victims also were exposed to CDFs and other chlorinated chemicals (ATSDR 1994).

Characteristic skin changes included marked enlargement, elevation and keratotic plugging of follicular
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orifices, comedo formation, acneform eruptions, hyperpigmentation, hyperkeratosis, and deformed nails.
The acne most commonly developed on the face and other parts of the head, axillae, trunk, and external
genitalia, with follicular plugging occurring in the axillae, groin, glenoid regions such as elbow and knee
flexures, trunk, thigh, and outer aspect of the forearm. Dark-colored pigmentation frequently occurred in
the gingival and buccal mucosa, lips, and nails, and improved only gradually in most patients (Fu 1984;
Kuratsune 1989; Lu and Wu 1985; Rogan 1989). Improvement of the dermal changes was gradual.
Evaluation of Yu-Cheng subjects 14 years after the poisoning incident showed that men and women
exposed to PCBs/PCDFs had a higher lifetime prevalence of chloracne, abnormal nails, hyperkeratosis,
and gum pigmentation (Guo et al. 1999). Skin lesions were commonly observed in children born to
mothers with Yusho or Yu-Cheng exposure. The dermal changes are consistent with those observed in
exposed adults and included hyperpigmentation of the skin, nails and gingivae, deformed nails, and acne
(Funatsu et al. 1971; Gladen et al. 1990; Hsu et al. 1985; Rogan et al. 1988; Taki et al. 1969; Yamaguchi
et al. 1971; Yoshimura 1974). These effects generally diminished as the babies grew older.

3.2.2.9.2.3 Evaluation of Human Studies

There is conclusive evidence that exposure to high concentrations of PCBs (and other chlorinated
hydrocarbons) induce adverse dermal effects in humans. A typical dermal sign of exposure is chloracne
and is generally present in individuals with blood PCB levels several times higher than background levels
as observed among capacitor workers in the past and in Yusho and Yu-Cheng victims (Fischbein et al.
1979, 1982; Guo et al. 1999; Hsu et al. 1994; Maroni et al. 1981a, 1981b; Masuda 1994). It is generally
accepted that chloracne is induced by exposure to dioxin-like substances (ATSDR 1998); therefore, the
contribution of PCBs to this effect in Yusho and Yu-Cheng was probably minor compared to that of
CDFs, which were the main contributors to the total dioxin TEQs of the rice oil. High incidence of
chloracne was seen among Yu-Cheng victims 14 years after exposure, at a time when the body burden of
PCBs and CDFs was still considerably higher than local controls (Guo et al. 1997). No adverse dermal
effects have been reported in subjects with high consumption of Great Lakes fish contaminated with
PCBs and other environmentally persistent chemicals or in other cohorts from the general population,

although it is unknown if this outcome was systematically studied in these cohorts.
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3.2.2.9.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for dermal effects for each study are recorded
in Tables 3-2 and 3-3, and plotted in Figure 3-2.

Oral Exposure

Commercial Mixtures. Very limited information is available regarding dermal effects of commercial
PCB mixtures following acute-duration oral exposure. Skin histology was normal in rats that were
treated with a single gavage dose of 4,000 mg Aroclor 1242/kg and evaluated after 24 hours, no follow-
up observations were conducted (Bruckner et al. 1973). Treatment of rats with 100 mg

Aroclor 1242/kg/day by gavage every other day for 3 weeks did not result in histological alterations in the
skin (Bruckner et al. 1973). Rats exposed in the diet to 2.5 mg/kg/day Aroclor 1254 for 104 weeks or to

5 mg/kg/day for 72 weeks developed alopecia and facial edema (NCI 1978); these effects did not occur
after 104 weeks at 1.25 mg/kg/day. No histopathologic changes were observed in the skin of rats that
were fed Aroclor 1016, 1242, 1254, or 1260 for 24 months at dose levels of 8.0-11.2, 4.0-5.7, 4.3-6.1, or
4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998). Guinea pigs fed a diet that provided up to
approximately 4 mg Aroclor 1260/kg/day for 8 weeks showed no treatment-related gross or microscopical
alterations of the skin (Vos and de Roij 1972). Mice treated with 26 mg Aroclor 1254/kg/day in the diet
for 23 weeks developed erythema, altered sebaceous gland differentiation, and thickening with occasional

hyperkeratosis and cysts in the pinna; other skin areas were not examined (Bell 1983).

Dermal effects were reported in Rhesus monkeys fed diets containing Aroclors for intermediate durations
(Allen and Norback 1973, 1976; Allen et al. 1973, 1974a; Barsotti et al. 1976; Becker et al. 1979; Ohnishi
and Kohno 1979; Thomas and Hinsdill 1978). These include facial edema (particularly in the periorbital
area), acne, folliculitis, and alopecia. The effects appear to be reversible and have been produced by
estimated doses as low as 0.1 mg/kg/day Aroclor 1248 for 2 months (Barsotti et al. 1976) and

0.12 mg/kg/day Aroclor 1242 for 2 months (Becker et al. 1979). NOAELSs for these effects in monkeys
cannot be identified from the available studies. Chronic dietary treatment with 0.1 mg

Aroclor 1248/kg/day for 12 months (Allen and Norback 1976) or 0.2 mg/kg/day Aroclor 1254 for

12-28 months (Arnold et al. 1990; Tryphonas et al. 1986a, 1986b) produced progressive dermal effects in
monkeys, including alopecia, periorbital edema, acne, fingernail loss, and gingival hyperplasia and
necrosis of varying severity (Tryphonas et al. 1986b). The same group of investigators also reported

fingernail and toenail changes in monkeys during treatment with as little as 0.005 mg/kg/day
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Aroclor 1254 over a 37-month period or 0.04 mg/kg/day over a 72-month period (Arnold et al. 1993a,
1997). Offspring from Rhesus monkeys treated before mating and during gestation with 0.03 mg
Aroclor 1016/kg/day showed hyperpigmentation (Barsotti and Van Miller 1984). Doses even smaller of
Aroclor 1254 (0.005 mg/kg/day) produced clear signs of PCB intoxication manifested as inflammation
and/or enlargement of the tarsal glands, and nail and gum lesions (but not acne or hyperpigmentation) in
monkeys exposed during gestation and via breast milk for 22 weeks (Arnold et al. 1995, 1997). Most of
these alterations were seen after the infants had been weaned. The concentration of PCBs in breast milk
from dams treated with 0.005 mg/kg/day ranged from 5.6 to 15.6 ppm. The geometric mean
concentration of PCBs in the blood of these infants after 22 weeks of nursing was 47 ppb (Arnold et al.

1995).

Single Congeners. Treatment of female and male weanling Sprague-Dawley rats for 90 days with several
PCB congeners in the diet, both dioxin-like and nondioxin-like (PCBs 28, 77, 105, 118, 126, 128, 153),
did not result in any treatment-related histological alterations in the skin (Chu et al. 1994, 1995, 1996a,
1996b, 1998a, 1998b; Lecavalier et al. 1997). Doses ranged from 0.009 mg/kg/day for the dioxin-like
PCB 126 to approximately 4 mg/kg/day for some mono- and di-ortho-substituted congeners.

Dermal Exposure

Commercial Mixtures. Skin appearance and histology was normal in three hairless mice dermally treated
with Aroclor 1254 in estimated doses of up to 136 mg/kg/day on 4 days/week for 6 weeks (Puhvel et al.
1982). Aroclor 1254 was applied in either pure acetone or in acetone-mineral oil emulsion; few
experimental details were provided in this study. Dermal effects were produced by application of
Aroclor 1260 in an isopropanol vehicle to the shaved back skin of female New Zealand rabbits

5 days/week for 28 or 38 days at estimated doses of 42-44 mg/kg/day (Vos and Beems 1971; Vos and
Notenboom-Ram 1972). Effects included thickening of the skin and acneform lesions resulting from

hyperplasia and hyperkeratosis of the epidermal and follicular epithelium.

3.2.2.9.4 Evaluation of Animal Studies

PCB-related cutaneous effects are well characterized in monkeys after long-term oral exposure to
commercial PCB mixtures and are generally similar to those observed in humans. Infant monkeys
exposed in utero and via breast milk also developed similar dermal lesions. Chronic-duration oral

exposure studies in monkeys showed that adverse dermal effects can occur at dose levels lower than had
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been previously observed (Arnold et al. 1993a, 1993b, 1995, 1997). It should be pointed out that dermal
effects in monkeys appeared with doses that resulted in tissue (5 ppm) and blood levels (10 ppb) of PCBs
near background concentrations found in the general human population. In general, adverse cutaneous
effects in rodents followed exposure to relatively high oral doses of PCBs. The series of studies with
single congeners by Chu and coworkers found no significant dermal effects at the dose levels tested, and
no conclusions regarding a potential ranking for dermatotoxicity of congeners can be drawn based on

these studies (Chu et al. 1994, 1995, 1996a, 1996b, 1998a, 1998b; Lecavalier et al. 1997).

3.2.2.10 Ocular Effects

3.2.2.10.1 Summary

Along with dermal alterations, adverse ocular effects are markers of exposure to PCBs and structurally-
related halogenated aromatic hydrocarbons. Ocular effects consisting primarily of hypersecretion of the
Meibomian glands and abnormal pigmentation of the conjunctiva have been reported in subjects
occupationally exposed to PCBs and in individuals exposed by accidental ingestion of rice oil
contaminated with high concentrations of PCBs, CDFs, and related chemicals (Yusho and Yu-Cheng). In
general, these effects appear in individuals with serum PCB levels 10-20 times higher than those of the
general population, but there is great variability among individuals. Long-term oral administration of
relatively low doses of PCBs to monkeys resulted in ocular alterations similar to those observed in
humans exposed to high concentrations of PCBs. The ocular effects were observed in the monkeys at
serum PCB levels not much higher than serum PCB levels in humans with no known high exposure to
PCBs. Offspring from monkeys exposed during gestation and nursed by exposed mothers developed

similar ocular alterations after a few weeks of suckling.

3.2.2.10.2 Human Studies

3.2.2.10.2.1 Occupational Exposure

The primary ocular effects reported by workers exposed to airborne PCBs were eye irritation, tearing, and
burning (Emmett et al. 1988a; Ouw et al. 1976; Smith et al. 1982). The workers had been exposed to a
variety of Aroclors at concentrations between 0 and 2.2 mg/m’® for >3 years. A significant relationship
between the incidence of irritated, burning eyes and plasma levels of higher and lower chlorinated PCB

congeners has been found (Smith et al. 1982). Emmett et al. (1988a) suggested that because PCBs have
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low volatility and are relatively nonirritating, 1,1,1-trichloroethane used to clean up spills or

trichlorobenzene in Askarel may have been responsible for the complaints.

An ocular examination of 181 workers at a capacitor manufacturing plant revealed a 13% prevalence of
edema of the upper eyelid, congestion or hyperemia of conjunctiva, eye discharge, and enlargement of
Meibomian glands following exposure to 0.007—11 mg/m® mean concentrations of various Aroclors for
>5 years (Fischbein et al. 1985). The median blood value of lower homologues of PCBs was
approximately 60 ppb and of the higher homologues, 18 ppb. There was no significant association

between ocular abnormalities and blood concentrations of PCBs (Fischbein et al. 1985).

3.2.2.10.2.2 Accidental Exposure

In addition to dermal effects, ocular effects were the most obvious manifestations of Yusho and Yu-Cheng
exposure (Fu 1984; Kuratsune 1989; Lu and Wu 1985; Rogan 1989). As previously mentioned, victims
of these poisoning episodes also were exposed to CDFs and other chlorinated chemicals (ATSDR 1994).
Hypersecretion of the Meibomian glands and abnormal pigmentation of the conjunctiva were commonly
observed (Masuda 1994). Typical cases showed swollen Meibomian glands filled with yellow infarct-
like contents. Abnormal changes in the Meibomian glands as well as eye discharge were still seen

10 years after the poisoning incident (Kono and Yamana 1979). The incidence of ocular signs was
closely related to PCB concentrations and patterns in blood. Babies born to Yusho mothers also had
increased eye discharge. Similar findings were seen in children born to Yu-Cheng mothers who also

showed high incidence of conjunctivitis, swelling of the eyelid, and eye discharge (Rogan et al. 1988).

3.2.2.10.2.3 Evaluation of Human Studies

There is sufficient evidence that exposure to high concentrations of PCBs (and other chlorinated
hydrocarbons) induce adverse ocular effects in humans. Typical responses include hypersecretion of the
Meibomian glands and abnormal pigmentation of the conjunctiva. This has been observed among
capacitor workers (Fischbein et al. 1985) and in Yusho and Yu-Cheng victims (Hsu et al. 1994; Kono and
Yamana 1979; Kuratsune 1989; Masuda 1994; Rogan et al. 1988). The contribution of PCBs to this
effect in Yusho and Yu-Cheng is unknown since the victims also were exposed to CDFs and other
structurally-related chemicals. In the occupationally-exposed subjects described by Fischbein et al.
(1985), PCBs seemed to have been responsible for the high incidence of ocular effects since there was no

apparent exposure to CDFs or similar chemicals, although such possibility could not be completely ruled
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out. No adverse ocular effects have been reported in subjects with high consumption of Great Lakes fish
contaminated with PCBs and other environmentally persistent chemicals or in other cohorts from the

general population, although it is unknown if this outcome was systematically studied in these cohorts.

3.2.2.10.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for ocular effects for each study are recorded
in Table 3-2 and plotted in Figure 3-2.

Oral Exposure

Commercial Mixtures. Ocular effects were commonly observed in Rhesus monkeys fed diets containing
Aroclors for intermediate durations (Allen and Norback 1973, 1976; Allen et al. 1973, 1974a; Barsotti

et al. 1976; Becker et al. 1979; Ohnishi and Kohno 1979; Thomas and Hinsdill 1978). The effects
consisted of swelling and reddening of the eyelid and eyelid discharge. Females appear to be more
sensitive than males. The effects appear to be reversible and have been produced by estimated doses as
low as 0.1 mg/kg/day Aroclor 1248 for 2 months (Barsotti et al. 1976) and 0.12 mg/kg/day Aroclor 1242
for 2 months (Becker et al. 1979). NOAELSs for these effects in monkeys were not identified in the
available studies. Monkeys exposed to 0.005-0.08 mg/kg/day Aroclor 1254 for 37 months showed
characteristic dose-related ocular and dermal effects, including eye exudate, inflammation and/or
prominence of the tarsal (Meibomian) glands, and various finger and toe nail changes (Arnold et al.
1993a). Eye inflammation is a result of metaplastic changes in the Meibomian glands, which cause the
glands to be come keratinaceous. Conjunctivitis was observed in Rhesus monkeys treated in the diet with
0.2 mg/kg/day Aroclor 1254 for 12 months (Tryphonas et al. 1986a). Exophthalmia was observed in rats
treated in the diet with 2.5 mg/kg/day Aroclor 1254 for 104—105 weeks (NCI 1978); a dietary level of
1.25 mg/kg/day Aroclor 1254 was a NOAEL. No histopathologic changes were observed in the eye of
male or female rats that were fed Aroclor 1016, 1242, 1254, or 1260 for 24 months at dose levels of
8.0-11.2,4.0-5.7, 4.3-6.1, or 4.1-5.8 mg/kg/day, respectively (Mayes et al. 1998).

Single Congeners. Treatment of female and male weanling Sprague-Dawley rats for 90 days with several
PCB congeners in the diet, both dioxin-like and nondioxin-like (PCBs 28, 77, 105, 118, 126, 128, 153),
did not result in any treatment-related histological alterations in the eye or optic nerve (Chu et al. 1994,
1995, 1996a, 1996b, 1998b; Lecavalier et al. 1997). Doses ranged from 0.009 mg/kg/day for the dioxin-
like PCB 126 to approximately 4 mg/kg/day for some mono- and di-ortho-substituted congeners.


http:0.005�0.08

PCBs 144

3. HEALTH EFFECTS - Systemic

3.2.2.10.4 Evaluation of Animal Studies

PCB-induced ocular effects are well characterized in monkeys after long-term oral exposure to
commercial PCB mixtures and are generally similar to those observed in humans. Infant monkeys
exposed in utero and via breast milk also developed similar ocular lesions (Arnold et al. 1995). Chronic-
duration oral exposure studies in monkeys showed that adverse ocular and dermal effects occurred at
doses of 0.005 mg/kg/day (Arnold et al. 1993a, 1993b, 1995, 1997). Because these effects occurred at the
lowest tested dose of any PCB mixture in any species, they are used as part of the basis for the chronic-
duration MRL for oral exposure as discussed in Chapter 2 and Appendix A. It is worth mentioning that
ocular effects appeared in monkeys given PCB doses that resulted in tissue (5 ppm) and blood levels

(10 ppb) of PCBs near background concentrations found in the general human population. The series of
studies with single congeners by Chu and coworkers found no significant effects in the eye and optic
nerve at the dose levels tested and no conclusions regarding a potential ranking for oculotoxicity of
congeners can be drawn based on these studies (Chu et al. 1994, 1995, 1996a, 1996b, 1998; Lecavalier et
al. 1997).

3.2.2.11 Body Weight Effects

3.2.2.11.1 Human Studies

No studies were located regarding body weight effects in humans after exposure to PCBs.

3.2.2.11.2 Animal Studies

A number of animal studies have shown that inhalation, oral, or dermal exposure to PCBs results in
decreases in body weight gain. Body weight gain was decreased in guinea pigs and mice that were
intermittently exposed to 5.4 mg/m’ Aroclor 1254 over 121 days or in guinea pigs exposed to 1.5 mg/m’
Aroclor 1254 over 213 days (Treon et al. 1956). Exposure-related changes in body weight were not
observed in rats or rabbits that were similarly exposed to 1.5 or 5.4 mg/m® Aroclor 1254 or to 8.6 mg/m’
Aroclor 1242 over 24 days. The concentrations of PCBs are uncertain due to an invalid analytical
technique and differential evaporation of the most volatile PCB congeners. A decrease in body weight
gain was also observed in rats exposed to 0.009 mg/m* Aroclor 1242 for 30 days (Casey et al. 1999); the

rate of body weight gain was 33% as compared to 39% in controls.


http:3.2.2.11

PCBs 145

3. HEALTH EFFECTS - Systemic

Reduced body weight (or reduced weight gain) is a characteristic effect of oral exposure to PCBs in
animals. Acute-duration studies have shown moderate to severe weight decreases in rats following a
single gavage dose of $4,000 mg/kg Aroclor 1242 or dietary administration of 50 mg/kg/day

Aroclor 1254 for 14 days (Bruckner et al. 1973; Kling et al. 1978). No significant effect on weight gain
was reported in rats administered up to 25 mg/kg/day Aroclor 1254 in several acute-duration studies
(Brown and Lamartiniere 1995; Carter 1984, 1985; Carter and Koo 1984) or in rats administered four
daily doses of 25 mg/kg of Aroclor 1221 (Brown and Lamartiniere 1995). The weight loss following
single high doses appears to be due to dehydration (Bruckner et al. 1973). Effects on animal body weight
are often pronounced following intermediate- and chronic-duration dietary administration, constituting a
wasting syndrome. Decreases in body weight or body weight gain relative of different toxic doses have
been observed with various species and Aroclor mixtures, including rats and minks fed Aroclor 1254
(Andrews 1989; Bleavins et al. 1980; Gray et al. 1993; Hornshaw et al. 1986; Kimbrough et al. 1972;
Kling et al. 1978; Mayes et al. 1998; NCI 1978; Phillips et al. 1972), rats fed Aroclor 1260 (Kimbrough et
al. 1972), pigs fed Aroclor 1254 or 1242 (Hansen et al. 1976), and monkeys fed Aroclor 1242 or

1248 (Allen 1975; Allen and Norback 1976; Allen et al. 1973; Becker et al. 1979), but not Aroclor 1254
(Arnold et al. 1993a, 1993b, 1997; Tryphonas et al. 1986b). The body weight from guinea pigs treated
with 4 mg/kg/day Aroclor 1260 for 187 days was not altered by treatment (Vos and de Roij 1972). In
general, Aroclors administered to rats in doses of #5 mg/kg/day for intermediate durations did not
significantly affect body weight (Bruckner et al. 1974, 1977; Byrne et al. 1987; Goldstein et al. 1974;
Huang et al. 1998a, 1998b). Rats that were fed Aroclor 1254 for 24 months at dose levels of

1.4-6.1 mg/kg/day had final body weights that were 12—28% lower than unexposed animals (Mayes et al.
1998). Decreased body weight was also observed following similar exposure to Aroclor 1242 (10%
reduction at 5.7 mg/kg/day), but not to Aroclor 1016 (2.0-11.2 mg/kg/day) or Aroclor 1260

(1.0-5.8 mg/kg/day). The existing data indicate that monkeys and minks may be particularly susceptible
species, as effect levels were higher in rats and adverse effects on body weight were not observed in
rabbits and mice fed Aroclor 1254 (Kimbrough and Linder 1974; Street and Sharma 1975). Food and
water consumption were not measured in most of these studies, but in general decreases in food and water
intake were not sufficient to account for the decreases in body weight. In swine and sheep fed

Aroclors 1242 and 1254 at 20 ppm in the diet, feed efficiency (unit gain/unit feed) were decreased about

the same degree as by diet variations (Hansen et al. 1976).

Body weight gain was not adversely affected in rats fed diets containing #4.1 mg/kg/day of
PCB 153 (Chu et al. 1996a), #4.2 mg/kg/day of PCB 128 (Lecavalier et al. 1997), #4.0 mg/kg/day of
PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of
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PCB 77 (Chu et al. 1995), or #0.17 mg/kg/day of PCB 118 (Chu et al. 1995). A significant decrease in
body weight gain was observed in rats fed diets containing 7.4 mg/kg/day of PCB 126 (Chu et al. 1994)

for 13 weeks.

A significant reduction in body weight gain was observed in rabbits that received estimated doses of
42—-44 mg/kg of Aroclor 1260 in isopropanol 5 days/week for 28 or 38 days applied to the shaved back
skin (Vos and Beems 1971; Vos and Notenboom-Ram 1972). These studies tested small numbers of
rabbits (four) and used Aroclor 1260 that had undetectable levels (<1 ppm) of CDFs.

The highest NOAEL values and all reliable LOAEL values for body weight effects for each study are
recorded in Tables 3-1, 3-2, and 3-3, and plotted in Figures 3-1 and 3-2.

3.2.2.12 Other Systemic Effects

Inhalation and oral exposure to Aroclor 1242 resulted in epithelial hyperplasia in the urinary bladders of
rats near continuously (23 hours/day) exposed to 0.009 mg/m® or 0.033 mg/kg/day in the diet for 30 days
(Casey et al. 1999). In contrast, no effects on the urinary bladder were reported in a study by Mayes et al.
(1998) involving chronic oral exposure to approximately #6 mg/kg/day Aroclor 1242, 1254, and 1260 or
#11 mg/kg/day Aroclor 1016. Additionally, no urinary bladder effects were noted in a series of dietary
exposure studies on single PCB congeners in which rats were exposed to #4.1 mg/kg/day of

PCB 153 (Chu et al. 1996a), #4.2 mg/kg/day of PCB 128 (Lecavalier et al. 1997), #4.0 mg/kg/day of
PCB 105 (Chu et al. 1998b), #3.7 mg/kg/day of PCB 28 (Chu et al. 1996b), #0.77 mg/kg/day of

PCB 77 (Chu et al. 1995), #0.17 mg/kg/day of PCB 118 (Chu et al. 1995) or #7.4 mg/kg/day of

PCB 126 (Chu et al. 1994) for 13 weeks.

3.2.3 Immunological and Lymphoreticular Effects

3.2.3.1 Summary

Immunologic changes have been observed in human populations exposed to mixtures of PCBs and other
persistent toxic substances. Alterations have been associated with consumption of contaminated fish and
other marine foods, consumption of contaminated rice oil in the Yusho and Yu-Cheng poisoning incidents,
and general environmental exposures. Findings include increased susceptibility to respiratory tract

infections in adults and their children, increased prevalence of ear infections in infants, decreased total
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serum IgA and IgM antibody levels, and/or changes in T lymphocyte subsets. Overall, there is a
consistency of effects among the human studies suggesting sensitivity of the immune system to PCBs,
particularly in infants exposed in utero and/or via breast feeding. However, due to the mixed chemical
nature of the exposures and generally insufficient information on exposure-response relationships, the
human studies provide only limited evidence of PCB immunotoxicity. In contrast to the human data,
immunotoxicity of PCBs has been documented in animals that were exposed via commercial mixtures,
mixtures of congeners analogous to human breast milk, Great Lakes fish, or single congeners. Effects of
commercial PCBs in rats, mice, guinea pigs, and rabbits included morphological and functional changes,
such as thymic and splenic atrophy, reduced antibody production against foreign antigens, such as tetanus
toxoid and sheep red blood cells (SRBC), and increased susceptibility to microbial infection. Oral studies
of commercial mixtures in monkeys confirm the observations in other species and further indicate that the
immune system of nonhuman primates is particularly sensitive to PCBs. Suppressed antibody responses
to SRBC:s is the parameter most consistently affected by PCBs in monkeys and have been observed in
adult animals, infants exposed during gestation and lactation, and infants exposed postnatally to a PCB
congener mixture simulating the congener content of human milk. Immunological assessments of rodents
that were fed Great Lakes fish containing PCBs and other chemicals were generally limited although

some alterations were observed that are similar to those in animals exposed to commercial PCB mixtures.

3.2.3.2 Human Studies

Occupational Exposures. A limited amount of information is available on immunological end points in
PCB-exposed workers because assessments in most occupational studies were limited to routine clinical
measurements of white blood cell (WBC) counts and serum proteins and did not include assessment of
immunocompetence. Total and differential WBC counts were determined in 194 capacitor plant workers
(152 males, 42 females) who were exposed to Aroclors 1254, 1242, and/or 1016 for an average duration
of 17 years (Lawton et al. 1985a). Mean area air concentrations of PCBs were 0.69 mg/m’ in 1975 and
0.16 mg/m’ in 1983, and average personal time-weighted average (TWA) levels in 1977 were

0.17 mg/m’; all PCB use was discontinued in 1977. Clinical examinations in 1976 showed some
elevations in total WBCs associated with decreased PMN cells and increased lymphocytes, monocytes,
and eosinophils. In 1979, the WBC and lymphocyte counts were near normal and the increases in
monocytes and eosinophils were marginal, although there was a strong association between serum PCB

levels and monocyte counts.
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Other studies of PCB-exposed workers did not report any effects on total and differential WBC counts or
changes in serum albumin, globulin, and/or total proteins (Chase et al. 1982; Maroni et al. 1981b; Smith
et al. 1982). These included studies of 86 men exposed to unreported levels of unspecified PCBs via
transformer fluids for an average of 17 years (Chase et al. 1982), 40 men and 40 women exposed mainly
to Pyralene 3010 or Apirolio (Italian PCB formulations containing 42% chlorine) at concentrations
ranging from 0.048 to 0.275 mg/m?® for an average duration of 12 years (Maroni et al. 1981b),

228 electrical equipment manufacturing workers exposed to Aroclor 1242 and 1016 (sex and exposure
duration not reported) at a median personal TWA air concentration of 0.081 mg/m* (Smith et al. 1982),
and 14 and 25 electrical utility workers exposed to Askarel (Aroclor 1254 or 1260 either alone or in
combination with tri- or tetrachlorobenzenes) at personal TWA levels of 0.037-0.215 mg/m’ and
0.0031-0.0823 mg/m’, respectively (Smith et al. 1982). Exposure durations and worker gender were not
reported in the Smith et al. (1982) study.

Delayed-type hypersensitivity was not affected in 55 transformer repairmen compared to 56 unexposed
workers who were matched for age, race, and marital status (Emmett et al. 1988a, 1988b). The mean
length of employment of the exposed workers was 3.75 years, most (38) of the workers were currently
exposed to PCBs, and the predominant exposure was from Aroclor 1260. Measurements of air PCB
levels at four work areas showed 8-hour TWA concentrations of 0.0167-0.024, 0.0032-0.007,
0.00001-0.0004, and 0.0007-0.0124 mg/m’. The percentages of exposed and control workers with
positive skin responses to mumps antigen (92 vs. 89%) and trichophyton antigen (17 vs. 8%) were not
significantly different, and the mean diameters of the skin reactions were identical in the two groups.
Other immunologic end points were not evaluated in the study, and none of the workers had clinical

manifestations typical of PCB poisoning.

Contaminated Fish Consumption. Immunological parameters were compared in a group of 23 Swedish
men with high consumption of fatty fish species from the Baltic Sea and 20 men with virtually no fish
consumption (Svensson et al. 1994). Evaluation of white cell counts, numbers of total lymphocytes and
their subsets, and serum immunoglobulin levels showed indications of reduced natural killer (NK) cell
activity. The proportions and numbers of NK cells were marginally lower in the fisheaters than in the
nonconsumers, although the differences were not statistically significant (p>0.05), and the weekly intake
of fatty fish was negatively correlated with NK cell activity (r=-0.32, p<0.04). Concurrent measurements
of blood PCBs were not performed. Data from some of the subjects obtained 3 years prior to the study

showed weak negative correlations between numbers of NK cells and blood levels of PCB 126 and
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PCB 118, but a similar correlation was also found for p,pAADDT. Information on the presence and

incidence of infections was not reported.

Lymphocyte subsets were also evaluated in 68 Latvian fisherman who consumed fatty fish from the
Baltic Sea (Hagmar et al. 1995). The study group was divided into groups of 19, 24, and 25 subjects with
low, intermediate, or high fish consumption (average 0.3, 3.3, and 12 meals/month, respectively). PCBs
were not measured in the subjects or fish. High fish consumption was correlated positively with B cell
numbers (r=0.41, p=0.0008) and CD4"/CD8" ratios (r=0.40, p=0.001), but negatively with levels of
cytotoxic (CD8") T cells (r=-0.38, p=0.002).

Information has been reported on infectious illnesses in breast-fed infants whose mothers consumed
contaminated Great Lakes fish (Smith 1984). Seventy-three mother/infant pairs from Sheboygan,
Wisconsin were divided into three groups: women who breast-fed and ate Lake Michigan or Sheboygan
River fish at least twice a month for $3 years (Group 1, 23 pairs); women who breast-fed and ate Lake
Michigan or Sheboygan River fish not more than twice a year for #3 years (Group 2, 39 pairs); and
women who bottle-fed and ate Lake Michigan or Sheboygan River fish at least twice a month for

$3 years (Group 3, 11 pairs). Mean PCB concentrations in maternal serum (5.48-5.76 ppb) and breast
milk fat (1.13—1.14 ppm) were similar among the three exposure groups and at two postnatal sampling
times (during the second month and at 4 months of age); PCB levels in maternal serum during pregnancy
or in umbilical cord blood were not determined. There were no significant group differences in the mean
number of infectious illnesses (colds, earaches, and flu symptoms) during the first 4 months of life. The
number of infectious illnesses in the infants (r=0.33, p=0.03) was positively and significantly associated
with maternal serum PCB level, although infant illnesses had a weak but significantly negative
association with breast milk PCBs. Possible associations between infectious illnesses and other chemicals

in the fish were not investigated.

Susceptibility to infections and immune status was studied in 98 breast-fed and 73 bottle-fed Inuit
(Eskimo) infants from Arctic Quebec, Canada (Dewailly et al. 2000). The Inuits have high body burdens
of various organochlorine compounds (2—10 times higher than those of southern Quebec populations) due
to high consumption of marine foods, particularly sea mammal fat. Concentrations of PCBs and other
chlorinated pesticides or metabolites were measured in early breast milk fat and used as an index of
prenatal exposure to these substances; p,p’-DDE showed the highest mean concentration (962 ppb),
followed by PCBs (621 ppb; sum of congeners 138, 153, and 180), hexachlorobenzene (107 ppb),
dieldrin (30 ppb), and mirex (14 ppb) (Dewailly et al. 1993). Prenatal organochlorine exposure was not
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determined in the bottle-fed infants. The number of infectious disease episodes and status of
immunologic parameters (WBCs, total lymphocytes and lymphocyte subsets, serum immunoglobulins)
were evaluated during the first year of life. Acute otitis media was the most frequent health problem
during the first year of life, with 80.0% of ever breast-fed and 81.3% of bottle-fed infants experiencing at
least one episode. Relative risk (RR) analysis by follow-up period and number of episodes showed
associations between increasing prenatal exposure to organochlorine compounds and otitis media that
were more consistent for hexachlorobenzene and p,p -DDE than PCBs. For example, although RRs of
experiencing at least one episode of otitis media during the first year of life were similar for
hexachlorobenzene (RR, 1.49; 95% CI, 1.10-2.03), p,p -DDE (RR, 1.52; CI, 1.05-2.22), and PCBs (RR
1.28; CI, 0.92—1.77) for the highest tertile of prenatal exposure compared to the lowest tertile, the RR of
recurrent otitis media ($3 episodes) was 1.49 (95% CI, 1.10-12.56), 3.48 (CI, 0.86-14.11), and 1.65 (CI,
0.49-5.57), respectively. However, because these and other detected organochlorine compounds
originated from the same few food items and have concentrations in breast milk that are correlated with
each other due to similar properties such as lipid solubility and persistence, the results precluded
identification of which compounds could be responsible for the increased susceptibility to otitis media.
Immunologic parameters that were significantly lower in the breast-fed babies compared to the bottle-fed
group included numbers of WBCs and lymphocytes (CD4 subtype) at 3 months of age, and serum IgA
concentrations at 7 and 12 months of age; CD4/CDS8 lymphocyte ratios (helper T-cells/cytotoxic T-cells)
were also reduced in the breast-fed infants at 7 and 12 months of age, although the change did not reach
statistical significance. None of the immune parameters were associated with prenatal organochlorine

exposure.

Yusho and Yu-Cheng Exposures. Clinical observations strongly suggest that Yusho and Yu-Cheng
patients experienced frequent or more severe skin and respiratory infections and lowered resistance to
illness (Kuratsune 1989; Nakanishi et al. 1985; Rogan 1989; Shigematsu et al. 1971). Children born to
mothers who had Yu-Cheng disease had higher prevalence of bronchitis or pneumonia at 6 months of age,
respiratory tract infections at 6 years of age, and middle ear infections at 6—14 years of age (Chao et al.
1997; Yu et al. 1998). Total serum levels of IgA and IgM, but not IgG, were reduced in Yusho and
Yu-Cheng patients (Chang et al. 1981; Shigematsu et al. 1971). Other assessments of Yu-Cheng patients
found various other immunologic changes, including lower percentages of monocytes and PMN
leukocytes with immunoglobulin and complement receptors, reduced T lymphocytes apparently due to
reduced T-helper/inducer cells, and suppressed dermal delayed-type hypersensitivity responses to
streptokinase/streptodornase antigen mixtures tested 1 year after exposure and tuberculin antigen tested

4 years after exposure (Chang et al. 1981, 1982a, 1982b; Lu and Wu 1985). Lymphoproliferative
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responses of peripheral lymphocytes to T-cell mitogens (PHA, pokeweed mitogen [PWM], and
tuberculin) were significantly enhanced in Yu-Cheng patients (Lu and Wu 1985).

General Population Exposures. Immunologic effects of pre- and postnatal environmental exposure to
PCBs and dioxins were assessed in a subgroup of 55 infants (Weisglas-Kuperus et al. 1995) from the
Dutch Mother-Child study summarized in Section 3.2.4.2.1.2 (Neurological Effects). Prenatal
PCB/dioxin exposure was estimated by the sum of PCB congeners 118, 138, 153, and 180 in maternal
blood during the last month of pregnancy and the total TEQ level in maternal milk (17 dioxin and

8 dioxin-like PCB congeners), and postnatal exposure was calculated as a product of the total TEQ level
in human milk multiplied by the weeks of breast-feeding. No correlation was found between pre- or
postnatal exposure and the number of episodes of rhinitis, bronchitis, tonsillitis, and otitis during the first
18 months of life, or with humoral immunity as evaluated by antibody levels to mumps, measles, and
rubella at 18 months of age (infants were immunized at 14 months of age). Determination of monocyte,
granulocyte, and lymphocyte counts in cord and venous blood at 3 and 18 months of age showed that a
higher prenatal as well as postnatal PCB/dioxin exposure was associated with lower monocyte and
granulocyte counts at 3 months of age, and that a higher prenatal exposure was associated with increased
total numbers of T-lymphocytes and several T-cell subpopulations (CD8", TcRaf, and TcRy8") at

18 months of age. There were no significant associations between postnatal PCB/dioxin exposure and

T cell markers at 18 months of age. Although there were differences in the leukocyte subpopulation
between high and low PCB/dioxin-exposed infants, all values were within the normal range (Weisglas-
Kuperus et al. 1995). Follow-up evaluations at 42 months of age, reported as a study abstract, found that
prenatal PCB exposure was associated with increased T cell numbers and lower antibody levels to
mumps, measles, and rubella (Weisglas-Kuperus 2000). Additionally, a higher prevalence of recurrent
middle ear infections and chicken pox and a lower prevalence of allergic reactions was reported to be

associated with PCB body burden at 42 months of age.

Evaluation of Human Studies. Limited information on immunological effects of PCBs in humans is
available from studies of people exposed in the workplace, by consumption of contaminated fish and
other marine foods, by consumption of contaminated rice oil in the Yusho and Yu-Cheng poisoning

incidents, and via general environmental exposures. A comparison of PCB levels in blood and breast

milk in some of these studies is included in Appendix A.

One study of PCB-exposed workers found no effects on delayed-type hypersensitivity skin reactions to

the mumps and trichophyton antigens (Emmett et al. 1988a, 1988b). Other occupational studies reported
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no changes in serum albumin, globulin, and/or total proteins, although a transient effect on total and
differential WBC counts has been observed (Chase et al. 1982; Lawton et al. 1985a; Maroni et al. 1981b;
Smith et al. 1982). Functional and other immunologic end points were not evaluated in any of the worker
studies, precluding an assessment of the potential for adverse immune effects following occupational

cxXposure.

The number of infant infectious illnesses (colds, earaches, and/or flu symptoms) during the first 4 months
of life were positively correlated with maternal serum PCB levels in a study of women who consumed
contaminated Great Lakes fish (Smith 1984), although other immunological end points and possible
associations with other chemicals in the fish were not investigated. Susceptibility to infections was also
studied in infants of Inuit women who had elevated body burdens of PCBs and other organochlorine
chemicals due to high consumption of sea mammal fat (Dewailly et al. 2000). Associations between risk
of acute otitis media and increasing organochlorine exposure (levels in breast milk) during the first year
of life were found, although the data are insufficient for identifying whether the effect may be due to
PCBs, hexachlorobenzene, p,p -DDE, or other chemicals. No statistically significant changes in
immunological indices were observed, although there were indications of reduced total serum IgA levels

and altered T-lymphocyte subpopulations in breast-fed Inuit infants at 7 and 12 months of age.

Immunotoxic effects have been documented in the Yusho and Yu-Cheng populations and include changes
consistent with those reported in the Inuit and Great Lakes populations, particularly increased middle ear
and respiratory tract infections in children of exposed mothers and changes in T lymphocytes and their
subsets (Chang et al. 1981, 1982a, 1982b; Chao et al. 1997; Kuratsune 1989; Lu and Wu 1985; Nakanishi
et al. 1985; Rogan 1989; Shigematsu et al. 1971; Yu et al. 1998). The Dutch environmental exposure
study (Weisglas-Kuperus et al. 1995) also found some changes in lymphocyte T cell subpopulations in
infants (although all values were within the normal range), but the clinical significance of these alterations
is unclear because there was no significant correlation between the incidence of infection (otitis, rhinitis,
bronchitis, or tonsillitis) or antibody levels to common childhood vaccines (mumps, measles, or rubella)
during the first 18 months of life and pre- or postnatal exposure to PCBs and dioxins. The human
populations that have been studied differ greatly with respect to sources of PCB exposure and
consequently are likely to vary with respect to both organochlorine contaminants and nutrient contents
which may affect susceptibility to infections. Although the studies are insufficient for determining which
specific chemical(s) may be responsible for the observed alterations, the available data support a possible
association between PCBs and immune effects in humans that may be manifested as compromised ability

to overcome infections, particularly in infants exposed in utero and/or by breast-feeding.
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3.2.3.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for immunological and lymphoreticular
effects for each study are recorded in Tables 3-2 and 3-3, and plotted in Figure 3-2.

3.2.3.3.1 Inhalation Exposure

No studies were located regarding immunological or lymphoreticular effects in animals following

inhalation exposure to PCBs.

3.2.3.3.2 Oral Exposure

Commercial PCB Mixtures. Information on the immunotoxicity of commercial PCBs in orally-exposed
animals is available from intermediate- and chronic-duration studies in various species. Findings in
nonhuman primates are emphasized in the following summary because monkeys appear to be more
sensitive than other species and provide a better animal model due to phylogenetic and biologic

similarities to humans (Tryphonas 1994, 1995).

Aroclor 1260 and Similar Mixtures. Immunological effects of 60% chlorinated PCB mixtures were
investigated in several guinea pig studies. Dietary exposure to Aroclor 1260 for 8 weeks caused
decreases in gamma globulin-containing cells in popliteal lymph nodes following foot pad stimulation
with tetanus toxoid at estimated doses of 0.8 and 4 mg/kg/day (lower doses not tested), although the
magnitude of response was not dose-related. Increased mesenteric lymph node weights were also
observed at $0.8 mg/kg/day, but there were no consistent changes in cervical lymph node weights or
serum levels of albumin or globulins. Leukocyte counts and histology of the lymph nodes, thymus, and
spleen were unaffected (Vos and de Roij 1972). Effects in guinea pigs that were fed 4 mg/kg/day
Clopen A-60 or Aroclor 1260 for 6 weeks included decreases in antibody titers (IgM and IgG) to tetanus
toxoid, skin (footpad) reactivity to tuberculin, leukocyte, and lymphocyte counts, and relative thymus
weight, with no effects occurring at 0.8 mg/kg/day of Clopen A-60 (low dose of Aroclor 1260 not tested)
(Vos and Van Driel-Grootenhuis 1972).

No changes in total or differential WBC counts or histology of the thymus, spleen, or lymph nodes were
found in male and female rats that were exposed to Aroclor 1260 at dietary doses as high as 4.1 and

5.8 mg/kg/day, respectively, for 24 months (Mayes et al. 1998).
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Aroclor 1254 and Similar Mixtures. Information on immunotoxicity of Aroclor 1254 is available from
oral studies in rats, mice, rabbits, and monkeys. A number of significant effects on humoral and cell-
mediated parameters were found in rats. Dietary exposure to Aroclor 1254 at estimated doses of 4.3 or
43 mg/kg/day for 10 weeks caused decreased serum total immunoglobulin G (IgG) antibody response to
keyhole limpet hemocyanin (KLH) antigen, decreased NK cell activity, and increased interleukin 2 (IL-2)
production by concanavalin A (ConA)-stimulated splenocytes in Sprague-Dawley male rats (Exon et al.
1985; Talcott et al. 1985). Male F344 rats treated with Aroclor 1254 by gavage for 5—15 weeks had
reduced thymus weight and NK cell activity at 10 and 25 mg/kg/day, and increased PHA mitogen™
induced lymphocyte proliferation at 25 mg/kg/day; no significant effects were seen at #1 mg/kg/day.
(Smialowicz et al. 1989). Enhanced responses to ConA, PWM, or Salmonella typhimurium mitogen
(STM) were not observed. Decreased thymus weight and enhanced lymphoproliferative activity in
response to stimulation by PHA, but not PWM, were also observed in male Sprague-Dawley rats that
were fed Aroclor 1254 at an estimated dose of 21.5 mg/kg/day for 7 days (Bonnyns and Bastomsky
1976). Thymus weight, WBC, and neutrophil counts were reduced in Sprague-Dawley rats fed an
estimated dose of 50 mg/kg/day Aroclor 1254 for 6 weeks (Allen and Abrahamson 1973); immune
function was not evaluated. No changes in total or differential WBC counts or histology of the lymph
nodes, spleen, or thymus were found in male and female rats that were exposed to Aroclor 1254 at dietary

doses as high as 4.3 and 6.0 mg/kg/day, respectively, for 24 months (Mayes et al. 1998).

Susceptibility to Moloney leukemia virus (MLV) was increased in male BALB/c mice that ingested
$4.9 mg/kg/day estimated dietary doses of Aroclor 1254 for 6 months; no effect was found at

0.5 mg/kg/day (lowest tested dose) (Koller 1977). Similarly, susceptibility to mortality from herpes
simplex virus was increased in male ICR mice that ingested Kanechlor 500 in the diet for 21 days at

$33 mg/kg/day, but not at the lowest tested dose of 18 mg/kg/day (Imanishi et al. 1980). Swiss-Webster
mice were fed Aroclor 1254 at doses of 1.2, 11.7, or 29.2 mg/kg/day for 12 weeks prior to mating with
exposure continuing throughout gestation and lactation (Talcott and Koller 1983). Immunologic
evaluation of the offspring at 8 weeks of age showed no significant effects on antibody titers to bovine
serum albumin (BSA), phagocytosis of SRBC (measured by ingestion by peritoneal macrophages in
vitro), or delayed-type hypersensitivity to oxazolone, although relative spleen weights were reduced at

29.2 mg/kg/day.

Male New Zealand rabbits that were exposed to 0.18-6.44 mg/kg/day dietary doses of Aroclor 1254 for

8 weeks had no effects on several immunological end points, including hemolysin and hemagglutination
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titers against SRBC, gamma-globulin/transferrin ratio, and skin sensitivity to tuberculin, although

significant atrophy of the thymus occurred at all doses (Street and Sharma 1975).

Immunological effects of Aroclor 1254 in monkeys were first indicated in pilot studies of general toxicity
(Truelove et al. 1982; Tryphonas et al. 1986a). Dietary ingestion of Aroclor 1254 in apple
juice-gelatin-corn oil emulsion at doses of 0.1 mg/kg/day (2 Cynomolgus monkeys) or 0.4 mg/kg/day

(1 monkey) for 238-267 days, beginning at approximately day 60 of gestation, caused a decreased
antibody response to SRBC in all treated animals compared to one control monkey (Truelove et al. 1982).
No effect on antibody titers to tetanus toxoid was observed. Both monkeys exposed to 0.1 mg/kg/day
delivered stillborn infants, and the 0.4 mg/kg/day monkey delivered a live infant which was nursed, but

failed to respond to SRBC and died at 139 days postpartum with acute confluent bronchopneumonia.

Groups of four Cynomolgus and four Rhesus monkeys ingested 0 or 280 pug/kg/day Aroclor 1254 in apple
juice-gelatin-corn oil emulsion on 5 days/week for 12—13 months and 27-28 months, respectively
(Tryphonas et al. 1986a). Immunologic parameters that were evaluated included serum protein levels,
total serum IgG, IgA, and IgM, and antibody titers to SRBC. Total serum IgM levels and anti-SRBC

(IgM) titers were reduced in both species.

A subsequent series of tests on Aroclor 1254 was conducted in Rhesus monkeys because they appeared to
be more sensitive than Cynomolgus monkeys based on relatively greater severity of clinical signs and
higher blood and adipose PCB levels (Tryphonas et al. 1986a). Groups of 16 female Rhesus monkeys
were orally administered Aroclor 1254 in capsules at doses of 0, 5, 20, 40, or 80 ug/kg/day, with
immunological assessments performed after 23 months (Tryphonas et al. 1989) when blood PCB steady-
state was established, and at 55 months (Tryphonas et al. 1991a, 1991b). Average concentrations of
PCBs in the 0, 5, 20, 40, and 80 pg/kg/day dose groups around the time of immunologic testing were 0.1,
10.2, 34.0, 74.9, and 112 ppb, respectively, in blood and 0.4, 2.7, 9.0, 15.7, and 31.2 ppm, respectively, in
adipose tissue (Tryphonas et al. 1989). Significant dose-related decreases in IgM (all doses except

0.02 mg/kg/day) and IgG (all doses) antibody titers to SRBC were found after 23 months. Secondary
challenge with SRBC after 55 months showed decreasing dose-related trends in the IgM and IgG
anamnestic responses, although only IgM was significantly lower than controls at all dose levels. Other
effects included alterations in lymphocyte T-cell subsets characterized by a significant decrease in the
ratio of T-helper/inducer (CD4) cells to T-suppressor/cytotoxic (CDS) cells, due to reduced CD4 and
increased CD8 cells, after 23 months at 80 pg/kg/day (not tested at lower doses). No effects on total
lymphocytes or B-cells were found, indicating that T-cells were preferentially affected by the PCBs,
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although there were no exposure-related changes in T-cell subsets after 55 months suggesting that
adaptation had occurred. Statistically significant dose-related trends, but no significant differences
between exposed and control groups, were observed after 55 months for decreasing lymphocyte
proliferation in response to mitogens (PHA and ConA, but not PWM), increasing NK cell activity,
increasing levels of serum thymosin alpha-1, decreasing phagocytic activity of peripheral blood
monocytes following activation with phorbol myristate acetate (PMA), and increasing total serum
complement activity. End points that were not affected by PCB exposure included IgG antibody response
to pneumococcal antigens, total serum immunoglobulins (IgG, IgM, and IgA) levels, and other serum

proteins as well as serum hydrocortisone levels.

Offspring from the Rhesus monkeys studied by Tryphonas et al. (1989, 1991a, 1991b) were also
evaluated for immunological changes (Arnold et al. 1995). Females were mated after 37 months of
exposure to 0, 5, 20, 40, or 80 pg/kg/day of Aroclor 1254. The maternal dosing was continued
throughout pregnancy and into lactation until nursing infants were approximately 7 weeks old, and
treatment was restarted in the infants at weaning (22 weeks). Immunological testing was initiated at

20 weeks of age although statistical evaluation was limited by small numbers of animals due to fetal and
postpartum deaths (see Section 3.2.5.3). IgM and IgG antibody levels were determined 1-3 weeks
following immunization with SRBC at 20 and 60 weeks of age. Significant reductions in IgM titers were
found at 5 and 40 pg/kg/day at weeks 22 and 23, and 5 pg/kg/day at weeks 61-63; IgM levels were
insignificantly reduced in the 40 pg/kg/day group at weeks 61-63. IgG titers were significantly reduced
only in the 40 pg/kg/day group at week 22. Other immunological tests were performed at 20, 28, and
60 weeks of age and included assays for lymphocyte proliferation (in response to stimulation by PHA,
ConA, or PWM mitogens or leucocyte stimulator cells) and NK cell activity; the only significant finding

was a decreased lymphocyte proliferation response at 40 pg/kg/day at weeks 28 and 60.

Aroclor 1248. Immune responses to Aroclor 1248 were investigated in oral studies with mice, rabbits,
and monkeys. Female mice (Albino outbred) that were fed Aroclor 1248 for 5 weeks had increased
endotoxin sensitivity at estimated doses of 13 and 130 mg/kg/day and decreased resistance to challenge
by S. typhimurium at 130 mg/kg/day (not tested at lower dose), but no effects on spleen and thymus
weight or histology at #130 mg/kg/day (Thomas and Hindill 1978). In a study with New Zealand rabbits,
females were exposed to 3.6, 28, or 91 mg/kg/day dietary doses of Aroclor 1248 from 4 weeks before
mating until offspring were weaned at 4 weeks of age (Thomas and Hinsdill 1980). Testing at 7 weeks of
age showed that skin contact sensitivity response to dinitrofluorobenzene was reduced in the offspring of

the 91 mg/kg/day rabbits. This effect was accompanied by reduced body weight, making it unclear
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whether the effect was directly due to PCBs or secondary to some other form of toxicity. No exposure-
related changes in spleen and thymus weights, plaque forming cell (PFC) response and antibody titers to
SRBC, or mitogenic response of peripheral blood lymphocytes to PHA or ConA were observed in the
rabbits at any dose level. Thymus weight and WBC and neutrophil counts were reduced in Sprague-
Dawley rats fed Aroclor 1248 at an estimated dose of 50 mg/kg/day for 6 weeks (Allen and Abrahamson

1973); these effects were similar in severity to those induced by Aroclor 1254,

Increased susceptibility to bacterial infections was reported in two monkeys after dietary exposure to
approximately 0.1-0.2 mg/kg/day Aroclor 1248 (Barsotti et al. 1976). The monkeys, which died after
173 and 310 days of treatment, had clinical signs of PCB toxicity and developed, terminally, a severe

enteritis from which Shigella flexneri type IV was isolated.

Immunologic changes were investigated in groups of eight Rhesus monkeys that were immunized with
SRBC and tetanus toxoid following dietary exposure to 0.1 or 0.2 mg/kg/day Aroclor 1248 for 11 months
(Thomas and Hinsdill 1978). Comparison with a control group of five monkeys showed effects at

0.2 mg/kg/day that included reduced anti-SRBC antibody titers at weeks 1 and 12 after primary
immunization (i.e., at 2 of 6 postimmunization times), and decreased percent gamma-globulin after

20 weeks. Antibody responses to SRBC were not significantly affected at 0.1 mg/kg/day. The response

to tetanus toxoid was not significantly modified at either dose level.

Pathological changes in lymphoid tissues occurred in offspring of Rhesus monkeys that were fed 0.1 or
0.2 mg/kg/day estimated dietary doses of Aroclor 1248 for a 15-month period that included breeding,
gestation, and lactation (Allen and Barsotti 1976). The offspring were exposed for approximately

46 weeks from beginning of gestation until they were weaned. The doses were both fetotoxic (early
abortions occurred in 5 of 8 low-dose and 4 of 6 high-dose animals) and postnatally lethal (3 of 6 infants
died of PCB intoxication between days 44 and 329). Gross and microscopic changes in the deceased
infants included reduced cortical and medullary areas in the thymus, reduced lymph nodes and absence of
germinal centers in the spleen, and hypocellularity of the bone marrow. The females from the Allen and
Barsotti (1976) study were bred again after 1 year on the control diet (Allen et al. 1980). Early infant
mortality was observed (2 of 4 in the former 0.1 mg/kg/day group and 2 of 7 in the former 0.2 mg/kg/day
group), and histological examinations showed thymus, spleen, and bone marrow effects similar to those
described above, as well as findings of hypocellular lymph nodes devoid of germinal centers. Regression

of the cortical areas of the thymus and hypoplastic bone marrow were similarly observed in 5 infant
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(1-month-old) Rhesus monkeys that were intubated with 35 mg/kg/day Aroclor 1248 for 30 days
(Abrahamson and Allen 1973).

Aroclors 1242, 1221, and 1016. Effects of Aroclors 1242, 1221, and 1016 on immune function have
been studied in male BALB/c mice. Mice that were exposed to an estimated dietary dose of

22 mg/kg/day Aroclor 1242 for 3 or 6 weeks caused decreased primary and secondary PFC responses to
SRBC antigens with concurrent reductions in total serum IgG,, IgM, and IgA levels (Loose et al. 1977,
1978a, 1978b, 1979). There were no effects on thymus and spleen weights or histological alterations in
the thymus, spleen, or mesenteric lymph nodes, and morphometric analysis of the spleens did not show
changes in the number, size, or cellular composition of the germinal follicles. Mice that were exposed to
22 mg/kg/day Aroclor 1242 for 3 or 6 weeks also had increased susceptibility to challenge by Salmonella
typhosa endotoxin or the malarial parasite Plasmodium berghei which resulted in increased mortality
(Loose et al. 1978a, 1979), although exposure to the same dose for up to 18 weeks did not affect
macrophage function (in vitro phagocytic capacity and activity or microbiocidal activity) or resistance to
challenge by EL-4 lymphoma or kidney ascites tumor cells (Loose et al. 1981). Susceptibility to
Moloney leukemia virus was increased in male BALB/c mice that ingested dietary Aroclor 1242 for

6 months at estimated doses of $4.9 mg/kg/day, but not in mice that were similarly exposed to

Aroclor 1221 at doses as high as 48.8 mg/kg/day (Koller 1977).

Male C57BL/6 mice that were exposed to Aroclor 1016 in the diet at an estimated dose of 22 mg/kg/day
for up to 40 weeks had no consistent effects on thymus and spleen weights, lymphocyte counts, or
lymphocyte function as evaluated by the splenic graft-versus-host (GVH) response, mixed lymphocyte
response, mitogenic response to stimulation by PHA or LPS, or cytotoxic activity of sensitized

lymphocytes to target tumor cells (Silkworth and Loose 1978).

No changes in total or differential WBC counts or histology of the lymph nodes, spleen, or thymus were
found in male and female rats following 24 months of dietary exposure to Aroclor 1242 at doses as high
as 4.0 and 5.7 mg/kg/day, respectively, or Aroclor 1016 at doses as high as 8.0 and 11.2 mg/kg/day,
respectively (Mayes et al. 1998).

Defined Experimental Mixtures. The toxicity of a mixture of PCB congeners analogous to that in
human breast milk (Canadian women) was studied in monkeys (Arnold et al. 1999). Groups of infant
Cynomolgus monkeys (6 control males, 10 treated males) and Rhesus monkeys (2 control and 3 treated

males, 1 control and 3 treated females) were administered the congener mixture in a total daily dose of
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0 or 7.5 ng PCBs/kg/day from birth until 20 weeks old (i.e., without in utero exposure), and were
observed until they were at least 66 weeks old. The dose was divided into thirds and administered prior
to the first three daily feedings via syringe to the back of the mouth. The dose represented the
approximate daily intake of a nursing human infant whose mother’s milk contained 50 ppb PCBs (the
Health Canada guideline for maximum concentration in breast milk). Immunological assessment of the
infants was started at 22 weeks of age and included IgM and IgG antibody production following
immunization with SRBC, lymphoproliferative activity of peripheral leucocytes in response to mitogens
(PHA, ConA, and PWM), numbers of peripheral leucocytes and their subsets, and NK cell activity. Few
statistically significant changes were observed. Anti-SRBC titers were reduced in the treated Rhesus and
Cynomolgus monkeys, but were not significantly different from controls, although antibodies were
significantly reduced over postimmunization time (p#0.025 for IgM and IgG in Cynomolgus monkeys,
p=0.002 for IgM in Rhesus monkeys). Other changes included reduced absolute mean numbers of

B lymphocytes in the treated Cynomolgus monkeys (no change in mean percent); the effect was not
observed when re-evaluated in the monkeys at 1 year of age. The investigators concluded that, overall,
the effects on the infant immune system were mild and of unclear biological significance due to large

inter-animal variability and the small numbers of animals.

Single Congeners. A series of toxicity studies was performed in which groups of 10 male and 10 female
Sprague-Dawley rats were exposed to diets containing four dose levels of various single congeners for
13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998; Lecavalier et al. 1997). End points relevant to the
immune system included total and differential WBC counts, spleen weight, and histology of the spleen,
thymus, mesenteric lymph nodes, and bone marrow. Data on these end points were reported for seven
congeners: PCB 28, 77, 105, 118, 126, 128, and 153. Effects were essentially limited to thymic changes,
generally reductions in cortical and medullary volume and atrophy, which were observed following
exposure to PCB 126 ($0.74 pg/kg/day), PCB 153 ($3,534 pg/kg/day), PCB 28 ($3,783 pg/kg/day), and
PCB 105 ($3,960 pg/kg/day). No changes in the immunologic end points were induced by PCB 77
(#892 ng/kg/day), PCB 118 (#170 pg/kg/day), or PCB 128 (#4,125 ng/kg/day).

Contaminated Fish Consumption. Effects on the immune system were investigated as part of a two-
generation reproduction study of Sprague-Dawley rats that were fed diets containing 0, 5, or 20% (w/w)
of lyophilized protein from chinook salmon from Lake Huron or Lake Ontario (Arnold et al. 1998; Feely
and Jordan 1998; Feeley et al. 1998; Tryphonas et al. 1998a, 1998b). Daily intakes of total PCBs in the
female F1 rats fed diet containing 0, 5, or 20% lyophilized Lake Ontario salmon flesh were calculated to

be 0.22, 23.20, and 82.37 ug/kg/day, respectively (Feely and Jordan 1998). PCB intakes were
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qualitatively similar, but generally were somewhat smaller, for males compared with females and for FO
rats compared with F1 rats, although intakes from the Lake Huron diet were about 35-40% lower than
from the Lake Ontario diet. The DDT complex (p,p -DDT, p,p’-DDE, and p,p’-DDD) accounted for
75 and 60% of organochlorine pesticide residues in the Lake Huron and Lake Ontario fish, respectively,
and other major contaminants included CDDs and CDFs, mirex, chlordane, cadmium, lead, mercury, and
arsenic. No consistent exposure-related effects were found across generations on various immunological
end points, including numbers of splenic leukocytes and T-lymphocyte subsets, PFC response to SRBC
antigen, NK cell activity, lymphocyte transformation in response to mitogens (ConA, PHA, and LPS),
phagocytic activity of peritoneal exudate cells, and resistance to infection by Listeria monocytogenes
(Tryphonas et al. 1998b). The most notable finding was an increase in absolute leukocyte and
lymphocyte levels in the spleen of the F2 male rats fed the Lake Huron fish compared to controls and to
F2 males fed Lake Ontario fish, with higher cell numbers in the 20% group compared to the 5% group in
each fish source. Additional data suggested that the increases in splenic leukocyte and lymphocyte levels
were due to changes in T-lymphocyte subsets, particularly the T-helper/inducer cells. The changes in

spleen cellularity paralleled changes in peripheral WBC and lymphocyte levels (Tryphonas et al. 1998a).

Another study assessed immunological effects in juvenile C57B1/6 mice that were fed diets containing no
fish or 33% coho salmon from Lake Ontario or the Pacific Ocean for 2—4 months (Cleland et al. 1989).
Intakes of persistent toxic substances were not reported although the halogenated aromatic hydrocarbons
with the highest concentrations in the control chow, Pacific salmon diet, and Lake Ontario salmon diet
were total PCBs (0.4, 20, and 2,900 ppb, respectively) and p,p-DDE (0.1, 10, and 670 ppb, respectively).
Levels of PCDDs and PCDFs, mercury, tin compounds, and other metals were not examined.
Evaluations included IgM, IgG, and IgA PFC responses to SRBC and numbers of spleen total
lymphocytes, total T-lymphocytes, and T-lymphocyte subsets following 2 months of exposure. Cellular
immunity was assessed after 4 months of exposure by the cytotoxic T-lymphocyte response to allogeneic
tumor target cells. The only significant finding was a reduced PFC response to SRBC for all three
immunoglobulin classes in the mice that consumed the Lake Ontario diet compared to responses in the

mice fed the Pacific Ocean salmon or control diets.
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3.2.3.3.3 Dermal Exposure

Limited data are available on immunological effects in animals after dermal exposure to PCBs. Dermal
application of an estimated 44 mg/kg/day Aroclor 1260, 5 days/week for 4 weeks resulted in moderate
atrophy of the thymus in rabbits (Vos and Notenboom-Ram 1972). No treatment-related histological
effects were observed in the spleen and lymph nodes. Application of an estimated 42 mg/kg/day of the
same Aroclor for 38 days to rabbits produced histological atrophy of the thymus cortex and a reduction in
the number of germinal centers in the spleen and lymph nodes (Vos and Beems 1971). No treatment-
related effects were observed in control rabbits in either study. These studies tested small numbers of

animals and used Aroclor 1260 that had undetectable levels (<1 ppm) of CDFs.

3.2.3.3.4 Other Routes of Exposure

The relative potencies of five Aroclor mixtures and an experimental congener mixture resembling an
extract from human milk were evaluated using the splenic plaque-forming cell response to SRBC in
C57BL/6 mice treated by single intraperitoneal injection (Davis and Safe 1989). Comparison of EDj,
values showed that the higher chlorinated Aroclors 1260, 1254, and 1248 (EDs, of 104, 118, and

190 mg/kg, respectively) were more potent than the lower chlorinated Aroclors 1242, 1016, and

1232 (EDy, of 391, 408, and 464 mg/kg, respectively). The experimental milk mixture contained an
average chlorine percentage resembling Aroclor 1254, but did not significantly decrease the number of
plaque-forming cells to SRBC, although the tested doses (5-50 mg/kg) were less than the ED, values for

Aroclor 1254 and the other mixtures.

A large number of acute intraperitoneal and in vitro studies have investigated congeneric structure-
activity relationships for the purpose of elucidating mechanisms of immunotoxicity and relative potencies
of individual congeners and their potential interactive effects. As summarized in Section 3.4.2
(Mechanisms of Toxicity), there is evidence from various test systems that noncoplanar as well as
coplanar and mono-ortho-coplanar congeners are immunologically active, indicating that both Ah
receptor-dependent and receptor-independent mechanisms are involved in the immunotoxicity of PCB
mixtures (e.g., Brown and Ganey 1995; Brown et al. 1998; Davis and Safe 1989, 1990; Ganey et al. 1993;
Harper et al. 1993a, 1993b, 1995; Schulze-Stack et al. 1999; Tithof et al. 1995).
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3.2.3.3.5 Evaluation of Animal Studies

The immunotoxicity of PCBs has been evaluated in various species of animals that were exposed to
commercial mixtures, mixtures of congeners analogous to human breast milk, Great Lakes fish, or single
congeners. Studies in rats, mice, guinea pigs, and rabbits have conclusively shown that intermediate-
duration oral exposure to $4 mg/kg/day doses of commercial PCB mixtures can induce both
morphological and functional alterations in the immune system. Effects in lymphoid tissues were
commonly observed, although no generalizations can be made across species. Decreases in thymus
weight occurred in rats exposed to Aroclors 1254 or 1248 and rabbits exposed to Aroclor 1254 (Allen and
Abrahamson 1973; Smialowicz et al. 1989; Street and Sharma 1975), but not in guinea pigs exposed to
Aroclor 1260, mice exposed to Aroclors 1248, 1242, or 1016, or rabbits exposed to Aroclor 1248 (Loose
et al. 1978b; Silkworth and Loose 1978; Thomas and Hinsdill 1978; Vos and de Roij 1972). Spleen
weight was reduced in mice exposed to Aroclor 1254, but not in mice exposed to Aroclors 1248, 1242, or
1016, rabbits exposed to Aroclor 1248, or guinea pigs exposed to Aroclor 1260 (Allen and Abrahamson
1973; Loose et al. 1978b; Silkworth and Loose 1978; Talcott and Koller 1983; Thomas and Hinsdill
1980; Vos and de Roij 1972). Histological examinations showed no PCB-related changes in the thymus,
spleen, and lymph nodes of guinea pigs exposed to Aroclor 1260 or mice exposed to Aroclors 1242, but
histopathology data are not available for other orally-exposed species and mixtures (Loose et al. 1978b;
Vos and de Roij 1972). Repeated dermal applications of Aroclor 1260 (42—-44 mg/kg/day for 4-5 weeks),
however, caused histopathologic changes in the thymus (cortical atrophy) and spleen and lymph nodes

(reduced germinal centers) in rabbits (Vos and Beems 1971; Vos and Notenboom-Ram 1972).

Effects on immune function, as indicated by altered responses in humoral and cell-mediated immunity
assays and host resistance tests, were also induced by intermediate-duration oral exposure to commercial
mixtures. Studies in nonprimate species showed reduced antibody responses to tetanus toxoid in guinea
pigs exposed to Clopen A-60 (4 mg/kg/day for 3—5 weeks), keyhole limpet hemocyanin in rats exposed to
Aroclor 1254 (4.3 mg/kg/day for 10 weeks), and SRBC in mice exposed to Aroclor 1242 (22 mg/kg/day
for 3—6 weeks) (Exon et al. 1985; Loose et al. 1977, 1978a, 1978b, 1979; Vos and Van Driel-Grootenhuis
1972). Commercial PCBs also increased susceptibility to infection by foreign antigens, including
Moloney leukemia virus in mice exposed to Aroclor 1254 or Aroclor 1242 ($4.9 mg/kg/day for

6 months), herpes simplex virus in mice exposed to Kanechlor 500 ($33 mg/kg/day for 21 days), and

S. typhosa endotoxin and the malarial parasite Plasmodium berghei in mice exposed to Aroclor 1242

(22 mg/kg/day for 3—6 weeks) (Imanishi et al. 1980; Koller 1977; Loose et al. 1979). Proliferative
responses of splenic mononuclear leukocytes to PHA, but not to other mitogens (ConA, STM, or PWM),
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was enhanced in rats exposed to Aroclor 1254, although no effects on mitogen-induced proliferation of
lymphocytes were observed in rabbits exposed to Aroclor 1248 or mice exposed to Aroclor 1016
(Bonnyns and Bastomsky 1976; Silkworth and Loose 1978; Smialowicz et al. 1989; Thomas and Hinsdill
1980). Skin reactivity to tuberculin was reduced in guinea pigs exposed to Clopen A-60, but not in
rabbits exposed to Aroclor 1254, and there was no effect on delayed-type hypersensitivity to the skin
sensitizer oxazolone in mice exposed to Aroclor 1254 (Street and Sharma 1975; Talcott and Koller 1983;
Vos and Van Driel-Grootenhuis 1972). NK cell activity was reduced in rats following intermediate oral

exposure to Aroclor 1254 (Smialowicz et al. 1989; Talcott et al. 1985).

Immunological assessments of rodents fed Great Lakes fish that contained PCBs and other chemicals
produced some changes that are similar to those observed in the studies of commercial PCB mixtures.
Although no consistent exposure-related effects were found on several immunological variables (thymus
weights, PFC response to SRBC, mitogen-induced lymphocyte proliferation, NK cell activity, and
susceptibility to challenge with Listeria monocytogenes) in a multigenerational study of rats fed Lake
Huron or Lake Ontario salmon, increases in splenic leukocyte and lymphocyte levels were increased in
F2 male rats due to changes in T-lymphocyte subsets (Tryphonas et al. 1998a, 1998b). In addition,
juvenile mice that consumed salmon from Lake Ontario for 2—4 months had reduced antibody responses
to SRBC compared to mice fed Pacific Ocean salmon or control diets, but no changes in T-lymphocytes

or their subsets were observed (Cleland et al. 1989).

Intermediate-duration oral studies of Aroclors in monkeys confirm the observations of PCB
immunotoxicity in rats, mice, guinea pigs, and rabbits and further indicate that nonhuman primates are
more sensitive than the other species. Early studies found decreased antibody responses to SRBC,
increased susceptibility to bacterial infections, and/or histopathological changes in the thymus, spleen,
and lymph nodes in adult monkeys and their offspring at 0.1-0.2 mg/kg/day doses of Aroclor 1254 and
1248, although these findings are limited by small numbers of animals and dose levels (Abrahamson and
Allen 1973; Allen and Barsotti 1976; Allen et al. 1980; Barsotti et al. 1976; Thomas and Hinsdill 1978;
Truelove et al. 1982; Tryphonas et al. 1986a). The most extensive characterization of immunological
effects in nonhuman primates involved assessments on groups of 16 monkeys performed after 23 and

55 months of oral exposure to 5 dose levels of Aroclor 1254 ranging from 5 to 80 pg/kg/day (Tryphonas
et al. 1989, 1991a, 1991b). The immune parameters that were most consistently affected in the monkeys
were IgM and IgG antibody responses to SRBC, which showed significant dose-related decreases at
levels as low as 5 ug/kg/day (lowest tested dose). Other effects were either transient (e.g., alterations in

T-cell subsets occurring after 23 but not 55 months of exposure) or showed dose-related trends after
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55 months without significant differences between exposed and control groups (e.g., decreasing
lymphoproliferative responses to mitogens, increasing NK cell activity, increasing levels of serum
thymosin alpha-1, decreasing phagocytic activity of peripheral blood monocytes following activation with

PMA, and increasing total serum complement activity).

Results of studies in infant Rhesus monkeys are consistent with the data in adults showing
immunosuppressive effects of PCBs at doses as low as 5 ng/kg/day. Evaluation of in utero and
lactationally-exposed offspring from the monkeys in the Tryphonas et al. (1989, 1991a, 1991b) studies
indicated exposure-related reductions in antibody levels to SRBC and mitogen-induced lymphocyte
transformation that paralleled the findings in the maternal animals (Arnold et al. 1995). Although
assessment of the data is limited by small numbers of infants in the exposed groups, statistical
significance was achieved for some end points and evaluation times, including reduced IgM titers at
22-23 and 61-63 weeks of age (following gestational/lactational and/or postweaning dietary exposure) in
the infants exposed to 5 pg/kg/day. Infant Rhesus and Cynomolgus monkeys that were orally
administered a PCB congener mixture simulating the congener content of human milk at a dose level of
7.5 ng/kg/day for the first 20 weeks of life (i.e., from parturition without in utero exposure) had minimal
immunological changes (Arnold et al. 1999). More specifically, anti-SRBC titers (IgM and IgG) were
uniformly reduced in the treated compared to control monkeys, although group differences were not
statistically significant due to small numbers of animals. In addition, B lymphocyte numbers in the
exposed Cynomolgus monkeys were decreased compared to controls, although the levels were similar
when evaluated again at 1 year of age. These results provide further evidence that monkeys are sensitive
to low doses of PCBs administered either as commercial mixtures or as a mixture of congeners

representative of those commonly found in breast milk.

As summarized above, oral immunotoxicity studies have shown that suppressed antibody response to
SRBC is the parameter most consistently affected by PCBs in adult and infant monkeys and that effects
on antibody responses have also been demonstrated in other species. Reductions in antibody responses to
SRBC were also observed in juvenile mice that ingested diet containing fish from Lake Ontario. The
immunologic response to SRBC antigens, as measured using the PFC assay, is a validated sensitive
indicator for detecting potentially immunotoxic chemicals (Luster et al. 1992). Because antibody
responses to SRBC antigens were suppressed in monkeys at dose levels of Aroclor 1254 as low as

0.005 mg/kg/day, the lowest tested dose of any PCB mixture in any species, this effect is used as the main
basis for deriving the chronic MRL for oral exposure as indicated in the footnote to Table 3-2 and

discussed in Chapter 2 and Appendix A.
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3.2.4 Neurological Effects

3.24.1 Summary

The neurological effects of PCBs have been extensively investigated in humans and in animals. The main
focus in humans studies has been on the effects in neonates and young children, although studies of adults
have also been conducted. A great deal of concern exists that even low levels of PCBs transferred to the
fetus across the placenta may induce long-lasting neurological damage. Because PCBs are lipophilic
substances, there is also concern that significant amounts might be transferred to nursing infants via breast
milk. Studies in humans who consumed high amounts of Great Lakes fish contaminated with
environmentally persistent chemicals, including PCBs, have provided evidence that PCBs are important
contributors to subtle neurobehavioral alterations observed in newborn children and that some of these
alterations persist during childhood. Some consistent observations at birth have been motor immaturity
and hyporeflexia and lower psychomotor scores between 6 months and 2 years old. There is preliminary
evidence that highly chlorinated PCB congeners, which accumulate in certain fish, are associated with
neurobehavioral alterations seen in some newborn children. Subtle neurobehavioral alterations have also
been observed in children born to mothers in the general population with the highest PCB body burdens.
Due to the limitations of epidemiological studies, these effects cannot be attributed entirely to PCB
exposure. In one general population study, there was strong evidence that dioxins as well as PCBs were
contributors to the neurobehavioral effects seen in exposed children. Children born to women who
accidentally consumed rice oil contaminated with relatively high amounts of PCBs and CDFs during
pregnancy also had neurodevelopmental changes. Studies in animals support the human data.
Neurobehavioral alterations have been also observed in rats and monkeys following pre- and/or postnatal
exposure to commercial Aroclor mixtures, defined experimental congener mixtures, single PCB
congeners, and Great Lakes contaminated fish. In addition, monkeys exposed postnatally to PCB
mixtures of congeneric composition and concentration similar to that found in human breast milk showed
learning deficits long after exposure had ceased. A few other generalizations can be made from the data
in animals. It appears that ortho-substituted PCB congeners are more active than coplanar PCBs in
modifying cognitive processes. In addition, one effect observed in both rats and monkeys—deficits on
delayed spatial alternation—has been known to be induced by exposure to ortho-substituted PCBs,
defined experimental mixtures, and commercial Aroclors. Both dioxin-like and non-dioxin-like PCB
congeners have been shown to induce neurobehavioral alterations in animals. Changes in levels of
neurotransmitters in various brain areas have also been observed in monkeys, rats, and mice. Of all the

observed changes, the most consistent has been a decrease in dopamine content in basal ganglia and
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prefrontal cortex, but further research is needed before specific neurobehavioral deficits can be correlated

with PCB-induced changes in specific neurotransmitters in specific brain areas.

3.2.4.2 Human Studies

3.2.4.2.1 Neurobehavioral Effects

3.2.4.2.1.1 Contaminated Fish Consumption

The Michigan Cohort. Indices of neurological development were evaluated in 313 newborn infants (Fein
et al. 1984a, 1984b). Of these infants, 242 were born to mothers who had consumed moderate to large
quantities of Lake Michigan fish sometime during their lives, and 71 were born to mothers who did not
consume Lake Michigan fish. In the exposed group, mean fish consumption, estimated by recall and
duration of consumption, was 6.7 kg/year and 15.9 years, respectively; this rate is equivalent to 2 or

3 salmon or lake trout/month (Fein et al. 1984a, 1984b). Consumption during pregnancy was 4.1 kg/year.
The mean PCB level in maternal serum among those eating Lake Michigan fish was 6.1 ppb (SD=3.7),
while the mean among those reporting no fish consumption was 4.1 ppb (SD=2.7). The mean PCB
residues also were significantly higher in breast milk samples from the fisheaters as compared to the
nonfisheaters, 865.6 ppb (fat basis) versus 622.2 ppb (Fein et al. 1984a). No relationship was found
between cord serum PCB levels and maternal fish consumption possibly because of detection problems in
cord serum analysis. A list of 68 potential confounders was collected from the maternal interview and
medical record. The list contained data pertaining to demographic background, reproductive health
history including pregnancy and delivery, anesthesia during delivery, and exposure to other substances
such as caffeine, nicotine, and alcohol (Fein et al. 1984a, 1984b). Because many of these mothers had
been exposed to polybrominated biphenyls (PBBs), cord serum PBB level also was used as a control
variable. Potential confounders were included only if the frequency in each category exceeded 15%.
Consequently, data on approximately 37 potential confounders were available for inclusion in the study

analyses (Fein et al. 1984a, 1984Db).

Gestational age was evaluated by both the Ballard Examination for Fetal Maturity and the mother's report
of her last menstrual period. The Ballard Examination was administered at 30 to 42 hours after birth to
209 of 313 (67%) infants with maternal permission granted during the limited time frame available for
assessment. The Ballard estimate is based on an assessment of the newborn's neuromuscular and physical

maturity. The Neonatal Behavioral Assessment Scale (NBAS) was administered to 284 of 313 (91%)
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newborns on day 3 after birth. Three other infants also were tested sometime after their third day of life.
In order to enhance the reliability of measures, the 44 NBAS items were reduced to seven summary
clusters; response decrement, orientation, tonicity, range of state, regulation of state, autonomic maturity,
and reflexes. These reduced clusters were derived by synthesizing the results of factor analyses from

studies of six independent samples (Fein et al. 1984a; Jacobson et al. 1984a).

The results of the tests conducted on the newborns showed that decreased neuromuscular maturity, as
measured on the Ballard Scale was significantly associated with consumption of contaminated fish (Fein
et al. 1984b). However, when the non-fisheater and fisheater populations were divided according to cord
serum level (<3 and $3 ppb, respectively), there was no significant difference in neuromuscular maturity
outcome. The relationship between seven clusters from the NBAS and contaminated fish consumption
was evaluated using linear regression with control for caffeine and alcohol consumption both before and
during pregnancy. The potential confounders were chosen based on their statistical significance in prior
correlation analyses. Infants of mothers eating contaminated fish were more likely to exhibit hypoactive
reflexes, more motor immaturity, poorer lability of states, and a greater amount of startle (Jacobson et al.

1984a).

A follow-up of 39% (92 fisheating mothers, 31 controls) of the children in the Michigan Mother-Child
study occurred at 7 months of age (Jacobson et al. 1985). Infants were administered Fagan's test of visual
recognition to assess the effect of pre- or postnatal PCB exposure on fixation to familiar and novel
stimuli. Cord serum PCB level was a better, but only moderate, predictor of poorer mean visual
recognition memory than overall contaminated fish consumption. Recognition memory performance was
not related to postnatal exposure from breast-feeding. According to the investigators (Jacobson et al.
1985), there was an inverse relationship between preference for novelty and PCB levels in cord serum
(Fein et al. 1984a, 1984b). The investigators further indicated that visual recognition was unrelated to

neonatal variables such as birth size, gestational age, and neurobehavioral performance.

Approximately 75% of the children were re-examined at age 4 (Jacobson et al. 1990a, 1990b).
Neurobehavioral testing showed that prenatal exposure (maternal exposure before and during pregnancy),
assessed by cord serum PCB levels was associated with poorer performance on both the Verbal and the
Memory scales of the McCarthy Scales of Children’s Abilities. There was no indication of perceptual
motor deficits or alterations of long-term memory. Activity level was inversely related to 4-year serum
PCB level in a dose-dependent manner and also to maternal milk PCB level. Multivariate analysis of

variance indicated that the effect of maternal milk was strongest in children of women with higher-than(]
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average milk PCB levels ($780 ppb) who breast-fed for at least 12 months. Correlations with fish

consumption were not examined. Cognitive performance was unrelated to exposure from breast-feeding,
which, according to the investigators (Jacobson et al. 1990a), suggested that the neurobehavioral deficits
were due to fetal exposure. Jacobson et al. (1990a) indicated that the deficits found in these studies were
not attributable to exposure to PBBs, lead, or seven other organochloride pesticides since these variables

were controlled for.

A second evaluation of 226/313 children, 3 months after the McCarthy Scales assessment, was
undertaken using adaptions of the Sternberg visual search and recognition memory test, the Kagan's
Matching Familiar Figures Test, and the Streissguth vigilance paradigm (Jacobson et al. 1992).
Regression analyses were performed with control for statistically selected potential confounders. The
exposure variables employed were cord serum and maternal milk PCB levels as well as the duration of
breast feeding. Less efficient visual discrimination processing and increased errors in short term memory
scanning were associated with prenatal exposure to PCBs, but sustained attention was not. Cognitive

performance was unrelated to postnatal exposure via breast milk (Jacobson et al. 1992).

A reanalysis of the assessment at 4 years of age was undertaken using the average of the standardized
scores for cord serum, maternal serum, and milk PCB values. All values below the detection level (66.9%
of cord and 22.5% maternal serum values) were discarded (Jacobson and Jacobson 1997). Results using
this composite score as the exposure and the McCarthy Scales, height, and weight as outcomes were
similar to those reported by Jacobson et al. (1990a, 1990b,1992). Potential confounders in these analyses
were not delineated. Additional findings were reported using the composite score which indicated that
the McCarthy Memory Scale and the General Cognitive Index declines were associated with prenatal

PCB exposure only in the most highly exposed children.

An 11-year follow-up was undertaken to assess the relationship between prenatal exposure to PCBs and
intellectual impairment. The outcomes studied were the Wechsler Intelligence Scales, the Wide Range
Achievement tests, and the Woodcock Reading Mastery tests (Jacobson and Jacobson 1996a). The
exposure variable consisted of a standardized average of the cord serum, maternal serum, and breast milk
PCB values. These values were available for approximately 178/313 (57%) of the original group of
children in the study. Linear regression modeling with confounder control, indicated that prenatal
exposure to PCBs was significantly associated with lower full-scale and verbal IQ scores. On the
academic achievement tests, prenatal exposure to PCBs was associated with poorer word comprehension

and overall reading comprehension. Covariates included in all the models were SES, maternal education
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and vocabulary, and the Home Observation for Measurement of the Environment (HOME) inventory.
Additional confounders selected on the basis of their statistical relationship to the particular outcome were
also included in several models. Mercury was included in two of the Woodcock Reading Mastery test
models, while lead was not included in any of the multivariate analyses assessing PCBs and intellectual

performance (Jacobson and Jacobson 1996a).

The associations of intellectual performance to lead and mercury were evaluated in separate multivariate
linear regression models lacking terms for PCB exposure. Lower verbal IQ scores, lower verbal-
comprehension scores, and poorer word, passage, and reading comprehension were significantly
associated with higher lead levels at 4 years of age. Poorer spelling was significantly associated with a

higher mercury concentration at 11 years of age (Jacobson and Jacobson 1996a).

The Oswego Cohort. A study similar to the one conducted in Michigan was initiated in Oswego County
(New York) based on babies born between 1991 and 1994 (Lonky et al. 1996). Pregnant women were
recruited from the office of one obstetric practice and, following interviews, were divided into three
groups based on their estimated fish consumption. The high fish consumption group was composed of
women who reported having eaten $40 PCB-equivalent pounds of Lake Ontario fish in their lifetime
(n=152) (the same as Michigan’s high fish consumption group). The low consumption group reported
eating <40 PCB-equivalent pounds (n=243), while the no fish consumption group had never eaten Lake
Ontario fish (n=164). The mean PCB-equivalent pounds consumed in the high fish consumption group
was 388.47 (SD=859.0), while the mean among those in the low fish group was 10.14 (SD=17.8). The
exposure in the high fish consumption group corresponds to a mean of 2.3 salmon or trout meals per
month (belly fat trimmed and skin fat removed). The three groups did not differ with regard to
demographic, health and nutritional data, maternal substance use, and infant birth characteristics. The

high fish consuming group had a significantly heavier pre-pregnancy weight than the nonfisheating

group.

The end points evaluated in the study were based on the NBAS. The NBAS behavioral and reflex items
were reduced to seven clusters nearly identical to the clusters used in the Michigan Mother-Child pairs
study (Jacobson et al. 1984a). The NBAS was administered twice to each infant, once at 12—-24 hours and
again at 2548 hours after birth. A total of 58 potential confounding variables were submitted to
principal components analysis. Three sets of analyses were performed; the first set contained
demographic, nutrition, and stress variables while the second was composed of substances consumed

during pregnancy, chronic medical conditions, and other toxic exposures including the type of plumbing
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in the woman's home (lead). The third group of variables included labor and delivery complications as

well as birth characteristics. A total of 24 components were derived from these three sets of variables.

Statistical analyses were performed using the change scores from the NBAS evaluation (Time 2-Time 1).
Multivariate analysis of covariance (MANCOV A) was performed for each of the NBAS clusters with
group membership (high, low, and no fish consumption) as the independent variable and the

24 components representing potential confounders as covariates. Approximately 75% of each fish
consumption group was included in the analysis (n=416). The loss of subjects occurred because only
subjects with data for all variables were included. Multiple regression was also performed for each of the

NBAS clusters with inclusion of component covariates for confounder control.

The results of the MANCOVA analyses indicated that newborns exposed to high concentrations of fish
demonstrated a greater number of abnormal reflexes and less mature autonomic responses than newborns
in the other two exposure groups. Change scores for the Habituation cluster were analyzed in a separate
analysis of covariance due to the large number of subjects with missing data (n=285 in the analysis). For
that cluster, infants in the high fish group showed a worsening performance from Time 1 to Time 2. The
regression analyses showed that infants in the high fish group had a significantly smaller decrease in the
number of abnormal reflex scores from Time 1 to Time 2 than the low and no fish groups. In the
Autonomic cluster, the high fish group demonstrated a significant worsening in performance between the
first and second testing. Performance for the remaining clusters was not significantly associated with fish
consumption in the regression analyses. In this study, birth weight, head circumference, and gestational
age were unrelated to fish consumption. The differences in the birth weight and head circumference

findings of the Michigan and Oswego studies could be due to the differences in PCB exposure levels.

In a later publication, the Oswego group of investigators examined the validity of using fish consumption
as a surrogate for PCB exposure (Stewart et al. 1999). The study included 279 women with complete fish
consumption histories, PCB cord blood levels, and demographic and covariate information. The sample
included 145 women who reported never having consumed Lake Ontario fish (controls) and 134 who
reported consuming at least 40 PCB-equivalent pounds over their lifetime (high fish consumption as

defined earlier).

Total PCB levels were divided into three PCB homologue clusters representing the lower, middle, and
upper tail of the distribution of all PCB homologues. The lower tail corresponded to lightly chlorinated
PCB homologues with one to three chlorines per biphenyl (C1 1-3); the middle, to moderately
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chlorinated PCBs with four to six chlorines per biphenyl (C1 4-6); and the upper tail, to heavily
chlorinated PCB homologues with seven to nine chlorines per biphenyl (C1 7-9). In a previously
conducted study in rats fed Lake Ontario salmon, the highly chlorinated PCB homologues accounted for a
greater proportion of the PCBs detected (mole percent) when the fish was fed longer or the absolute
concentration of PCBs was higher (Stewart et al. 2000a). The authors predicted the same type of results
from the validity study using human cord blood. The average concentration of total PCBs in human cord
blood was extremely low, 0.8 ppb among high fisheaters and 1.03 ppb among nonfisheaters (controls)
(p=0.36). The relative percent (mole percent) of low- and medium-chlorinated congener PCB clusters
from cord blood were similar for fisheaters and controls across each level of total PCB. The mole percent
of highly chlorinated congeners was significantly greater in the cord blood of women who ate Lake
Ontario fish as compared to the controls who reported no fish consumption (p=0.006). The difference

between fisheaters and controls increased significantly (p=0.02) as the total PCB concentration increased.

Eighty-three women in the study also provided breast milk samples within 6 months of the birth of their
child. The C17—-C19 homologues in breast milk and cord blood were moderately correlated (Pearson’s
=0.29; p<0.05), while no correlation was found for the light- and moderately-chlorinated homologues.

Actual values of PCBs in milk were not provided.

Based on their findings, the authors concluded that maternal consumption of Great Lakes fish increases

the risk of prenatal exposure to the most heavily chlorinated PCB homologues.

A subset of women from the Lonky et al. (1996) study also had cord blood samples collected for total
PCB and congener distribution pattern analysis (Stewart et al. 1999). The study group was comprised of
mothers who had consumed Lake Ontario fish (n=141) and those who had not (n=152). Each cord blood
sample was analyzed for the presence of 69 PCB congeners and several coeluters (e.g., hexachlorol]
benzene [HCB], mirex, DDE). Exposure was divided into four groups based upon the distribution of
heavily chlorinated PCBs (Cl 7-9) in each sample. The exposure variable was an ordinal level measure
with the following categories: nondetectable (n=173); bottom 33rd percentile of detectable (n=39);
middle 33rd percentile (n=40); and upper 33rd percentile (n=40). The actual lipid-adjusted PCB levels
represented by these tertiles among those with detectable PCB levels were: >0-23.2 ng/g fat;

23.3-132.7 ng/g fat; and $132.7 ng/g fat. The heavily chlorinated PCB congeners were used as the
measure of PCB exposure since the validity study results support the position that these congeners are the

most valid index of fish-borne PCB exposure from Lake Ontario (Stewart et al. 1999, 2000a).
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The end points evaluated were based on the seven clusters of the modified NBAS as evaluated by Lonky
et al. (1996). The modified NBAS was also used in the Michigan Mother-Child Study (Fein et al. 1984b;
Jacobson et al. 1984a). Potential confounders included in the models were selected if preliminary
analyses using one-way analysis of variance or linear regression of each covariate in relation to exposure
resulted in a p value of <0.20. Those meeting the p<0.20 criterion included: education, SES score,
HOME score, maternal prepregnancy weight and weight gain, child gender, birth weight and head
circumference, cigarettes/day, and caffeine consumption. Unlike the analyses employing fish
consumption as the exposure, the outcomes (i.e., NBAS performance clusters at Time 1 [12-24 hours]
and Time 2 [25-48 hours after birth]) were analyzed separately rather than as a change score

(Time 2-Time 1) (Stewart et al. 2000b). No associations were noted between PCB cord levels and the
NBAS clusters at Time 1. These findings are similar to those described using fish consumption as the
exposure variable (Lonky et al. 1996). In looking at Time 2 NBAS cluster indices, significant linear
trends were observed between poorer Habituation and poorer Autonomic scores and exposure to heavily
chlorinated PCBs. The suggestion of a trend for abnormal reflexes with PCB exposure was observed, but
the p value was 0.10 (Stewart et al. 2000b). Linear trend analysis also revealed a significant association
between the proportion of poor NBAS clusters and heavily chlorinated PCBs. None of the NBAS
performance scores were associated with non-PCB contaminants (i.e., HCB, DDE, lead, mercury, mirex)

in linear regression modeling (Stewart et al. 2000b).

Lake Michigan Aging Population Study. This study was designed to assess the neuropsychological
functioning of a group of 50-90-year-old fisheaters exposed to PCBs through Great Lakes fish
consumption compared to a group of age- and sex-matched nonfisheaters (Schantz et al. 1996a, 1999).
Fisheaters were defined as those who regularly consumed one or more meals of Lake Michigan
sportsfish/week (>24 pounds/year); nonfisheaters consumed <6 pounds/year. Four classes of control
variables were evaluated: a comprehensive list of demographic, life-style, psychological, and health-
related variables. Fisheaters and nonfisheaters had very similar demographic characteristics, reported
similar patterns of smoking and alcohol consumption, and had comparable scores on measures of

intellectual functioning and affect (Schantz et al. 1996a).

The final analysis was conducted on 101 fisheaters and 78 nonfisheaters. Blood samples of the
participants were analyzed for PCBs and 10 other contaminants included PBBs, DDE, HCB,
oxychlordane, dieldrin, mirex, mercury, and lead. Serum levels of PCBs and DDE were significantly
elevated in the fisheaters (PCBs=16.0 ppb) relative to the age- and sex-matched nonfisheaters
(PCBs=6.2 ppb), and also relative to the population at large. Lead and mercury were low in both groups,
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but were slightly higher in the fisheaters. Because of the high correlation between serum PCBs and DDE,
the effects of PCBs and DDE were assessed jointly using a single derived exposure variable categorized
as low, intermediate, or high (Schantz et al. 1999). A great majority of the high exposure group were
fisheaters and a large majority of the low exposure group were nonfisheaters. However, 15% of
nonfisheaters had elevated PCB/DDE exposure and 15% of fisheaters had low PCB/DDE exposure.
Based on this, Schantz et al. (1999) stressed the importance of quantitating contaminant levels rather than

relying on fisheating status as a surrogate measure for exposure.

Each subject was tested on two fine-motor tasks, the Grooved Pegboard Test (GPT), which assesses
visual-motor coordination, and the Static Motor Steadiness Test (SMST), which assesses hand steadiness.
Each subject performed the task first with the dominant hand and then with the nondominant hand. The
final multivariate model for GPT included age, gender, income, diabetes and use of angiotensin [
converting enzyme (ACE) inhibitors, sympatholytic agents, and cardiac glycosides. PCB/DDE exposure
was not a significant factor affecting the GPT score; age and gender were the strongest predictors of
performance followed by sympatholytics and income. Performance on the SMST was not related to
PCB/DDE exposure in initial unadjusted analyses and in the final model, scores on the SMST improved

slightly as PCB/DDE exposure increased.

3.2.4.2.1.2 General Population Exposure

The North Carolina Breast Milk and Formula Project. The North Carolina Breast Milk and Formula
Project (NCBMFP) is a cohort study designed to assess the relationship between exposure to prenatal and
postnatal PCBs and growth and development in infants and children. The NCBMFP was initiated in 1978
and included a cohort of 931 children born between 1978 and 1982. Mothers planning to deliver at one
of three participating institutions were recruited from hospital familiarization tours, Lamaze classes, and
from both private and public prenatal clinics. No attempt was made to assemble a random sample of
women (Rogan et al. 1986a, 1986b, 1987). The participants were administered a questionnaire while in
the hospital following delivery. Maternal serum, cord blood, and placenta samples were collected as well
as colostrum, breast milk, or formula. The first follow-up visit occurred at 6 weeks with subsequent
evaluations at 3 and 6 months postpartum. Breast milk or formula was collected at each of these visits. A
second maternal serum specimen also was collected at the 6-week assessment. Subsequent follow-up
evaluations occurred at 12, 18, and 24 months, with yearly visits until the age of 5. The children were
examined and a health history was taken at each exam. The mothers also were queried about weaning.

Breast milk was collected until the mother ceased lactation (Rogan et al. 1987). All biological samples
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and a 10% sample of formula specimens were analyzed for PCBs. Because most of the PCB levels from
the cord blood and placenta were below the quantitation limits, these two samples were not used as
measures of exposure. The median PCB maternal serum level at birth was 9.06 ppb. PCB levels in milk
at birth averaged around 1.8 ppm (fat basis). In lactating women, the levels of PCBs in breast milk

declined about 20% over six months and about 40% over 18 months (Rogan et al. 1986a).

The participating mothers were not a representative sample of the North Carolina population. Ninety
percent of the participants were white, with an age range of 1641 (median=27). The women were well
educated with 53% having a college education. Occupations among the participants were listed as
housewife for 16%, while 41% were professionals. Eighteen percent smoked and 40% drank alcohol at
least once a week. Twenty-one percent reported eating sportfish at least once during pregnancy. Forty-
three percent of the women were primiparous and most (88%) breast-fed their study child to some extent

(Rogan et al. 1986a).

The assessment at birth comprised 912 children with at least partial neonatal information. The outcomes
evaluated in the neonatal period included birth weight, head circumference, and the presence of jaundice
as recorded in the medical record. The NBAS was also administered to the newborns by a trained staff
member in the presence of the parents. Fifty-nine percent of the NBAS exams were conducted during the
first week of life, 20% in the second, and 16% in the third. The seven cluster scores used in the Michigan
Mother-Child Study (Jacobson et al. 1984a) were also employed in this project (Rogan et al. 1986b). The
relationships of birth weight, head circumference, and the NBAS clusters to PCB levels were assessed by
multiple regression. The covariates (potential confounders) included in the analyses of birth weight and
head circumference were infant race, sex, mother's age, education, occupation, smoking, alcohol
consumption, prior pregnancies, maternal weight, and center enrolling the participant. The analysis of
head circumference also included the birth weight variable (Rogan et al. 1986b). The covariates included
in the analyses of the NBAS clusters included mother's age, education, occupation, smoking, alcohol
consumption, sportfish consumption, general anesthesia during delivery, infant race and sex, birth weight,
presence of jaundice, number of hours since eating, one term for the center, and one for the examiner

(Rogan et al. 1986D).

The multiple regression analyses found no associations between birth weight or head circumference and
PCB level. For the NBAS assessment, only the cluster scores for tonicity and reflexes were significantly
associated with PCB levels. The authors looked at the four scales that make up the tonicity cluster score

and found that exposure to PCBs affected the general tone and activity scales; less muscle tone and
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activity were associated with higher PCB levels, but only at the highest levels of PCBs. The reflex cluster
score was also significantly affected by PCB exposure. When the abnormal reflex scores were separated
into high and low, it became apparent that only hypo-reflexia, (not hyper-reflexia), was associated with
PCB levels. Since the NBAS were carried out over the first 3 weeks of life rather than during the first

3 days of life (considered to be the best time for this exam according to several investigators), the authors
also repeated the same analysis with the population restricted to those whose exams were conducted on
day 3 or earlier. The effect of PCB levels on hyporeflexia remained significant while the effect on
tonicity was unchanged in size but no longer statistically significant. The authors interpreted the lack of
significance to the decrease in sample size rather than confounding due to the age the exam was

administered (data were not shown, Rogan et al. 1986b).

The follow-up evaluations at both 6 and 12 months included the administration of the Bayley Scales of
Infant Development (Gladen et al. 1988). This exam yields a mental development index (MDI) score and
a psychomotor development index (PDI) score, both of which are scaled like a standard IQ test. There
were 858 infants (92%) from the original cohort who participated in the study past the neonatal period.
Of these, 788 had Bayley scores available at 6 months while 720 had 12-month scores (706 children had
scores at each time period). The exposure variable representing prenatal exposure used in the analyses at
6 and 12 months was the estimated PCB levels in milk at birth. The exposure variable representing
postnatal exposure used in these follow-up assessments was a combination of the concentration of PCB in
breast milk fat and the duration of breast feeding. In addition, milk was assumed to average 2.5% fat over
the entire lactation. The authors also assumed that children consumed 700 grams of milk daily, if mostly
breast fed, and half of that amount until breast-feeding stopped (Rogan et al. 1987). Children who were
not breast fed were counted as having no postnatal exposure (Gladen et al. 1988). Potential confounders
included maternal age, race, education, occupation, smoking, alcohol consumption and the infant's sex,
gestational age, birth weight, head circumference, jaundice, duration of breast feeding, number of older
siblings, number of abnormal reflexes from the NBAS exam, age Bayley administered, and center or

examiner.

Linear regression analyses indicated that the psychomotor index scores declined with increasing prenatal
PCB exposure at both 6 and 12 months. At 6 months, the PDI was estimated to decrease 0.96 points for
every increase of 1 ppm in PCBs. This would mean a drop of 2.6 points if a child moved from the 5th to
the 95th percentile of PCB exposure. At 12 months, the drop was estimated at 1.34 points/ppm. Neither

the 6-month nor the 12-month mental index scores were related to transplacental PCB exposure (Gladen
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et al. 1988). Similar analyses were run to examine postnatal exposure in breast-fed children. Postnatal

exposure to PCBs was not associated with the PDI or MDI scores at either time period.

The children also were evaluated by the Bayley Scales of Infant Development at 18 and 24 months.
Scores were available for 676 (73%) children at 18 months and for 670 (72%) children at 24 months
(Rogan and Gladen 1991). Linear regression modeling was used to assess the relationship between
prenatal the Bayley scores and exposure to PCBs. Covariate adjustment included sex, race, age of exam,
number of older siblings, maternal age, education, and occupational grouping. Maternal smoking, alcohol
consumption, and a term for the examiner were also included. The effects of prenatal PCB exposure on
the PDI score at 18 and 24 months were similar to those seen at 6 and 12 months; however, neither were
significant. Scores at the age of 18 months, declined 0.38 for every increase of 1 ppm in PCBs. The
decline at 24 months of age was 1.16 points for every 1 ppm increase in transplacental PCB exposure. As
the score pattern was not linear, the authors also conducted an analysis of variance in which the
transplacental exposures were broken into categories. Each category of PCB exposure was then
compared to the lowest with adjustment for covariates. At 18 and 24 months, adjusted scores on the
psychomotor scales were 4-9 points lower among children in the two highest exposure groups (top 5th
percentile of prenatal PCB exposure), significantly so at 24 months (p <0.05). There was no evidence of
an effect through postnatal PCB exposure in breast milk. An additional report in this series found that the
deficits observed in children through 2 years of age were no longer apparent at ages 3, 4, and 5 years as
determined by evaluation with the McCarthy Scales of Children’s Abilities (Gladen and Rogan 1991).
Finally, evaluation of third and higher grade children showed no significant relationship between the
child’s work habit or conduct grades and PCB exposure either prenatally or through breast milk, or

between hyperactivity reported by parents and exposure (Rogan and Gladen 1992).

The Dutch Mother-Child Study. The Dutch Mother-Child Study was designed as a prospective study to
assess the possible adverse health effects of prenatal and postnatal PCB and dioxin exposure. The initial
study group consisted of 489 healthy mother-infant pairs recruited between June 1990 and June 1992
during the last month of pregnancy by their obstetrician or midwife (Koopman-Esseboom et al. 1994b).
The entry criteria included first or second-born term infants (3742 weeks gestation) without serious
illnesses or complications during pregnancy and delivery. All participants were caucasian (Huisman et al.
1995a). Among the volunteers, 50% of the mothers were planning to breast feed for at least 6 weeks (for
postnatal exposure assessment), while the other 50% were planning to use formula from a well
characterized batch. This was part of the study design in order to compare breast-fed infants with bottle-

fed infants. Seventy-one mother-infant pairs were lost because of the inability to breast feed for 6 weeks
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leaving 418 pairs in the study population. Two hundred seven pairs (105 breast-fed and 102 formula-fed)
were from Rotterdam, a highly industrialized area, while 211 pairs (104 breast-fed and 107 formula-fed)

were from Groningen, a semi-urban area in northern Holland (Koopman-Esseboom et al. 1994b).

The exposure variables used in this study were maternal serum and milk samples as well as cord blood
specimens. Maternal serum was collected during the last month (weeks 36—40) of pregnancy while milk
samples were collected at 2 and 6 weeks post delivery. Data on the duration of breast feeding in weeks
were also collected (Koopman-Esseboom et al. 1996). PCB levels in maternal serum and cord blood were
assumed to be a direct measure of prenatal PCB exposure while the breast milk values in the second week
after delivery were assumed to reflect the extent of intrauterine and neonatal exposure during the first

2 weeks after birth (Huisman et al. 1995a).

The focus of the authors was to investigate if one of the more easily measurable PCB congener levels
could predict the PCB and dioxin exposure of the developing fetus and breast-fed infant. In order to
express the potency of the mixture of dioxins and dioxin-like PCBs in breast milk, the authors used the
toxic equivalency factor (TEF) approach (Huisman et al. 1995a; Koopman-Esseboom et al. 1994b;
Patandin et al. 1999). As discussed in Section 3.5.2, the TEF approach compares the relative potency of
individual congeners with that of 2,3,7,8-TCDD, such that the TEF for 2,3,7,8-TCDD is 1. TEQs were
calculated by multiplying the concentration of each congener by it’s TEF. These values were then
multiplied by the number of weeks of breast feeding reported by the mother to obtain a measure of
postnatal PCB exposure (Patandin et al. 1998). In breast milk, of the total TEQ value, dioxins contributed
46%, coplanar PCBs 24%, mono ortho-substituted PCBs 23%, and di-ortho-substituted PCBs 7%.

Because dioxin measurements are time-consuming, expensive, and require large volumes of blood, the
authors chose four nonplanar PCB congeners (PCB 118, 138, 153, and 180) as indicators of PCB and
dioxin exposure of the developing fetus and breast—fed infant (Koopman-Esseboom et al. 1994Db).
Although the correlation coefficients between these congeners and congener levels in maternal plasma
and PCB levels in cord plasma or PCB and dioxin levels in human milk were highly significant, the 95%
predictive interval was too wide to accurately predict the PCB and dioxin levels to which an individual
infant is exposed in utero or postnatally by breast feeding, from the PCB levels in maternal plasma
(Koopman-Esseboom et al. 1994b). The sum of these four congeners in maternal plasma and cord plasma
amounted to 2.21 and 0.45 ppb, respectively. A total of 26 PCB congeners, including the four mentioned
above, were measured in breast milk and the total PCB concentration in milk was approximately 620 ppb

(fat basis). The sum of PCB 118, 138, 153, and 180 in milk totalled 430 ppb.
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Data from the obstetrical optimality list were collected in this study as potential confounders and
covariates of interest. The list included 72 items that measure SES (demographic, educational, and
occupational variables) and pre-, intra-, and immediate postpartum conditions (Huisman et al. 1995a).
Other potential confounders were maternal smoking and alcohol consumption (Koopman-Esseboom et al.
1996). The obstetrical optimality score was calculated by counting the number of items that fulfilled
preset criteria for optimality. Data on the 5th, 50th, and 95th percentiles of the PCB distributions have
been presented in these reports for the biological samples. The PCB levels were logarithmically
transformed (natural logarithm). Comparisons of participant levels from Groningen to Rotterdam were
made using the chi-square and Wilcoxen rank sum test. Both univariate and logistic regression analyses
were conducted to evaluate the relationship between exposure variables and outcomes while controlling

for covariates.

Several outcomes were evaluated in the newborn period. The neonatal neurological examination was
administered to evaluate age appropriate neurological behavior. Sixty-three percent of the newborns were
examined in the second week of life, 31% in the third week, and 6% in the fourth week of life. The
examination used in this study included performance on a 10 item reflex cluster and an 11 item postural
tone cluster. The scores for each item (O=low, 1=intermediate, and 2=high) were summed for each
cluster. A score of #9 was considered to reflect low muscle tone on the postural cluster and a score of
#10 was classified as low responsiveness on the reflex score. A neurological optimality score (NOS) was
also calculated using a 60 item scale. The NOS score was dichotomized at the median of the pooled

population scores (<57=not optimal, $57=optimal) (Huisman et al. 1995a).

Logistic regression analyses with NOS as the dependent variable and maternal serum or cord blood as the
measure of prenatal exposure, were conducted with adjustment for maternal age, study center, alcohol,
and the interaction of age and alcohol. Models for each of the four nonplanar PCB congeners (118, 138,
153, 180) alone and the sum of the four resulted in odds ratios (ORs) around 1.0 (no association). An OR
of greater than 1.0 indicates an increased risk in the exposed group (see Chapter 10, Glossary). The
prenatal exposure variables (PCB levels in maternal and cord plasma) were not associated with either the
reflex or postural cluster scores. Another logistic regression analysis, with the postural tone cluster as the
dependent variable, and adjusting for study center, showed a significantly higher percentage of hypotonia

with an increase in planar PCB TEQ in milk. No effect on the reflex cluster was found.

At 18 months of age, the neurological condition of the infants was assessed using an age-specific

neurological examination which focuses on the observation of motor functions (grasping, sitting,
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crawling, standing, and walking) in a standardized free field situation (Huisman et al. 1995b). Based on
this examination, each infant was classified as normal, mildly abnormal, or abnormal. The neurological
findings were also evaluated in terms of optimality. Huisman et al. (1995b) also state that special
attention was given to the quality of movements in terms of fluency since fluency of motility has been
shown to be an indicator for the integrity of brain function in fetuses and prematures. The effect of PCB
and dioxin exposure was investigated by a multiple linear regression analysis in which the dependent
variables were the neurological optimality score and the fluency cluster score at 18 months. After
adjusting for covariates, the results showed that prenatal PCB exposure had a small negative effect on the
neurological condition of 18-month-old infants whose fathers did not smoke; no such effect was observed
in children of fathers who smoked. Neurological condition was unrelated to exposure to PCBs and

dioxins via breast milk.

To assess the mental and psychomotor development of infants exposed to PCBs both pre- and postnatally,
the Dutch standardized version of the Bayley Scales of Infant Development were administered at 3, 7, and
18 months of age. Both the MDI and the PDI were included in the assessments. The tests were
performed at the infant's home in the presence of the parent(s) (Koopman-Esseboom et al. 1996). The
evaluations of the infants using the Bayley Scales of Infant Development were undertaken only for the
207 children from Rotterdam. Rotterdam is an urban area thought to have higher exposures to PCBs than

Groningen, a semi-urban area in northern Holland.

Multiple regression analysis assessing the effects of prenatal PCB exposure on the psychomotor scale
revealed that prenatal exposure to PCBs was significantly associated with a decrease in the PDI score at

3 months of age. A doubling of the PCB-plasma-sum resulted in a decrease in the psychomotor score of
three points. The covariates included in the model were gestational age, parity, the HOME inventory
score, education of the mother, and duration of breast feeding. At both 7 and 18 months of age, there was
no significant effect of prenatal PCB exposure on the PDI scores (Koopman-Esseboom et al. 1996).
Decreased PDI scores at 7 months among infants who were breast fed for longer periods and had higher
TEQ scores were associated with postnatal total TEQ (PCB plus dioxin) exposure. The PDI score at

18 months was not associated with postnatal PCB-dioxin exposure. The MDI scores were not
significantly associated with either prenatal or postnatal PCB exposure. Higher MDI scores at 7 months
of age was positively associated with breast feeding per se. Finally, neither the psychomotor nor the
mental development scales (at any age) were associated with an exposure variable created with the PCB[J

milk-sum multiplied by the duration of breast feeding.
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At the age of 42 months, follow-up evaluations included both neurological and cognitive outcomes
(Lanting et al. 1998c; Patandin et al. 1999). The neurological evaluation was comprised of an age-
appropriate clinical exam, which focused on the observation of motor functions (i.e., prehension, sitting,
crawling, standing, and walking) as well as the calculation of age appropriate NOS. A movement fluency

score also was tabulated (not described).

A preliminary analysis summarizing the plasma PCB levels among children in the Rotterdam group at

42 months (n=173), found that median plasma levels were 3.6 times higher in breast-fed children

(0.75 pg/L) than in their formula-fed peers (0.21 pg/L). Breast feeding period and breast milk PCB levels
were important predictors of plasma levels in breast-fed children at 42 months, while plasma levels in
formula-fed children were significantly related to maternal serum levels during the last month of
pregnancy (Patandin et al. 1997). These results were obtained using multivariate linear modeling. The
neurological assessment included 394 mother-infant pairs (94% of total participants) from both Rotterdam

and Groningen. The clinical exam yielded a diagnosis of “neurologically normal” in 97% of the children.

Linear regression analyses using the NOS as the dependent variable and either maternal PCB-cord sum,
maternal PCB-serum sum, or the child’s PCB level at 42 months as the exposure found no associations
between this outcome and any of these exposure variables. (Each exposure variable was modeled
separately). Potential confounders in each model included the study center, the type of feeding during
early life, the duration of breast feeding, and several items from the obstetrical optimality score (i.e., SES,
obstetrical and perinatal conditions) (Lanting et al. 1998c). A similar model with PCB breast milk levels
(TEQ method) as a measure of postnatal PCB exposure with NOS as the outcome, also found no
association between the dependent and independent variables. In the last set of four models, fluency
score, the dependent variable, was not found to be significantly associated with any of the four exposure

variables.

Cognitive abilities also were evaluated at 42 months using the Kaufman Assessment Battery for Children
(KABC), an 11 sub-test exam standardized for a large sample of preschool children in the 2.5-4.5 year
old range (Patandin et al. 1999). The KABC is constructed to assess two types of mental functioning,
sequential problem solving, and simultaneous problem solving. Both the Rotterdam and the Groningen
children were administered this test battery. The Rotterdam children also were evaluated for verbal
comprehension using the Dutch version of the Reynell Developmental Language Scales (RDLS).

Logistical difficulties was stated as the reason for the omission of the Groningen children from this
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evaluation. The exposure variables included the two measures of prenatal exposure (maternal serum and
cord blood congener sums), postnatal exposure via breast milk (TEQ method), and current PCB body

burden based on the serum sample levels in the children at 42 months of age.

The effects of prenatal, postnatal, and current body burden of PCBs on the cognitive outcomes were
studied using multivariate linear regression. Potential confounders were chosen based on previous
research, clinical expertise relative to the developmental outcomes, and beta coefficient changes observed
when adding new variables to the linear regression model. Covariates included in the final regression
models were: maternal age at the child’s birth; parity; gender; feeding type; duration of breast feeding;
HOME score; paternal and maternal educational levels; parental verbal 1Q scores; smoking and alcohol
use during pregnancy; and study center. Analyses were conducted for the entire group, for breast-fed

children, and for formula-fed children.

In the group as a whole, a significant decline (p<<0.05) in scores on the KABC for the overall scale, the
sequential processing scale and the simultaneous processing scale were observed in adjusted regression
models with maternal serum PCB levels as the independent variable. When the groups were divided into
breast-fed and formula-fed, only formula-fed children showed a significant association between declines
in the scores for the same three KABC scales, as well as the RDLS verbal comprehension scale, and

maternal serum PCB levels.

Adjusted regression analyses conducted with a categorized version of maternal plasma PCB levels found
the mean overall score on the KABC to be four points lower in the group with the highest PCB exposure
($3 ppb) as compared to children in the lowest (#1.5 ppb). Four point deficits in both the simultaneous
and sequential scales also were calculated for the highest exposure group as compared to the lowest. Six
to eight point deficits were observed for the formula-fed group on the KABC scales while a
nonsignificant decline of two points was observed in the breast-fed group. Cognitive performance at

42 months was not related to either lactational exposure or current exposure to PCBs and dioxins.

European Background PCB Study - German Sample. This multicenter European study was designed as
a prospective study to assess developmental outcomes associated with prenatal exposure to PCBs in
Germany, the Netherlands, and Denmark (Winneke et al. 1998b). This study is very similar in design to
the Dutch Mother-Child Study. The German cohort included 171 mother-infant pairs consecutively
recruited from the obstetrical wards of three hospitals in Dusseldorf. All infants were term, from German

speaking families, with an Apgar score of $7, first or second children, with no serious illnesses or
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complications during pregnancy and delivery. Exposure to PCBs was based on the sum of PCB
congeners 138, 153, and 180 in cord blood (0.55 ppb). A second measure of PCB exposure in milk was
obtained from samples collected at 2 and 4 weeks of age and analyzed for these same three PCB
congeners (427 ppb, fat basis). From 171 mother-infant pairs, 169 cord blood and 131 breast milk

samples were obtained.

Outcomes measured at 7 months of age included the Bayley Scales of Infant Development (BSID) and the
Fagan Test of Infant Intelligence (FTII). The Bayley Scales are comprised of the MDI, the PDI, and the
Behavior Rating Scale; only the MDI and the PDI were used in this study. The MDI and PDI were used
in the North Carolina Breast Milk and Formula Project (Gladen et al. 1988) and in the Dutch Mother-
Child Study (Koopman-Esseboom et al. 1996). A test by Fagan also was used in the Lake Michigan
Mother-Child Study (Jacobson et al. 1985). A test of the reliability of the mobile test version of the FTII
in the Dusseldorf cohort for 2 observers and 10 children was close to zero (lack of reliability).
Confounder selection procedures included a combination of a priori selection and statistical significance
with the outcome. Linear regression modeling was used to assess the effects of PCB exposure on

outcome with adjustment for other covariates.

After adjusting for confounders, there was a significant inverse association between MDI scores and

PCBs in milk. There was no association between MDI, PDI, or FTII scores and blood PCBs.

3.2.4.2.1.3 Occupational Exposure

Reports of neurological effects in workers exposed to PCBs are limited. Approximately 49% of workers
(64 males, 94 females) exposed to 0.07—11 mg/m’® mean area concentrations of various Aroclors (early
exposure to Aroclors 1242 and 1254; recent exposure to Aroclors 1016 and 1221) at a capacitor
manufacturing plant for more than 5 years complained of headache, dizziness, depression, fatigue,
memory loss, sleeplessness, somnolence, and nervousness (Fischbein et al. 1979). The prevalence of
these symptoms was not compared to a control group. Routine neurological examination did not reveal
any remarkable prevalence of abnormalities; extensor weakness was observed in six individuals (1.8%),
whereas only one worker presented tremor at physical examination. No further relevant information was
provided in this study. In a study by Smith et al. (1982) of three groups of workers occupationally
exposed to Aroclors 1242, 1016, 1254, and/or 1260 significant positive correlations of symptoms
suggestive of altered peripheral sensation were noted with increasing concentration of serum PCBs.

However, there was no overt clinical dysfunction identifiable on physical examinations. Geometric mean
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serum levels of up to 500 ppb of low-chlorinated PCBs (#4 chlorines/molecule) and up to 44 ppb of high-
chlorinated PCBs were reported for workers in some jobs. Frequent headaches, sleeping difficulties, and
memory problems were reported in switchgear workers exposed to Aroclors 1260 and 1242
(0.00001-0.012 mg/m?) compared to unexposed workers (Emmett et al. 1988a). The geometric mean
serum PCBs in the exposed group was 9.7 ppb, and was significantly higher than in the comparison
group, 4.6 ppb. Emmett et al. (1988a) stated that the reported symptoms were probably not related to

PCBs because they were not consistent with toxic effects ascribed to PCBs in the published literature.

3.2.4.2.1.4 Accidental Exposure

Children from Chinese women accidentally exposed to PCBs and other related chemicals through
consumption of contaminated rice (Yu-Cheng incident) have been evaluated for cognitive development.
Evaluations were conducted when the children were 4—7 years old (Stanford-Binet test and Wechsler
Intelligence Scale) and were compared to controls matched for neighborhood, age, sex, mother’s age,
parent’s combined educational level, and parent’s occupation. The results showed that at each age, and
for each scale other than the WISC-R at the age of 6 years, there was a consistent 5-point difference
between the Yu-Cheng children and the control children (Chen et al. 1992). Results of the evaluation of
the behavior and activity level of these children were published by Chen et al. (1994). Emotional or
behavioral disorders were evaluated with the Rutter’s Child Behavior Scale A and activity level with a
modified Werry-Weiss-Peters Activity Scale. At each year, Yu-Cheng children scored 7-43% worse
(more disorders) than control children in the Rutter scale. At any fixed age, Yu-Cheng children scored
11-63% worse than control children. Furthermore, there was no consistent trend toward decreased
differences in scores of Yu-Cheng and control children as the interval between the exposure and year of
birth increased. Similar results were observed for the activity scores, although the differences between
Yu-Cheng children and controls were less marked (Yu-Cheng children had increased activity levels). The
authors also found that children with physical signs had a higher mean score in the Rutter’s and activity
scores at some age and a lower score at others. There were no consistent relationships between either
Rutter or activity scores and cognitive scores of PCB detectability, maternal serum PCB levels, or breast-
feeding mode. Yu-Cheng children also scored significantly lower than controls in MDI and PDI tests
between the ages of 6 months and 2 years (Lai et al. 1994) and in Raven’s Colored Progressive Matrices

and at ages 6, 7, or 9, and in Standardized Progressive Matrices at age 9 (Guo et al. 1995).
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3.2.4.2.2 Neurophysiological Effects

Various neurological symptoms, including numbness, weakness and neuralgia of limbs, hypesthesia, and
headaches, are common in Yusho and Yu-Cheng victims (Chia and Chu 1984, 1985; Kuratsune 1989;
Rogan 1989). It is important to mention, however, that the findings from the studies of these groups
cannot be attributed solely to exposure to PCBs since the victims also were exposed to CDFs and other
chlorinated chemicals (ATSDR 1994). Conduction velocities were reduced in sensory nerves (radial
and/or sural) in 9 of 23 Yusho patients examined soon after poisoning (Kuroiwa et al. 1969). Sensory
fibers may have been preferentially affected as conduction velocities in motor nerves (ulnar and tibial)
were reduced in only two cases and motor functions were normal. Follow-up studies were not performed
on the Yusho patients, but disappearance of related symptoms and signs indicated that the effects on nerve
conduction did not persist. Reduced sensory and motor nerve conduction velocities also occurred in
Yu-Cheng patients (Chen et al. 1985; Chia and Chu 1984, 1985). Evaluation of 110 patients within 1 year
of Yu-Cheng exposure showed significantly reduced sensory nerve (median and ulnar) and motor nerve
(tibial and peroneal) conduction velocities in .44 and 22% of the patients, respectively (Chen et al. 1985).
All of the subjects had developed eye and skin manifestations of toxicity, but there were no significant
correlations between nerve conduction values and blood levels of PCBs, CDFs, or PCQs.
Electroencephalographic examination of Yu-Cheng patients did not show any abnormalities potentially
indicative of central nervous system damage (Chia and Chu 1984, 1985). Additional information on the
Yusho and Yu-Cheng poisoning episodes can be found in the toxicological profile for chlorodibenzofurans

(ATSDR 1994).

3.2.4.2.3 Evaluation of Human Studies

Several studies are available that evaluated the relationship between prenatal PCB exposure (and
postnatal exposure in some instances) and neurobehavioral parameters in infants and children. These
studies are the Michigan Mother-Child Study (Fein et al. 1984a, 1984b; Jacobson and Jacobson 1996a,
1997; Jacobson et al. 1984a, 1985, 1990a, 1990b, 1992), the Oswego Newborn and Infant Development
Project (Lonky et al. 1996, Stewart et al. 1999, 2000a), the North Carolina Breast Milk and Formula
Project (Gladen et al. 1988; Rogan and Gladen 1991, 1992; Rogan et al. 1986a, 1986b, 1987), the Dutch
Mother-Child study (Huisman et al. 1995a, 1995b; Koopman-Esseboom et al. 1994b, 1996; Lanting et al.
1998c; Patandin et al. 1999; Weisglas-Kuperus et al. 1995), and the German Study (Winneke et al.
1998b). A comparison of PCB levels in blood and breast milk in some of these studies is included in

Appendix A. Related information is also available from the Yu-Cheng accidental poisoning incident in



PCBs 185

3. HEALTH EFFECTS - Neurological

Taiwan (Chen et al. 1992, 1994; Guo et al. 1995; Lai et al. 1994). Data from adults exposed to PCBs are
available from studies by Schantz et al. (1996a, 1996b, 1999) and from evaluations of victims from the
Taiwan poisoning episode (Chen et al. 1985; Chia and Chu 1984, 1985).

The association between consumption of Great Lakes contaminated sportfish (i.e., PCB exposure) and
neurodevelopmental alterations in children has been examined in the Michigan series of studies and in the
Oswego series. Despite concerns about the design and analysis of the data from the Michigan Mother-
Child Study (Expert Panel 1994; Paneth 1991; Schantz 1996; Seegal 1996a, 1996b), many of the findings
of Jacobson and colleagues in the Michigan cohort have been replicated in studies of other cohorts.
Jacobson et al. (1984a) found that newborn children exposed to PCBs from mothers who ate PCB-
contaminated sportfish were more likely to exhibit hypoactive reflexes, more motor immaturity, poorer
lability of states, and greater amount of startle. In the Oswego study, the high PCB exposure group was
defined as those who consumed a mean of 2.3 salmon or lake trout meals/month, as done in the Michigan
study, and children born to mothers from this group demonstrated a greater number of abnormal reflexes
and less mature autonomic responses than those born to low PCB-exposed or non-exposed mothers
(low-fisheaters or nonfisheaters) (Lonky et al. 1996). However, Lonky et al. (1996) found no significant
association between fish consumption and birth weight, head circumference, and gestational length, as
Fein et al. (1984a) had found in the Michigan cohort. Taking advantage of improved analytical
techniques available at the time of the study, researchers from the Oswego study observed a significant
linear trend between poorer Habituation and Autonomic scores and heavily chlorinated PCBs (Stewart et
al. 2000b). The suggestion of a trend for abnormal reflexes with PCB exposure was observed, but the
finding was not statistically significant. Linear trend analysis also revealed a significant association
between the proportion of poor NBAS clusters and heavily chlorinated PCBs. No significant association
was seen for the lightly and moderately chlorinated PCBs, DDE, lead, HCB, and mercury. It is worth
noting that in the Oswego cohort, the average concentration of total PCBs in cord blood was 0.8 ppb
among high fisheaters and 1.03 among nonfisheaters, such that no association could have been found had

total PCBs in cord blood been used as surrogate for exposure.

Neonatal evaluations also were conducted in the North Carolina study (Rogan et al. 1986b). This is a
study of women from the general population with no known high exposure to PCBs. PCBs in milk at the
time of birth (approximately 1.8 ppm, but may have been overestimated by a factor of 2) was used as
indicator of prenatal exposure; the median PCBs in maternal serum at birth was 9.06 ppb. In the
Michigan cohort, the mean concentration of PCBs in maternal milk and serum in high fisheaters were

approximately 0.9 ppm and 6.1 ppb, respectively. The NCBMFP also found that less muscle tone and
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activity were associated with higher PCB levels. The reflex cluster score was also significantly affected
by PCB exposure. When the abnormal reflexes were separated into high and low, it became apparent that

hypo-reflexia, not hyper-reflexia, was associated with PCB levels.

Evaluations of various cohorts at later ages provide the opportunity to compare results of similar tests
conducted at similar ages. For example, the BSID has been administered to infants in the North Carolina
cohort, the Dutch children, and the German study. This group of tests yields a MDI and a PDI score, both
of which are scales like a standard 1Q test. In the North Carolina cohort, a significant decrease in PDI
scores at the ages of 6 and 12 months was associated with prenatal exposure to PCBs (assessed by PCBs
in maternal milk at birth, 1.8 ppm) (Gladen et al. 1988), although the association lost statistical
significance at the ages of 18 and 24 months (Rogan and Gladen 1991). No significant association was
observed between PDI scores at 6—24 months of age and postnatal exposure to PCBs (PCBs in milk
factored by duration of breast feeding). There was no significant association between MDI scores and
either prenatal or postnatal exposure to PCBs. The latter is consistent with a lack of significant
association between MDI scores at 7 or 18 months of age and prenatal or postnatal exposure, also
observed in the Dutch children (Koopman-Esseboom et al. 1996). Yu-Cheng children also had lower PDI
and MDI scores when tested between the ages of 6 months and 2 years old (Lai et al. 1994).

Both the Dutch and the German studies assessed prenatal and postnatal exposure by measuring the
concentration of a limited number of PCB congeners in cord blood and in breast milk. In the Dutch
study, the researchers measured PCBs 118, 138, 153, and 180 in cord blood and the sum of the mean
concentration of these congeners was 0.45 ppb (Koopman-Esseboom et al. 1994b). The German study
measured PCBs 138, 153, and 180 in cord blood and the sum amounted to 0.55 ppb (Winneke et al.
1998b). The added concentration of these four PCB congeners in breast milk in the Dutch study was
430 ppb, whereas in the German study, the concentration of PCBs 138, 153, and 180 in breast milk was
essentially the same at 427 ppb. Both studies evaluated MDI and PDI scores at 7 months of age. In the
Dutch study, at this age, neither PDI nor MDI scores were significantly associated with prenatal exposure
to PCBs; however, lower PDI scores, but not MDI scores were significantly associated with postnatal
exposure. In the German study, also no significant association was found between MDI or PDI scores
and prenatal exposure to PCBs, but in contrast with findings from the Dutch children, lower MDI scores,
but not PDI scores, was significantly associated with postnatal exposure to PCBs. Thus, it would appear
that practically the same exposure assessments in the two studies (including the concentration of marker
PCBs) and tests conducted at the same age provided apparently opposite results. This may indicate that

more thorough analyses are necessary especially given the importance of ‘minor’ congeners in animal
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studies. Also, the results from the German cohort on background PCB exposure in Europeans appear

preliminary with few details described.

Evaluations at the age of 4 years have been done on the Michigan (Jacobson and Jacobson 1997,
Jacobson et al. 1990a; 1992) and Dutch children (Lanting et al. 1998c; Patandin et al. 1999). Jacobson et
al. (1990a) showed that poorer performance on both the Verbal and the Memory scales of the McCarthy
Scales of Children’s Abilities was associated with prenatal exposure to PCBs. Jacobson et al. (1992) also
found that less efficient visual discrimination processing and more errors in short-term memory scanning,
but not sustained attention, were associated with prenatal exposure to PCBs. Dutch children evaluated at
42 months of age on neurological optimality scores showed no decrement on performance as a result of
exposure to PCBs either prenatally or postnatally (Lanting et al. 1998c). Cognitive abilities evaluated in
these children using the KABC showed a significant decreased performance associated with prenatal
exposure to PCBs (Patanding et al. 1999). Since the tests from the Patandin et al. (1999) and Jacobson et
al. (1990a) are both designed to provide a measure of general intelligence, the data are comparable and

the effects observed in the two studies on these end points are consistent.

Evaluation of the children from the Michigan cohort at 11 years of age showed that lower full-scale and
verbal IQ scores and poorer reading word comprehension were significantly associated with prenatal
exposure to PCBs (Jacobson and Jacobson 1996a). The mean maternal serum PCB concentration among
fisheaters in the Michigan study was 6.1 ppb (Fein et al. 1984a). Decreased 1Q was also observed among
Yu-Cheng children (Chen et al. 1992), but exposure levels in this group were significantly higher than in
the Michigan cohort and there was also significant exposure to CDFs, dioxins, and other related

chemicals.

Evaluation of an adult population (50-90-years old) on a visual-motor coordination test and a hand
steadiness test revealed no significant effect from exposure to PCB/DDE through long-term consumption
of Lake Michigan fish (>24 pounds/year) (Schantz et al. 1999). Results from cognitive assessment of this
cohort have not yet become available. Workers exposed to PCBs have reported adverse neurological
symptoms, but routine examination of these workers did not reveal any clinical dysfunction (Emmett et
al. 1988a; Fischbein et al. 1979; Smith et al. 1982). There is no indication that cognitive function or fine
motor behavior was evaluated in any way in the workers. Neurological examination of Yusho and
Yu-Cheng victims showed reduced both motor and sensory nerve conduction velocities (Chen et al. 1985;
Chia and Chu 1984, 1985; Kuroiwa et al. 1969), but due to the mixed chemical nature of the rice oil

exposure, the results cannot be attributed specifically to PCBs.
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In summary, there is mounting evidence that PCBs can be important contributors to subtle
neurodevelopmental alterations in neonates and infants of women who consume high-amounts of sport-
caught fish from the Great Lakes and also of women in the general population with the highest PCB body
burdens. Most of the studies summarized above have quantitative exposure estimates, associations
between the outcome and exposure which are likely free from confounding, and minimal biases, making
their findings more convincing. Data from Yu-Cheng can only be considered supportive due to the
known exposure to other chlorinated aromatic hydrocarbons. Data from the Dutch Mother-Child Study
strongly suggest that exposure to dioxins in general, not solely PCBs, may be related to altered
developmental effects in neonates and children. The Oswego validity study to assess fish consumption as
a measure of PCBs, as well as the reanalysis of the Oswego neurodevelopmental outcomes using cord
blood C17—-C19 PCB homologue levels as measure of exposure makes this series of studies important in
establishing biomarkers of exposure for quantitative risk assessment. Unlike the North Carolina study,
the outcomes of the Oswego study are limited to NBAS within the first 2 days of life, although it is

expected that these children will be the subject of follow-up evaluations for years to come.

3.2.4.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for neurological effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.4.3.1 Neurobehavioral Effects

Oral Exposure

Neurobehavioral effects of PCBs have been examined in several species exposed for various durations.
Experiments have been conducted with commercial mixtures, defined experimental mixtures,

contaminated fish, and single congeners.

Commercial PCB Mixtures. Spontaneous motor activity was significantly decreased in male CD, mice
(unspecified age) 15 minutes to 3 hours following a single gavage dose of 500 mg Aroclor 1254/kg
(Rosin and Martin 1981). However, dosing with 30 or 100 mg/kg for 14 days had no significant effect on
this end point. Assessment or motor coordination with two tests (screen test and rotor rod) did not reveal
any significant effect 15-120 minutes after treatment with a single dose of 500 mg Aroclor 1254/kg.

Similar results regarding a decrease in spontaneous motor activity were reported in adult male Long [’
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Evans rats following single gavage doses of $300 mg Aroclor 1254/kg; no significant effect was seen
with 100 mg/kg (Nishida et al. 1997). Incomplete recovery to pretreatment levels of activity occurred
over a 9-week period. Repeated administration of Aroclor 1254 resulted in dose-related decreases in
activity at doses $30 mg/kg/day, the NOEL was 10 mg/kg/day. In this case, complete recovery of
activity occurred 3 weeks after exposure. Kodavanti et al. (1998) also reported decreased motor activity
in adult male rats treated with 30 mg Aroclor 1254/kg/day for 4 weeks. Nishida et al. (1997) also
conducted flavor aversion conditioning tests and reported that the acute and repeated NOELSs for this

behavioral test were 15 and 7.5 mg/kg, respectively.

Freeman et al. (2000; General Electric Co. 1995a, 1995b) conducted a 52-week feeding study in rats with
various Aroclor mixtures (1016, 1242, 1254, 1260) and found no significant treatment-related effects on a
comprehensive number of neurological end points. PCB intakes ranged from 1.3 to 14.1 mg/kg/day
depending on the Aroclor mixture. The functional observational battery assessed autonomic function,
muscle tone and equilibrium, sensorimotor function, and central nervous system function. Motor activity

tests and histopathological examination of the central and peripheral nervous system were also performed.

Open field activity on PND 14 was significantly suppressed in offspring from rats treated by gavage with
2 mg/kg/day Fenclor 42 (a non-Aroclor PCB, similar in composition to Aroclor 1242) on PND days 1-21,
but not in offspring from rats treated with 2—4 mg/kg/day on gestation days 6—15 (Pantaleoni et al. 1988).
Neurobehavioral alterations including impaired swimming behavior and acquisition of one-way
avoidance response were also observed in the pups exposed in utero and also following postnatal

exposure.

Neurobehavioral alterations were also reported in the offspring of rats treated with 2.4 mg/kg/day
Clophen A30 (technical mixture with 42% chlorine) premating and during gestation (Lilienthal et al.
1990). Offspring, which continued on the PCB diet after weaning, were tested for open field activity on
PND 22 and 120, active avoidance learning on PND 65-75, and operant conditioning on a fixed interval
on PND 380. Spontaneous activity was increased on PND 22, but not on PND 120. Avoidance responses
and intertrial responses were increased, as were the responses in the operant conditioning test. No
significant behavioral alterations were seen in rats treated with about 0.4 mg Clophen 42/kg/day. In a
subsequent cross-fostering experiment, Lilienthal and Winneke (1991) reported that exposure in utero
resulted in alterations in active avoidance learning and retention of a visual discrimination task similar to
those seen in rats exposed in utero plus through mother’s milk, whereas postnatal-only exposure caused

no detectable behavioral changes. Lilienthal and Winneke (1991) also observed that brain levels of
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higher chlorinated congeners peaked at weaning in groups with postnatal or postnatal plus prenatal
exposure, whereas the concentration of a low-chlorinated congeners was lower at weaning than at birth or
at later ages. This suggests that transfer of low-chlorinated congeners may be more pronounced during

gestation, while preferential transfer of high-chlorinated PCBs occurs via the milk.

Overmann et al. (1987) reported that pups from rats exposed in the diet to approximately 1.3 mg

Aroclor 1254/kg/day during gestation and lactation were significantly slower than controls in the negative
geotaxis test when tested on PND 7 and 8, but not on PND 5 or 6. Also, the appearance of auditory
startle was slightly delayed on PND 12, but not PND 11, 13, or 14, in pups from dams treated with

0.13 and 1.3 mg/kg/day. The development of air righting ability also was slightly delayed at the

1.3 mg/kg/day dose level on PND 18, but not PND 16, 17, or 19.

Suggested evidence of memory impairment in a radial arm maze in rats resulting from perinatal exposure
to Aroclor 1254 was presented by Corey et al. (1996). The pups, tested at age 42—54 days, were exposed
in utero and via mothers’ milk. The dams received 8 or 17.8 mg Aroclor 1254/kg/day during gestation
and exposure continued until postpartum day 28. Rats exposed to PCBs made significantly more maze
errors than control rats regardless of whether exposure of the pups ceased at weaning or had continued by
direct feeding. In a more recent study, the same group of investigators reported that offspring from rats
fed approximately 1 mg Aroclor 1254/kg/day during gestation and lactation and tested between 25 and
29 days of age performed significantly worse than controls in a Morris water maze during trials 8, 9, and
10 (Provost et al. 1999). No differences were seen in earlier trials, and interestingly, during the first four

trials, control rats performed much worse than treated rats.

Neurobehavioral studies also have been conducted in monkeys born to exposed mothers. In a study by
Bowman et al. (1978), the assessment was conducted in three offspring of mothers fed a diet providing
approximately 0.1 mg/kg/day Aroclor 1248 for 16-21 months; PCB feeding terminated at the end of

3 months of nursing. All monkeys were tested on a sequence of 11 tasks between the age of 6 and

24 months; four untreated monkeys served as controls. Relative to controls, exposed monkeys showed
hyperlocomotor activity at 6 and 12 months of age, which correlated with peak PCB body burdens; they
also showed decreased performance in five out of nine discriminating learning tasks. According to the
investigators (Bowman et al. 1978), the learning deficits appeared to represent residual toxicity, since
they could be observed after almost total clearance of PCBs from the body. The same monkeys tested at
44 months of age appeared to exhibit hypoactive behavior relative to controls (Bowman and Heironimus

1981).
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Neurobehavioral deficits reflected as impaired performance on a spatial learning and memory task were
seen in the progeny of monkeys fed 0.08 mg/kg/day Aroclor 1248 for 18 months and allowed to breed

32 months postexposure (Levin et al. 1988). The deficit did not appear to be due to memory impairment,
but rather to impairment in associational or attentional processes. Aroclor 1016, tested at a dose level of
0.008 mg/kg/day, did not significantly alter performance on that task (Levin et al. 1988), but impaired the
monkeys' ability to learn a simple spatial discrimination problem at 0.03 mg/kg/day (Schantz et al. 1989).
These long-term studies in monkeys showed that doses of $0.03 mg/kg/day of some PCBs can alter

performance in neurobehavioral tests.

Defined Experimental Mixtures. Rice and Hayward (1997) studied the effects on learning in monkeys
of postnatal exposure to a PCB mixture representative of the PCBs typically found in human breast milk.
Eight male monkeys were dosed from birth to 20 weeks of age with 0.0075 mg/kg/day of PCBs. Five
monkeys served as controls. At 20 weeks of age, the levels of PCBs in fat and blood in treated monkeys
were 1.7-3.6 ppm and 2-3 ppb, respectively; corresponding values for controls were 0.05-0.2 ppm and
0.30—0.37 ppb. Beginning at 3 years of age, the monkeys were tested on a series of nonspatial
discrimination reversal problems followed by a spatial delayed alternation task. Treated monkeys showed
decreased median response latencies and variable increases in mean response latencies across three tasks
of nonspatial discrimination reversal. There was no difference in overall accuracy of the tests. There was
no correlation between performance and tissue levels of PCBs. Treated monkeys also displayed retarded
acquisition of a delayed alternation task and increased errors at short delay task responses. These finding
were interpreted as a learning/performance decrement rather than an effect on memory per se. Ina
separate portion of this study (Rice 1997), treated monkeys displayed shorter mean interresponse times
when compared with controls. The increase in pause time for fixed-interval performance emerged more
slowly across the 48 sessions in treated monkeys. For fixed-ratio performance tasks, the control monkeys
decreased their mean pause time across 10 sessions, whereas the treated monkeys did not. Rice (1997)
interpreted these results as suggesting learning deficit, perseveration, and/or inability to inhibit
inappropriate responding as a result of postnatal PCB exposure. Testing of these monkeys at 4.5-5 years
of age showed that treated animals performed in a less efficient manner than controls under a differential
reinforcement of low rate (DRL) schedule of reinforcement (Rice 1998). There were no differences
between groups on the accuracy of performance on a series of spatial discrimination reversal tasks,
although some treated monkeys made more errors than others on certain parts of the experiment. Further
tests conducted at about 5 years of age did not find treatment-related effects on a series of concurrent
RI-RI (random interval) schedules of reinforcement (Rice and Hayward 1999a). This schedule was

designed to study behavior in transition (learning) as well as at steady state. However, there was a
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difference between treated and control monkeys on performance on a progressive ratio (PR) schedule.
Rice and Hayward (1999a) stated that the interpretation of this finding is not straightforward, but may be

indicative of retarded acquisition of the steady-state PR performance in treated monkeys.

Contaminated Fish Consumption. The neurobehavioral effects of exposure of rats to feed adulterated
with 5 or 20% lyophilized salmon fillets from Lake Huron (LH) or Lake Ontario (LO) were examined by
Pappas et al. (1998). The study was conducted in F,- and F,-generation 88-day-old male and female rats
that had been exposed in utero, during lactation, and postnatally until they were tested. Exposure to the
contaminated diet caused no observable effects on many behavioral parameters including activity,
exploration, sensorimotor function, and stereotypy. Also, there was no diet-induced impairment of spatial
learning or long-term memory, and no evidence of an exaggerated response to food reward reduction.

The only significant effect found was decreased performance of the F, LO-20 and F, LH-20 rats in the
reference/working memory version of the radial arm maze. Stewart et al. (2000a) examined the effects of
feeding adult male rats a 30% diet of salmon from Lake Ontario, Pacific Ocean salmon, or a laboratory
chow on performance on a multiple FR-PR reinforcement schedule. Rats were fed for 65 days. Lake
Ontario diet contained 739 ppb PCBs, whereas the Pacific Ocean diet and the lab diet contained 45 and
64 ppb PCBs, respectively. Also, the average chlorines per biphenyl for the Lake, Ocean, and lab diets
were 5.65, 4.58, and 4.54, respectively. Analysis of PCB homologues in the brain of rats showed that rats
fed Lake fish had significantly higher concentrations of homologues with 6, 7, 8, or 9 chlorines per
biphenyl than the other groups. These rats’ brains also contained DDE and mirex, which were not
detected in the Ocean or lab diet groups. Behavioral test results showed that Lake rats responded
normally during FR schedules, but quit significantly sooner than control rats on a PR-5 schedule, when

response costs were demanding. None of the response rates were significantly related to contaminants.

Single Congeners. Administration of 32 mg 3,3',4,4'-tetraCB/kg (PCB 77) to pregnant CD-1 mice on
gestation days 10—16 resulted in motor and behavioral alterations in the offspring tested at 35 and/or

65 days of age (Tilson et al. 1979). Some, but not all, exposed mice exhibited a neurobehavioral
syndrome consisting of intermittent stereotypic circling activity (PCB-spinners). Relative to controls and
to PCB-nonspinners, PCB-spinners were hyperactive during the dark phase of the diurnal phase, showed
decreased muscular strength and impaired ability to traverse a wire rod, altered visual placement
responding, and impaired acquisition of one-way avoidance. However, reflex activity and orientation to
environmental stimuli were not affected by exposure to PCB 77. No PCB-derived radioactivity could be
detected in $28-day-old mice born to dams administered radioactive PCB 77 on gestation days 10-16.

Microscopical examination of tissues from PCB-spinners (up to 8 months old) showed cylindrical
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peninsulas of central nervous system parenchyma in the cranial and spinal nerve roots as well as
alterations in synapses of the nucleus accumbens (Chou et al. 1979). Increased motor activity in PCB-
spinners was still evident at 1 year of age (Agrawal et al. 1981). Altered spontaneous motor activity was
seen in 4-month-old male NMRI mice given a single gavage dose of 0.41 mg PCB 77/kg at 10 days of
age (Eriksson et al. 1991). When tested during three 20-minute blocks, treated mice were hypoactive
during the first block, but hyperactive during the third block relative to controls. Similar results were
obtained with PCBs 28, 52, and 126, but no such effect was seen with PCBs 118, 156, or 105 (Eriksson
and Fredricksson 1996a, 1996b, 1998). There was also a marginal effect of PCB 52 (4.1 mg/kg) on
learning and memory assessed by performance on a swim-maze and a radial-arm maze and of PCB 126

(0.46 mg/kg) also on the swim-maze.

Several PCB congeners have been evaluated for neurobehavioral alterations in rats. The most widely
studied appears to be PCB 126, a dioxin-like congener, with an estimated dioxin-like toxicity potency
1/10 that of 2,3,7,8-TCDD. Barnhoft (1994) found reduced onset of spontaneous movements and delayed
neuromuscular maturation in pups from Lewis rats administered six gavage doses of 10 or 20 pg

PCB 126/kg on gestation days 9-19; evaluations were conducted during the first 4 weeks of life.
Spontaneous activity level was not affected by treatment. Tests for visual discrimination learning (age
5-18 weeks) did not reveal any significant differences in performance between PCB-treated rats and
controls. However, in a later paper, the same group of investigators reported that administration of six
doses of 2 ug PCB 126/kg on gestation days 10-20 resulted in both poorer visual discrimination and
hyperactivity in treated rats relative to controls; similar, but less marked effects were seen with

2,3',4,4' 5-pentaCB (PCB 118) (Holene et al. 1995). In two more recent studies, it was reported that male
pups from dams treated with PCB 153 from day 3 to 13 after delivery were hyperactive and had impaired
performance in a visual discrimination test (Holene et al. 1998), but female pups showed no significant

differences compared with controls (Holene et al. 1999).

Rice and coworkers conducted a series of behavioral studies in offspring from Long-Evans rats dosed
with 0, 0.25, or 1 pg PCB 126/kg/day beginning 5 weeks before and continuing through gestation and
lactation (Bushnell and Rice 1999; Rice 1999a; Rice and Hayward 1998, 1999b). Exposure to PCB 126
did not significantly alter performance of male or female pups on a multiple fixed interval fixed-ratio
schedule of reinforcement or on a DRL schedule at about 200 days of age (Rice and Hayward 1998).
Exposure to PCB 126 did produce developmental toxicity as evidenced by reduced birth weight, reduced
serum thyroxine, and changes in hematology and serum biochemistry parameters. Assessment of

performance on a spatial delayed alternation task also revealed no significant differences between treated
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and control rats (Rice 1999a, 1999b); no PCB was detected in pups brain at age 60 days. Further tests
conducted in males to assess visuospatial attention and sustained attention showed no significant
treatment-related deficits (Bushnell and Rice 1999). Finally, male and female pups were tested under a
series of three concurrent RI-RI schedules of reinforcement at about 400 days of age followed by
assessment under a PR schedule (Rice and Hayward 1999b). Although there was some indication of less
accurate performance in high-dose rats in the RI-RI schedule, there was no difference between treated and

control rats in the PR performance.

Schantz and colleagues assessed learning and memory in an §-arm radial maze and in a T-maze in male
and female offspring from Sprague-Dawley rats treated with PCB congeners on gestation

days 10—16 (Schantz et al. 1995, 1996b, 1997). Testing started at 60 days of age. The first study tested
the ortho-substituted congeners PCBs 28, 118, and 153 (Schantz et al. 1995). No treatment-related
effects were seen on a memory task on a radial maze test, but female offspring were less accurate than
controls on a T-maze spatial delayed alternation task; PCB 118 caused the smallest deficit of the three
congeners. Subsequent studies examined 2,3,7,8-TCDD, the dioxin-like congeners PCB 77 and PCB 126,
and PCB 95 and found that performance on the radial arm maze task was facilitated by treatment with
each of the four compounds, but mostly by 2,3,7,8-TCDD (Schantz et al. 1996b, 1997). No significant
group differences were seen on the T-maze test. An additional observation was that exposure to PCB 95
did not alter spontaneous activity in rats tested as juveniles (35 days old), but induced hypoactivity in
tests conducted in adulthood (100 days old). In these rats exposed to PCB 95, Schantz et al. (1997) also
observed decreased density of ryanodine receptor binding proteins in the hippocampus, increased binding

in the cerebral cortex, and a biphasic response in the cerebellum.

Other Routes of Exposure. Altmann et al. (1995) examined the effect of 3,3',4,4'-tetraCB (PCB 77)
on long-term potentiation (LTP), a measure of neuronal functional plasticity, in rats. Pregnant Wistar rats
were treated with daily subcutaneous injections of 1 mg/kg of PCB 77 on gestation days 7—18. At the age
of 180-220 days, offspring were sacrificed and slices were prepared from the visual cortex and
hippocampus. Treatment with PCB 77 resulted in inhibition of LTP in visual cortex slices, but not in the
hippocampus. A follow-up study reported the same result in slices from 11-19-day-old pups (Altmann et
al. 1998). In the latter study, PCB 47 was also tested and was much less effective than PCB 77. Using
the same exposure protocol, the effects of these two congeners also were assessed on locomotor activity
in the open field, spatial learning in the radial arm maze, catalepsy induced by the dopamine receptor
blocker haloperidol, and passive avoidance learning at PND 25, 95, 180, and 220, respectively (Weinand-
Harer et al. 1997). Of all of these end points, exposure to PCB 77 altered the haloperidol-induced
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catalepsy and impaired performance in passive avoidance behavior; PCB 47 produced changes in the

same direction, but the differences relative to controls did not achieve statistical significance.

3.2.4.3.2 Neurochemical Effects

Neurochemical effects of PCBs have been examined in rats, mice, and monkeys exposed to commercial
PCB mixtures and to individual PCB congeners. Some studies have assessed both neurochemical and
neurobehavioral effects of PCBs in an attempt to link a biochemical alteration to a particular

neurobehavioral deficit.

Oral Exposure

Commercial PCB Mixtures. Administration of single, high doses (500 and 1,000 mg/kg) of a mixture of
Aroclor 1254 and 1260 to adult male rats reduced serotonin levels in the frontal cortex and hippocampus,
increased serotonin in the lateral olfactory tract, and had no effect in the hypothalamus and brainstem
(Seegal et al. 1986a). A correlation between the direction of the changes (increase or decrease) and
changes in PCB levels in the different areas could not be made. In a similar study, there was a dose-
dependent decrease in the levels of dopamine in the caudate nucleus, but not in the lateral olfactory tract,
of adult rats treated with 500 or 1,000 mg/kg of a mixture of Aroclor 1254 and 1260 (Seegal et al. 1986b).
In a subsequent study, a dose of 1,000 mg/kg of Aroclor 1016 increased dopamine turnover in peripheral
neurons of rats, whereas the same dose of an Aroclor 1254/1260 mixture increased dopamine turnover in
central neurons (Seegal et al. 1988), suggesting that PCBs with different degrees of chlorination can alter
dopaminergic functions in different locations of the nervous system. Treatment of adult male rats with a
diet that provided approximately 0, 39, or 79 mg Aroclor 1254/kg/day for 30 days resulted in significant
decreases in dopamine concentrations and metabolism in the striatum and the lateral olfactory tract, but
not in other brain areas (Seegal et al. 1991a). Analysis of PCB congeners in striatum, lateral olfactory
tract, and hippocampus showed that the hippocampus contained the highest PCB concentration and that
the major PCB congeners were penta and hexabiphenyls mono- or di-ortho-substituted. In contrast to the
finding of decreased dopamine concentration by Seegal et al. (1991a), Kodavanti et al. (1998) found no
alterations in the concentrations of dopamine, norepinephrine, or serotonin in the striatum or cortex of
adult male rats treated with up to 30 mg Aroclor 1254/kg/day for 4 weeks; in addition, tyrosine
hydroxylase activity in striatal minces was not significantly altered by PCB treatment. However,
treatment with Aroclor 1254 significantly reduced the Ca buffering capacity of microsomes and

mitochondria in the cerebellum and of microsomes in the frontal cortex and striatum. Aroclor 1254 also
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decreased total protein kinase C (PKC) activity and increased membrane-bound PKC activity in the

cerebellum, but not in other brain areas. In this study, treated rats were hypoactive compared to controls.

Doses between 0.8 and 3.2 mg/kg/day Aroclor 1016 in the diet for 20 weeks did not alter the
concentrations of noradrenaline, adrenaline, or serotonin in several areas of the brains of monkeys (Seegal
et al. 1990). A similar exposure protocol with Aroclor 1016 or 1260 resulted in dose-dependent decreases
in dopamine contents in several areas of the brain (Seegal et al. 1991b). Dopamine continued to be
depressed 24 weeks after the exposure period ceased (Seegal et al. 1992, 1994); at this time, the
concentration of PCBs had greatly decreased. After the 20-week exposure, only PCBs 28, 47,

and 52 congeners were detected in the brains of the monkeys treated with Aroclor 1016, and mainly hexal]
and hepta-chlorinated di-ortho-substituted congeners were detected in the brains of monkeys treated with
Aroclor 1260. Seegal et al. (1991b) concluded that the neurochemical changes were caused by a
mechanism different than that involved in other toxic responses to PCBs. Because the concentration of
total PCBs was higher in the brains of monkeys treated with Aroclor 1260 than in those treated with
Aroclor 1016, Seegal et al. (1991b) concluded that lightly-chlorinated congeners were more effective in

reducing central dopamine levels than highly-chlorinated ones.

Exposure of rats in utero to 0, 5, or 25 mg Aroclor 1254/kg (gestation days [Gd] 10-16) resulted in a
significant increase in levels of 5-hydroxyindole acetic acid (5-HIAA), and in the ratio of
5-HIAA/5-hydroxytryptamine in the lateral olfactory tract, prefrontal cortex, and hippocampus from
90-day-old offspring (Morse et al. 1996a). Dopamine, 3,4-dihydroxyphenylacetate, norepinephrine, and
homovanillic acid were not affected. In a study of similar design, Morse et al. (1996b) observed
significant increases in the glial cell marker GFAP in the lateral olfactory tract and the cerebellum and
significant decreases in the brain stem of offspring at 21 and 90 days old. The neuronal marker
synaptophysin was significantly decreased in the lateral olfatory tract, prefrontal cortex, and striatum of
90-day-old offspring. These changes were interpreted as reactive gliosis following direct damage to the
neurones or glia, or alteration in the regulation of the proliferation or protein expression of specific

subpopulations of neural cells.

Choline acetyltransferase (ChAT) activity was significantly decreased in the basal forebrain, but not in
the hippocampus, from 15-day-old rats exposed to Aroclor 1254 (125 or 250 ppm in diet) during
gestation and via mother’s milk (Corey et al. 1996). However, ChAT activity returned toward control
levels by 60 days of age. These rats made significantly more maze errors than control rats regardless of

whether exposure to PCBs ceased at weaning or had continued by direct feeding. In a follow-up paper,
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the authors reported that treatment with much smaller amounts of Aroclor 1254 (1.25 or 12.5 ppm in the
diet) resulted in a significant increase in ChAT activity relative to controls in the hippocampus and
forebrain from 15-day-old low-dose pups, but not high-dose pups (Provost et al. 1999). In 30-day-old
pups, ChAT activity was significantly decreased in both the hippocampus and basal forebrain with the
two dietary PCB levels. At this age, high-dose pups performed significantly worse than controls on a

Morris water maze.

Contaminated Fish Consumption. The neurochemical effects of exposure of rats to feed adulterated
with 5 or 20% lyophilized salmon fillets from Lake Huron (LH) or Lake Ontario (LO) were examined by
Seegal et al. (1998). The study was conducted in 88-day-old male and female rats that had been exposed
in utero, during lactation, and postnatally until they were tested. Dopamine, serotonin, norepinephrine,
and their metabolites, as well as ChAT activity were assayed in the frontal cortex, nucleus accumbens,
caudate nucleus, hippocampus, and substantia nigra. Significant treatment-related effects included

(1) decreased dopamine in the frontal cortex of the high-dose rats, (2) decreased dopamine in the caudate
nucleus from all groups, (3) decreased dopamine in the substantia nigra from the high-dose LO rats,

(4) reduced epinephrine in all groups except for low-dose LO rats, and (5) no significant effect on ChAT
concentration in any experimental group. No specific contaminants were assayed in the fish in this

report.

Single Congeners. Mice exposed to 3,3',4,4'-tetraCB (PCB 77) in utero (maternal dose 32 mg/kg/day),
which exhibited spinning behavior and hyperactivity at 1 year of age, had decreased dopamine levels and
dopamine receptor binding sites in the corpus striatum (Agrawal et al. 1981). However, Seegal et al.
(1997) reported that in utero and lactational exposure of rats to PCB 77 (0.1 or 1 mg/kg/day) resulted in
significant and persistent elevations in dopamine concentrations in the frontal cortex and the substantia
nigra, but not in the caudate nucleus. In contrast, similar treatment with PCB 47 (1-20 mg/kg/day)
significantly decreased dopamine concentrations in the frontal cortex and caudate nucleus (Seegal et al.
1997). Administration of a single dose of 0.41 or 41 mg PCB 77/kg to 10-day-old NMRI mice resulted in
a significant decrease (not dose-related) in density of muscarinic cholinergic receptors in the
hippocampus 7 days after dosing, but not 24 hours after dosing relative to controls; there was no
significant effect on receptor density in the cerebral cortex (Eriksson 1988). In mice similarly exposed
but tested at the age of 4 months, muscarinic cholinergic receptor density was slightly but significantly
increased (high-dose only) in the hippocampus; no significant changes were detected in the cortex,
striatum, or midbrain and thalamus (Eriksson et al. 1991). As previously mentioned, these mice had

abnormal spontaneous motor activity at that age. Treatment with PCB 28 and PCB 52 did not alter
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muscarinic receptor density in the hippocampus, but PCB 52 increased the density of nicotinic cholinergic
receptors in the cortex (Eriksson and Fredriksson 1996a, 1996b). Neither dopamine, serotonin, or
metabolites were significantly altered in the striatum by treatment with PCB 28 or PCB 52. At this age

(6 months old), the mice showed altered spontaneous activity. Neonatal exposure to 3,3',4,4',5-PentaCB
(PCB 126) resulted in increased density of nicotinic cholinergic receptors in the hippocampus at 5 month
of age and in impaired learning on a swim maze; no neurochemical or behavioral alterations were seen in

mice treated with 2,3,3',4,4'-pentaCB (PCB 105) (Eriksson and Fredriksson 1998).

Treatment of female and male weanling Sprague-Dawley rats for 90 days with PCB 28 in the diet
($0.04 mg/kg/day) resulted in a significant decrease in dopamine concentration in the substantia nigra in
females, but not in other brain areas (Chu et al. 1996a); neither norepinephrine, serotonin, or their
metabolites were altered in any brain area. Other significant effects in similarly conducted experiments
included decreased dopamine in the caudate nucleus and substantia nigra and decreased serotonin in the
substantia nigra with PCB 118, $0.2 mg/kg/day in females, decreased dopamine in the caudate nucleus in
males and increased serotonin in the substantia nigra in females with PCB 105, $4 mg/kg/day, decreased
dopamine and serotonin in the frontal cortex with PCB 153, $0.01 mg/kg/day in males, and decreased
dopamine in the frontal cortex with $0.005 mg/kg/day PCB 128 and in the hippocampus with

4.4 mg/kg/day PCB 128 in females; no significant changes were seen with PCB 126 (up to

0.009 mg/kg/day) (Chu et al. 1994, 1995, 1996b, 1998a, 1998b; Lecavalier et al. 1997).

3.2.4.3.3 Other Neurological Effects

Oral Exposure

Commercial PCB Mixtures. The effects of perinatal exposure to PCBs on auditory function has been
studied in rats. Goldey et al. (1995) tested the hypothesis that hypothyroidism induced by developmental
exposure to PCBs may cause permanent auditory dysfunction. Long-Evans rats were given 0, 1, 4, or

8 mg Aroclor 1254 from gestation day 6 through PND 21 and pups were evaluated at various ages up to

1 year old. Exposure to Aroclor significantly reduced circulating thyroxine concentrations up to PND 45.
At PND 24, the high-dose pups showed reduced auditory startle amplitudes, but this was not seen when
tested as adults. However, Aroclor induced permanent auditory deficits (20—30 dB threshold shift) at the
frequency of 1 kHz in the mid- and high-dose rats. In a subsequent study, by monitoring brain stem
auditory evoked responses, the authors concluded that the auditory alterations are consistent with

peripheral auditory dysfunction (Herr et al. 1996). In a more recent study, Goldey et al. (1998) reported
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that thyroxine replacement therapy significantly attenuated the effect of Aroclor 1254. It is important to
note that high mortality occurred among the pups in the mid- and high-dose groups. By PND 12 and 21,
25 and 50% of the pups in the 8 mg/kg/day group had died, respectively. In the control and 4 mg/kg/day
groups, 3 and 15% of the pups had died by PND 21, respectively.

Single Congeners. Offspring (76-90 days old) from rats that received 1 pg/kg/day of PCB 126 for
35 days prior to breeding and throughout gestation and lactation had elevated auditory thresholds for
0.5 and 1 kHz tones (Crofton and Rice 1999). There were no treatment-related effects in postnatal

mortality or litter size.

Other Routes of Exposure

Single Congeners. Subcutaneous administration of 1.5 mg/kg of PCB 77 to pregnant Long-Evans rats on
gestational days 7—18 resulted in altered electroretinogram (ERG) in female offspring recorded at about
200 days of age (Kremer et al. 1999). Specific alterations consisted of decreases in the scotopic b-wave
as well as on the a-wave and maximum potential, the first two wavelets of the oscillatory potentials, and
the flicker response at the beginning of light adaptation. No significant alterations were observed in male

offspring or in male or female offspring from rats injected subcutaneously 1.5 mg/kg of PCB 47.

Numerous in vitro studies have been conducted with both commercial PCB mixtures and single congeners
in efforts to elucidate the mechanisms of neurotoxicity of these compounds, to possibly discern patterns
among structurally similar types of congeners, and to establish toxic potency rankings. These studies are

discussed in Section 3.5.2 Mechanisms of Toxicity.

3.2.4.3.4 Evaluation of Animal Studies

Neurobehavioral Effects. For the purpose of this appraisal, the neurobehavioral effects of PCBs in
animals are divided into (1) effects on motor activity and (2) effects on higher functions (e.g., learning
and memory). Motor activity (spontaneous or open field) has been evaluated in mice, rats, and monkeys
exposed to commercial mixtures and single PCB congeners in a variety of experimental designs leading,
not unexpectedly, to a wide range of results from which few generalizations can be made. Single or
repeated administration of relatively high doses of Aroclor 1254 to adult mice or rats generally decreased
spontaneous motor activity (Kodavanti et al. 1998; Nishida et al. 1997; Rosin and Martin 1981).

Postnatal (via breast milk) exposure to Fenclor 42 decreased open field activity in pups on PND 14, but
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exposure in utero did not (Pantaleoni et al. 1988). Exposure to similar doses of Clophen A30 (congener
composition similar to Fenclor 42) during gestation and lactation increased open field activity on PND 22
but not on PND 120 (Lilienthal et al. 1990). Exposure of monkeys to Aroclor 1248 during pregnancy and
for 3 months after giving birth resulted in hyperlocomotor activity in the offspring at 6 and 12 months of
age (Bowman et al. 1978), but these monkeys exhibited hypoactive behavior at the age of 44 months
(Bowman and Heironimus 1981). A somewhat similar finding was reported by Schantz et al. (1997) in
rats; in this case, offspring from Sprague-Dawley rats treated with the di-ortho-substituted PCB 95 on
gestation days 10—16 had control levels of spontaneous activity at 35 days of age (juveniles), but were
hypoactive as adults (100 days old). A series of studies by Eriksson and coworkers (Eriksson and
Fredricksson 1996a, 1996b, 1998; Eriksson et al. 1991) observed altered spontaneous activity (increased
followed by decrease in trials separated by 20 minutes) in 4—5-month-old mice administered a single
gavage dose of a variety of PCB congeners at the age of 10 days. These effects were observed with both
coplanar congeners (dioxin-like) PCB 77, PCB 126, and with the mono ortho-substituted congener

PCB 28 and the di-ortho-substituted PCB 52. No effects were observed with three mono-orthol’

substituted congeners (PCB 105, 118, or 156). No pattern is apparent from these findings.

The effects of PCBs on higher cognitive functions (i.e., learning, memory, attention) have been examined
in rats and monkeys exposed mostly perinatally, but in some cases, testing was done long after exposure
occurred. Exposure of rats to Fenclor 42 during gestation or via mother’s milk impaired acquisition of
one-way active avoidance (Pantaleoni et al. 1988). A different study reported decreased active avoidance
learning and retention of a visual discrimination task in rats exposed during gestation to Clophen A30, but
not in rats exposed postnatally (Lilienthal and Winnecke 1991). Rats exposed during gestation and
lactation made more errors than controls in a radial arm maze (Corey et al. 1996) and performed worse
than controls in a Morris water maze (Provost et al. 1999). Studies in monkeys exposed to Aroclors
during gestation and lactation, and tested after exposure ceased, showed decreased performance in
discriminating learning tasks (Bowman et al. 1978), impaired associational or attentional processes and
ability to learn a simple discrimination problem, and failure to learn the irrelevancy of a shape cue (Levin
et al. 1988; Schantz et al. 1989). Monkeys that were treated from birth to 20 weeks of age with a defined
PCB mixture analogous to the congener composition of human breast milk (comprised mostly of mono-
and di-ortho-substituted congeners), and tested beginning at age 3 years, had impaired performance in
both nonspatial and spatial discrimination reversal tasks and exhibited inability to inhibit inappropriate
responding (Rice 1997, 1998, 1999b; Rice and Hayward 1997, 1999a). Because these effects occurred at
a level of 0.0075 mg/kg/day, the lowest tested intermediate-duration dose of any PCB mixture in any

species, they are used as the basis for deriving the intermediate MRL for oral exposure as indicated in the
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footnote to Table 3-2 and discussed in Chapter 2 and Appendix A. Perinatal exposure of rats to the
dioxin-like PCB congener PCB 126 during gestation and lactation provided little evidence that it altered
behavior (Bushnell and Rice 1999; Rice 1999a, 1999b; Rice and Hayward 1998, 1999a, 1999b). Of five
tasks designed to assess a range of cognitive processes, only one provided any suggestive evidence of an
effect. Other coplanar PCBs, as well as 2,3,7,8-TCDD, failed to alter the response of rats exposed in
utero on a T maze test, but facilitated the response on a radial arm maze (Schantz et al. 1995, 1996b). In
contrast, ortho-substituted congeners had no effect on performance on the radial maze test, but impaired
performance of females on the T-maze test. From the data summarized above, few generalizations can be
attempted. It appears that ortho-substituted PCB congeners are more active than coplanar PCBs in
modifying cognitive processes. In addition, an effect observed in both rats and monkeys was a deficit on
delayed spatial alternation, and was induced by exposure to ortho-substituted PCBs (Schantz et al. 1995),

defined experimental mixtures (Rice and Hayward 1997), and commercial Aroclors (Levin et al. 1988).

Neurochemical Effects. The most consistent result from studies that examined the neurochemical effects
of PCBs is a decrease in dopamine concentrations in different areas of the brain. This was seen in adult
rats and monkeys administered relatively high doses of Aroclor mixtures (Seegal et al. 1986b, 1991a,
1991b) and in 90-day dietary studies that used relatively low doses of single PCB congeners (Chu et al.
1994, 1995, 1996a, 1996b, 1998a, 1998b). Less studies reported alterations in serotonin levels, and for
the most part, levels of norepinephrine were unaffected. No single brain region appeared to be a preferred
target. Studies with single congeners in rats reported decreases in dopamine levels in the frontal cortex,
caudate nucleus, substantia nigra, and striatum. Studies with Aroclors in rats and monkeys observed
decreases in dopamine in the caudate, striatum, substantia nigra, putamen, hypothalamus, and olfactory
tract. The lowest effective doses in the 90-day single congeners studies were 0.01 and 0.005 mg/kg/day
for PCB 153 and PCB 128, respectively, two di-ortho-substituted hexachlorobiphenyls. The dioxin-like
PCB 126 was ineffective at the highest dose tested, 0.009 mg/kg/day. In contrast with the majority of the
findings in adult animals, Seegal et al. (1997) reported an increase in dopamine concentration in the
frontal cortex and substantia nigra from rats exposed to the coplanar PCB 77 in utero and via mother’s
milk. In the series of studies by Eriksson and colleagues (Eriksson and Fredricksson 1996a, 1996b, 1998;
Eriksson et al. 1991), no significant alterations in biogenic amine levels were seen in brains from adult
mice exposed to PCB 28 or PCB 52 at 10 days of age; these mice had altered spontaneous motor activity
and those exposed to PCB 52 had impaired learning and memory functions. These investigators also
described increases in density of cholinergic muscarinic and nicotinic receptors in certain brain areas in
mice exposed to PCB 77, PCB 52, or PCB 126, but no such assays were conducted for PCB 118,

PCB 105, or PCB 156. More information is necessary to speculate on patterns of effects among general
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classes of PCB congeners or to try to associate specific behavioral alterations with neurochemical

changes.

Other Neurological Effects. The findings of Crofton and Rice (1999) of auditory deficits in offspring
from rats administered PCB 126 during gestation and lactation without evidence of general toxicity give
credence to those of Goldey and coworkers (Goldey and Crofton 1998; Goldey et al. 1995; Herr et al.
1996). In the latter series, high mortality was observed among the exposed pups during the first 3 weeks
of life suggesting that survivors may have been in less than optimal health conditions. Whether the effect
seen with PCB 126 represents an Ah receptor-mediated effect remains unknown until additional both

dioxin- and nondioxin-like PCB congeners are tested.

3.2.5 Reproductive Effects

3.2.5.1 Summary

Information is available on reproductive effects of PCBs in humans. Studies that examined reproductive
end points found indications that exposure to PCBs is associated with menstrual disturbances in women
and effects on male fertility. Increasing PCB levels have also been observed in women with late
miscarriages. In addition, a reduction in the months of lifetime lactation was associated with increasing
levels of PCBs in maternal breast milk. The reproductive toxicity of PCBs in animals has been well
established. Effects in females have been observed in various species, including rats (prolonged estrus,
decreased sexual receptivity, and reduced implantation rate in adults and/or their offpsring exposed via
gestation and lactation), mice (decreased conception), minks (partial or total reproductive inhibition), and
monkeys (prolonged menstruation, decreased fertility). Female minks and monkeys are particularly
sensitive to reproductive effects of PCBs. There is limited evidence for reproductive effects in male adult
animals, although it is well documented that gestational and lactational exposure to PCBs can adversely

affect morphology and production of sperm and fertility in the male offspring of rats and mice.

3.2.5.2 Human Studies
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3.2.5.2.1 Female Reproductive Effects

Occupational Exposure. There were no apparent effects on gravidity (number of pregnancies) in women
capacitor manufacturing workers who were exposed to Aroclors 1254, 1242, and/or 1016 for a minimum
of 3 months between 1946 and 1975 (Taylor et al. 1989). High-exposure workers were directly exposed
to Aroclors during the manufacturing process for at least 1 year prior to birth of an infant, and workers
with low exposure were employed in areas where Aroclors were not used directly. Area air samples
collected in 1977 showed geometric mean air concentrations of 310 and 27 pg/m’ in the high and low
exposure groups, respectively. Evaluation of birth data on 172 high-exposure and 184 low-exposure
workers showed no significant difference in the mean number of pregnancies (3.2+1.7 and 3.5+£2).. As
discussed in the Developmental Toxicity section (Section 3.2.6.2), decreased birth weights and
gestational ages in the exposed women were associated with increased serum PCB levels. Other
reproductive outcomes and well-designed reproductive epidemiologic studies have not been conducted in

this highly exposed female occupational cohort.

Contaminated Fish Consumption.

The New York State Angler Cohort. The New York State (NYS) Angler Cohort is a population-based
group of New York State anglers who were between 18 and 40 years of age and held fishing licenses for
the 1990-1991 season. The cohort was compiled for the study of a variety of reproductive and other
health end points (Mendola et al. 1995a, 1995b). Data from the entire cohort were collected from self-
administered questionnaires mailed to anglers living in 16 counties in close proximity to Lake Ontario.
Responses were received from 10,782 male anglers, 934 female anglers, and 6,579 wives/partners of male
anglers for a total response rate, among the anglers, of about 40%. This cross-sectional survey included
questions on sportfish consumption patterns (to estimate exposure to PCBs) and reproductive outcomes
and associated data focusing on children born between June 1986 and June 1991. A telephone interview
with 100 randomly selected nonrespondents revealed that nonresponders did not differ from respondents
with respect to fishing habits, knowledge of fishing advisories, and fish consumption patterns, but had
sociodemographic differences (were less likely to be married and had lower levels of education and
income). Findings for reproductive or developmental end points from this study have been reported in

several reports (Buck et al. 1997, 1999, 2000; Kostyniak et al. 1999; Mendola et al. 1995a, 1997).
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Shorter menstrual cycles were associated with consumption of sportfish was associated with in women
from the NYS Angler Cohort (Mendola et al. 1997). Menstrual cycle data were collected from

2,223 women (mean age 31.2 years) who stated in 1991 that they were considering becoming pregnant in
the following 3 years. Lake Ontario fish consumption was measured in terms of exposure duration (total
number of years eating fish) and monthly frequency of fish meals in 1991, and an index was developed to
estimate cumulative lifetime PCB exposure through fish consumption (subjects were placed in no, low,
and combined moderate/high exposure classes). Multiple regression analyses showed that consumption
of more than one Lake Ontario fish meal/month was associated with statistically significant reductions in
mean menstrual cycle length of >1 day in all 2,223 women (-1.11 days, 95% CI -1.87 to -0.35), and of
about half a day for a subgroup of 2,080 women who reported having regular menstrual cycles (-0.51 day,
95% CI -0.92 to -0.10). Similar reductions were found in women in the highest cumulative exposure
category (moderate/high); mean cycle length was about 1 day shorter for the main group (-1.03 days, 95%
CI -1.88 to -0.19), and about half that reduction in the regular menstrual cycle group (-0.56 day, 95% CI
-1.01 to -0.09). No significant differences in mean menstrual cycle length were found when the subjects
were classified into groups based on the number of years during which fish were consumed. The
strengths of the study include the use of trained nurses to obtain menstrual cycle information. Limitations
include the reliance on self-reported exposure data (biological samples were not collected and analyzed
for PCBs and other expected contaminants) and outcome data, and the lack of information on potential
confounders such as current smoking status, stress, and the use of contraceptives. Mendola et al. (1997)
noted that although the small decreases in menstrual cycle length are not likely to be clinically significant

or of major public health concern, they may indicate potential endocrine effects on a population level.

No statistically significant association was found between time-to-pregnancy (TTP), a measure of
fecundity and conception delay, and consumption of Lake Ontario sportfish in a preliminary analysis of
874 women from the NYS Angler Cohort who were pregnant between 1991 and 1993 (Buck et al. 1997).
Exposure was estimated as the total number of years from 1955 to 1991 in which fish caught in Lake
Ontario were consumed. The mean duration of fish consumption was 2.2 years (SD 4.5) for all women
and 5.2 years (SD 5.6 years) for women who reported any fish consumption. No differences were
observed in fish consumption between women who did and did not become pregnant, fish consumption
between women with known and unknown TTP, or age distributions for women with and without a
pregnancy. Multiple regression analysis was used to assess the linear relation between log-TTP and log-
years eating fish (duration of exposure). Analyses were stratified by fish consumption (fish consumers/all
women) and parity status (nulliparous/parous), and controlled for maternal age, smoking, gynecologic

pathology (e.g., endometriosis), and history of sexually transmitted diseases. R? coefficients showed that
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duration of fish consumption and maternal age accounted for only a small percentage of the explained
variance in TTP (0.5%), even after the analysis was restricted to women who reported eating fish (0.6%).
Beta coefficients, calculated to reflect the unit change in log-TTP for every unit change in log-years
eating fish, were positive but not statistically significant. A larger beta coefficient was observed for log-
years eating fish among nulliparous women (0.1030) in comparison to parous women (0.0095),
suggesting that the effect of duration of fish consumption on TTP may have been greater among
nulliparous women. Strengths of the study included the use of trained nurse interviews to obtain TTP
information. As with other NYS Angler Cohort studies, limitations include the reliance on self-reported
exposure data and outcome data, and the lack of information on potential confounding factors such as
occupational exposures, alcohol and caffeine consumption, and current smoking status. In addition,
women with unplanned pregnancies were necessarily ruled out from the analysis; Buck et al. (1997) noted

that this may be a potential bias inherent in the study.

In further analysis of the Buck et al. (1997) study summarized above and the Buck et al. (1999) study
summarized in Section 3.2.5.2.2 (Male Reproductive Effects), Buck et al. (2000) combined maternal and
paternal fish consumption into one model looking at fecundability ratios as the outcome, rather than TTP
(continuous variable used in 1997 paper) or conception delay (>12 months unprotected intercourse used
in 1999 paper). The sample included 606 women with known and unknown TTP who discontinued birth
control in order to become pregnant during 1991-1993 and for whom the partners' fish consumption data
also were available. The exposure measures included the duration, frequency, and lifetime PCB index
used in the previous studies. Separate analyses were run for each exposure measure as both paternal and
maternal consumption measures were correlated. Statistical analyses included the use of a discrete-time
analog of the Cox proportional hazards model to predict the probability of conception (i.e., fecundability [
biological capacity for reproduction) at the jth cycle given the absence of conception at an earlier cycle.
The natural logarithm of this conditional probability was modeled as a linear function of the covariates
and potential confounders (i.e., maternal smoking, gynecologic history [e.g., endometriosis; pelvic
inflammatory disease], parental ages, gravidity [number of pregnancies], and history of fertility drugs).
The outcome measure used was the conditional fecundability ratio (CFR), the probability of conception
during a given menstrual cycle for the exposed fisheaters divided by that for unexposed nonfisheaters.
The 95% CI for the CFR was also calculated; exclusion of the value 1.0 from the CI indicates statistical
significance at the p=0.05 level. This ratio is conditional upon becoming pregnant; a value <1 indicates
reduced fecundability. Fish consumption was generally higher for men than women (68 and 42%,
respectively) as was the mean number of years of fish consumption (5.9 and 2.1 for the entire sample

whether they consumed fish or not). Men also had higher mean PCB indices than women in the study,
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although partners' consumption patterns were related (e.g., both might be in the same category of fish
consumption). The adjusted fecundability ratios for parental Lake Ontario fish consumption indicated
that maternal consumption of 3—6 years was associated with significantly reduced fecundability
(CFR=0.75, 95% CI1 0.59—0.91), as was eating more than one monthly fish meal in 1991 (CFR = 0.73,
95% C1 0.54-0.98). Paternal consumption was associated with slightly elevated, but non-significant,
CFRs for all three measures of fish consumption, suggesting that maternal but not paternal consumption
of contaminated fish may reduce fecundability among couples attempting pregnancy. The investigators
considered the findings preliminary, given the retrospective data collection on TTP and fish consumption,
limited information on potential confounders, and potential sources of bias. In addition to the limitations
indicated for the previous studies, Buck et al. (2000) commented on several biases associated with TTP,
particularly pregnancy recognition bias (when or how women became aware of pregnancy). Another
possible bias is the fact that the analytic strategy is dependent on a woman achieving a pregnancy; if fish
consumption exerts a deleterious effect on fecundability, no pregnancy will be achieved and the women
will not be in the sample in the first place. Hence, it is possible that women with the highest exposures
were excluded from the study since they did not achieve a pregnancy. Due to the preliminary nature of
the findings, the investigators could not speculate as to whether the effect on fecundability could be
strong enough to reduce fertility, as measured by a reduction or absence of livebirths, or to impair

fecundity, as measured by pregnancy loss.

No statistically significant associations between increased risk for spontaneous fetal death and dietary
exposure to Lake Ontario fish were found among 1,820 multigravid, fertile women from the NYS Angler
Cohort (Mendola et al. 1995a). Spontaneous fetal death histories (ever having a pregnancy end in
miscarriage, spontaneous abortion, or stillbirth) were obtained from New York State live-birth
certificates. Fish consumption histories were used to construct four measures of PCB exposure for each
subject: (1) lifetime PCB exposure based on species-specific PCB levels (subjects were placed in no, low,
moderate, or high exposure classes); (2) number of years of sportfish consumption from 1955 to 1991; (3)
kilograms of sportfish consumed in the 1990-1991 season; and (4) lifetime kilograms of sportfish eaten
(no, low, moderate, or high exposure classes). Women who never ate Lake Ontario sportfish comprised
the referent group. Odds ratios and 95% CI were calculated in bivariate analyses to identify potential
confounders including smoking and alcohol consumption, and parental ages, paternal sportfish
consumption (none were statistically significant). Unconditional logistic regression models were used to
calculate ORs and 95% CI for multivariate analyses. Analyses were stratified by number of prior
pregnancies to better describe the relationship between maternal age and spontaneous death at different

levels of prior gravidity, and controlled for smoking and maternal age. No consistent relationship was
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seen between a history of spontaneous fetal death and any of the four measures of exposure. The ORs in
the logistic regression models evaluating lifetime PCB level and lifetime sportfish consumption relative to
spontaneous fetal death tended to be slightly above 1.0 (the null value) for the low exposure categories
and below 1.0 for the moderate and high exposure categories. Odds ratios of approximately 1.0 also were
observed in the models assessing the number of years of consumption and the mass (kg) of sportfish
consumed in 1990-1991 (Mendola et al. 1995a). Strengths of the study included sufficient statistical
power to detect fairly small increases in ORs and the reliability of reproductive history data on birth
certificates. Limitations included the focus on clinically recognized fetal deaths which may not detect
early pregnancy loss, the self-reported nature of both exposure and outcome data, and the lack of
biomarker monitoring to validate the self-reported exposure data. Because the findings suggested that
early fetal loss may be important, a prospective pregnancy study is currently underway (ongoing study by

J. Vena, see Section 3.12.3).

Decreasing number of months of lifetime lactation were significantly associated with increasing levels of
PCBs or DDE in breast milk (normalized for lipid content) in a group of 98 lactating women from the
NYS Angler Cohort (Kostyniak et al. 1999). In this sample, PCB levels in breast milk were significantly
associated with self-reported measures of fish consumption, but DDE levels were not. The observed
association is likely to be important in estimating dose rates for these chemicals in nursing neonatal

populations, but the relevance of the association to reproductive performance is not clear.

The Michigan Anglers Cohort. An association between conception delay and sportfish consumption
was found in a survey of 626 married couples conducted between 1993 and 1995 (Courval et al. 1999).
At least one person in each couple was a licensed angler residing in 1 of 10 Michigan counties bordering
a Great Lake (Lake Erie, Lake Huron, or Lake Michigan). Subjects were categorized into four sex-
specific exposure classes (none, low, medium, high) based on an index of lifetime fish consumption
(estimated number of sportfish meals consumed in the past 12 months multiplied by the number of years
since 1970 in which fish were caught and consumed): 0, 1-114, 115-270, and 271-1,127 for men, and 0,
1-54, 55-138, and 139-1,127 for women. Conception delay, defined as ever having failed to conceive a
child after 12 months of trying, was essentially the same in both sexes (reported by 12.9% of the men and
13.3% of the women). Unadjusted logistic regression analysis showed that ORs for conception delay
increased in women with increasing exposure class, although results of a trends test were not statistically
significant (p=0.35); the OR in the high exposure category for women was 1.4 (95% CI 0.7-2.7).
Adjustment for age, race, region of Michigan, household income, smoking, and alcohol consumption did

not strengthen the associations in women. The OR in the high exposure category declined in the female
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models after the addition of husbands’ fish consumption, indicating no risk associated with female
consumption after accounting for male partner consumption. In contrast to the findings in women,
analysis of the male data provide suggestive evidence that frequent consumption of Great Lakes sportfish
may be associated with an increased risk of conception delay for men (see Section 3.2.5.2.2). Although
data analysis controlled for several potential confounders, no information was collected regarding the
subjects’ frequency or timing of sexual intercourse during the period of attempting to conceive, whether
the partner providing fish consumption data also was the partner with whom the conception delay had
occurred, or levels of PCBs and other persistent toxic chemicals in biological samples from the subjects.
The researchers will be addressing many of these limitations in a prospective reproductive health study.
Additionally, the participation rate (29%) was extremely low in this study, which could have resulted in

nonresponse bias, a bias similar to selection bias.

General Population Exposures. A case-control study was conducted that compared mean plasma
concentrations of 14 PCB congeners and 11 chlorinated pesticides in women with endometriosis and
women without endometriotic lesions (Lebel et al. 1998). Cases (86) and controls (70) were selected
among premenopausal women with no previous diagnosis of endometriosis who underwent laparoscopy
for either pelvic pain, infertility, or tubal fulguration, and were matched according to the indication for
laparoscopy. Cases and controls did not differ with respect to age, body mass index, history of breast
feeding, use of organochlorines, smoking, mean number of fish meals/week, income, and education,
although the proportion of women who had never been pregnant was higher in cases than controls.
Analysis of covariance was used to adjust means for confounding variables, and ORs were estimated by
logistic regression. Crude or adjusted mean concentrations of individual or summed congeners did not
differ between the groups. Additionally, there was no significant linear trend in the adjusted ORs for

endometriosis as PCB concentrations increased.

In a study of 89 women (87% German) with repeated ($2) miscarriages, Gerhard et al. (1998) found that
blood concentrations of PCBs were higher than the reference level in 22% of the cases. The sum of
congeners 101-180 was used for evaluation because they were the only congeners detected in significant
concentrations. Blood levels of other organochlorine compounds (pentachlorophenol, DDE, - and
v-hexachlorocyclohexanes, HCB) were higher than reference ranges in 7-15% of the cases. No
significant differences in PCB levels were found between women with early or late miscarriages (after
#12 or >12 weeks of gestation) and primary or secondary miscarriages (had never delivered or delivered
at least one baby). Women with a history of at least four miscarriages (n=25) had significantly elevated

blood levels of PCBs, although other organochlorine compounds (y-hexachlorocyclohexane and HCB)
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were also increased. Hormonal disorders were identified as the cause of repeated miscarriages in 31% of
the women, including hyperprolactinemia in 9%, hyperandrogenemia in 7%, and luteal insufficiency in
14% of the cases. Correlations were found between increasing PCB concentrations and some hormonal
parameters (e.g., increasing FSH and LH, decreasing TSH) and immunological parameters (e.g.,
increasing IgM, monocytes, and NK cells, decreasing interleukin 2 receptor-positive cells), but none of
the associations were specific for PCBs. There were no significant associations between PCB

concentrations and further conceptions or the outcome of further pregnancies.

Yusho and Yu-Cheng Exposures. Irregular menstrual cycles (60% of 81 patients) and abnormal basal
body temperature patterns (85% of 81 patients) were observed female Yusho patients in 1970 (Kusuda
1971). Menstrual irregularities included changes in cycle intervals, duration, and flow that showed no
consistent pattern and were unrelated to severity of Yusho poisoning as indicated by degree of dermal
signs. These alterations were accompanied by decreased urinary excretion of estrogens, pregnanediol,
and pregnanetriol. Fertility, fecundity, and rates of spontaneous abortion have not been studied in Yusho
and Yu-Cheng patients (Hsu et al. 1994; Kuratsune 1989; Masuda 1994; Rogan 1989). Sex ratio was not
altered in children born to 74 Yu-Cheng women during or after the poisoning began (Rogan et al. 1999).
Of 137 live births occurring between 1978 and 1985, 69 were girls and 68 were boys.

3.2.5.2.2 Male Reproductive Effects

Occupational Exposure. Sperm counts, fertility history, and testicular abnormalities as determined by
physical examination were normal in 55 transformer repairmen compared to 56 unexposed workers who
were similar in age, race, and marital status (Emmett et al. 1988a, 1988b). The mean length of
employment of the exposed workers was 3.75 years, most (38) of the workers were currently exposed to
PCBs, and the predominant exposure was from Aroclor 1260 with lesser exposure to Aroclor 1242.
Measurements of air PCB levels at four work areas showed 8-hour TWA concentrations of 0.0167-0.024,
0.0032-0.007, 0.00001-0.0004, and 0.0007—0.0124 mg/m’. Geometric mean PCB concentrations in the
current-exposed, past-exposed, and comparison workers were 2.08, 0.83, and 0.60 ppm, respectively, in
adipose tissue and 12.2, 5.9, and 4.6 ppb, respectively, in serum. Interpretation of the negative results of

this study is complicated by the similar PCB body burdens in the past-exposed and control groups.
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Contaminated Fish Consumption.

The New York State Angler Cohort. Paternal exposure to Lake Ontario fish was not associated with an
increased risk of conception delay, as indicated by TTP, in women from the NYS Angler Cohort (Buck et
al. 1999). The study sample included 785 spouses of male anglers reporting one or more pregnancies
between 1991 and 1993, known TTP, and complete paternal fish consumption histories. Female anglers
were excluded from the study, as fish consumption data from their spouses and partners were not
collected. Three measures of paternal fish consumption were used: (1) frequency of consumption
(number of Lake Ontario fish meals consumed in 1991), (2) duration of consumption (number of years),
and (3) an index of lifetime cumulative PCB exposure from fish consumption (categorized as low,
moderate, and high). Conception delay was defined as requiring $12 menstrual cycles with unprotected
intercourse to achieve pregnancy. Statistical analyses included descriptive methods and unconditional
logistic regression modeling to calculate ORs and 95% Cls. Potential and known confounders included
maternal age, age at menarche, menstrual regularity, education, income, cigarette smoking; history of
prior pregnancy; and history of previous pregnancy loss. Adjusted ORs for paternal fish consumption and
risk of conception delay were <1.0 for all categories of meal frequency and duration. For the PCB index
measure, the ORs were <1.0 in all categories except moderate consumption. The confidence intervals
included one in all analyses. The ORs of <1.0 and inclusion of the value 1.0 in the confidence intervals
indicate that paternal fish consumption did not significantly increase the risk of conception delay among
the women. When the analyses were restricted to spouses or partners with no Lake Ontario fish
consumption (n=445), similar results were obtained for each of the three paternal fish consumption
exposure variables. Selection bias is a potential study concern as the study did not include women who
may have become pregnant accidentally, although there is no evidence to suggest that fish consumption is
systematically related to pregnancy intentions (Buck et al. 1999). Other study limitations include possible
underestimation of paternal fish consumption because data did not include the 2 years prior to the TTP
assessment, and possible residual confounding as several potential confounders of female fecundity were

not collected.

In further analysis of the Buck et al. (1999) study summarized above and the Buck et al. (1997) study
summarized in Section 3.2.5.2.1 (Female Reproductive Effects), Buck et al. (2000) combined maternal
and paternal fish consumption into one model looking at fecundability ratios as the outcome, rather than
TTP (continuous variable used in 1997 paper) or conception delay (>12 months unprotected intercourse
used in 1999 paper). The sample included 606 women with known and unknown TTP who discontinued

birth control in order to become pregnant during 1991-1993 and for whom the partners' fish consumption
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data also were available. The exposure measures included the duration, frequency, and lifetime PCB
index used in the previous studies. As described in Section 3.2.5.2.1, Buck et al. (2000) used a discrete
time analogue of Cox proportional hazards analysis to estimate conditional fecundability ratios and

95% CI for fish consumption among couples with complete exposure data who discontinued birth control
to become pregnant. Fish consumption was generally higher for men than women (68 and 42%,
respectively) as was the mean number of years of fish consumption (5.9 and 2.1 for the entire sample
whether they consumed fish or not). Men also had higher mean PCB indices than women in the study,
although partners' consumption patterns were related. The adjusted fecundability ratios for parental Lake
Ontario fish consumption indicated that maternal consumption of 3—6 years was associated with
significantly reduced fecundability, as was eating more than one monthly fish meal in 1991 (see

Section 3.2.5.2.1). Paternal consumption was associated with slightly elevated, but nonsignificant, CFRs
for all three measures of fish consumption (only duration of 1-2 years had a CFR below 1.0). The
findings suggest that maternal but not paternal consumption of contaminated fish may reduce

fecundability among couples attempting pregnancy.

The Michigan Anglers Cohort. An association between conception delay and sportfish consumption was
found in a survey of 626 married couples conducted between 1993 and 1995 (Courval et al. 1999). At
least one person in each couple was a licensed angler residing in 1 of 10 Michigan counties bordering a
Great Lake (Lake Erie, Lake Huron, or Lake Michigan). Subjects were categorized into four sex-specific
exposure classes (none, low, medium, high) based on an index of lifetime fish consumption (estimated
number of sportfish meals consumed in the past 12 months multiplied by the number of years since 1970
in which fish were caught and consumed): 0, 1-114, 115-270, and 271-1,127 for men, and 0, 1-54,
55-138, and 139-1,127 for women. Conception delay, defined as ever having failed to conceive a child
after 12 months or more of trying, was essentially the same in both sexes (reported by 12.9% of the men
and 13.3% of the women). Unadjusted logistic regression analysis showed that ORs for conception delay
increased in men with increasing exposure class: 1.2 (95% CI 0.5-2.9), 1.3 (0.6-3.1), and 2.0 (0.9-4.5);
results of a trends test were marginally statistically significant (p=0.06). Adjustment for age, race, region
of Michigan, household income, smoking, and alcohol consumption minimally increased the odds ratios
for men. The addition of the partners’ fish consumption in the adjustment further increased the odds
ratios associated with fish consumption in the model for men; the high fish consumption category OR was
2.8 (1.0-8.0), indicating that men with the highest fish consumption were at nearly 3 times the risk of
conception delay as nonconsumers. The findings provide suggestive evidence that frequent consumption
of Great Lakes sportfish may be associated with an increased risk of conception delay for men. As

discussed in Section 3.2.5.2.1, there was no evidence of increased risk of conception delay in the exposed
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women. Although analysis of the data controlled for several potential confounders, no information was
collected regarding the subjects’ frequency or timing of sexual intercourse during the period of attempting
to conceive, whether the partner providing fish consumption data also was the partner with whom the
conception delay had occurred, or levels of PCBs and other persistent toxic chemicals in biological
samples from the subjects. Additionally, the participation rate (29%) was extremely low in this study,

which could have resulted in nonresponse bias, a bias similar to selection bias.

General Population Exposures. Semen samples from fertile men and those with low sperm counts
(idiopathic oligospermia or azoospermia) were analyzed for 74 PCB congeners (Bush et al. 1986).
Multiple linear regression analysis of combined sample data showed no association between
concentration of any individual congener or total PCBs (summed congeners) and either sperm count,
motility, or percentage of normal forms. Analysis of the data by fertility status (fertile, subfertile,
infertile) indicated that in the infertile men (sperm count <20 million cells/mL), decreasing sperm motility
was associated with increasing concentrations of three congeners (2,3',4,4',5-pentaCB [PCB 118],
2,2'.3,4,4',5-hexaCB PCB 137], and 2,2',4,4',5,5'-hexaCB [PCB 153]). The proportion of total variance
attributable to the regression (R?) was 9-16% for these congeners. Another study found that blood
concentrations of tetra-CBs and penta-CBs, but not hexa-CBs and total PCBs, were significantly higher in
infertile males than in normal individuals (Pines et al. 1987). Levels of p,p ’-DDT and other

organochlorine compounds were also increased in the semen and blood of the men in these studies.

Yusho and Yu-Cheng Exposures. Sexual maturation was not delayed, and testicular and scrotal
development was not altered in boys born to Yu-Cheng women, although the exposed boys had
significantly shorter penises (Guo et al. 1993). Sex ratio was not altered in children born to 74 Yu-Cheng
women during or after the poisoning began (Rogan et al. 1999). Of 137 live births occurring between

1978 and 1985, 69 were girls and 68 were boys.

3.2.5.2.3 Evaluation of Human Studies.

Information is available on reproductive effects of PCBs in humans from studies of people exposed by the
general environment, consumption of contaminated rice oil in the Yusho and Yu-Cheng poisoning
incidents, consumption of contaminated fish, and occupational exposures. A comparison of PCB levels in

blood and breast milk in some of these studies is included in Appendix A.
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Females. Gerhard et al. (1998) examined a number of university hospital female patients (n=89) with a
history of miscarriages. Although other substances were also detected (e.g., hexachlorobenzene), PCB
levels were found to be higher in the blood of patients with a history of three or more miscarriages.
Another study of the general population found no association between endometriosis and concentrations

of PCBs in the blood (Lebel et al. 1998).

Menstrual irregularities (i.e., altered intervals, duration, and flow) were observed in women exposed
during the Yusho poisoning incident (Kusuda 1971). Heating of the PCB-contaminated rice oil also
resulted in the formation of other contaminants of concern (i.e., dibenzofurans and ter-, and

quarterphenyls) (Rogan 1989).

In a study of Native Americans, fish consumption has been shown to be a major risk factor for elevated
PCB body burdens (Fitzgerald et al. 1996). The studies that examined reproductive end points in women
whose diets contained Great Lakes fish found evidence that consumption of the fish may be associated
with a slightly shorter length of menstrual cycle (Mendola et al. 1997), but not with increased risk of
conception delay in females (Buck et al. 1997; Courval et al. 1999) or increased risk for spontaneous fetal
death (Mendola et al. 1995a). Buck et al. (1997) examined time-to-pregnancy (i.e., after stopping birth
control, the number of menstrual cycles before pregnancy) as the outcome measure of conception.
However, in a more recent study (Buck et al. 2000), their outcome measure was a fecundability ratio (i.e.,
probability of conception during a given menstrual cycle for the exposed, divided by the same probability
for the unexposed). Utilizing this outcome, the researchers found that maternal consumption of fish for
3—6 years was associated with a reduction in fecundability (i.e., biological capacity for reproduction).
Significantly higher levels of several PCB congeners (e.g., 153 and 138) were also detected in the breast
milk of fisheaters (Kostyniak et al. 1999). The number of months of lifetime lactation declined in these

females with a rise in PCB concentration in breast milk.

Mendola et al. (1997) note that the effect on menstrual cycle length in the women fisheaters is a
preliminary finding that needs to be interpreted cautiously because of certain limitations (e.g., lack of
information on confounders such as stress, use of contraceptives, body mass index, and physical
exercise). The decreases in menstrual length were small and were considered not likely to be clinically
relevant. However, they may be indicative of potential endocrine effects to the population. At the
highest exposure levels, the decrease was approximately 0.5 days for women who reported regular cycles
and 1 day for all women who reported cycle length information. The effect did not appear to be mediated

through irregular cycles since the fish consumption-based exposure levels were similar for women who
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reported regular or irregular cycles. The human populations in which menstrual changes have been
observed differ with respect to the sources of PCBs and exposures to other chemicals that may affect
susceptibility to menstrual disturbances. Although the studies are insufficient for determining which
specific chemical(s) may be responsible for the observed alterations, the available data support a possible

association between PCBs and menstrual disturbances.

There was no apparent effect on mean number of pregnancies in women who were occupationally
exposed to Aroclors 1254, 1242, and/or 1016 (Taylor et al. 1989). This study had limitations due to small
numbers of subjects and the availability of only estimates of exposure based upon job descriptions,
manufacturing process, and industrial hygiene data. Additionally, the mean number of pregnancies

represented data not adjusted for potential confounders.

The human studies of reproductive effects in females have not always resulted in consistent findings. For
example, two studies of fish consumption and conception demonstrated no effect (Buck et al. 1997;
Courval et al. 1999). However, a more recent study by Buck et al. (2000) demonstrated that fish
consumption of a 3—6 year duration was associated with a reduction in fecundity in females. Despite the
variation in results between studies, an association can be observed between the documented reproductive
effects (e.g., menstrual irregularities and conception failure), making these findings biologically

persuasive.

Males. Analysis of semen for 74 PCB congeners showed that increasing concentrations of three
congeners (PCBs 118, 137, and 153), but not total PCBs, were associated with decreasing sperm motility
in infertile men (Bush et al. 1986). Another study found that blood concentrations of tetra-CBs and
penta-CBs, but not hexa-CBs and total PCBs, were significantly higher in infertile males than in normal
individuals (Pines et al. 1987). These results do not necessarily indicate a causative relationship between
PCBs and infertility in men for a number of reasons, particularly because levels of p,p’-DDT and other
persistent toxic chemicals were also increased in semen and blood. Bush et al. (1986) found that the PCB
congeners only accounted for a small proportion of the total variance attributable to the linear regression
analysis, and hypothesized that the increased levels of PCBs in the low sperm count samples could be due
to other factors, such as biological malfunction in the sperm generation system causing lipid leakage.
Associations between conception delay and consumption of PCB-contaminated Great Lakes sportfish
were reported in exposed men, but not their wives, in the study of the Michigan Anglers Cohort (Courval
et al. 1999). Although analysis of the data controlled for several potential confounders, no information

was collected regarding the subjects’ frequency or timing of sexual intercourse during the period of
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attempting to conceive, or levels of PCBs and other persistent toxic chemicals in biological samples from
the subjects. Additionally, there was no clear association between paternal exposure to consumption of
contaminated fish and conception delay or reduced fecundability in the NYS Angler Cohort, another
cohort of Great Lakes Anglers (Buck et al. 1999, 2000). Occupational studies of reproductive effects in
men provide no clear indications of PCB-related effects. Sperm counts, fertility history, and testicular
examinations were normal in a study of transformer repairmen who were occupationally exposed to
Aroclors 1260 and 1242 for a mean duration of 3.75 years (Emmett et al. 1988a, 1988b). Although the
overall evidence for associations between PCBs and effects on sperm and conception delay in males has
not always been consistent, there are indications of possible reproductive effects in males which are

supported by the findings for female study subjects with similar exposure patterns.

3.2.5.3 Animal Studies

The highest NOAEL values and all reliable LOAEL values for reproductive effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.5.3.1 Female Reproductive Effects

Commercial Mixtures. Information on reproductive toxicity of commercial PCB mixtures in female
animals is available from studies in rats, mice, rabbits, minks, and monkeys. As discussed below, effects
on fertility and/or reproductive function have been observed in most of these species with minks and

monkeys showing particular sensitivity.

Wistar rats that were administered 10 mg/kg/day Aroclor 1254 by gavage for 4-6 weeks had prolonged
estrus cycle, decreased sexual receptivity, and a transient decrease in body weight gain, but no significant
effect on the number of ovulations compared to unexposed controls (Brezner et al. 1984). Animals that
were subsequently bred (duration of exposure at time of mating not specified) experienced treatment-
related vaginal bleeding during gestation, delayed parturition, and decreased litter size. Evaluation of
pups following gestational and lactational exposure showed decreased body weight gain, decreased
preweaning survival, premature vaginal opening, and delayed first estrus, but there were no effects on
sexual differentation, estrous cycle, mating, or pregnancy. There were no significant changes in number
of implantation sites, litter size, or offspring sex ratio in Long-Evans rats that were exposed to

4 mg/kg/day Aroclor 1254 in the diet from 50 days prior to mating until birth (Hany et al. 1999b). There

were no overt signs of maternal toxicity, and other dose levels were not tested. Body weight (average of
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both sexes) was significantly reduced in the pups at birth and PND 7-21, and relative testes weights and

serum testosterone levels were reduced in adult male offspring at PND 170.

Two-generation studies were performed in which groups of 20 female Sherman rats were exposed by diet
to Aroclor 1254 in doses of 0, 0.06, 0.32, 1.5, or 7.6 mg/kg/day or Aroclor 1260 in doses of 0, 0.39, 1.5,
or 7.4 mg/kg/day (Linder et al. 1974). Exposure to Aroclor 1254 caused significantly reduced litter sizes
at 7.6 mg/kg/day in the Fla generation (14% smaller than controls) and $1.5 mg/kg/day in the F1b, F2a,
and F2b generations (15-72% smaller than controls). No effects on litter size were found in either
generation of rats fed 0.06 mg/kg/day of Aroclor 1254 or $0.39 mg/kg/day of Aroclor 1260. Insufficient
information is available to determine whether the effect on litter size is due to reproductive or
developmental toxicity because fertility and other reproductive end points were not evaluated in the

study.

Reproductive effects were evaluated in female offspring of Holtzman rats following maternal exposure to
0, 8, 32, or 64 mg/kg/day of Aroclor 1254 by gavage on lactation days 1, 3, 5, 7, and 9 (Sager and Girard
1994). Young, mature, and older adult offspring were examined at 2—4.5, 5-8, and 8.5—13 months of age,
respectively, and mated to untreated males at 112, 200, and 350 days of age, respectively. Effects
included a dose-related reduction in preweaning weight gain that was statistically significant at

$32 mg/kg/day, delayed puberty as indicated by late vaginal opening and first estrus at $32 mg/kg/day;
reduced mating rate (sperm-positive females) in mature offspring at $8 mg/kg/day; reduced implantation
rate and mean number of embryos in young and mature offspring at 64 mg/kg/day; reduced uterine
weight during proestrus in young, mature, and older offspring at $8 mg/kg/day; and reduced uterine
response to exogenous 17-beta estradiol in ovariectomized mature offspring at $8 mg/kg/day. Average
estrus cycle length was not significantly different in any of the groups, although cycle patterns were
altered in low- and high-dose young offspring and in mid-dose mature rats. Pregnancy and ovulation

rates, reproductive aging, and ovarian weights were not affected by exposure Aroclor 1254.

Estrogenic effects of PCBs were also evaluated in in utero and lactationally exposed female offspring of
Sprague-Dawley rats that were administered 0 or 30 mg/kg/day doses of Aroclor 1221, 1242, or 1260 by
gavage on days 12-20 of gestation (Gellert and Wilson 1979). Evaluation of the offspring at

approximately 6 months of age showed no exposure-related changes in ovarian weight, ovulatory status,

or vaginal estrus cyclicity.

Female ICR Swiss mice that were exposed to Aroclor 1254 in the diet at a dose of 12.5 mg/kg/day for

90 days before mating had a conception rate that was reduced approximately 30% compared to lower
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dose groups (#1.25 mg/kg/day) and controls (Welsch 1985). There were no exposure-related effects on
fertilization rate or pre- and postimplantation embryonic losses in New Zealand rabbits that were
administered 4 mg/kg of Aroclor 1260 (only treatment level) by gavage on 3 days/week for 12—15 weeks
before artificial insemination and throughout gestation (Seiler et al. 1994). No other reproductive

parameters were examined in these studies.

It is well established that oral exposure to low doses of PCBs causes reproductive failure in minks. For
example, in minks that were exposed to Aroclor 1254 at an estimated dietary dose of 0.4 mg/kg/day for a
39-week period that began approximately 6 months before mating and ended when the kits were 4 weeks
of age, only two of seven mated females produced offspring with a total of two kits (one alive and one
dead) (Aulerich and Ringer 1977). No effects on numbers of females producing offspring or kits born
were induced by similar exposure to Aroclor 1242, 1221, or 1016, although 0.4 mg/kg/day was the only
dose level tested. Dietary exposure to 0.2 mg/kg/day Aroclor 1254 for a 21-week period that began
approximately 4 months before breeding and ceased at the end of gestation had no effect on numbers of
females producing offspring or kits born, although marked reductions occurred at 0.9 mg/kg/day, and
there were no births at 2.8 mg/kg/day (Aulerich and Ringer 1977). Female minks that were exposed to
1.3 mg/kg/day Aroclor 1254 in the diet from approximately 5 weeks before breeding until 5 days after
parturition had an increased frequency of interrupted pregnancies and 48% reduced litter size with no live
births (Kihlstrom et al. 1992). Similar effects on reproduction were observed in female minks that were
exposed to 0.5-1.7 mg/kg/day Aroclor 1254 or 1.8 mg/kg/day Clophen A50 from before mating until

5 days after parturition for total durations of approximately 3 months (Backlin and Bergman 1995;
Backlin et al. 1997, 1998a, 1998b; Jones et al. 1997). No indications of PCB-induced impaired ovulation
or implantation have been observed in minks, although histopathological studies of mid- to late-gestation
placentae indicate that fetal death is mediated by degenerative changes in maternal (endothelial
detachment and thrombosis in maternal vessels) and fetal (trophoblastic disintegration and loss of fetal
capillary integrity) tissues (Backlin and Bergman 1995; Backlin et al. 1997, 1998a, 1998b; Jones et al.
1997; Kihlstrom et al. 1992).

Reproductive effects of low doses of commercial PCB mixtures have also been demonstrated in
intermediate-duration studies in female monkeys. Exposure to 0.8 mg/kg/day Aroclor 1248 for 2 months
caused a reduction in conception rate in monkeys (Allen et al. 1974a). Conception did not occur in two
of five monkeys that were bred 3 months posttreatment, resorption and/or abortion occurred in two of the
three pregnant monkeys, and the two nonpregnant monkeys were bred twice again during the subsequent

5 months without success. Groups of eight female Rhesus monkeys were exposed to 0.1 or
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0.2 mg/kg/day Aroclor 1248 in the diet from 7 months prior to breeding and throughout pregnancy
(Barsotti et al. 1976). Increased menstrual duration (5-7 days) and bleeding occurred at $0.1 mg/kg/day,
and conception rate was decreased at 0.2 mg/kg/day. Resorptions or abortions occurred in 3/8 and 4/6 of
low- and high-dose impregnated monkeys, compared with 0/12 in controls, and the remaining two high-
dose animals were bred 5 times without success. Similar effects occurred in four Rhesus monkeys that
were mated after 38 weeks of dietary exposure to 0.2 mg/kg/day Aroclor 1248 (Arnold et al. 1990).
Following extended post-implant bleeding, all of the treated monkeys aborted within 30—60 days of
gestation. Following recovery from the abortions, the monkeys were bred again up to a maximum of

7 times but none appeared to conceive, and the menstrual cycle lengths and durations became erratic and

longer during and subsequent to the breeding period.

Information on reproductive effects of chronic exposure to PCBs is available from a study in which groups
of 16 female Rhesus monkeys ingested capsules providing 0, 0.005, 0.02, 0.04, or 0.08 mg/kg/day doses of
Aroclor 1254 for up to 72 months (Arnold et al. 1993a, 1993b, 1995, 1997). Evaluation during the
premating phase of the study (first 37 months) found no exposure-related changes in serum levels of
estrogen and progesterone (assessed during one menstrual cycle), menstrual duration (number of days of
menstrual flow), or menstrual cycle length (number of days from first day of menses until the day
preceding the next menses) (Arnold et al. 1993a, 1993b). The average cycle duration was slightly
increased in the 0.04 and 0.08 mg/kg/day groups compared to controls and the average cycle length was
slightly shortened in treated groups compared to controls, but none of the differences were statistically
significant. There also were no apparent treatment-related effects on incidences of anovulatory cycles or
temporal relationships between estrogen peak and menses onset, menses end, or progesterone peak. After
37 months of exposure, the females were mated with untreated males and dosing was continued throughout
mating and gestation until the breeding phase of the study (29 months) was completed (Arnold et al. 1995).
Incidences for impregnation success were 11/16, 10/16, 4/15, 6/14, and 5/15 in the control to high-dose
groups. Statistical analysis of these conception rates, adjusted for either total number of matings or
number of matings with positive sires, showed that there was a significant (p=0.017) decreasing trend in
the rate of impregnation with increasing dose from 0 to 0.08 mg/kg/day. There was no evidence of such a
trend when conception rates among only the treated groups were compared. Comparisons between the
treated and control groups showed that the conception rates were significantly (p<0.05) reduced at doses
$0.02 mg/kg/day. Age of the females did not appear to be a confounding factor. A significantly
increasing dose-related trend in fetal mortality incidence rates (p=0.040) was also found in this study.
Comparisons between the treated and control groups showed that fetal mortality was significantly (p<0.05)

increased at 0.08 mg/kg/day and marginally (p=0.077) increased at 0.02 mg/kg/day, indicating that
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0.02 mg/kg/day is the LOAEL for both reduced conception and fetal survival. Although the increased
fetal mortality in the 0.02 mg/kg/day group was marginally nonsignificant, the number of animals was
small; this group had three fetal deaths in four impregnated animals, and the infant that was born died
within 2 weeks postpartum. Maternal treatment was discontinued after approximately 7 weeks of lactation
to preclude infants from self-ingesting the mother’s dosing capsule, and restarted in the adult monkeys
when infants were weaned at 22 weeks of age and continued for the following 8 months (Arnold et al.
1997). Necropsies performed at the end of the postweaning exposure period showed no exposure-related
histopathological changes in the uterus and other parts of the reproductive system or increased incidences

or severity of endometriosis.

Defined Experimental Mixtures. There were no significant effects on number of implantation sites, litter
size, or offspring sex ratio in Long-Evans rats that were exposed to 4 mg/kg/day of a PCB congener
mixture simulating the congener content of human milk from 50 days prior to mating until birth (Hany et
al. 1999b). Overt signs of maternal toxicity were not observed, and other dose levels were not tested.
Body weight in the pups (average of both sexes) was significantly reduced at birth and PND 7-21, relative
uterine weight was significantly increased in the female offspring on PND 21, and relative testes weights

and serum testosterone levels were significantly reduced in adult male offspring at PND 170.

Contaminated Fish. No adverse reproductive effects were found in a 2-generation study in which
Sprague-Dawley rats were fed diets containing 0, 5, or 20% (w/w) of lyophilized protein from chinook
salmon from Lake Huron or Lake Ontario (Arnold et al. 1998; Feely and Jordan 1998; Feeley et al. 1998).
The FO rats (30 males and 30 females/group) were mated after 70 days on the test diet and the F1 rats

(1 male and 1 female from 24 litters) were mated 70 days postweaning. Daily intakes of total PCBs in the
female F1 rats fed diet containing 0, 5, or 20% lyophilized Lake Ontario salmon flesh were calculated to
be 0.22, 23.20, and 82.37 pg/kg/day, respectively (Feely and Jordan 1998). PCB intakes were
qualitatively similar, but generally somewhat lower, for males compared with females and for FO rats
compared with F1 rats, and intakes from the Lake Huron diet were about 35-40% lower than from the
Lake Ontario diet. The DDT complex (p,p -DDT, p,p’-DDE, and p,p’-DDD) accounted for 75 and 60%
of organochlorine pesticide residues in the Lake Huron and Lake Ontario fish, respectively, and other
major contaminants included CDDs and CDFs, mirex, chlordane, cadmium, lead, mercury, and arsenic.
Comprehensive reproductive assessment, which included evaluation of conception rate and mating,
fertility, viability, and lactation indices, showed no significant exposure-related adverse effects in either

generation.
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A 2-generation reproduction study of Lake Huron fish was conducted in minks (Restum et al. 1998).
Although numerous chlorinated pesticides and other persistent toxic substances were present in the fish,
the dietary treatments were expressed as targeted concentrations of total PCBs. Diets were formulated to
provide 0, 0.25, 0.5, or 1.0 ppm PCBs by substituting carp from Lake Huron for ocean fish in the control
diet. To determine whether the effects of exposure were permanent, half of the parental (P1) animals
were switched from the treatment diets to the control diet after whelping the first of two F1 generations.
Total exposure time for the P1 minks that were switched to the control diet after weaning was about

6 months, and the P1 minks that were continued on the treatment diets until termination of the study were
exposed for approximately 16—18 months. Effects of gestational and lactational exposure on reproductive
performance of the first F1 generation were examined by switching half of the F1 offspring to the control
diet at weaning (offspring were exposed for about 3 months), and continuing the remaining offspring on
their parental diet throughout their lifetime (continuous exposure for 12—15 months). The second F1
generation included kits born to the P1 dams that were exposed for 6 months followed by 10—12 months
of consumption of control diet prior to whelping, as well as kits born to the P1 dams that were
continuously exposed over an 18-month period. F2 generation minks consisted of kits born to the first F1
generation and exposed to PCBs either during gestation and lactation only, or from gestation throughout
their lifetime. Effects included delayed onset of estrus, as determined by vulvar swelling and time of
mating, in P1 and F1 females that were continuously exposed to the mid and high doses of PCBs. There
were no significant differences in breeding performance (numbers of confirmed bred) and reproductive
performance (number whelped/number mated) in the P1 and F1 females. Survivability of F1 and F2
offspring was markedly decreased in the mid- and high-dose groups. The reduced survivability of the F1
kits predominately occurred after birth during the lactation period. For example, the first F1 litter
produced by the FO generation showed a 70.5% survivability at birth (compared with 94.6% in controls),
but by the end of lactation, 6 weeks after birth, the average survivability was 23% (compared with about
73% in controls). In several exposure groups, there were decreased percentages of mated females that
gave birth, but the decreases were not statistically significant. The failure to demonstrate statistical
significance may have been due to small sample sizes for several of these groups. For example, in a high-

dose F1 group, 2/4 mated females gave birth (50%), compared with 11/14 (79%) in the F1 control group.

Single Congeners. A series of toxicity studies was performed in which groups of 10 male and 10 female
Sprague-Dawley rats were exposed to diets containing four dose levels of various single congeners for

13 weeks (Chu et al. 1994, 1995, 1996a, 1996b, 1998b; Lecavalier et al. 1997). Histological
examinations of the female reproductive organs and mammary glands showed mild changes in the ovaries

in 7/10 rats exposed to PCB 126 at 8.7 ug/kg/day, but not #0.83 pg/kg/day (Chu et al. 1994). The
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ovarian changes were characterized by loss of oogonia in the primary follicles with degeneration of the
inner layer of the corona. No effects in reproductive tissues were found in females following exposure to
PCB 28 at #3,956 pg/kg/day; PCB 77 at 892 pg/kg/day; PCB 105 at #3,960 pg/kg/day; PCB 118 at
#170 ng/kg/day; PCB 128 at #4,125 mg/kg/day; or PCB 153 at #4,397 ug/kg/day. Measurements of
serum leutinizing hormone and follicle-stimulating hormone concentrations, performed only in the female

rats exposed to PCB 28 and PCB 77, showed no exposure-related changes (Desaulniers et al. 1997).

Promotion of surgically-induced endometriosis was studied in B6C3F1 mice that were treated with

PCB 126 or PCB 153 by gavage every 3 weeks for a total of 5 doses (Johnson et al. 1997). Dose levels
were 0, 100, 300, or 1,000 ng/kg/day for PCB 126 and 0, 3, or 30 mg/kg for PCB 153. No significant
changes in the size, weight, or histology of endometriotic lesions were induced by either congener. There
also were no significant effects on ovarian or uterine weights, although histological examination of the
ovaries (uterus not examined) from a small number of animals (three per group) suggested possible

induction of ovarian atrophy by PCB 126.

A reproduction study of PCB 169 was conducted in which offspring of exposed female Wistar rats were
mated (Smits-van Prooije et al. 1993). The maternal rats were treated with a single 0, 0.2, 0.6, or

1.8 mg/kg dose of PCB 169 by gavage on day 1 of gestation. Mating of male and female offspring as
young adults (age not specified) resulted in significantly reduced mating success (females mated) and
pregnancy rate at 1.8 mg/kg. Mating of female offspring with unexposed males as 1-year-old adults

caused nearly a completely reduced number of mated females and zero pregnancy rate at 1.8 mg/kg.

Female C57BL/6J mice were fed PCB 77 in estimated dietary doses of 0, 0.6, or 7 mg/kg/day for 2 weeks
before mating with unexposed males and subsequently throughout gestation and lactation (Huang et al.
1998b). Female offspring were fed the same diets as the dams from weaning until 7 weeks of age, at
which time they were mated with unexposed males. Fecundity (percentage of mated females that gave
birth) and pup survival at ages 4 and 21 days were reduced in the FO females at 7 mg/kg/day. There were
no effects on fecundity or litter size in the F1 females, although all of their offspring died before 4 days of
age at $0.6 mg/kg/day. Other effects included reduced in vitro fertilizing ability of the eggs and
increased degenerated eggs in the F1 females at $0.6 mg/kg/day; these end points were not evaluated in

FO females.

Other Relevant Information. Results from in vitro studies with oocytes obtained from superovulated

B6D2F, mice showed that and 3,3',4,4'-tetraCB and Aroclors 1221, 1254, and 1268 significantly reduced
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fertilization rates and increased the incidence of degenerative ova and abnormal 2-cell embryos (Kholkute

et al. 1994a). Of the four PCBs tested, Aroclor 1254 was the most effective.

3.2.5.3.2 Male Reproductive Effects

Commercial Mixtures. High oral doses of commercial PCBs induced testicular effects in weanling rats,
but not adult rats or mice. Adult mice that were exposed to 130 mg/kg/day Aroclor 1254 in the diet for
14 days had no treatment-related changes in relative weights of the testes or preputial and vesicular
accessory glands (Sanders et al. 1974). Similarly, no effects on testis weight, epididymis weight, or
testicular histology or cytogenicity were found in adult rats that were treated with 50 mg/kg/day
Aroclor 1254 by gavage for 7 days (Dikshith et al. 1975). Weanling F344 rats that were administered
25 mg/kg/day Aroclor 1254 by gavage for 15 weeks, however, had significant reductions in seminal
vesicle and cauda epididymal weights, caudal epididymal sperm counts, and body weight gain (Gray et al.
1993). These effects were not observed at lower doses of 0.1-10 mg/kg/day, and there were no changes
in testicular sperm count and motility, testicular weight, serum levels of testosterone, weight of the
testicular interstitial fluid, testosterone concentration in the interstitial fluid, or total testosterone in the
interstitial fluid compartment of the testis. None of these mouse and rat studies evaluated reproductive

capability.

Fertility was markedly reduced in male offspring of Holtzman rats that were lactationally exposed to
Aroclor 1254 (Sager 1983; Sager et al. 1987, 1991). The maternal rats were treated with 8, 16, 32, or
64 mg/kg doses by gavage on lactation days 1, 3, 5, 7, and 9, and male offspring were mated with
untreated females 130—150 days postweaning (Sager 1983; Sager et al. 1987). Significant decreases in
numbers of implants and embryos were observed at 8 mg/kg/day (21 and 29% lower than controls,
respectively) and higher doses, and there was either a significant decrease or a decline in number and
percent of normal fertilized eggs and eggs at the two- to four-cell blastocyte stages at $16 mg/kg/day.
The reduction in male fertility appears to be due to impaired ability of sperm to fertilize eggs because
sperm production, morphology, and motility were not affected and plasma FSH and testosterone
concentrations were not reduced (Sager et al. 1987, 1991). Seminal vesicle and ventral prostate weights

were decreased at $16 mg/kg/day.

In contrast to the effects of Aroclor 1254 summarized above, fertility was not impaired in male offspring
of Sprague-Dawley rats that were administered 0 or 30 mg/kg/day doses of Aroclor 1221, 1242, or
1260 by gavage on days 12-20 of gestation (Gellert and Wilson 1979). There were no exposure-related
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changes in the percentage of male offspring (F1) siring progeny when they were mated with unexposed
females at approximately 6 months of age, or in the sex ratio of the F2 offspring from this mating.
Measurements of absolute testes and ventral prostate weights in the F1 males (relative weights not

determined) showed no changes except for increased testes weight in the Aroclor 1260 group.

Limited information is available on reproductive effects of commercial PCB mixtures in male minks and
monkeys. Mating performance and testicular histology were normal in four male minks that were fed
0.1 mg/kg/day Aroclor 1254 in the diet for approximately 6 months (Wren et al. 1987b). Aulerich and
Ringer (1977) noted that long-term dietary exposure to Aroclor 1254 did not exert any apparent adverse
effects on spermatogenesis in minks. Matings between unexposed females and PCB-treated males

reportedly resulted in acceptable reproduction, but no additional study information was provided.

One of four male Rhesus monkeys that were fed 0.1 mg/kg/day Aroclor 1248 for 17 months developed
decreased libido and dermal and ocular signs of PCB toxicity after the first year of exposure (Allen and
Norback 1976). A testicular biopsy on the affected animal showed marked hypoactivity of the
seminiferous tubules characterized by an absence of mature spermatozoa and a predominance of Sertoli
cells. The remaining three males remained healthy and sexually active. Evaluation of sperm morphology
and viability and the ability to fertilize unexposed females, performed during the first year of exposure,

showed no effects in any of the four males.

Contaminated Fish. There were no effects on breeding performance in male minks in the 2-generation
reproduction study of Lake Huron fish summarized in Section 3.2.5.3.1 (Restum et al. 1998). No
differences in the number of attempted or confirmed matings, or testicular volumes, were observed among

the P1 and F1 generation males.

Single Congeners. Reproductive effects were evaluated in offspring of female Wistar rats that were
treated with a single 0, 0.2, 0.6, or 1.8 mg/kg dose of PCB 169 by gavage on day 1 of gestation (Smits[]
van Prooije et al. 1993). Mating of exposed male and female offspring as young adults (age not
specified) resulted in significantly reduced mating success (females mated) and pregnancy rate at

1.8 mg/kg. Mating of exposed male offspring with unexposed females as 1-year-old adults resulted in a

zero pregnancy rate at 1.8 mg/kg.

Female C57BL/6J mice were fed PCB 77 in estimated dictary doses of 0, 0.6, or 7 mg/kg/day for 2 weeks

before mating with unexposed males and subsequently throughout gestation and lactation (Huang et al.
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1998a). Male F1 offspring were fed the same diets as the dams from weaning through 7 and 17 weeks of
age, at which time, they were mated with unexposed females. Evaluation of reproductive ability of the F1
males showed no effects es as indicated by changes in fecundity (percentage of mated females that gave
birth), litter size, sex ratio, or pup survival. Testes weights were increased in 7 mg/kg/day F1 males at

3 weeks, but not at 9 or 19 weeks of age. Additionally, although there were no effects on breeding, in
vitro sperm-fertilizing ability was reduced in 7 mg/kg/day F1 males at 19 weeks, but not at 9 weeks of

age.

A series of toxicity studies was performed in which groups of 10 male and 10 female Sprague-Dawley
rats were exposed to diets containing four dose levels of various single congeners for 13 weeks (Chu et al.
1994, 1995, 1996a, 1996b, 1998; Lecavalier et al. 1997). Histological examinations showed no effects in
male reproductive tissues following exposure to PCB 28 at #3,783 pg/kg/day; PCB 77 at

#768 pg/kg/day; PCB 105 at #4,327 ng/kg/day; PCB 118 at #683 pg/kg/day; PCB 126 at

#7.4 ng/kg/day; PCB 128 at #3,534 pg/kg/day; or PCB 153 at #4,210 pg/kg/day. Measurements of
serum testosterone concentrations, performed only in the male rats exposed to PCB 28 and PCB 77,

showed no exposure-related changes (Desaulniers et al. 1997).

Other Relevant Data. Daily sperm production was reduced and percentages of abnormal sperm were
increased in adult male rats 1-8 weeks following administration of a single subcutaneous dose of 18 or
60 mg/kg of 3,3',4,4'-tetraCB (PCB 77) (Faqi et al. 1998). No effects on testis histology or serum

testosterone concentration were observed, and reproductive capability was not evaluated.

Effects on the testis were evaluated in adult male rats that were neonatally exposed to either

Aroclor 1242 (.10, 40, or 80 mg/kg/day) or Aroclor 1254 (. 10 or 40 mg/kg/day) by daily subcutaneous
injection from birth to PND 25 (Cooke et al. 1996). Examinations at 135 days of age showed
significantly increased testis weight at $40 mg/kg/day Aroclor 1242 and $10 mg/kg/day Aroclor 1254,
and increased daily sperm production at 10 mg/kg/day Aroclor 1242 and $10 mg/kg/day Aroclor 1254.
Sertoli cell proliferation was also increased in exposed rats (only examined in 15-day-old pups treated
with 40 mg/kg/day Aroclor 1242). Both Aroclor 1242 and 1254 also suppressed serum thyroxine (T,)
concentrations and T, replacement decreased or eliminated the testicular effects. As discussed in
Section 3.2.2.8 (Endocrine Effects), other studies also indicate that hypothyroidism is involved in PCB-
induced testicular effects in neonatal rats. Fertility tests showed that all Aroclor 1242-treated rats

successfully impregnated unexposed females (Aroclor 1254 was not tested).



PCBs 225

3. HEALTH EFFECTS - Reproductive

3.2.5.3.3 Evaluation of Animal Studies

Reproductive toxicity in female animals has been established in a number of oral studies with commercial
PCB mixtures. Effects have been observed in various species, including rats (e.g., prolonged estrus,
decreased sexual receptivity, and reduced implantation rate in adults and/or their offpsring exposed via
gestation and lactation), mice (decreased conception), minks (partial or total reproductive inhibition), and
monkeys (prolonged menstruation, decreased fertility) (Allen et al. 1974a; Arnold et al. 1990, 1993a,
1993b, 1995; Aulerich and Ringer 1977; Backlin and Bergman 1995; Backlin et al. 1997, 1998a, 1998b;
Barsotti et al. 1976; Brezner et al. 1984; Jones et al. 1997; Kihlstrom et al. 1992; Sager and Girard 1994;
Welsch 1985). Minks and monkeys are particularly sensitive, with effects occurring in these species at
doses in the range of 0.1-1 mg/kg/day in intermediate-duration studies, and as low as 0.02 mg/kg/day in

monkeys following chronic exposure.

In minks, repeated exposure to 0.4—1.8 mg/kg/day doses of Aroclor 1254 or Clophen AS50 caused
reproductive failure that has been associated with fetal death following embryo implantation (Aulerich
and Ringer 1977; Backlin and Bergman 1995; Backlin et al. 1997, Kihlstrom et al. 1992). No indications
of PCB-induced impaired ovulation or implantation have been observed in minks, although
histopathological studies indicate that fetal death is mediated by changes in the placental vasculature
which cause degenerative changes in the maternal and fetal vessels during gestation (Backlin and
Bergman 1995; Backlin et al. 1997, 1998a, 1998b; Jones et al. 1997; Kihlstrom et al. 1992). As discussed
in Section 3.5.2, multiple mechanisms are likely to be involved in PCB-induced reproductive impairment
in minks. Although these studies provide important information on the mechanism and sensitivity of
reproductive toxicity in female minks, it is unclear if this species is an appropriate surrogate for human
toxicity. Impaired ability to conceive and decreased fetal survival are well-documented in female
monkeys following repeated oral exposures to Aroclors 1254 and 1248 (Allen et al. 1974a; Arnold et al.
1990, 1993a, 1993b, 1995; Barsotti et al. 1976). For example, reduced conception rates, as well as
increased incidences of abortions, resorptions, or stillbirths, were observed in groups of 16 female Rhesus
monkeys that were fed encapsulated Aroclor 1254 at dose levels of 0.02—0.08 mg/kg/day for 37 months
before breeding and subsequently throughout mating and gestation (Arnold et al. 1995). There were no
clear effects on reproduction at 0.005 mg/kg/day, the lowest tested dose in this study and in any species.
This dose is the LOAEL for immunological effects in the maternal monkeys and developmental toxicity
in their offspring (see Sections 3.2.3 and 3.2.6). Mechanisms for the reproductive effects in monkeys
have not been elucidated, although Arnold et al. (1995) found no evidence that they were associated with

endometriosis.
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There is some evidence suggesting that noncommercial mixtures of PCBs may have the potential to
induce estrogenic and anti-estrogenic effects in the offspring of exposed animals. There were no
significant effects on number of implantation sites or litter size in rats that were exposed to 4 mg/kg/day
of a PCB congener mixture simulating the congener content of human milk from 50 days prior to mating
until birth (Hany et al. 1999b). Evaluation of the offspring, however, showed significantly increased
relative uterine weight in immature females (PND 21) and reduced testes weights and serum testosterone
levels in adult males (PND 170). No significant exposure-related adverse effects on reproductive
parameters (mating, fertility, viability, lactation indices, litter size) were found in a 2-generation study of
rats fed contaminated fish from Lake Huron or Lake Ontario (Feeley et al. 1998). A 2-generation
reproduction study of Lake Huron-fed minks similarly found no effects on breeding or reproductive
performance, although onset of estrus was delayed in P1 and F1 females and survivability was decreased
in F1 and F2 offspring (Restum et al. 1998). From the available information, it is not possible to
determine whether the different results from the minks and rat studies are due to physiological or
biochemical differences between minks and rats, qualitative or quantitative differences in chemical
composition of the fish flesh, or some other cause. Additional information on the estrogenic and

antiandrogenic effects of PCBs is discussed in Mechanisms of Toxicity (Section 3.5.2).

A limited amount of information is available on reproductive effects of PCBs in male animals. Short-
term exposure to high oral doses of Aroclor 1254 induced no changes in the weight or histology of the
testes or accessory glands in adult rats exposed to 50 mg/kg/day for 7 days or mice exposed to

130 mg/kg/day for 14 days (Dikshith et al. 1975; Sanders et al. 1974). Weanling F344 rats that were
treated with 25 mg/kg/day Aroclor 1254 by gavage for 15 weeks, however, had significant reductions in
seminal vesicle and cauda epididymal weights, caudal epididymal sperm counts, and body weight gain
(Gray et al. 1993). These effects were not observed at lower doses of 0.1-10 mg/kg/day, and there were
no changes in other testicular end points including sperm count and motility, testicular weight, and serum
levels of testosterone. The results of the Gray et al. (1993) study may be related to the age of the rats at
the start of dosing (day 31), which is after the development of Sertoli cells is complete, and therefore may
have missed the vulnerable period in the postnatal development of the testes (see discussion in

Section 3.2.2.8.3). None of these mouse and rat studies evaluated reproductive capability. Observations
on small numbers of animals indicated that mating performance and testicular histology were normal in
male minks that were fed 0.1-0.9 mg/kg/day doses of Aroclor 1254 for 4-6 months (Aulerich and Ringer
1977; Wren et al. 1987b). One of four monkeys that were fed 0.1 mg/kg/day Aroclor 1248 for 17 months
developed clinical signs of toxicity, decreased libido, and marked hypoactivity of the seminiferous

tubules, including an absence of mature spermatozoa, after the first year of exposure (Allen and Norback
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1976). The remaining three males remained healthy and sexually active, and none of the animals had
effects on sperm morphology and viability and the ability to fertilize unexposed females, although the

latter end points were only evaluated during the first year of exposure.

In contrast to the limited evidence for reproductive effects in exposed male adult animals, fertility was
markedly reduced in male offspring of rats that were lactationally exposed to $8 mg/kg/day

Aroclor 1254 (Sager 1983; Sager et al. 1987, 1991). The reduction in male fertility appears to be due to
impaired ability of sperm to fertilize eggs because sperm production, morphology, and motility were not
affected and plasma FSH and testosterone concentrations were not reduced (Sager et al. 1987, 1991).
Fertility was not impaired in the male offspring of rats that were administered 30 mg/kg/day of

Aroclor 1221, 1242, or 1260 by gavage during gestation (Gellert and Wilson 1979), but this study did not
include postnatal exposure. Results of oral and subcutaneous studies with single congeners have shown
that gestational, lactational, or adult exposures can adversely affect morphology and production of sperm
and fertility in male rats and mice (Faqi et al. 1998; Huang et al. 1998a; Smits-van Prooije et al. 1993),

although congeneric structure-activity relationships are unclear.

3.2.6 Developmental Effects

This section describes effects of exposure to PCBs on anthropometric measures at birth in humans as well
as on physical growth during infancy. For consistency, the discussion of animal data is restricted mostly
to these same end points. Effects of perinatal exposure to PCBs on other end points in the offspring,
including changes in the thyroid gland and thyroid hormones, neurobehavior, and the immune and

reproductive systems, are discussed in the respective sections in Chapter 3.

3.2.6.1 Summary

Anthropometric measures have been evaluated in newborn from women (1) exposed to PCBs through
consumption of Great Lakes and ocean fish contaminated with PCBs and other environmentally persistent
chemicals, (2) from the general population with no known high exposure to PCBs, (3) occupationally
exposed to commercial PCB mixtures, and (4) accidentally exposed to PCBs and structurally-related
chemicals. Some studies found significant negative associations between anthropometric measures at
birth (and at early ages) and exposure to PCBs, whereas others found significant positive associations,
and yet a third group reported no significant associations. The wide range of results may reflect the

different degree of controlling for confounders and/or the different exposure measures. Of the studies of
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women who consumed contaminated fish from the Great Lakes, only the Michigan study reported an
association between reduced birth weight, head circumference, and gestational age in newborns and with
body weight at 4 years with prenatal exposure to PCBs (PCBs in cord blood). A study of Lake Ontario
fisheaters, which used similar measures of exposure as the Michigan study, found no significant
association between birth weight, head circumference, or gestational age and prenatal exposure to PCBs.
In two additional studies of Lake Michigan women, fish consumption had a positive effect on birth
weight. A study of Swedish wives of Baltic Sea fishermen found an increased risk of low birth weight
with increasing maternal blood concentrations of the PCB congener PCB 153 used as surrogate of PCB
exposure during the year of childbirth. In a study of the general population in the Netherlands, prenatal
exposure to PCBs (PCBs in cord blood) was associated with reduced birth weight, but not with head
circumference or height at 10 days of age. Prenatal exposure in formula-fed children was associated with
reduced growth between birth and 3 months, but no such association was seen in breast-fed children,
suggesting that any detrimental effect observed in newborns due to prenatal exposure to PCBs may have
been counteracted by the benefits of breast feeding. No significant association was seen between growth
during the ages of 3—7, 7-18, or 18—42 months and any measure of exposure to PCBs. A study of the
general population in Finland found no significant association between birth weight and the concentration
of PCBs in breast milk. No firm conclusions can be made regarding growth and development of children
and environmental exposures to PCBs, although perinatal exposure to high concentrations of PCBs and
structurally-related chemicals, as occurred in Yusho and Yu-Cheng, affects birth weight and growth during

early life.

Studies have been conducted in animals exposed to commercial PCB mixtures, single PCB congeners,
and a reconstituted PCB mixture with a composition of congeners similar to the pattern found in human
breast milk. The results of these studies suggest that primates are much more sensitive to the effects of
perinatal exposure to PCBs than rodents. It also appears that unless very high doses are used, PCBs are
not teratogenic. In general, studies in rodents have used relatively high doses of PCBs. Data in rodents
treated with commercial PCB mixtures showed that developmental toxicity can occur in the absence of
overt signs of maternal toxicity. Limited data from a study in rats exposed during gestation showed that
Aroclor 1254 was more potent than Aroclor 1260 in reducing survival of the pups to weaning. These two
Aroclors differ primarily in that Aroclor 1254 lacks congeners with 7-9 chlorines. Reduced birth weight
was reported in offspring from Rhesus monkeys treated before mating and during gestation with low
doses of commercial PCB mixtures. These monkeys also showed characteristic signs of PCB intoxication
such as hyperpigmentation. In all of the monkey studies, signs of PCB intoxication were also evident in

the mothers.
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3.2.6.2 Human Studies

3.2.6.2.1 Growth and Development

3.2.6.2.1.1 Contaminated Fish Consumption

The Michigan Cohort. Birth weight, length, and gestational age were evaluated in 313 newborn infants
in the Michigan study (Fein et al. 1984a, 1984b). A detailed description of the study design is presented
in Section 3.2.4 Neurological Effects. Briefly, of the 313 infants, 242 were born to mothers who had
consumed moderate to large quantities of Lake Michigan fish sometime during their lives, and 71 were
born to mothers who did not consume Lake Michigan fish. In the exposed group, mean fish consumption,
estimated by recall and duration of consumption, was 6.7 kg/year and 15.9 years, respectively; this rate is
equivalent to two or three salmon or lake trout/month (Fein et al. 1984a, 1984b). Consumption during
pregnancy was 4.1 kg/year. The mean PCB level in maternal serum among those eating Lake Michigan
fish was 6.1 ppb (SD=3.7), while the mean among those reporting no fish consumption was 4.1 ppb
(SD=2.7). The mean PCB residues also were significantly higher in breast milk samples from the
fisheaters as compared to the nonfisheaters, 865.6 ppb (fat basis) versus 622.2 ppb (Fein et al. 1984a).
Data on approximately 37 potential confounders, including smoking during pregnancy, were considered

in the study analyses (Fein et al. 1984a, 1984Db).

Overall, lower birth weight, smaller head circumference, and shorter gestational age were positively
correlated with consumption of fish and levels of total PCBs in cord serum; however, when the two
populations were divided according to the cord serum levels, the great majority in the low-level group
were fisheaters, suggesting that fish consumption rates were poor indicators of PCB exposure. Fish
consumption only during pregnancy did not predict either birth size or gestational age (Fein et al. 1984b).
Approximately 75% of the children were re-examined at age 4 (Jacobson et al. 1990a, 1990b). Levels of
total PCBs in maternal milk or cord serum, or total duration of breast-feeding, were not related to height

or head circumference at 4 years, but prenatal PCB exposure was associated with lower weight at age 4.

The Oswego Cohort. A study similar to the one conducted in Michigan was initiated in Oswego County
(New York) based on babies born between 1991 and 1994 (Lonky et al. 1996) (see also

Section 3.2.4.2.1.1, Neurological Effects). Pregnant women were recruited from the office of one
obstetric practice and, following interviews, were divided into three groups based on their estimated fish

consumption. The high fish consumption group was composed of women who reported having eaten
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$40 PCB-equivalent pounds of Lake Ontario fish in their lifetime (n=152) (the same as the Michigan high
fish consumption group). The low consumption group reported eating <40 PCB-equivalent pounds
(n=243), and the no-fish-consumption group had never eaten Lake Ontario fish (n=164). The mean PCB-
equivalent pounds consumed in the high fish group was 388.47 (SD=859.0), while the mean among those
in the low-fish-consumption group was 10.14 (SD=17.8). The three groups did not differ with regard to
demographic, health, and nutritional data, maternal substance use, infant birth characteristics. The high-
fish consuming group had a significantly heavier pre-pregnancy weight than the nonfisheating group. In
contrast to findings from the Michigan study, which had higher levels of exposure, birth weight, head
circumference, and gestational age were unrelated to fish consumption. In subsequent studies, the
investigators analyzed the association between specific groups of PCB congeners (according to degree of
chlorination) and neurobehavioral outcomes in the newborn, but they provided no information regarding

such analyses being done for birth weight, head circumference, and gestational age.

The Green Bay Wisconsin Study. This study was designed to evaluate the reproductive effects
associated with maternal consumption of contaminated Great Lakes fish (Dar et al. 1992). All women
between the ages of 18 and 35 with positive pregnancy tests at two Green Bay Wisconsin obstetrical
clinics were invited to participate in this study. The recruitment occurred between January 1, 1987 and
January 1, 1988. Participants were asked to complete a self-administered questionnaire at the first
prenatal visit including questions on fish consumption, socioeconomic status, medical, reproductive,
family, and occupational histories as well as a section on maternal behaviors. Of the 1341 eligible
women, 1,115 agreed to participate for an overall participation rate of 82.9%. Nonparticipants (n=226)
completed a brief questionnaire and were found to have lower education, lower income, and were more
likely to be nonwhite. Exposure to PCBs was estimated from fish consumption scores determined from
the questionnaire responses and corroborated by serum analyses. Fish consumption scores were
calculated for each participant based on the amount and species of fish consumed in the preceding year.
Levels of PCBs in the 18 species of fish that participants reported consuming were based on Wisconsin
Department of Natural Resources surveys. Estimated PCB mean intake scores were used to establish the
exposure variable categories. The low fisheating group (n=522) included women who consumed no
locally caught fish, while the medium group (n=401) contained participants whose PCB scores were
greater than 0 but less than the 90th percentile. The high exposure group was composed of women whose
PCB intake scores were above the 90th percentile (n=104). Neither the actual fish consumption scores

nor the means of the PCB scores for each exposure group were reported (Dar et al. 1992).
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Due to the high cost of serum PCB analyses, maternal serum specimens were drawn from a random
sample of participants (n=100) to assess the validity of the fish consumption variables. Correlation
analysis between the fish consumption variables and serum PCB levels yielded a correlation coefficient of
0.666. The sum of the individual congener levels of PCBs in serum ranged from 0.6 to 5.0 ppb. The
mean for each exposure group was not provided. The birth size outcomes evaluated in this study included
birth weight, birth length, head circumference, ponderal index, and birth weight percentiles for gestational
age (method not specified). These data were abstracted from hospital and clinic reports. Only data on
birth weight were presented in this publication due to the similarity of results obtained from the other
parameters. Multiple regression analyses were performed to assess the relationship between fish
consumption and the outcomes of interest. Effect modification was assessed through the inclusion of
interaction terms in the models. Factors known to influence birth outcomes were included as potential
confounders (sex of child, birth order, smoking, caffeine and alcohol consumption during pregnancy,

gestational age, pregnancy weight gain, usual maternal weight, and demographic variables).

Birth weight was found to increase with increasing PCB exposure, based on the fish consumption scores.
Maternal weight gain modified the effect of fish consumption (PCB exposure) on birth weight; birth
weight increased with fish consumption in women gaining <34 pounds during pregnancy while there was
little difference in mean birth weights for the three fish consumption categories in women gaining more
than 34 pounds during pregnancy (Dar et al. 1992). Smoking and caffeine consumption were negatively

related to birth weight while male infants were found to be slightly heavier than female infants.

The Sheboygan Wisconsin Study. A study of Sheboygan, Wisconsin residents was conducted in 1980
and 1981 to assess the relationship between maternal serum and breast milk PCB levels and infant health,
behavior, and development (Smith 1984). Routine testing for PCBs in 1978 along the Sheboygan River
in Wisconsin revealed that game fish had PCB levels far in excess of the standard set for fish by the FDA
(5 ppm at the time of the study, currently 2 ppm). To ascertain the potential health risks associated with
the elevated PCB levels, a study of mother-infant pairs was undertaken in 1980 and 1981. A total of

73 of the mothers were included in the study. The participants were divided into three groups based on
their screening survey responses (it is unclear if these groups were meant to be exposure variable
categories or simply a description of the study population). Group 1 (n=23 pairs) included women who
were breast feeding and ate Lake Michigan or Sheboygan River fish at least twice a month for $3 years.
Group 2 (n=39 pairs) included women who were breast feeding and ate Lake Michigan or Sheboygan

River fish not more than twice a year (and had not done this for more than 3 years). Group 3 (n=11 pairs)
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included women who were not breast feeding and ate Lake Michigan or Sheboygan River fish at least

twice a month for 3 or more years.

Maternal serum and a breast milk sample were also taken during each of the mother-infant evaluations.
The first evaluation took place during the second month of postnatal life while the second occurred at

4 months of age. Prenatal maternal serum samples were not taken for any of the participants. The
maternal survey instrument included questions on demographic variables, work history, medical history
including reproductive history and the most recent pregnancy, smoking and alcohol consumption, and
general diet. Information on fish consumption also was collected from this questionnaire and included
data on species, amount, and frequency of fish meals. The data collected on the infants included a health
history, dietary history, and growth and development assessment (Smith 1984). Statistical analyses
included preliminary descriptive analyses using t-tests and chi-square tests. Multiple regression and

logistic regression were used for the final models.

The mean level of PCBs in the first maternal serum was 5.76 ppb (range=1.29-14.9 ppb) while the mean
for the second was 5.48 ppb (range=1.15-14.1 ppb). These levels indicated a low exposure level (Smith
1984). The means were very similar between the three groups of mother-child pairs. The mean breast
milk PCB levels (fat basis) in the first sample of Sheboygan women was 1.13 ppm

(range=0.29-4.02 ppm) while the mean for the second sample was 1.14 ppm (range=0.34-3.79 ppm).

Several variables were significant predictors of serum PCB levels (first sample) in linear regression
modeling. These included the mother's education, a fish diet after birth, occupation, total bilirubin,
cholesterol, and phosphorus (negatively associated). Regression analyses indicated that serum PCB level
and cholesterol were significant predictors of the first breast milk sample PCB level. Regression analyses
examining the relationship between birth weight and serum PCB levels (first sample) found that maternal
serum PCB level was positively associated with birth weight after controlling for gestational age,
smoking, and mother's weight. Fish consumption was not included as a variable in this analysis. In this
investigation, the first breast milk sample was collected 2 months postnatal, and breast feeding would
decrease serum concentrations. Therefore, a major confounder not adjusted for was breast feeding

duration.

The Wives of Swedish Fishermen Cohort Study. A study of the wives of fishermen from two established
cohorts was conducted to investigate whether east coast wives with a presumably higher intake of fatty

fish (and PCBs) were more likely to have adverse reproductive outcomes than those living on the west
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coast and elsewhere in Sweden (Rylander et al. 1995). Cohorts of fisherman from the east and west
coasts of Sweden were established based on membership in fishermen organizations from 1930 forward.
Through linkage to the national Swedish population register and to registers at the local parish offices,
1,568 women from the east coast and 4,027 from the west coast who were, or had been, married to these
fishermen were identified. From 1973 to 1991, 757 women from the east coast cohort gave birth to

1,501 infants while 1,834 women from the west coast cohort gave birth to 3,553 infants.

Exposure to PCBs was represented by a variable called "east coast affiliation." The east coast of Sweden
borders the Baltic Sea, a source of fatty fish (salmon and herring) thought to be contaminated with
persistent organochlorine compounds. The west coast of Sweden is thought to have less contamination
than the east. The study was designed as a retrospective cohort investigation comparing children born to
east coast women (exposed) and west coast women (unexposed) who were, or had been, married to
fishermen. The majority of the data in this study was collected from the Swedish Medical Birth Registry,
which includes information on maternal demographics, smoking during pregnancy, prenatal care,
delivery, and pediatric assessments of the newborns. The principal end points evaluated in this study
were birth weight, birth length, and head circumference. Two cutpoints were used as an indicator of low

birth weight, 2,500 and 3,000 g.

Smoking was less frequent among west coast women during early pregnancy than among east coast
women (22.7 versus 38%). In addition, there was a higher proportion of short women (<165 cm) among
the east coast cohort as compared to the west (48.6 versus 39.2%). Weight distributions during early

pregnancy were similar for both cohorts.

In order to assess the dietary habits of both the east and west coast fishermen's wives, interviews were
conducted with a 5% random sample (n=38) of east coast cohort members and 2% random sample (n=31)
of west coast cohort members. Equal numbers of female residents from the general population were also
interviewed; these "control" women were matched to the east and west coast wives by age and county of
residence. Both the east and west coast women, who were married to fishermen, ate locally caught fish,
both lean and fatty species, twice as often as their referents. The fishermen's wives also consumed about

3 times the amount of fatty fish species/month as their referents.

Among the fishermen's wives, west coast cohort members ate significantly more lean fish species than the

east coast cohort members. There were no statistically significant differences between the east and west
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coast fishermen's wives in the total number of fatty fish meals eaten/month or in the amount of fatty fish

consumed on a monthly basis.

Comparison between the cohorts showed that birth weight and head circumference, but not length at birth,
were slightly reduced (p<0.001) in the east coast group. The effect on head circumference was observed
even when multiple births and infants with major malformations were excluded. Odds ratios were
calculated to evaluate the effect of cohort affiliation on low birth weight using a stratified analysis to
control for confounders. East coast affiliation was significantly associated with low birth weight

(<3,000 g) even after adjustment for gender of the child, maternal age, parity, marital status, and smoking.

Stratified analyses for head circumference and birth length were not presented in this report.

In a more recent publication from this group, the authors examined the association between the
concentration of 2,2',4,4',5,5'-hexaCB (PCB 153) in maternal serum during the year of childbirth and birth
weight of 57 east coast low birth weight cases and 135 controls matched on gender, parity, and calendar
year of birth (Rylander et al. 1998b). In 1995, blood samples were collected from the wives and ex-wives
of fisherman from the east cost who had given birth during the period of 1973-1991. PCB 153 in
maternal blood was used as biomarker of exposure to PCBs and the concentration during the year of
childbirth was estimated using kinetic models. The median concentration in serum (fresh weight) in 1995
was 1.0 ppb for the case mothers compared to 0.92 ppb for control mothers. Rylander et al. (1998b)
found an increase in the risk of a low birth weight at maternal blood PCB 153 concentrations of 300 and

400 ng/g (ppb, lipid basis).

3.2.6.2.1.2 General Population Exposure

The North Carolina Breast Milk and Formula Project. The North Carolina Breast Milk and Formula
Project (NCBMFP) is a cohort study designed to assess the relationship between exposure to prenatal and
postnatal PCBs and DDE and growth and development in infants and children (Rogan et al. 1986a,
1986b). A detailed description of this cohort study in presented in Section 3.2.4.2.1.2 (Neurological
Effects). Briefly, the participants were administered a questionnaire while in the hospital following
delivery. Maternal serum, cord blood, and placenta samples were collected at birth as well as colostrum,
breast milk, or formula. The first follow-up visit occurred at 6 weeks with subsequent evaluations at

3 and 6 months postpartum. Breast milk or formula was collected at each of these visits. PCB levels in

milk at birth averaged around 1.8 ppm (fat basis). A total of 912 children were available with at least
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partial neonatal information (Rogan et al. 1986a). The outcomes evaluated in the neonatal period

included birth weight and head circumference.

The relationships of birth weight and head circumference to PCB levels were assessed by multiple
regression. The covariates (potential confounders) included in the analyses were infant race, sex,
mother's age, education, occupation, smoking, alcohol consumption, prior pregnancies, maternal weight,
center enrolling the participant, and jaundice. The analysis of head circumference also included the birth
weight variable (Rogan et al. 1986a). The multiple regression analyses found no associations between
birth weight or head circumference and PCB level. The birth weight decrement was noted for smokers as
was the male-female difference. Larger mothers also had significantly larger babies. Head circumference
was associated with the infant's birth weight and sex, and the mother's education and occupation (Rogan

et al. 1986a).

The Dutch Mother-Child Study. The Dutch Mother-Child Study was designed as a prospective study to
assess the possible adverse effects of prenatal and postnatal PCB and dioxin exposure. Details of this
study are presented in Section 3.2.4 (Neurological Effects). Briefly, 207 pairs (105 breast-fed and

102 formula-fed) were from Rotterdam, a highly industrialized area, while 211 pairs (104 breast-fed and
107 formula-fed) were from Groningen, a semi-urban area in northern Holland (Koopman-Esseboom et
al. 1994b). The exposure variables used in this study were maternal serum and milk samples as well as

cord blood specimens.

The effect of prenatal cord blood PCB exposure on birth size at 10 days of age was evaluated using a
series of linear regression models (one for each outcome) in 207 mother-infant pairs from Rotterdam.
Covariates included in the models were parity, gestational age, smoking, alcohol use during pregnancy,
and a factor representing parental height. Gender, an important determinant of size, was not included
among the covariables for some reason even though there were significantly more boys in the breast-fed
(59%) than in the formula-fed group (46%). This may have resulted in confounded effect measures. A
significant decrease in birth weight at 10 days of age was observed with cord blood PCB exposure; birth
weight declined by a mean of 86 g at the 50th percentile of exposure relative to the 10th percentile
exposure levels while a mean 165 g decrease was observed for those in the 90th percentile of exposure
relative to the 10th percentile. Head circumference and height at 10 days of age were not significantly
associated with cord blood PCB levels. Similar effects were observed when using maternal plasma PCB
levels as the exposure variable with weight, height, and head circumference as outcomes at 10 days of age

(Patandin et al. 1998).
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The effect of prenatal PCB exposure on growth rate was assessed in the formula-fed group (n=102) using
linear regression modeling. Covariates were identical to those described in the previous paragraph, with
the addition of the relevant variable value at 10 days of age in each model (e.g., change in birth weight
between 0 and 3 months included birth weight at 10 days of age). Gender was not included in these
models. Cord blood PCB levels showed a significant inverse association with growth rate at 0—3 months
of age for each index (i.e., birth weight, height, and head circumference). Similar findings were observed
when maternal plasma PCB levels were used as the exposure. Prenatal PCB levels in formula-fed
children were not significantly associated with growth rate for any of the indices from 37, 7-18, or

18-42 months (Patandin et al. 1998).

The associations between growth rates and prenatal and postnatal PCB/dioxin levels also were evaluated
in 107 children from Rotterdam who were breast-fed. Both cord blood levels and postnatal breast milk
levels were included in these models as were the covariates described above. PCB levels (prenatal or
postnatal) were not associated with growth rates at 0—3 months of age. Postnatal PCB/dioxin levels were
negatively associated with a change in height between 3 and 7 months (p=0.04), but not with weight or
head circumference growth rates. Pre- and postnatal PCB levels were not associated with changes in

growth rate between 7—18 and 18—42 months of age in the breast-fed children (Patandin et al. 1998).

Finnish General Population Study. This study was part of follow-up studies into levels of dioxins,
dibenzofurans, and PCBs in human milk coordinated by WHO/EURO. The objectives of the study were
to correlate the birth weight and sex of a child to dioxins/dibenzofurans and PCB concentrations of its
mother’s milk and to evaluate personal and environmental determinants that correlated with the levels of
these chemicals in human milk in two areas in Finland, an urban area and a rural area (Vartiainen et al.
1998). One hundred sixty-seven random human milk samples were collected 4 weeks after delivery for
2 weeks. Information on each mother and child was gathered by a questionnaire that included questions

on all relevant covariates.

The concentration of PCBs in breast milk from urban and rural mothers was approximately 500 and

400 ppb (fat basis), respectively. The average weight for all children was 3,630 g and the median was
3,625 g. The mean weight of the urban children was not significantly different from rural children,
although dioxin international TEQs were significantly higher in milk from urban mothers. No correlation
was found between the weight of children and total PCBs in all of the children, in boys, in girls, among

all primiparae, or in primiparae girls or boys. The birth weight, especially of boys, slightly decreased
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with increasing concentrations of TEQs, 2,3,4,7,8-penta CDF, 1,2,3,7,8-pentaCDD, and 2,3,7,8-TCDD,

but when the analysis was restricted to primiparae, the correlation lost statistical significance.

3.2.6.2.1.3 Occupational Exposure

Upstate New York Capacitor Manufacturers Study. This study comprised women workers of two
facilities of the same company located in adjacent communities in upstate New York that manufactured
capacitors using PCBs with Aroclors 1254, 1242, and 1016 as their primary dielectric fluid (Taylor et al.
1984). Birth certificates for pregnancies between 1958 and 1975 were used to obtain information on birth
weight, maternal age, parity, year of birth, race, sex, and date of the last menses. The high-exposure
workers were directly exposed to Aroclors during the manufacturing process for at least 1 year prior to
birth of the infant; the workers with low exposure were employed in areas where Aroclors were not used

directly.

Fifty-one infants born to 39 women with high exposure to PCBs had lower mean birth weights and
shorter mean gestational ages than those of 337 infants born to 280 women with low exposure to PCBs.
After adjusting for gestational age, however, the difference in birth weight was markedly reduced,
suggesting that the difference in weight may have resulted partially from a shortened gestation period.
Furthermore, while the infants born to the high-exposure women were, on the average, lighter than
matched community controls, those born to low-exposure women were heavier than matched community
controls; thus, a dose-response relationship was not established. While relatively little detail was given
regarding the statistical analysis of the results, Taylor et al. (1984) state that they had no information on
tobacco use, underlying medical conditions, maternal height, and history of low birthweight, all factors
known to influence birthweight. In a follow-up study of the same population in which most of these
confounders were accounted for, a significant effect of high-homolog exposure was seen for birth weight
and gestational age (Taylor et al. 1989). The difference in birth weight between the two groups was 60 g.
However, when gestational age was accounted for in addition to the other variables related to birth
weight, estimated serum PCB was no longer a significant predictor of birth weight. Taylor et al. (1989)
concluded that the data suggested a significant relation between increased estimated PCB level and
decreased birth weight and gestational age, and that the decrease in birth weight is partially related to

shortened gestational age.
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3.2.6.2.1.4 Accidental Exposure

Yusho and Yu-Cheng. Decreased birth weight was a commonly reported effect of Yusho and Yu-Cheng
exposure (Funatsu et al. 1971; Lan et al. 1987; Rogan 1989; Taki et al. 1969; Yamaguchi et al. 1971). A
survey of 128 children known to have been in utero during or after Yu-Cheng exposure found that mean
birth weight was decreased by approximately 15% compared to a group of 115 unexposed controls
(Rogan et al 1988). Exposed children also were shorter than controls; these children were a few months
to 6 years old. Lan et al. (1987) documented the decreased birthweight of 49 Yu-Cheng children exposed
transplacentally and born between 1979 and 1986, and showed that the deficit continued through the
second child born after the outbreak, but was not detectable in the third. In a review of the Yusho
poisoning incident, Masuda (1994) stated that most babies were small-for-date and their postnatal growth
curves were similar in shape to the national standard curves, but lower for some of the babies. Relative to
unexposed controls, height and weight gains of school children with Yusho significantly decreased after
the poisoning, and the same tendencies were observed in some of the girls (Masuda 1994). These
tendencies to reduced growth were later found to be reversed, as subsequent increaments tended to be
close to the average value in the control group (Yoshimura and Ikeda 1978). It should be kept in mind
that in both the Yusho and Yu-Cheng poisoning episodes, there was exposure to relatively high
concentrations of CDF and PCQ impurities. Further information on Yusho and Yu-Cheng incidents can

be found in ATSDR (1994).

3.2.6.2.2 Evaluation of Human Studies

Anthropometric measures have been evaluated in children from women (1) who consumed Great Lakes
fish contaminated with PCBs and other chemicals (Dar et al. 1992; Fein et al. 1984b; Jacobson et al.
1990a, 1990b; Lonky et al. 1996; Smith 1984), (2) who consumed Baltic Sea fish contaminated with
organochlorines (Rylander et al. 1995, 1998b), (3) from the general U.S. (Rogan et al. 1986a, 1986b),
Dutch (Patandin et al. 1998), and Finnish populations (Vartiainen et al. 1998), (4) who were
occupationally exposed to commercial PCB mixtures (Taylor et al. 1984, 1989), and (5) who were
accidentally exposed to PCBs and other structurally related chemicals in the Yusho and Yu-Cheng
poisoning incidents (Funatsu et al. 1971; Lan et al. 1987; Rogan 1989; Yamaguchi et al. 1971). A

comparison of PCB levels in blood and breast milk in some of these studies is included in Appendix A.

The results have been varied, with some studies finding significant inverse associations between exposure

to PCBs and anthropometric measures at birth (and at early ages), some studies reporting significant
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positive associations, and yet a third group reporting no significant associations. The wide range of
results may reflect the different degree of controlling for confounders and/or the different exposure
measures, levels, and substances. Also, in some cases, the difference in serum PCB levels between case
studies and controls may have been too small to allow detection of differences between the variables
measured. Of the studies of women who consumed contaminated fish from the Great Lakes, the
Michigan study (Fein et al. 1984b; Jacobson et al. 1990a, 1990b) reported an association between reduced
birth weight, head circumference, and gestational age in newborns and with body weight at 4 years with

prenatal exposure to PCBs (PCBs in placental cord blood).

A study of wives of Swedish fishermen found that newborn infants born to mothers from the east coast
(Baltic Sea) gave birth to infants with significantly lower birth weight and head circumference compared
to infants born to mothers from the west coast (Rylander et al. 1995). East coast mothers were reported to
consume more contaminated fatty fish (and PCBs) than women from the west coast where fish
contamination was much less. In a subsequent study of east coast/Baltic Sea mothers (Rylander et al.
1998b), their low birth weight infants (1,500-2,750 g weight) were compared with control infants from
this same cohort (3,250—4,500 g weight). Blood samples from the mothers were analyzed for PCB
congener 153, which was used as a surrogate of total PCB exposure during the year of childbirth. The
mothers of the low birth weight infants were reported to have a higher median PCB blood level

(1,000 pg/g) compared to the control mothers (920 pg/g). These researchers also found an increased risk
of low birth weight with increasing maternal blood concentrations of PCB 153 (at 300 or 400 ng/g, lipid

basis).

In the Dutch general population cohort, prenatal exposure to PCBs (PCBs in cord blood) was associated
with a reduced birth weight, but not with head circumference or height at 10 days of age (Patandin et al.
1998). Prenatal exposure (as measured by cord and maternal blood PCB levels) in formula-fed children
was associated with reduced growth (weight, length, and head circumference) between birth and

3 months. No such association was seen in breast-fed children, suggesting to the investigators that any
detrimental effect observed in newborns due to prenatal exposure to PCBs may have been counteracted
by the benefits of breast feeding. Additionally, there were no significant associations between growth
during the ages of 3-7, 7-18, or 18—42 months and any measure of exposure to PCBs. In an occupational
study, Taylor et al. (1989) studied high PCB exposed females employed in capacitor manufacturing
facilities and compared them with female workers in low PCB exposure jobs. A significant association
was observed between the increased estimated PCB exposure level and decreased birth weight and

gestational age. In addition, effects on birth weight and growth during early life have been demonstrated
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following perinatal exposure to high concentrations of PCBs and structurally-related chemicals during the

Yusho and Yu-Cheng poisoning incidents.

Consumption of PCB-contaminated fish had a positive effect on birth weight in two studies of Lake
Michigan women (Dar et al. 1992; Smith 1984). This finding could be related to the beneficial effects of
certain fatty acids in fish (Olsen et al. 1990). In one of these studies (Smith 1984), the concentration of
PCBs in breast milk was higher than in breast milk from women from the Michigan cohort (1.13 vs

0.87 ppm) in the Jacobson study discussed above. In the other study (Dar et al. 1992), fish consumption

levels were less than in the Jacobson study.

In the Oswego cohort of Lake Ontario fish consumers (Lonky et al. 1996) there was no significant
association between prenatal exposure to PCBs, assessed by the same fish consumption measures as in the
higher exposure Michigan study, and birth weight, head circumference, or gestational age. In addition, a
study of the general population in Finland found no significant association between birth weight and the
concentration of PCBs in breast milk (Vartiainen et al. 1998). In this study, the mean concentration of
PCBs in milk (0.4-0.5 ppm) was slightly lower than in the Dutch general population study (0.62 ppm)
(Koopman-Esseboom et al. 1994b; Patandin et al. 1998).

For those studies with effects, there is consistency in the outcome of lower birth weight for infants
exposed in utero to maternal body burdens of PCBs. This association remains constant regardless of the
method by which PCB exposure is measured (e.g., estimate by fish consumption or actual body burdens
in maternal blood). Jacobson et al. (1990b) have demonstrated that, even at the age of 4 years, the
children most highly exposed to PCBs weighed less on the average than those with the least exposure.
This tendency can also be seen in the Dutch study (Patandin et al. 1998), which reported a significant
association between lower infant growth rate in 0—3 month olds and mothers’ body burden as
demonstrated by cord and maternal PCB levels. The consistency with which this finding has been
demonstrated strengthens the position that PCBs (and related substances) are developmental toxicants. In

addition, birth weight is a sound indicator of newborn development and health.
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3.2.6.3 Animal Studies

Developmental effects discussed in this section are restricted mainly to effects on fetal development, birth
weight and weight gain in early life, and teratogenicity. Information regarding effects on the thyroid,
immune system, and reproduction in offspring following perinatal exposure to PCBs is presented in

Sections 3.2.3, 3.2.4, and 3.2.5, respectively.

The highest NOAEL values and all reliable LOAEL values for developmental effects for each study are
recorded in Table 3-2 and plotted in Figure 3-2.

3.2.6.3.1 Birth Weight and Early Development

Oral Exposure

Commercial PCB Mixtures. Doses of #100 mg/kg/day Aroclor 1254 administered on Gd 6-15 by
gavage did not affect maternal weight gain nor induce developmental toxicity in Wistar rats, as evidenced
by number of litters, litter size and weight, and number of resorption sites (Villeneuve et al. 1971). Morse
et al. (1996b) also reported that treatment of Wistar rats on Gd 10—16 with up to 25 mg

Aroclor 1254/kg/day by gavage did not affect maternal body weight, fetal body weight, number of live
fetuses, late gestational death, number of resorptions, number of live pups born, sex ratio, and postnatal
death. However, a study with Aroclor 1254 in Holzman rats reported a significant reduction in fetal
weight at 5 mg/kg/day and reduced fetal survival at 15 mg/kg/day after dosing also on Gd 6—15; both
effects were dose-related (Spencer 1982). A dose of 2.5 mg/kg/day was without effect. Maternal body
weight loss occurred at 30 mg/kg/day. Decreased survival of pups to weaning was found in Sherman rats
administered nine doses of 100 mg Aroclor 1254/kg by gavage on Gd 7-15 (Linder et al. 1974), but that
treatment did not affect the number of litters or the litter size at birth. Doses of #50 mg/kg/day did not
affect survival at weaning. No effect on the number of litters, litter size, survival to weaning, or body
weight at weaning were observed in the offspring of rats treated with doses of 100 mg/kg/day

Aroclor 1260 on Gd 7-15 (Linder et al. 1974). Offspring from Long-Evans rats exposed to 4 mg

Aroclor 1254/kg/day via the diet starting 50 days prior to mating until birth had significantly reduced
weight at birth, and on PND 7, 14, and 21 (Hany et al. 1999b). This was observed in the absence of any
overt sign of maternal toxicity. There were no significant treatment-related effects on number of

pups/litter, number of implantation sites, or sex ratio.
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Litter size was significantly reduced in Osborne-Mendel rats fed a diet that provided approximately

25 mg Aroclor 1254/kg/day during gestation and lactation (Collins and Capen 1980c). Body weight of
pups at 21 days was significantly reduced with dietary PCB levels of 2.5 and 25 mg/kg/day, but was not
affected at birth or at 7 and 14 days. Doses of approximately 13.5 mg Aroclor 1254/kg/day administered
during gestation and lactation induced high early mortality in the pups (Overmann et al. 1987). Doses of
approximately 1.3 mg/kg/day significantly decreased pups’ weight on PND 21 and 14, and doses of

0.13 mg/kg/day decreased pups’ weight on PND 14 (Overmann et al. 1987). Doses of 1.3 mg/kg/day had
no significant effect on maternal weigh or food consumption. High early mortality was also observed in
pups from Long-Evans rats treated with 4 or 8 mg Aroclor 1254/kg/day from Gd 6 through PND 21
(Goldey et al. 1995). Wistar rats that were treated with 10 mg/kg/day Aroclor 1254 by gavage during
gestation had delayed parturition and decreased litter size (Brezner et al. 1984). This dose level resulted
in no weight gain in the dams. Offspring of these rats that were exposed throughout lactation experienced
decreased pre- and postweaning survival, premature vaginal opening, and delayed first estrus, but no

effects on sexual differentiation, estrus cycle, mating, or pregnancy.

Offspring of mice exposed to doses up to 12.5 mg Aroclor 1254/kg/day on Gd 6—18 did not show adverse
developmental effects, as judged by number of litters, number of dead and reabsorbed fetuses, fetal
weight, incidence of gross malformations, and skeletal development (Welsch 1985). A single, but much
higher dose (244 mg/kg) of Aroclor 1254 given on Gd 9 to pregnant mice significantly increased the
percentage of fetuses with hydronephrosis, did not induce cleft palate, and did not affect the number of
resorptions and number of dead and live fetuses (Haake et al. 1987). Maternal weight gain was not

influenced by PCB treatment (Haake et al. 1987).

Doses up to 10 mg Aroclor 1254/kg/day administered to rabbits on Gd 1-28 did not induce
developmental toxicity, as monitored by total number of fetuses, number of viable fetuses or resorption
sites, fetal weight, fetal liver weight, and placental weight (Villeneuve et al. 1971). Doses of

12.5 mg/kg/day or higher, however, significantly increased the number of dead fetuses, resorption sites,
and fetuses aborted. Aroclor 1248 did not affect litter size, appearance, or postnatal mortality in New
Zealand rabbits administered doses of #91 mg/kg/day in the diet for 11 weeks, but a dose of

28 mg/kg/day induced focal liver necrosis in the offspring (Thomas and Hinsdill 1980).

Administration of 2.2 mg of Clophen A50/kg/day by gavage to pregnant guinea pigs during Gd 1660
caused high incidence of fetal mortality, but did not cause maternal lethality or any other overt sign of

maternal toxicity (Brunstrom et al. 1982). Also, administration of 2.5 mg/kg/day Clophen A50 (50%
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chlorine by weight) to guinea pigs on Gd 18-60 significantly increased the frequency of dead fetuses and
stillbirth (27.4 versus 9.4% in controls), decreased litter size, and decreased maternal weight gain during
gestation and birth weight (Lundkvist 1990). First vaginal opening was abnormal in the surviving
offspring, occurring at an older age and with a shorter duration, but there was no significant effect on age

at first ovulation.

A dose of 0.1 mg/kg/day Aroclor 1254 administered in a juice-oil emulsion to two Cynomolgus monkeys
starting at Gd 60 resulted in delivery of dead, term infants after approximately 105 days of dosing
(Truelove et al. 1982). The infant of one monkey that was similarly treated with 0.4 mg/kg/day had
reduced birth weight and weight gain, and later died of bronchopneumonia at 139 days of age. The only
sign of maternal toxicity was loss of fingernails. Resorption and/or abortion occurred in monkeys that
were bred 3 months following dietary treatment with 0.8 mg/kg/day Aroclor 1248 for 2 months (Allen et
al. 1974a). Chronic developmental data are limited to studies in monkeys. In these studies, the exposure
period ranged from 12 to 37 months. Pregnant Rhesus monkeys that were fed a diet that provided
approximately 0.007 or 0.03 mg/kg/day Aroclor 1016 for a total of 12 months (before mating and during
gestation) experienced uncomplicated pregnancies, carried their infants to term, and delivered viable
offspring (Barsotti and Van Miller 1984). Information regarding maternal body weight and age was not
provided. Head circumference and crown-to-rump length were not affected by treatment with

Aroclor 1016, but mean birth weight in the high-dose group was significantly lower than in controls.
Both groups of neonates showed hyperpigmentation. At weaning, body weight in the high-dose group
was still lower than in controls, but the difference was not statistically significant. Dose-related early
abortions were reported in female monkeys fed a diet that provided 0.1 or 0.2 mg/kg/day Aroclor 1248 for
15 months (five of eight in the low-dose group and four of six in the high-dose group); this period
included breeding, gestation, and lactation (Allen and Barsotti 1976). Mean birth weight in both groups
was significantly lower than in controls and remained low for the next 12 weeks. Skeletal development
was not affected by PCB treatment. At 2 months of age, the infants had signs of PCB intoxication such as
facial acne, swollen eyelids, loss of eyelashes, and hyperpigmentation of the skin, and three of the six
infants died of PCB intoxication between days 44 and 329. Gross and microscopic examination of the
major organs revealed a rudimentary thymus, extremely small spleen lymph nodes, hypocellularity of the
bone marrow, and degenerative changes in the liver. Maternal toxicity, evidenced as facial acne, swollen
eyelids, and lack of facial hair, was observed at weaning. One year after receiving a control diet, the
same females from the Allen and Barsotti (1976) study were bred again (Allen et al. 1980). Mean birth
weights of the infants of the former high-dose mothers were significantly lower than those of controls,

and signs of PCB intoxication (hyperpigmentation about the hairline) developed during suckling. Early
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infant mortality was also observed (two of four in the former low-dose group and two of seven in the
former high-dose group). Histological examination of infant tissues showed hypocellularity of the

thymus and of lymph nodes in the spleen and hyperplastic gastritis.

Arnold et al. (1995, 1997) treated female monkeys with Aroclor 1254 for 37 months (0.005, 0.02, 0.04, or
0.08 mg/kg/day) after which time they were mated with untreated males; dosing continued through
mating and gestation. Treatment ceased when the infants were 7 weeks old. The young monkeys were
sacrificed at the age of 122 weeks. Statistical analysis of the results showed a significant increasing dose-
related trend in fetal mortality incidence rates (combined fetal and postpartum deaths). However, when
only the treated groups were compared, there was no evidence of such a trend. Results of the Fisher’s
exact test showed a significant increase rate for only the highest dose group with the 0.02 mg/kg/day dose
approaching significance. Mean birth weight was not significantly affected by maternal treatment with
Aroclor 1254. The major clinical findings in the offspring from treated females were the presence of

inflammation and/or enlargement of the tarsal (Meibomian) gland, nail lesions, and gum recession.

Single Congeners. No effect on maternal body weight or on gestational length, litter size, percent live
births, birth weight, or pup weight at weaning was observed following administration of 0.001 mg/kg/day
PCB 126 or 8 mg/kg/day PCB 77 to pregnant Sprague-Dawley rats on Gd 10—16 (Seo et al. 1995).
Administration of 0.001 mg/kg/day of PCB 126 to Long-Evans rats beginning 5 weeks before and
continuing through gestation and lactation did not result in any significant effect on neonatal mortality,

birth weight, litter size, or on weight gain monitored up to PND 60 (Rice 1999a)

Pregnant C57BL/6J mice given up to 21 mg PCB 77/kg/day by gavage on 5 consecutive days beginning
on days 1, 6, or 11 of pregnancy showed no adverse effect on maternal body weight or on pup weight,
crown-rump length, litter size, sex ratio, day of eye opening, or upper incisor eruption (Rodriguez et al.
1997). Administration of a single gavage dose of approximately 0.8 or 1 mg PCB 126/kg to pregnant
C57B46 mice on Gd 10 significantly increased the percentage of fetuses with cleft palate (Zhao et al.
1997b). However, no fetuses with cleft palate were seen after administration of up to 271 mg PCB 153.
Combined administration of PCB 126 and PCB 153 significantly reduced the incidence of cleft palate
compared to that produced by PCB 126 alone.

Defined Experimental Mixtures. Offspring from Long-Evans rats exposed via the diet to 4 mg/kg of a
reconstituted PCB mixture composed according to the congener pattern in human breast milk starting

50 days prior to mating until birth had significantly reduced weight at birth, and PND 7, 14, and 21 (Hany
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et al. 1999b). This was observed in the absence of any overt signs of maternal toxicity. There were no
significant treatment-related effects on number of pups/litter, number of implantation sites, or sex ratio.
Arnold et al. (1999) administered a PCB mixture of congeneric composition similar to that found in
Canadian breast milk to Rhesus and Cynomolgus monkeys during the first 20 weeks of life; each infant
received 0.0075 mg PCBs/kg/day. There was no statistically significant difference between the control
and treated groups for body weight gains throughout the study.

3.2.6.3.2 Evaluation of Animal Studies

Studies in animals suggest that primates are much more sensitive to the effects of perinatal exposure to
PCBs than rodents. It also appears that unless very high doses are used, PCBs are not teratogenic in
animals. Hydronephrosis was reported in mice treated with a single dose of 244 mg Aroclor 1254/kg on
Gd 9 (Haake et al. 1987) and increased incidence of fetuses with cleft palate was reported by Zhao et al.
(1997b) following treatment of mice with a single dose of 0.8 mg of PCB 126/kg, a dioxin-like congener.
Treatment with up to 271 mg/kg of the di-ortho-substituted congener PCB 153 did not induce cleft palate
(Zhao et al. 1997b). Susceptibility to both hydronephrosis and cleft palate formation by dioxin-like
congeners is a trait that segregates with the Ah locus (Hassoun et al. 1984) and Zhao’s findings are

consistent with this fact.

Data in rats treated with commercial PCB mixtures showed that developmental toxicity can occur in the
absence of overt signs of maternal toxicity as evidenced by reduced fetal weight and viability in a study
by Spencer (1982) and reduced birth weight and postnatal growth in a study by Hany et al. (1999). It
should be noted that Villaneuve et al. (1971) and Morse et al. (1996b) reported adverse developmental
effects at Aroclor 1254 doses much higher than those used by Spencer (1982) in similarly designed
experiments. It is possible that the Holzman strain of rats, which Spencer (1982) used, is more
susceptible than the Wistar rat, which the other two studies used. Hany et al. (1999b), in addition to
testing Aroclor 1254, also treated rats with a reconstituted PCB mixture of congeneric composition
similar to the pattern found in human breast milk and both mixtures induced similar reductions in birth

weight and in weight gain during lactation.

Linder et al. (1974) administered Aroclor 1254 or Aroclor 1260 at the same dose levels on Gd 7-15 to
Sherman rats and found that Aroclor 1254 significantly reduced survival to weaning, whereas

Aroclor 1260 did not. These two Aroclors differ primarily in that Aroclor 1254 lacks congeners with
7-9 chlorines (Albro et al. 1981), but further information is needed before speculating as to which PCB



PCBs 246

3. HEALTH EFFECTS - Genotoxic

congeners might or might not be responsible for neonatal lethality. Studies in rats which included in
utero and lactational exposure to Aroclors suggest that transfer of PCBs via milk may be considerable, as
decreased body weight was seen in the pups after weeks of nursing even though body weight at birth was
not significantly different than unexposed rats (Collins and Capen 1980c; Goldey et al. 1995; Overmann
et al. 1987). It should be kept in mind that, in general, studies in rats used fairly high doses of Aroclors to
the dams such that it is reasonable to assume that breast milk had the potential to accumulate high

concentrations of PCBs.

As previously mentioned, monkeys seem to be much more sensitive to developmental effects of PCBs
than rodents. Reduced birth weight was reported in offspring from Rhesus monkeys treated before
mating and during gestation with 0.03 mg Aroclor 1016/kg/day (Barsotti and Van Miller 1984). These
monkeys also showed characteristic signs of PCB intoxication such as hyperpigmentation. Reduced mean
birth weight also was reported in monkeys exposed to Aroclor 1248 (Allen and Barsotti 1976; Allen et al.
1980). Doses even smaller of Aroclor 1254 (0.005 mg/kg/day), while not significantly affecting birth
weight or growth, produced clear signs of PCB intoxication manifested as skin, nail, and gum lesions

(Arnold et al. 1995, 1997). In all of these studies in monkeys, maternal toxicity was also evident.

3.2.7 Genotoxic Effects

3.2.71 Summary

The genotoxicity of PCBs has been tested in in vivo and in vitro studies with generally negative results.
End points that have been examined in these studies include gene mutations in bacteria and Chinese
hamster V79 cells, chromosomal aberrations in human lymphocytes and rat and mouse bone marrow cells
and spermatogonia, micronuclei in mouse bone marrow cells, and dominant lethal mutations in rat sperm

cells.

3.2.7.2 In Vivo Studies

Available information on in vivo genotoxic effects of PCBs in humans is limited by confounding
exposures that involved mixtures of chemicals. Chromosomal aberrations and sister chromatid exchanges
in peripheral lymphocytes were increased in 32 workers involved in the manufacturing of

DELOR 103 and DELOR 106 (Czechoslovakia-made PCBs with three and six chlorine atoms in the

biphenyl ring, respectively) for 2-25 years (Kalina et al. 1991). These increases over control values
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achieved statistical significance in workers exposed for >10 years. Although control and exposed groups
were matched regarding smoking and alcohol drinking habits, the exposed workers were also exposed to
benzene and formaldehyde. Another occupational study found a moderately increased incidence of
chromatid exchanges in peripheral lymphocytes from a group of 12 workers who were exposed to PCBs
following a fire in an electric station (Melino et al. 1992). The authors also observed that the number of
chromosome breaks per cell was often higher in the exposed subjects than in unexposed controls.
Additionally, lymphocytes from the exposed workers appeared to be more fragile than those from
unexposed individuals. However, exposure to toxic chlorinated dioxins and/or furans generated during

the fire may have occurred.

Six of 16 workers engaged in cleaning oil from old transformers showed abnormal banding pattern for fes
oncogene-related proteins; all of the 6 were smokers (Brandt-Rauf and Niman 1988). Since none of the
nonsmoking workers (six) showed this pattern, the role of PCBs, if any, in the induction of genetic
abnormalities described in this study cannot be ascertained. A control unexposed group was not included

in this study.

PCBs gave generally negative results in in vivo assays in animals (see Table 3-4). Several studies
investigated genotoxic effects in rats following acute oral exposure to PCBs. Single doses #5,000 mg/kg
of Aroclor 1242 administered by gavage did not induce chromosome abnormalities in bone marrow cells
or spermatogonial cells of rats (Green et al. 1975a). In the same study, doses #750 mg/kg/day

Aroclor 1254 administered for a 5-day period did not increase the incidence of chromosomal
abnormalities in rat bone marrow cells. Dominant lethal mutations were not induced in male Osborne-
Mendel rats following gavage treatment with a single dose of 625-2,500 mg/kg Aroclor 1242, or with
five daily doses of 125 or 250 mg/kg Aroclor 1242 or 75-300 mg/kg Aroclor 1254 (Green et al. 1975b).
Rats treated with a single dose of 1,295 mg/kg Aroclor 1254 showed evidence of DNA damage in
hepatocytes 4—12 hours after treatment (Robbiano and Pino 1981). However, this damage was no longer
detectable 48 hours after treatment due to DNA repair. Whysner et al. (1998) administered

Aroclor 1260 as a single dose of 50 mg/kg or as a concentration of 200 ppm in the diet for 14 days.
Neither the single dose nor the exposure in the diet produced detectable DNA adducts in the liver.

Two studies that examined genotoxic effects of intermediate-duration oral exposure to PCBs were
identified. Rats administered 0.25-25 mg/kg/day Aroclor 1254 in their diets for #35 days had no
evidence of chromosomal damage in bone marrow and spermatogonial cells (Garthoff et al. 1977).

Dietary exposure to 1.25 or 5 mg/kg/day Aroclor 1254 for 70 days did not induce dominant lethal



Table 3-4. Genotoxicity of Polychlorinated Biphenyls In Vivo

Polychlorinated biphenyl

Drosophila melanogaster
D. melanogaster

Chromosomal abnormalities
Chromosomal abnormalities

Nilsson and Ramel 1974
Nilsson and Ramel 1974

Species (test system) End point Results  Reference mixture

Mammalian cells:
Rat spermatogonia Chromosomal abnormalities - Dikshith et al. 1975 Aroclor 1254
Rat spermatogonia Chromosomal abnormalities - Dikshith et al. 1975 Aroclor 1254
Rat hepatocytes DNA fragmentation + Robbiano and Pino 1981  Aroclor 1254
Rat spermatogonia Chromosomal abnormalities - Green et al. 1975a Aroclor 1242
Rat bone marrow cells Chromosomal abnormalities - Green et al. 1975a Aroclor 1242
Rat bone marrow cells Chromosomal abnormalities - Green et al. 1975a Aroclor 1242
Rat sperm cells Dominant lethal mutation — Green et al. 1975b Aroclor 1242
Rat sperm cells Dominant lethal mutation - Green et al. 1975b Aroclor 1254
Mouse bone marrow cells Micronuclei - Bruce and Heddle 1979 Aroclor 1254
Mouse sperm cells Chromosomal abnormalities - Bruce and Heddle 1979 Aroclor 1254

Nonmammalian cells:
Chicken embryos Chromosomal abnormalities - Blazak and Marcus 1975  Aroclor 1242
Ring dove Chromosomal abnormalities + Peakall et al. 1972 Aroclor 1254

Clophen 30
Clophen 50

DNA = deoxyribonucleic acid; — = negative result; + = positive result
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mutations in male rats (Green et al. 1975b). Lack of dominant lethality was indicated by no consistent
changes in numbers of implantations and dead implantations per pregnant untreated female. The 70-day

duration of the feeding study covered the spermatogenic cycle of the rat.

PCBs did not induce chromosomal aberrations when tested in Drosophila melanogaster (Nilsson and
Ramel 1974) and chicken embryos (Blazak and Marcum 1975), although slight effects were reported in
ring dove embryos (Peakall et al. 1972).

3.2.7.3 In Vitro Studies

PCBs are generally nongenotoxic in in vitro assay systems (see Table 3-5). Aroclor 1254 was not
mutagenic in the bacteria S. typhimurium with or without exogenous metabolic activation (Bruce and
Heddle 1979; Heddle and Bruce 1977; Schoeny et al. 1979). Gene mutations also were not induced by
Aroclor 1242 or Clophen A60 in Chinese hamster V79 cells (Hattula 1985). Varying results were found
in two assays for Aroclor 1254-induced chromosomal damage in cultured human lymphocytes, but the
different findings may be the consequence of a higher test concentration in the positive study
(Hoopingarner et al. 1972; Sargent et al. 1989). Aroclor 1254 induced DNA damage in rat liver cells in
vitro as indicated by an increase in unscheduled DNA synthesis (Althaus et al. 1982), but it was not

reported whether the genotoxic doses were also cytotoxic.

Chromosome breakage and micronuclei were not induced in human lymphocytes in whole blood or
isolated cultures following in vitro exposure to the single congener 3,3'4,4'-hexaCB (PCB 77) (Belpaeme
et al. 1996). In another study, PCB 77, but not Aroclor 1254, induced DNA adducts in the Hep G2
human cell line and in primary fetal rat and quail hepatocytes (Dubois et al. 1995).

3.2.7.4 Evaluation of Genotoxicity Studies

The generally negative results of in vitro and in vivo genotoxicity studies indicate that commercial PCB
mixtures are not potent genotoxicants. Although PCBs have been found to be generally inactive as
mutagens in S. typhimurium strains and in several other tests of genotoxicity that may be predictive of
tumor initiation activity, in vitro studies with rat microsomes have indicated that metabolism of lower
chlorinated congeners can lead to covalently modified macromolecules including proteins and DNA

(Hayes 1987; Robertson and Gupta 2000; Silberhorn et al. 1990). Therefore, although the available data



Table 3-5. Genotoxicity of Polychlorinated Biphenyls In Vitro

$90d

Results
With Without Polychlorinated biphenyl
Species (test system) End point activation  activation Reference mixture
Prokaryotic organisms:
Salmonella typhimurium Gene mutation - - Schoeny et al. 1979 Aroclor 1254
(plate incorporation)
S. typhimurium Gene mutation - - Heddle and Bruce 1977 Aroclor 1254
(plate incorporation)
S. typhimurium Gene mutation - - Bruce and Heddle 1979 Aroclor 1254
(plate incorporation)
Eukaryotic organisms:
Chinese hamster V79 Gene mutation No data - Hattula 1985 Aroclor 1242
cells (tissue culture)
Chinese hamster V79 Gene mutation No data - Hattula 1985 Clophen A60
cells (tissue culture)
Human lymphocytes Chromosomal No data - Hoopingarner et al. 1972  Aroclor 1254
(tissue culture) abnormalities
Rat hepatocytes (tissue DNA repair synthesis ~ No data + Althaus et al. 1982 Aroclor 1254
culture)
Human lymphocytes Chromosomal No data + Sargent et al. 1989 Aroclor 1254
(tissue culture) damage
DNA = deoxyribonucleic acid; — = negative result; + = positive result
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indicate that PCBs are not potent genotoxicants, there is some experimental support for the possible

involvement of genotoxic mechanisms in the development of PCB-induced cancer.

3.2.8 Cancer

3.2.8.1 Summary

The carcinogenicity of PCBs in humans has been investigated in retrospective cohort mortality studies
that investigated cancer in exposed workers, and in case-control studies of environmental exposure that
examined associations between serum or adipose tissue levels of PCBs and occurrence of cancer. Some
of the mortality studies suggest that occupational exposures to PCBs were associated with cancer at
several sites, particularly the liver, biliary tract, intestines, and skin (melanoma). A report of liver cancer
in Yusho victims appears to support the occupational hepatocarcinogenicity data. There is no clear
association between occupational exposures to PCBs and cancer in other tissues, including the brain,
hematopoietic, and lymphatic systems. Case-control studies of the general population are inconclusive
with respect to associations between environmental exposures to PCBs and risk of breast cancer or
non-Hodgkin’s lymphoma, although there are preliminary indications that particular subgroups of women
may be at increased risk for breast cancer. Overall, the human studies provide some evidence that PCBs
are carcinogenic. In contrast to the studies in humans, there is conclusive evidence that commercial PCB

mixtures are carcinogenic in animals based on induction of tumors in the liver and thyroid.

3.2.8.2 Human Studies

Most of the information on the carcinogenicity of PCBs in humans is available from cohort mortality
studies of workers exposed during the manufacture and use of capacitors and case-control studies of

breast cancer in women exposed to background levels in the environment.

3.2.8.2.1 Liver, Biliary Tract, and Gall Bladder

Occupational Exposure. A small excess risk of liver-related cancer was found in studies of workers from
two capacitor manufacturing plants in New York and Massachusetts (Brown 1987b; Brown and Jones
1981). The workers had completed at least 3 months of employment between 1940 and 1976 in areas of
the plants considered to represent the potential for the highest exposure to PCBs. Aroclor 1254 was used

at first, but usage was later changed to Aroclor 1242, and finally to Aroclor 1016. Historical exposure
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data were not available, but personal time-weighted average concentrations of Aroclor 1016 in 1977
ranged from 0.024 to 0.393 mg/m’ at Plant 1 and 0.170 to 1.26 mg/m’ at Plant 2. These data were
collected shortly after changes in work practices and engineering controls were effected, and the use of
PCBs was reduced to 25% of the 1976 level. The workers were also exposed to additional chemicals,
including trichloroethylene, toluene, and methyl isobutyl ketone. The first study (Brown and Jones 1981)
included 2,567 total subjects comprised of 968 workers (583 males, 385 females) in Plant 1 and

1,599 workers (675 males and 924 females) in Plant 2. Of these workers, 25.5 and 8.2% in Plant 1 and
19.4 and 8.9% in Plant 2 were exposed for 3—10 years and $10 years, respectively. The second study
(Brown 1987b) was conducted after 7 additional years of observation on 2,588 total subjects, comprised
of 981 workers (593 males, 388 females) in Plant 1 and 1,607 workers (677 males and 930 females) in
Plant 2. Expected numbers of deaths were based on U.S. white male and white female cause-specific
mortality rates. A slight increase in mortality due to cancer of the liver, biliary tract, or gall bladder

(3 observed/1.07 expected, SMR=280, 95% CI 58-820) that was not statistically significant (p>0.05) was
found in the first study (Brown and Jones 1981). The follow-up study (Brown 1987b) identified two
additional cases of liver/biliary tract/gall bladder cancer, which made the excess statistically significant
(5 observed/1.9 expected, SMR=263, CI not reported, p<0.05). Four of the five cancer cases occurred in
women who worked in Plant 2 (4 observed/0.9 expected, SMR=444, CI not reported, p<0.05). Although
the four cases in women occurred in the plant with the higher exposure range, there was no clear increase
in the risk of liver/biliary tract/gall bladder cancer with increasing latency (time from start of exposure to
end of observation) or length of employment; however, the confidence in this analysis is low due to the
small numbers of deaths. Reclassification of the data showed that only two of the five deaths were from
liver cancer and the remaining three were in the biliary tract (two cases) or gall bladder (one case) (Brown
1987b). Additionally, one of the two liver cancers was not a primary carcinoma as it metastasized from
another site (unknown). If the metastatic liver cancer is not included in the analysis, the SMR for liver
and biliary tract cancer in the whole cohort loses statistical significance (SMR=210, p$0.05) (Nicholson
and Landrigan 1994). Other findings included a slight increase in rectal cancer in the first study, but not
in the follow-up (see Section 3.2.8.2.3). Limitations of these studies include small number of deaths,
relatively short periods of observation, and possible misclassification of the cause of death because it is

not clear in every case if death was due to primary cancer of the liver, biliary tract, or gall bladder.

Liver cancer was not statistically significantly increased in a retrospective cohort mortality study of
7,075 workers from two capacitor manufacturing/repairing plants in New York (Kimbrough et al. 1999a).
An unspecified number of the male workers in this study were included in the cohort studied by Brown

(1987b) and Brown and Jones (1981) summarized above. The Kimbrough et al. (1999a) cohort was
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comprised of hourly workers (2,984 male, 2,544 female) and salaried workers (1,078 male, 469 female)
employed for at least 90 days between January 1, 1946 and June 15, 1977, and followed to death or
January 31, 1993, whichever came first. Follow-up was essentially complete (98.7%), and the mean age
at end of employment ranged from 31 to 35 years in the four subgroups, mean follow-up time was

31 years, mean age of all cohort members alive at the end of follow-up was 57 years, and mean age at
death was 62 years. PCB exposures were predominantly to Aroclor 1254 from 1946 to 1954,

Aroclor 1242 from 1954 to 1971, and Aroclor 1016 from 1971 to 1977. Exposures were qualitatively
classified as high, low, or undefinable based on types and locations of jobs and some area measurements.
No personal exposure monitoring was performed, although previously reported data on 290 self-selected
workers from one of the plants had serum PCB levels in ranges of 62,530 and 1-546 ppb (ng/mL) for
lower and higher chlorinated homologs, respectively (Wolff et al. 1982a). Workers with high exposure
jobs had direct PCB contact (dermal and/or inhalation), workers with low exposure jobs primarily had
inhalation exposure to background levels of PCBs in the plant, and workers with undefinable exposures
had exposures that varied depending on where tasks were performed. Exposure-specific analysis was
limited to workers with the greatest potential for exposure, (i.e., hourly workers who ever worked in a
high-exposure job, worked for at least 6 months in a high-exposure job, or worked for at least 1 year in a
high-exposure job). Workers who exclusively worked in high-exposure jobs could not be analyzed as a
separate group due to small numbers (112 males, 12 females). SMRs were calculated for hourly and
salaried workers by gender, length of employment (6 or 12 months), and latency categories (<20 or

$20 years), using age-, sex-, race-, and time-specific U.S. general population rates for comparison. No
statistically significant elevations in mortality from cancer of the liver and biliary passages were found in
any of the groups, including in the most highly exposed workers, and SMRs for liver/biliary cancer did
not statistically significantly increase with length of cumulative employment and latency. SMRs for
cancer of the liver and biliary passages were <100 in the male hourly workers (2 observed/2.5 expected,
SMR=80, 95% CI 10-289), female hourly workers (2 observed/2.2 expected, SMR=89, CI 11-321), and
male salaried workers (1 observed/1.2 expected, SMR=79, CI 2—439), and could not be calculated in the
female salaried workers due to no observed cases (0.3 expected). Other findings in this study included a
suggestive increase in mortality from intestinal cancer as discussed in Section 3.2.9.2.2. A healthy
worker effect was demonstrated by SMRs that were less than expected for mortality from all causes and

from all cancers.

Interpretation of the Kimbrough et al. (1999a) findings is complicated by a few study limitations and
biases, including some exposure misclassifications related to use of length of employment alone as a

surrogate of exposure, potentially insufficient dosage differences between exposed and comparison
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groups, a degree of selection bias due to the healthy worker effect that may have resulted in an
underestimate of SMRs, concern for low statistical power due to small numbers of deaths from site-
specific cancers in some of the groups (e.g., female hourly workers with high exposure and $20 years
latency), relatively young age at follow-up, and use of the general population for comparison rather than
an internal control group or a group of workers from another company. These issues are discussed by
Bove et al. (1999), Frumkin and Orris (1999), and Kimbrough et al. (1999b). Some of the limitations are
typical of occupational cohort mortality studies, and strengths of the study include its size (the largest
cohort of PCB workers ever studied) and essentially complete follow-up of long duration. Unresolved are
the puzzling Kimbrough et al. (1999a) findings of significantly lower than expected mortality from all
cancers among males and the lower number of observed cases of liver and biliary tract cancers among
females compared to the smaller cohort studied by Brown et al. (1997b), a subset of the same study
population. These unresolved findings suggest that ascertainment of cancer mortality was not complete in
this study. Overall, the study limitations are sufficient to cast doubt on the negative findings for liver and
biliary tract cancer and other site-specific cancers. Increases in mortality from intestinal cancer, rectal

cancer, and melanoma are summarized in Sections 3.2.8.2.2, 3.2.8.2.3, and 3.2.8.2.4, respectively.

Mortality from liver and bile duct cancer was increased (2 observed cases/0.78 expected, SIR=256, 95%
CI 31-926) in a small group of workers at a Swedish capacitor manufacturing facility (Gustavsson and
Hogstedt 1997; Gustavsson et al. 1986). The subjects were exposed to PCBs of 42% chlorine content for
an average of 6.5 years between 1965 and 1978. Airborne PCB levels measured on one occasion in 1973
were 0.1 mg/m’, and dermal exposure was common. The first study of these workers included 142 males
and had a median latency time of 13 years (Gustavsson et al. 1986). The second study added 9 years of
follow-up and included 242 males (Gustavsson and Hogstedt 1997). Although only two cases were
observed in the category for liver and bile duct cancers, both cases were relatively rare bile duct types (a
cholangiocarcinoma of the primary bile duct in one high-exposure worker employed for 3 years, and an

adenocarcinoma of the Papilla Vaterii in one low-exposure worker employed for 9 years).

Mortality from cancers of the digestive system, which included the liver and biliary tract, was increased in
a study of 544 male and 1,556 female workers involved in the manufacture of PCB-impregnated
capacitors in a plant in Italy (Bertazzi et al. 1987). The workers were employed for a minimum of 1 week
between 1946 and 1978 and were examined during 1946-1982. PCB mixtures containing 54% chlorine
(Aroclor 1254 and Pyralene 1476) were used until 1964; these were progressively replaced by mixtures
containing 42% chlorine (Pyralene 3010 and 3011) until 1970, when only Pyralene 3010 and 3011 were

used. The maximum quantities of PCBs were used in 1967-1968, and the use of PCBs was abandoned
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completely since 1980. Area samples taken in 1954 and 1977 showed air PCB concentrations ranging
from 5.2 to 6.8 mg/m’® (Aroclor 1254) and 0.048 to 0.275 mg/m’ (Pyralene 3010), respectively.
Concentrations of total PCBs on workers' hands in 1977 and 1982 ranged from 0.3 to 9.2 and 0.09 to

1.5 pg/em?, respectively. Deaths from digestive system cancers were statistically significantly increased
in males when compared with national rates (6 observed/1.7 expected, SMR=346, 95% CI 141-721) and
local rates (6 observed/2.2 expected, SMR=274, 95% CI 112-572). The digestive system category was
not defined, but is not specific for the stomach and intestines as the six cases included cancers of the liver
(one case), biliary tract (one case), and pancreas (two cases), as well as stomach (two cases). Follow-up
evaluation of the cohort by Tironi et al. (1996) after an additional 9 years of latency found that mortality
from digestive system cancers was still increased in comparison to local rates (10 observed/5.1 expected,
SMR=195, CI 94-359), although the excess was not as high as found previously. Other findings included
increased mortality from hematological neoplasms as discussed in Section 3.2.8.2.6. Limitations of the
Bertazzi et al. (1978) and Tironi et al. (1996) studies include questionable grouping of digestive system
cancers; small number of cases; short minimum exposure period; lack of pattern or trend when data were
analyzed by duration of exposure, latency, and year of first exposure; and some cancer deaths in males

with low potential for direct PCB exposure.

Mortality from cancer of the liver, biliary passages, and gall bladder was not increased in the Sinks et al.
(1992) study of capacitor manufacturing workers or Loomis et al. (1997) study of electric utility workers

summarized in Section 3.2.8.2.4.

Contaminated Fish Consumption. Mortality from liver cancer was not increased in the Svensson et al.
(1995a) study of Swedish east coast (Baltic Sea) and west coast fisherman summarized in

Section 3.2.8.2.2.

Yusho and Yu-Cheng Exposures. A retrospective study of 887 male and 874 female patients that were
observed for an average of 11 years following registration as Yusho victims found statistically
significantly (p<0.01) increased mortality from liver cancer in the males compared to national death rates
(9 observed/1.61 expected, SMR=559, 95% CI not reported) (Kuratsune et al. 1987). Elevated mortality
from liver cancer was also seen in the females, but the increase was not statistically significant

(2 observed/0.66 expected, SMR=304, p>0.05). Comparisons based on local death rates also showed a
statistically significantly increased mortality from liver cancer in the males (9 observed/2.34 expected,
SMR=385, p<0.01) but not in females (2 observed/0.79 expected, SMR=253, p>0.05), as well as in males

when early liver cancer cases (those occurring <9 years after poisoning) were excluded
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(4 observed/1.04 expected, SMR=385, p<0.05). However, because the geographic distribution of liver
cancer deaths was markedly uneven (there was no significant increase in one of two locations), the cancer

could not be conclusively associated with Yusho exposure.

A retrospective mortality study of 1940 Yu-Cheng cases summarized in Section 3.2.8.2.6 found no
statistically significantly increased mortality from cancer of the liver and intrahepatic bile ducts (Hsieh et

al. 1996).

3.2.8.2.2 Gastrointestinal Tract

Occupational Exposure. Mortality from cancer of the stomach or intestines was not statistically
significantly increased in the Kimbrough et al. (1999a) study of capacitor workers summarized in

Section 3.2.8.2.1, although the rate for intestinal cancer (large and small intestine) was elevated and
approached statistical significance (20 observed/12.7 expected, SMR=157, 95% CI 96-242) in the hourly
female subgroup of workers. Most of these cancers occurred in women with $20 years of latency and the
increase in this subgroup was statistically significant (SMR=189, 95% CI not reported, p<0.05). There
was no increasing trend with length of employment and the SMR was 100 for women employed for

$10 years with a latency period of $20 years (Kimbrough et al. 1999b). Comparison with the regional
population resulted in a SMR which is still elevated (SMR=120, 95% CI 74-186) and similar to the SMR
of 157 based on the national rates (Kimbrough et al. 1999b). Due to the small number of cases, healthy
worker effect bias, and exposure misclassification bias, it is remarkable that an elevation of intestinal
cancer was found among hourly women workers. However, this finding must be viewed as suggestive

given the limitations of the study.

Deaths from cancers of the digestive system were statistically significantly increased in the Bertazzi et al.
(1987) study of capacitor workers summarized in Section 3.2.8.2.1. This category was not specific for the
stomach and intestines as it included other parts of the digestive system, including the liver and biliary
tract. Of six observed deaths from digestive system cancers, one was due to hepatocellular carcinoma and

another from a cancer of the biliary tract.

Mortality from cancer of the stomach or intestine was not statistically significantly increased in other
studies of capacitor manufacturing workers (Brown 1987b; Brown and Jones 1981) summarized in
Section 3.2.8.2.1, or in the Loomis et al. (1997) study of electric utility workers summarized in

Section 3.2.8.2.4. Mortality from cancer of the digestive organs (not otherwise specified) was not
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increased in the Sinks et al. (1992) study of capacitor manufacturing workers summarized in

Section 3.2.8.2.4.

Contaminated Fish Consumption. Cancer incidences were studied in cohorts of fisherman from the
Swedish east coast (on the Baltic Sea) (2,896 subjects) and Swedish west coast (8,477 subjects)
(Svensson et al. 1995a). Both cohorts ate almost twice as much fish as the general regional populations,
although intake of fatty fish was higher in the east coast fisherman (Svensson et al. 1995b). Plasma levels
of PCB congeners, particularly non-ortho PCBs, were also higher in the east coast fisherman compared
west coast fisherman and referents from both coasts; the sum of non-ortho, mono-ortho, di-ortho, and
other congeners expressed as the TEQ was about 2 times higher in the east coast fisherman than in those
from the west coast. The incidence of stomach cancer was increased in the east coast fisherman when
compared with both the regional general population (Incidence Rate Ratio [IRR]=1.6, 95% CI 1.0-2.4)
and the west coast fisherman (IRR=2.2, CI 1.3-3.5). Stomach cancer was not increased in the west coast
fisherman when compared to the regional general population. Although the east and west coast fisherman
ate almost twice as much fish as controls, and intake of fatty fish and PCBs was higher in the east coast
fisherman compared to the west coast fisherman and referents from both coasts, the east coast fisherman
also consumed smoked fish (a risk factor for stomach cancer) twice as often as the west coast fisherman

(Svensson et al. 1995a).

Yusho and Yu-Cheng Exposures. The retrospective study Yusho victims summarized in

Section 3.2.8.2.1 found no statistically significant (p<0.05) increased mortality from cancer of the
stomach or esophagus (Kuratsune et al. 1987). The retrospective study of Yu-Cheng victims summarized
in Section 3.2.8.2.6 found no statistically significantly increased mortality from cancer of the stomach or

small intestine (Hsieh et al. 1996).

3.2.8.2.3 Rectum

Occupational Exposure. An elevation in rectal cancer was found in the first of two studies of two
capacitor manufacturing plants in New York and Massachusetts (Brown 1987b; Brown and Jones 1981).
Background information on these studies is provided in Section 3.2.8.2. Brown and Jones (1981) found
that rectal cancer mortality was statistically significantly (p<0.05) increased in 1,309 females (3 observed/
0.5 expected, SMR=600, 95% CI not reported) from Plant 2, but not among 675 males from Plant 2

(0 observed/0.20 expected), 924 males from Plant 1 (1 observed/0.31 expected, SMR=323, 95% CI not
reported), 385 females from Plant 1 (0 observed/0.18 expected), or 2,567 total males and females from
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both plants (4 observed/1.19 expected, SMR=336, 95% CI 92—-860). Follow-up evaluation (Brown
1987b) of 2,588 total workers from both plants after a further 7 years of observation found no additional
deaths from rectal cancer (4 observed/1.9 expected, SMR=211), and the excess in the females from
Plant 2 was no longer statistically significant because of the small numbers of observed and expected

cases (3 observed/0.8 expected, SMR=375, p>0.05).

There was a non-statistically significant (p>0.05) increase in rectal cancer mortality (4 observed/

2.3 expected, SMR=169, 95% CI 46-434) in the female hourly worker subgroup of the capacitor manu[’
facturing workers studied by Kimbrough et al. (1999a) (Section 3.2.8.2.1). Mortality from rectal cancer
was not increased in the Sinks et al. (1992) study of capacitor manufacturing workers or Loomis et al.

(1997) study of electric utility workers summarized in Section 3.2.8.2.4.

Contaminated Fish Consumption. Mortality from cancer of the rectum or colon was not statistically
significantly increased in the Svensson et al. (1995a) study of Swedish east coast (Baltic Sea) and west

coast fisherman summarized in Section 3.2.8.2.2.

Yusho and Yu-Cheng Exposures. The retrospective study Yusho victims summarized in
Section 3.2.8.2.1 found no statistically significantly increased mortality from cancer of the rectum,

sigmoid colon, and anus (Kuratsune et al. 1987).

3.2.8.2.4 Skin

Occupational Exposure. Mortality analysis of 3,588 workers (2,742 male, 846 female) employed at an
Indiana capacitor manufacturing facility when PCBs were used (1957-1977) provided evidence of
exposure-related malignant melanoma (NIOSH 1991; Sinks et al. 1992). The mean latency was

19.2 years (range, 0.04-32.5 years), mean duration of employment was 4.1 years (range,

1 day—20.2 years), and mean age at hire was 27 years (range, 16.8—62.6 years). Aroclor 1242 was used
until 1970, and Aroclor 1016 was used subsequently. Area monitoring for PCBs in 1977 showed mean
concentrations ranging from 0.016 to 0.076 mg/m®. The workers were also exposed to various solvents
(toluene, xylene, methyl ethyl ketone, trichloroethylene, and 1,1,1-trichloroethane) and unspecified
metals from brazing and soldering operations. Mortality from all causes and all cancers was lower than
expected, indicating a healthy worker effect. More deaths were observed than expected for malignant
melanoma (8 observed/2 expected, SMR=4.1, 95% CI 1.8-8.0, p<0.01). The excess mortality from

melanoma affected both men and women. All eight melanoma deaths occurred $5 years after first
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employment, and three occurred in individuals who had worked for >10 years. One of the eight cases of
malignant melanoma was diagnosed 2 months before starting employment and should not have been
included in the analysis; the excess mortality remained when this case was excluded from analysis
(SMR=3.5, 95% CI 1.4-7.3). Two other melanoma cases possibly should have been excluded from
analysis due to low risk from short-term exposure of <6 months; however, PCBs are bioaccumulative and
exposure may have been high. A ninth worker died with malignant melanoma listed as a contributory
cause of death; this person had worked at the plant for 1 month and died 20 years after exposure. There
was no clear relationship between malignant melanoma and latency or duration of employment. Analysis
performed to determine if a dose-response relationship existed between average estimated cumulative
PCB exposure (duration of employment multiplied by a primarily qualitative exposure intensity rating)
and mortality showed no statistically significant differences in estimated exposures between the workers
that died from malignant melanoma and other workers at the same plant. Other findings in this study
included a non-statistically significant increase in brain cancer as discussed in Section 3.2.8.2.5.
Limitations of this study include possible insensitivity of mortality as an index of risk for malignant
melanoma; inability to evaluate risk of cancers with long latency periods (<10% of the person-years at
risk were accumulated with $20 years of latency); insufficient monitoring data, which precluded detailed
exposure weighting; and exposure intensity ratings, which may have resulted in exposure
misclassification and obscured a dose-response relationship. Screening of the affected workers for
malignant melanoma was recommended based on the conclusion that the workers were at excess risk

(NIOSH 1990).

There were non-statistically significant (p>0.05) increases in mortality from skin melanomas in the hourly
male workers (5 observed/3.8 expected, SMR=130, 95% CI 42-303), hourly female workers

(3 observed/2.0 expected, SMR=144, 95% CI 30—421), and salaried male workers

(4 observed/1.9 expected, SMR=210, 95% CI 57-538 in the Kimbrough et al. (1999a) study of capacitor

manufacturing workers summarized in Section 3.2.8.2.1.

Mortality from malignant melanoma was not statistically significantly different than expected in the
Gustavsson and Hogstedt (1997) study of capacitor manufacturing workers summarized in

Section 3.2.8.2.1.

Preliminary data, reported in letters to the editor of the journal, indicated that the incidence of malignant
melanoma was increased in a small group New Jersey petrochemical refinery workers who were involved

in processes that used Aroclor 1254 (Bahn et al. 1976, 1977; Lawrence 1977; NIOSH 1977). Two cases



PCBs 260

3. HEALTH EFFECTS - Cancer

of malignant melanoma were observed in 31 men believed to have been heavily exposed to PCBs; when
compared to 0.04 expected cases based on national rates, the increase was statistically significant
(p=0.001). An additional malignant melanoma was observed in another group of 41 workers believed to
have had less exposure. Aroclor 1254 had been used over a 9-year period ending in the late 1950s, but
PCB exposure was not quantified and concurrent exposure to other potential and known carcinogens was
not evaluated. Other limitations of this study include the small number of cases and cohort size, and the

use of expected cancer rates based on U.S. population data rather than on local New Jersey rates.

Loomis et al. (1997) analyzed cancer mortality among 138,905 men employed as electric utility workers
for at least 6 months between 1950 and 1986 at five power plants. No increases in total-cancer mortality
were found when data were analyzed by total cohort, duration of employment, job category, or estimated
cumulative exposure to PCBs in insulating fluids. Mortality from malignant neoplasms of the skin was
not increased in the total cohort (116 observed/111.9 expected, SMR=1.04, 95% CI 0.86-1.24), although
relative risk of malignant melanoma by duration of employment appeared to increase in the job category
with the greatest potential for dermal exposure to PCBs (i.e., in mechanics, but not in electricians,
lineman and cable splicers, or laborers and material handlers). The mortality RR for malignant melanoma
in mechanics employed for >0-5 years and >5-10 years were 2.57 (95% CI 1.06—6.20, based on eight
deaths) and 3.16 (95% CI 0.92—10.85, based on three deaths), respectively; analysis for >10 years
duration was precluded by small number of deaths. Analysis of mortality by cumulative exposure was
only performed for the total cohort (all job categories combined). Mortality from malignant melanoma in
the total cohort increased with increasing cumulative exposure; the RRs relative to unexposed men were
1.23 (95% CI 0.56-2.52), 1.71 (95% CI 0.68—4.28), and 1.93 (95% CI 0.52—7.14) for men with <2000,
>2000-10,000, and >10,000 hours of cumulative exposure, respectively, without consideration of latency.
A latency interval of 20 years yielded RRs of 1.29 (95% CI 0.76-2.18), 2.56 (95% CI 1.09-5.97), and
4.81 (95% CI 1.49-15.50) for the same cumulative exposure levels, although the RR for the highest
exposure category is based on only one death. Although mortality from melanoma was highest among
workers in the job category with the greatest potential for dermal exposures, this study is limited by small
numbers of subjects in the higher exposure and longer latency groups, as well as possible incomplete

control of confounding due to exposure to sunlight.

Of 55 transformer workers who were exposed to Askarel PCBs (0.00001-0.012 mg/m’) for a mean
duration of 3.75 years, 2 gave a history of removal of a melanoma (type not reported) (Emmett et al.
1988a). No melanomas were reported by 56 age-matched nonexposed subjects, and the difference

between the groups was not statistically significant.
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Contaminated Fish Consumption. Cancer incidences were studied in the Svensson et al. (1995a) study
of Swedish east coast (Baltic Sea) and west coast fisherman summarized in Section 3.2.8.2.2. When
compared to the regional general populations, incidences of lip cancer were significantly increased in
both the east and west coast fisherman (SIR=2.6, 95% CI 1.1-5.4 and SIR=1.9, CI 1.3-2.8, respectively),
and incidences of squamous cell skin cancer were increased in the east and west coast fisherman
(SIR=2.3, CI 1.5-3.5 and SIR=1.1, CI=0.9-1.4, respectively). The incidence of skin cancer in the east
coast fisherman was also higher than in the west coast fisherman (SIR=1.9, CI 1.2-3.1). Mortality from
skin cancer was increased in the fisherman from the west coast (SMR=3.05, CI=0.99—7.13), but not east
coast (SMR=0, CI=0.00-15.4). Mortality from melanoma was not increased in either the east coast
fisherman (SMR=0, CI=0.00-1.73) or west coast fisherman (SMR=0.67, CI=0.25-1.46). The
investigators noted that exposure 