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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health
effects information for the hazardous substance described therein. Each peer-reviewed profile identifies
and reviews the key literature that describes a hazardous substance’s toxicologic properties. Other
pertinent literature is also presented, but is described in less detail than the key studies. The profile is not
intended to be an exhaustive document; however, more comprehensive sources of specialty information
are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological
profile begins with a public health statement that describes, in nontechnical language, a substance’s
relevant toxicological properties. Following the public health statement is information concerning levels
of significant human exposure and, where known, significant health effects. The adequacy of information
to determine a substance’s health effects is described in a health effects summary. Data needs that are of
significance to protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute, and chronic health
effects;

(B) A determination of whether adequate information on the health effects of each substance is
available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels
of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal,
State, and local levels; interested private sector organizations and groups; and members of the public. We
plan to revise these documents in response to public comments and as additional data become available.
Therefore, we encourage comments that will make the toxicological profile series of the greatest use.

Comments should be sent to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road, N.E.

Mail Stop E-29

Atlanta, Georgia 30333

Backeround Information
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The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly
found at facilities on the CERCLA National Priorities List and that pose the most significant potential
threat to human health, as determined by ATSDR and the EPA - The availability of the revised priority
list of 275 hazardous substances was announced in the Federal Register on October 25, 2001
(66 FR 54014). For prior versions of the list of substances, see Federal Register notices dated
April 17, 1987 (52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619);
October 17, 1990 (55 FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801);
February 28, 1994 (59 FR 9486); April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); and
October 21, 1999 (64 FR 56792). Section 104(i)(3) of CERCLA, as amended, directs the Administrator
of ATSDR to prepare a toxicological profile for each substance on the list.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that
has been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other federal
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a
nongovernmental panel and is being made available for public review. Final responsibility for the
contents and views expressed in this toxicological proﬁle resides with ATSDR.

@’ ouise Gerberdmg, "%

Administrator
Agency for Toxic Substances and
Disease Registry
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation of
available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance. It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets,
and assesses the significance of toxicity data to human health.

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length
of exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section.

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting. Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health
issues:
Section 1.6 How Can (Chemical X) Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?
Section 3.7 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.8 Biomarkers of Exposure and Effect
Section 3.11 Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-888-42-ATSDR or (404) 498-0110  Fax: (404) 498-0057
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards,; Skin Lesions and Environmental Exposures, Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs viii

Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials incident.
Volumes I and II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials. Volume lII—Medical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-
3724 « Phone: 770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health. Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 « Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 ¢ Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976 «
FAX: 202-347-4950 « e-mail: AOEC@AOEC.ORG « Web Page: http://www.aoec.org/.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 * Phone: 847-818-1800 « FAX: 847-818-9266.
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2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.
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consistency across profiles and adherence to instructions in the Guidance.
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review specified in Section 104(I1)(13) of the Comprehensive Environmental Response, Compensation,
and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
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The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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PBBs and PBDEs 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about polybrominated biphenyls (PBBs) and
polybrominated dephenyl ethers (PBDEs) and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites make up the National Priorities List (NPL) and are the sites targeted for
long-term federal cleanup activities. PBBs have been found in at least 9 of the 1,613 current or
former NPL sites. PBDEs have not been identified in any of the 1,613 current or former NPL
sites. However, the total number of NPL sites evaluated for these substances is not known. As
more sites are evaluated, the sites at which PBBs are found may increase. This information is
important because exposure to PBBs may harm you and because these sites may be sources of

exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. This release does not always lead to
exposure. You are exposed to a substance only when you come in contact with it. You may be

exposed by breathing, eating, or drinking the substance, or by skin contact.

If you are exposed to PBBs or PBDEs, many factors determine whether you’ll be harmed. These
factors include the dose (how much), the duration (how long), and how you come in contact with
them. You must also consider the other chemicals you’re exposed to and your age, sex, diet,

family traits, lifestyle, and state of health.

1.1 WHAT ARE PBBs AND PBDEs?

PBBs and PBDEs are chemicals that are added to plastics used in a variety of consumer
products, such as computer monitors, televisions, textiles, and plastic foams, to make them
difficult to burn. Because they are mixed into plastics rather than binding to them, they are able
to leave the plastic and find their way into the environment. Commercial production of PBBs

and PBDEs began in the 1970s. Manufacture of PBBs was discontinued in the United States in

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs 2

1. PUBLIC HEALTH STATEMENT

1976, while production of PBDEs has continued to the present. Concern regarding PBBs is
mainly related to exposures resulting from an agriculture contamination episode that occurred in
Michigan over a 10-month period of 1973—-1974. Concern for the health effects of PBDEs has
increased in recent years because these chemicals are found widely in the environment at

concentrations that keep increasing.

PBBs and PBDEs are similar but not identical compounds, and comprise two distinct groups of
synthetic organic chemicals. There are no known natural sources of these compounds in the
environment. PBBs and PBDE:s are solids and are colorless to off-white. Some PBDEs are
volatile and may exist as a vapor in air. Both PBBs and PBDEs enter the environment as
mixtures containing a variety of individual brominated biphenyl (for PBBs) or brominated
diphenyl ether (for PBDEs) components, known as congeners. Some commercial PBB mixtures
are known in the United States by their industrial trade name, Firemaster, while commercial
PBDE mixtures are known by their industrial trade names, Bromkal, Tardex, and Saytex. While
PBBs are no longer used in North America because of the agriculture contamination episode that
occurred in Michigan in 1973-1974, PBDE:s are still produced and widely used. More
information on the physical properties and uses of PBBs and PBDEs can be found in Chapters 4
and 5.

1.2 WHAT HAPPENS TO PBBs AND PBDEs WHEN THEY ENTER THE
ENVIRONMENT?

In the past, PBBs entered the air, water, and soil during their manufacture and use. In addition,
in lower Michigan in 1973, animal feed was accidentally mixed with 500—1,000 pounds of
PBBs. This contamination of the feed/food chain resulted in the contamination of millions of
farm animals and humans living in Michigan at this time. PBBs entered the environment during
the disposal of animal feed and animal products that were contaminated during the agriculture
contamination episode. PBBs entered the environment when PBB-containing wastes generated
during their manufacture and use were disposed in waste sites. Small quantities of PBBs also
entered the environment from accidental spills during transport. PBBs are no longer

manufactured in North America, but very small amounts of PBBs may be released into the
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environment from poorly maintained hazardous waste sites and improper incineration of plastics

that contain PBBs.

PBDEs enter air, water, and soil during their manufacture and use in consumer products. When
solid PBDE:s are suspended in air, they can be present as particles. They eventually return to
land or water by settling and washing out by snow and rainwater. Chemical reactions with
sunlight may reduce the levels of PBDEs in air. However, it is not yet possible to say how long
PBDEs remain in the air. PBDEs do not dissolve easily in water and therefore, high levels of
PBDEs are not found in water. The small amounts of PBDEs that do occur in water stick to
particles and eventually settle at the bottom. Sediments at the bottom of bodies of water, such as
lakes and rivers, generally act as reservoirs for PBDEs, and PBDEs can remain there for years.
Some PBDEs in water may build up in fish. In general, the breakdown of PBDE:s in soil is very
slow, so they may remain in soil for several years. PBDEs bind strongly to soil and do not

usually spread deep into soil with rainwater.

More information about what happens to PBBs and PBDEs in the environment can be found in

Chapter 6.

1.3 HOW MIGHT | BE EXPOSED TO PBBs AND PBDEs?

PBBs are no longer produced or used in the United States. Thus, the general population
exposure to PBBs will only be from past releases. For people residing in the lower peninsula of
Michigan, especially near PBB contaminated areas, exposure to PBBs may still be occurring
today. However, environmental levels have decreased since the 1970s and current exposure, if
any, will be at low levels. For other regions of the United States, the levels of exposure will

either be very low or none.

Measured data in air, water, soil, and food, as well as body burden data (blood, urine, breast
milk, and body fat), indicate that the overwhelming majority of people within the state of
Michigan who were exposed to PBBs received very low levels of PBBs. The body levels due to

exposure were slightly higher for people living in the lower peninsula of Michigan and highest
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among farm populations living on contaminated dairy farms. Consumption of contaminated
meat and dairy products caused the higher levels of PBBs in the body. Monitoring of the
workplace environment and body burden of workers indicated that those in PBB industries were
exposed to higher levels of PBBs than the general population. These workers were exposed to
PBBs by breathing contaminated workplace air and by skin contact with PBBs. Occupational
exposure also could have occurred from the incineration of materials containing PBBs.
Exposure in workplaces is no longer likely because PBBs are no longer manufactured. People
who live near hazardous waste sites that contain PBBs may be exposed primarily by breathing

air that contains PBBs.

PBDE:s are still produced and used in the United States. PBDEs are found throughout the
environment and are measured at low levels in air, sediments, animals, and food. Body burden
data (blood, breast milk, and body fat) indicate that most people are exposed to low levels of
PBDEs. People are exposed to PBDEs by breathing air and eating food that contain PBDEs. In
the United States, the concentration of PBDEs in outdoor air ranges from 2 to 77 trillionths of a
gram per cubic meter (or pg/m®), which indicates low levels of exposure to the general
population. Indoor air concentrations of PBDEs in lecture halls, computerized indoor
environments, and rooms with other electronic devices, such as televisions, also have low levels
of PBDEs. Workers involved in the production and manufacture of PBDE-containing products
are exposed to higher concentrations of PBDEs. Occupational exposure can also occur in
confined workplaces where plastic and foam products are recycled, and computers are repaired.
People who live near hazardous waste sites may be exposed to PBDEs by breathing

contaminated air.

More information about exposure to PBBs and PBDEs can be found in Chapter 6.
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1.4 HOW CAN PBBs AND PBDEs ENTER AND LEAVE MY BODY?

If you breathe air that contains PBBs or PBDEs, or swallow food, water, or soil contaminated
with PBBs or PBDEs, they can enter your body through your lungs and stomach and pass into
the bloodstream. It is not known how much of the PBBs and PBDEs will pass into the blood
from the lungs, although most will probably pass into the blood from the stomach and intestines.
Also, if you touch soil containing PBBs or PBDEs, which could happen at a hazardous waste
site, it is possible that some of the PBBs and PBDEs could pass through your skin into the
bloodstream. However, it is not known how fast PBBs and PBDEs enter the blood from the
lungs, stomach, or skin. The most important current source of PBBs is not known because PBBs
are no longer produced and used in North America, and are rarely found in air and drinking
water away from production plants and contaminated sites. The main source of exposure to
PBDEs may be the diet, particularly foods with high fat content such as fatty fish. PBDEs have
been detected in air samples, indicating that the general population can also be exposed by
inhalation. Once PBBs and PBDEs are in your body, they can change into breakdown products
called metabolites, some of which might be harmful. Some metabolites and some unchanged
PBBs and PBDEs may leave your body, mainly in the feces and in very small amounts in the
urine, within a few days. Other unchanged PBBs and PBDEs may stay in your body for many
years. PBBs and PBDE:s are stored mainly in your body fat, tend to concentrate in breast milk
fat, and can enter the bodies of children through breast feeding. PBBs and PBDEs also can enter
the bodies of unborn babies through the placenta. More information on how PBBs and PBDEs

can enter and leave your body can be found in Chapter 3.

1.5 HOW CAN PBBs AND PBDEs AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.
One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and

released by the body; for some chemicals, animal testing may be necessary. Animal testing may

also be used to identify health effects such as cancer or birth defects. Without laboratory
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animals, scientists would lose a basic method to get information needed to make wise decisions
to protect public health. Scientists have the responsibility to treat research animals with care and
compassion. Laws today protect the welfare of research animals, and scientists must comply

with strict animal care guidelines.

Much of what is known about the health effects of PBBs in people comes from studies of
ingestion in Michigan in the early-to-mid 1970s, where feed for farm animals was accidentally
contaminated with a fire retardant containing PBBs. People were exposed to PBBs for several
months when they ate meat, milk, and eggs from the contaminated animals. After news of the
contamination episode became widespread, many Michigan residents complained of various
health problems, including nausea, abdominal pain, loss of appetite, joint pain, fatigue, and
weakness. However, it could not be clearly established that any of the problems were caused by
eating the food contaminated with PBBs. PBBs also did not cause any definite changes in the
livers or immune systems of the Michigan residents. However, some people who ate the
contaminated food developed skin disorders, such as acne and hair loss. It is likely that PBBs
caused the skin problems because other chemicals similar to PBBs also cause these effects.
Workers who were exposed to PBBs for a few days to months by breathing and skin contact also
developed acne, although not all persons exposed to PBBs developed acne. Nothing is known
about the health of people who are exposed to low levels of PBBs for long periods by eating,

breathing, or skin contact.

Laboratory animals fed PBBs had body weight loss, skin disorders, and nervous system effects,
and their livers, kidneys, thyroid glands, and immune systems were seriously injured. Some
animals fed high amounts died. PBBs also caused birth defects in animals, but it is not known
for sure whether PBBs make males or females infertile. Most of the effects in animals occurred
after they ate large amounts of PBBs for short periods or smaller amounts for several weeks or
months. In a lifetime study in rats and mice treated orally with PBBs at doses higher than those
expected from environmental exposure, body weight loss and effects on the livers, kidneys, and
thyroid glands were observed. A few studies tested animals exposed to PBBs by skin contact.
These animals had injuries to the liver and skin. Only one study tested animals exposed to PBBs

by breathing, and no health effects were observed.
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It is not definitely known if PBBs caused or will cause cancer in people who ate food
contaminated with PBBs. Rats developed cancer in their livers after eating a large amount of a
PBB mixture only once. The offspring of exposed rats also developed cancer in their livers after
eating a large amount of the same PBB mixture only once. Liver cancer also developed in rats
and mice that ate smaller amounts of the PBB mixture for several months. Mice that had skin
contact with a small amount of a PBB mixture for several months did not develop skin cancer.
There are no cancer studies in animals that breathed PBBs. Based on the cancer in animals, the
National Toxicology Program (NTP) of the Department of Health and Human Services (DHHS)
determined that PBBs may reasonably be anticipated to be carcinogens. Similarly, the
International Agency for Research on Cancer (IARC) has determined that PBBs are possibly

carcinogenic to humans. The EPA has not classified the carcinogenicity of PBBs.

The health effects of PBDEs are not as well studied as for PBBs and practically all of the
information is from studies in laboratory animals. No definite information in known on effects
of PBDEs in people. Rats and mice that ate food containing moderate amounts of PBDEs for
short periods of time had mainly thyroid effects, and those that ate smaller amounts over several
weeks or months developed effects in the liver as well as in the thyroid. Preliminary findings
from short-term animal studies suggest that PBDEs might cause reduced immune system
function and neurobehavioral alterations. Behavioral changes were observed in young animals
and might be related to effects on the thyroid, because development of the nervous system is
dependent on thyroid hormones. More studies are needed to determine if PBDEs can impair
reproduction, but PBDEs are not known to cause birth defects. Animals that were exposed to
PBDEs by skin contact showed signs of dermal irritation only when the skin was previously

scratched.

It is unclear if PBDEs can cause cancer in people, although liver tumors developed in rats and
mice that ate decabromodiphenyl ether throughout their lives. Decabromodiphenyl ether is one
type of PBDESs; other kinds of PBDEs have not yet been tested for cancer. Based on the
evidence for cancer in animals, decabromodiphenyl ether is classified as a possible human
carcinogen by EPA. Neither DHHS nor IARC have classified the carcinogenicity of any
PBDE:s.
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It is not known whether the effects found in animals exposed to PBBs and PBDEs would also
occur in people exposed in the same way. The amounts of PBBs and PBDEs that caused health
effects in animals are much greater than levels of PBBs and PBDEs normally found in the
environment or as yet found in people. Long-term exposure to these chemicals has a greater
potential to cause health effects than short-term exposure to low levels because of their tendency
to build up in your body over many years. More information on how PBBs and PBDEs can

affect your health can be found in Chapter 3.

1.6 HOW CAN PBBs AND PBDEs AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception

to maturity at 18 years of age in humans.

Children are exposed to PBBs and PBDE:s in generally the same way as are adults, mainly by
eating contaminated food. Because of their smaller weight, children’s intake of PBBs and
PBDEs per kilogram of body weight may be greater than that of adults. The most likely way that
infants will be exposed is from breast milk that contains PBBs and PBDEs, although fetuses in
the womb are also exposed. Children who live near hazardous waste sites might accidentally eat
some PBBs or PBDEs through hand-to-mouth behavior, such as by putting dirty hands or other
soil/dirt covered objects in their mouths, or eating without washing their hands. Some children
also eat dirt on purpose; this behavior is called pica. It is also possible that children could be
exposed to PBDEs following transport of the chemical on clothing from the parent’s workplace

to the home (PBBs are no longer being produced).

Some information on health effects of PBBs in children is available from studies of the Michigan
contamination episode. Symptoms of ill health were not associated with increased exposure to
PBBs and general neurological examinations did not show any abnormalities. More detailed
studies of physical and neuropsychological development showed no effects that were clearly
related to PBBs among Michigan children exposed during the episode. Neurobehavioral
alterations have been found in animals that were exposed to PBBs in the womb and by nursing.

Animal studies also found that exposure to PBBs during pregnancy and/or lactation caused

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs 9

1. PUBLIC HEALTH STATEMENT

changes in thyroid hormone levels in the newborn animals and, at high doses, increases in
prenatal death and structural birth defects. Thyroid and neurobehavioral alterations also
occurred in newborn babies of animals that were exposed to PBDEs during pregnancy and
lactation, further indicating that these are possible effects of concern in children exposed to

PBBs or PBDEs.

As indicated above, children can be exposed to PBBs and PBDEs both prenatally and from
breast milk. PBBs and PBDE:s are stored in the mother’s body and can be released during
pregnancy, cross the placenta, and enter fetal tissues. Because PBBs and PBDEs dissolve
readily in fat, they can accumulate in breast milk fat and be transferred to babies and young
children. PBBs and PBDESs have been found in breast milk; however, in most cases, the benefits
of breast-feeding outweigh any risks from exposure in mother’s milk. You should consult your
health care provider if you have any concerns about PBBs or PBDEs and breast feeding.
Because the nervous system and thyroid are still developing in the fetus and child, the effects of
PBBs and PBDEs on these target systems might be more profound after exposure during the
prenatal and neonatal periods, which could make fetuses and children more susceptible to PBBs

and PBDEs than adults.

More information regarding children’s health and exposure to PBBs and PBDEs can be found in

Chapter 3 (Section 3.7).
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1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO PBBs AND
PBDEs?

If your doctor finds that you have been exposed to significant amounts of PPBs or PBDEs, ask
whether your children might also be exposed. Your doctor might need to ask your state health

department to investigate.

Since PBBs are no longer produced or used, the risk of exposure to these compounds is limited.
PBDEs are currently in widespread production and use. You and your children may by exposed
to PBBs and PBDEs by eating fish or wildlife caught from contaminated locations. Children
who live near hazardous waste sites should be discouraged from playing in the dirt near these
sites because they could contain PBBs or PBDEs. Children should also be discouraged from

eating the dirt, and careful handwashing practices should be followed.

As mentioned in Section 1.3, workplace exposure to PBDEs can occur during their production
and the manufacture of PBDE-containing plastic products. Workers involved in recycling
plastic products, computer repair in confined workplaces can also be occupationally exposed to
PBDE:s. If you are exposed to PBDEs while at work, it may be possible to carry them home on
your clothes or body. Your occupational health and safety officer at work can tell you whether
the products you work with may contain PBDEs and are likely to be carried home. If this is the
case, you should shower and change clothing before leaving work, and your work clothes should

be kept separate from other clothes and laundered separately.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN
EXPOSED TO PBBs AND PBDEs?

There are tests to determine whether PBBs and PBDEs are in the blood, body fat, and breast
milk. These are not regular or routine clinical tests, such as the one for cholesterol, but could be
ordered by a doctor to detect PBBs and PBDEs in people exposed to them in the environment
and at work. If your PBB and PBDE levels are higher than the normal levels, this will show that

you have been exposed to high levels of the chemicals. However, these measurements cannot
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determine the exact amount or type of PBBs or PBDEs that you have been exposed to, or how
long you have been exposed. Although these tests can indicate whether you have been exposed
to PBBs and PBDEs to a greater extent than the general population, they do not predict whether
you will develop harmful health effects. Blood tests are the easiest, safest, and probably the best
method for detecting recent exposures to large amounts of PBBs and PBDEs. Results of such
tests should be reviewed and carefully interpreted by physicians with a background in
environmental and occupational medicine. Although exposures to PBBs have been of greatest
concern in Michigan as explained in Section 1.3, nearly everyone has been exposed to PBDEs
because they are found throughout the environment, and the general population is therefore more
likely to have detectable amounts of PBDEs in their blood, fat, and breast milk. Recent studies
have shown that PBDE levels in the general population continue to rise, whereas levels of PBBs
have declined since the 1970s. More information on tests used to determine whether you have
been exposed to PBBs or PBDEs can be found in Chapter 3 (Section 3.11) and Chapter 7
(Section 7.1).

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health.
Regulations can be enforced by law. Federal agencies that develop regulations for toxic
substances include the Environmental Protection Agency (EPA), the Occupational Safety and
Health Administration (OSHA), and the Food and Drug Administration (FDA).
Recommendations provide valuable guidelines to protect public health but cannot be enforced by
law. Federal organizations that develop recommendations for toxic substances include the
Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for
Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or

food that are usually based on levels that affect animals; then they are adjusted to help protect

people. Sometimes these not-to-exceed levels differ among federal organizations because of
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different exposure times (an 8-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes
available. For the most current information, check with the federal agency or organization that

provides it. Some regulations and recommendations for PBBs include the following:

There are no federal guidelines or recommendations for protecting human health from exposure

to PBBs.

EPA requires that companies that transport, store, or dispose of p-bromodiphenyl ether (a
particular PBDE compound) follow the rules and regulations of the federal hazardous waste
management program. EPA also limits the amount of p-bromodiphenyl ether put into publicly
owned waste water treatment plants. To minimize exposure of people to p-bromodiphenyl ether,
EPA requires that industry tell the National Response Center each time 100 pounds or more of

p-bromodiphenyl ether have been released to the environment.

For more information on federal and state regulations and guidelines for PBBs and PBDEs, see

Chapter 8.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or
environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, GA 30333

Web site: http://www.atsdr.cdc.gov
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* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: 1-404-498-0057

ATSDR can also tell you the location of occupational and environmental health clinics. These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to
hazardous substances.

* To order toxicological profiles. contact

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000

***DRAFT FOR PUBLIC COMMENT***






PBBs and PBDEs 15
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO POLYBROMINATED
BIPHENYLS AND POLYBROMINATED DIPHENYL ETHERS IN THE UNITED STATES

Polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) are brominated organic
compounds used as flame retardant additives in plastics, textiles, and other materials. As additives, they
are physically mixed into product applications, rather than chemically bound. Therefore, they have the
potential to migrate from the plastic matrix into the environment. Commercial production of PBBs
began in approximately 1970 and manufacture was discontinued in the United States in 1976, subsequent
to a major agricultural contamination episode that occurred in Michigan in 1973. Concern regarding the
health effects of PBBs is mainly related to exposures that have resulted from the regionally localized
Michigan episode. Production of PBDEs also began in the 1970s but, unlike PBBs, has continued to the
present. Concern for the possible health effects of PBDEs has heightened recently due to evidence that
these chemicals are ubiquitously distributed with levels in the environment, biota, and humans tissues and

breast milk that are continually increasing.

PBBs and PBDEs are each classes of structurally similar brominated hydrocarbons in which

2—-10 bromine atoms are attached to the molecular structure (i.e., biphenyl for PBBs; diphenyl ether for
PBDEs). Monobrominated structures (i.e., one bromine atom attached to the molecule) are often included
when describing PBBs and PBDEs. There are 209 different molecular combinations, or congeners, that
are possible for both PBBs and PBDEs. Based on the number of bromine substituents, there are

10 homologous groups of PBB and PBDE congeners (monobrominated through decabrominated), with
each homologous group containing one or more isomers. The mono-, di-, tri-, tetra-, penta-, hexa-,
hepta-, octa-, nona-, and decabromo-congeners can exist in 3, 12, 24, 42, 46, 42, 24, 12, 3, and 1 isomers,
respectively. The general chemical structures of PBBs and PBDEs are similar when viewed in one

dimension, differing only in an ether linkage, as shown below, where m+n = 1-10:
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wherem+n=1to0 10 wherem+n=1to 10

PBBs PBDEs

However, due to the ether linkage and position/number of bromine atoms, there are important three-
dimensional differences in the structures of PBBs and PBDEs that can influence the molecules’ receptor

interactions and toxicological properties as discussed in Section 3.5, Mechanisms of Action.

People are environmentally exposed to PBBs and PBDEs of different congeneric composition than the
source commercial mixtures, due to differential partitioning and transformation of the individual
congeners in the environment, including transformation in food animals (e.g., dairy cattle in the case of
PBBs). Additionally, as discussed in Section 3.4, because PBBs and PBDEs are lipophilic and some

congeners are not readily metabolized, they are likely to be retained in the body for long periods of time

(years).

Polybrominated Biphenyls. Three commercial PBB mixtures were manufactured: hexabromobiphenyl,
octabromobiphenyl, and decabromobiphenyl. The two main commercial hexabromobiphenyl PBB
mixtures had the trade names FireMaster BP-6 and FireMaster FF-1. FireMaster FF-1 was produced by
grinding FireMaster BP-6 and adding 2% calcium polysilicate as an anticaking agent. The
hexabrombiphenyl mixtures contained varying proportions of di- through octabrominated homologues.
2,2',4,4' 5,5'-Hexabromobiphenyl is the most abundant congener in the mixtures (53.9-68.0%), followed
by 7.0-27.3% of 2,2',3,4,4',5,5'-heptabromobiphenyl. Commercial octabromobiphenyl mixtures
contained a large proportion (47.4—60.0%) of nonabromobiphenyl congeners, whereas commercial

decabromobiphenyls contain predominately (96.8%) decabromobiphenyl congener.

Limited data are available on health effects of commercial decabromobiphenyl and octabromobiphenyl
mixtures, although the hexabromobiphenyl mixtures FireMaster BP-6 and FireMaster FF-1 have been
extensively tested. Most of the information on human health effects of PBBs comes from studies of
Michigan residents who accidentally ingested milk, meat, and eggs that came from farms that used animal

feed contaminated with FireMaster FF-1. In 1973, livestock on certain farms in Michigan were exposed
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to FireMaster FF-1 after it was mistaken as a feed supplement and mixed with feed that was distributed
within the state for several months before being discovered. Health problems in dairy cattle, reported in
the fall of 1973, were the first signs that this episode occurred, but the accidental addition of PBBs to

animal feed was not identified as the cause of the problem until the spring of 1974.

Available information on the metabolism of PBBs in livestock is insufficient to ascertain whether the
people affected in Michigan ingested the original PBB mixtures or metabolic products of the PBBs.
Based on limited information in dairy cattle and additional data in laboratory animals as discussed in
Section 3.4.2.2, it is reasonable to assume that mainly unchanged penta-, hexa-, and heptabromobiphenyl
congeners were consumed in animal products during the contamination episode. PBBs were excreted in
cattle manure and, as such, were also environmentally distributed in Michigan via waste disposal on
farms. The general population outside of Michigan could possibly have been exposed to PBBs by the
oral route via the food chain, and the inhalation and dermal routes represent the most likely routes of

exposure to PBBs in occupational settings.

Polybrominated Diphenyl Ethers. Three commercial PBDE mixtures have been and continue to be
produced: decabromodiphenyl ether, octabromodiphenyl ether, and pentabromodiphenyl ether.
DecaBDE has accounted for more than 80% of PBDE usage. The composition of commercial decaBDE
is $97% pure with the remainder mainly nonaBDE. Commercial octaBDE is a mixture of congeners
ranging from nona- to hexaBDE, and mixtures of pentaBDE are comprised of tetra-, penta-, and hexaBDE
congeners. Congeners with less than four bromine atoms are generally not found in commercial PBDEs.
DecaBDE seems to be largely resistant to environmental degradation, whereas differential partitioning
and transformation of the octa- and hexaBDE mixture components have more readily yielded the
predominance of lower-brominated tetra- and penta-congeners, particularly 2,2'.4,4'-tetraBDE and
2,2',4,4' 5-pentaBDE, which have been detected in environmental and human tissue samples (including
breast milk). The main source of human exposure to PBDEs may be the diet, particularly foods with high
fat content such as fatty fish. PBDEs have been detected in air samples, including those taken from

remote areas, indicating that inhalation is also an exposure route for the general population.
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2.2 SUMMARY OF HEALTH EFFECTS

Polybrominated Biphenyls. Much of the information on human health effects of PBBs comes from
studies of Michigan populations where PBBs were accidentally introduced into the feed/food chain.
There is also some information on health effects in chemical workers. Although these studies consist
largely of observations on groups that are not well defined and lack accurate intake data, they do provide
a picture of the health status of the affected people and an indication of potential effects for the general
population who may be exposed to lower levels of PBBs. Thus far, there is little convincing evidence
linking exposure to PBBs and adverse health effects in Michigan farm residents. Although a variety of
symptoms (neurological and neuropsychiatric, gastrointestinal, hepatic, dermal, musculoskeletal) have
been reported, the prevalence of these symptoms has not been definitively linked to the extent or types of
exposure. Also, neurodevelopmental effects in exposed children and immunological effects were
reported. Physical examinations and laboratory tests have shown few abnormalities that corresponded to
the complaints, and prevalence of symptoms has not been correlated with serum PBB levels. However,

the possibility of long-term effects cannot be ruled out.

Most toxicity studies of PBBs in animals have involved oral exposure, and numerous effects have been
documented including hepatic, renal, dermal/ocular, immunological, neurological, and developmental.
Other effects of oral PBB exposure include decreased thyroid function, body weight loss, and liver
cancer. Adverse hepatic as well as dermal and ocular effects have been observed in a limited number of
dermal studies in animals. No significant adverse effects were observed in animal inhalation studies of
PBBs, but only two studies have been conducted (one with octabromobiphenyl and one with

decabromobiphenyl).

Thyroid Effects. The thyroid gland is an unequivocal target of PBBs in animals, and evidence in
humans is suggestive of a similar relationship. Effects in workers exposed to unspecified PBBs and/or
decabromobiphenyl included increased serum thyrotropin, low or borderline low serum thyroxine (T,),
and increased thyroid antimicrosomal antibody titers. A spectrum of effects has been observed in rats
exposed for acute and intermediate durations, ranging from decreases in serum levels of serum T, and
serum triiodothyronine (T;) to histological and ultrastructural changes in the follicles. The preponderance
of these studies tested FireMaster FF-1 or FireMaster BP-6 in rats, although chronic exposure to
FireMaster FF-1 induced thyroid follicular hyperplasia in mice. Similar thyroid effects also occurred in

offspring of treated rats and pigs.
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Thyroid effects were produced in rats in acute-duration studies at doses as low as 3 mg/kg/day (reduced
serum levels of T, hormone) but not at 1 mg/kg/day, in intermediate-duration studies at doses as low as
0.05 mg/kg/day (increased number and decreased size of follicles), and in chronic-duration studies at
doses as low as 1.3 mg/kg/day. The no-observed-adverse-effect level (NOAEL) of 1 mg/kg/day is used
herein as the basis for an acute-duration minimal risk level (MRL) for oral exposure. The acute-duration
lowest-observed-adverse-effect level (LOAEL) for hepatic effects is identical to the LOAEL for acute
thyroid toxicity, but is a less appropriate basis for the MRL because organ functional implications are not
as clear. The intermediate-duration LOAELSs for thyroid and hepatic effects are also comparable to each
other, but neither of these LOAELSs are suitable for an intermediate MRL because reproductive and
developmental toxicity occurred at a lower dosage. The thyroid LOAEL for chronic-duration exposure is
unsuitable for deriving a chronic MRL because decreased survival occurred at the same dose (lower doses
were not tested), and thyroid, liver, and other effects occurred at lower doses in intermediate-duration

studies.

Hepatic Effects. Histologically and ultrastructurally documented liver damage is a consistent and
prominent finding among animals exposed to PBBs by the oral route, but studies of Michigan residents
who were likely to have ingested PBB-contaminated food are inconclusive. The human studies do not
demonstrate any clear association between abnormal liver-associated serum indices (serum glutamic-
oxaloacetic transaminase [SGOT], serum glutamic pyruvic transaminase [SGPT], lactic dehydrogenase
[LDH], bilirubin) or liver enlargement and PBB exposure. No information is available on hepatic effects
of PBBs in humans exposed by the inhalation or dermal routes. Although the available studies on liver
effects in humans are largely inconclusive, the animal data, as summarized below, suggest that humans

may also be affected.

Hepatic effects ranging from microsomal enzyme induction and liver enlargement to fatty changes and
necrosis have been observed in rodents and other laboratory animal species exposed orally to FireMaster
PBBs in acute-, intermediate-, and/or chronic-duration studies. Acute- and intermediate-duration oral
data for octabromobiphenyl mixtures are only available for rats and suggest that hepatic histopathologic
effects are milder than for FireMaster mixtures at similar doses. Similarly, intermediate-duration oral
data for decabromobiphenyl mixture suggest that this PBB mixture is a less potent hepatotoxicant than an
octabromobiphenyl mixture. No pathologic effects were reported in the liver of rats exposed to an
octabromobiphenyl mixture in acute- and intermediate-duration inhalation studies, or in an intermediate-
duration study with a decabromobiphenyl mixture, but it is unclear if histology was evaluated following

the intermediate-duration octabromobiphenyl mixture exposure. Acute dermal exposure to commercial
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mixtures of hexabromobiphenyl, but not octabromobiphenyl, has been reported to produce gross necrotic
changes in the liver of rabbits. Hepatocyte enlargement and degenerative changes (vacuoles or necrosis)
are the most sensitive adverse hepatic effects that have been observed in the acute-, intermediate-, and
chronic-duration oral studies with FireMaster PBBs. The lowest hepatic LOAELSs for acute and
intermediate durations are identical or essentially the same as the LOAELSs for thyroid effects. The acute-
duration LOAEL for thyroid toxicity is used as the basis for an acute oral MRL, but neither hepatic nor
thyroid LOAELSs for intermediate-duration exposure are suitable for MRL derivation because
reproductive and developmental toxicity occurred at a lower dosage. Hepatotoxicity occurred at the
lowest dosage tested in chronic studies with rats and mice, and the hepatic LOAEL in mice also caused
thyroid effects. Neither the rat nor the mouse LOAEL is a suitable basis for a chronic MRL, however,
due to decreased survival at the same dosage and weight loss and developmental toxicity in monkeys at a

lower chronic dosage.

Altered vitamin A homeostasis, primarily manifested as decreased hepatic storage of vitamin A, is
another established effect of PBBs in animals. Vitamin A is essential for normal growth and cell
differentiation, particularly differentiation of epithelial cells, and some PBB-induced epithelial lesions
resemble those produced by vitamin A deficiency. Because it is the primary storage site for vitamin A,
the liver has a major role in retinol metabolism. Esterification of dietary vitamin A, hydrolysis of stored
vitamin A, mobilization and release into the blood of vitamin A bound to retinol-binding protein, and

much of the synthesis of retinol-binding protein occurs in the liver.

Immunological and Lymphoreticular Effects. Altered lymphocyte transformation responses
among populations exposed to PBB following the Michigan contamination episode have been reported by
some investigators. Others have not been able to confirm these findings. However, it is clear that no
correlation can be established between altered immune parameters and PBB levels in serum. Some have
suggested that PBBs associated with white blood cells is possibly the cause of the immunological
dysfunction resulting from exposure to PBBs. This would imply that total PBB in plasma is not
necessarily a good marker for immune dysfunction. Continuous examination of this cohort may resolve

the controversy.

Studies in animals, mostly intermediate-duration studies in rodents, indicate that a variety of
immunological parameters such as spleen and thymus weights, antibody production, and
lymphoproliferative responses can be affected by treatment with commercial PBB mixtures. The only

chronic study found increased splenic hematopoiesis in mice, but no histological changes in the spleen,
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thymus, or lymph nodes of rats. It is apparent, however, that some of these effects are only seen at PBB
levels that cause overt toxicity. Steroids are known to influence the immune response. Corticosterone
levels were elevated in plasma of mice that were exposed to FireMaster BP-6 in the diet for 30 days,
although the increase was not enough to be responsible for the observed immunological effect (reduced
antibody-mediated response to sheep red blood cells). Thymic atrophy and a reduction in lymphocyte
markers were reported in cows treated with PBB doses of 67 mg/kg/day for #60 days. However, these
results should be interpreted with caution since the animals approached death at this dose. Based on the
data available, it is difficult to suggest any particular species as the most sensitive. This is because
different studies usually examined different end points, using different exposure protocols. It is unclear
whether morphological changes in the reticuloendothelial system are more sensitive indicators of altered
immune status than are functional changes. Although the limited data on humans are largely
inconclusive, PBBs have altered immune responses in a variety of animal species, which suggests that

humans may also be affected.

Neurological Effects. Data from studies on Michigan residents exposed to PBBs as a result of the
1973 feed contamination episode and data from a limited number of animal studies both suggest that
exposure to PBBs may cause subtle effects on neuropsychological performance and development in
humans. Symptoms of neurological effects, including fatigue, weakness, and decrements in the capacity
to perform physical or intellectual work, were reported frequently by groups of farm families and
residents of Michigan who were likely to have consumed farm products (milk, meat, and eggs)
contaminated with PBBs; however, associations between PBB levels in serum or fat and the frequency of
subjectively reported neurological symptoms were not found in several studies. The administration of
neuropsychological tests to orally-exposed Michigan residents has not revealed abnormalities or
associations between test performance and PBB levels in serum or fat. Similarly, no association between
performance in neuropsychological tests and serum PBB levels was made in a study of a small number of

chemical workers exposed to unspecified PBBs via inhalation and/or dermal contact.

Examinations of a small number of children (19) believed to have been exposed in utero or in early
infancy during the peak of the Michigan PBB-feed contamination episode have not found consistent or
marked effects on neuropsychological development. One study found a statistically significant
association between performance in neuropsychological development tests and PBB levels in adipose
tissues when the children were .2.5—4 years old, but a later examination when the children were

-4-6 years old did not find such an association for the same tests.
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Studies with rats have shown that oral exposure to PBBs at dose levels of - 10 mg/kg/day for intermediate
durations (1-6 months) produced decreased motor activity and weakness of the hind limb , but not
operant behavior deficits or histopathological alterations of brain or spinal nerve tissue. Performance
deficits in tests of learning behavior were observed in the offspring of female rats and female mice treated
with oral doses of PBBs at approximate daily dose levels ranging from 0.2 to 10 mg/kg during gestation
and lactation. Effects on acquisition of forward locomotion, cliff avoidance, cage emergence, and
open-field activity were found in offspring of rats that were exposed to 2 mg/kg/day from day 6 of
gestation through day 24 postpartum and observed until postnatal day 60.

Dermal and Ocular Effects. Dermal lesions characterized as acne have been observed in humans
occupationally exposed to PBBs. Increased prevalences of skin disorder symptoms, including rashes,
acne, darkening or thickening of the skin, discoloration or deformity of fingernails or toenails, peeling
and scaling, erythema, and hair loss, were reported by Michigan residents who were likely to have
ingested PBB contaminated food. There was no association between serum PBB levels and prevalence of
symptoms in one study, but physical examinations in the other study confirmed a slightly increased
incidence of alopecia. Polymer fibers containing octabromobiphenyl mixture caused no dermal effects

when placed on covered human skin for 6 days.

Acute-, intermediate-, and chronic-duration oral studies have found no histological alterations in the skin,
pinnae, ear canals, or salivary glands of rats or mice exposed to FireMaster FF-1 or FireMaster BP-6.
Alopecia, loss of eyelashes, generalized subcutaneous edema, dry scaly skin, and periorbital edema
developed in three monkeys that were exposed to low doses of FireMaster FF-1 for several months;
related histological findings included sebaceous gland atrophy and metaplasia and keratinization of hair
follicles. Uncharacterized dermatosis was observed in similarly treated pigs. Hyperkeratosis of the
eyelids and metaplasia of the tarsal glands with keratin cysts developed in cows that ingested FireMaster
BP-6 for up to 60 days. Acute dermal application of FireMaster FF-1 induced hyperkeratosis, dilation
and keratinization of hair follicles, and partial atrophy of the sebaceous glands in rabbits, but effects of
octabromobiphenyl and decabromobiphenyl mixtures were generally mild (slight erythema and edema).
Octabromobiphenyl mixture was not a sensitizer when applied to guinea pig skin. Although somewhat
limited, the animal and human data are generally consistent and indicate that although PBBs can cause
local responses such as irritation by direct dermal contact, exposure does not need to occur by the dermal

route to produce cutaneous effects.
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Unspecified signs of ocular irritation were observed in rats intermittently exposed to a high (5,000 mg/m®)
dust concentration of decabromobiphenyl mixture for 4 weeks, but severity was not reported, and
recovery was not assessed. Octabromobiphenyl and decabromobiphenyl mixtures caused mild eye
irritation in rabbits when applied as a dry solid. Histopathological changes have not been observed in the
eyes of rats or mice exposed orally to FireMaster FF-1 or FireMaster BP-6 in studies of acute,
intermediate, or chronic duration. Xerophthalmia (extreme dryness of the conjunctiva) was reported in
rats fed FireMaster BP-6 in an intermediate-duration study. Based on effects in animals, direct exposure

to PBBs is likely to be irritating to human eyes.

Body Weight Effects. Animal studies provide strong evidence that oral exposure to FireMaster
PBBs causes a wasting syndrome characterized by progressive decreased weight gain, with immediate
moderate to severe body weight loss generally preceding death. Effects on body weight have been
observed in single dose, intermediate- and chronic-duration oral studies with rats, mice, guinea pigs,
mink, monkeys, and/or cows. Changes in body weight were also observed in rabbits following acute
dermal exposure to commercial mixtures hexabromobiphenyl, but not octabromobiphenyl, suggesting that

the syndrome is independent of exposure route and is a potential effect of PBBs in humans.

Reproductive Effects. A limited amount of data are available regarding the reproductive effects of
PBBs in humans. The distribution of sperm counts, sperm motility, and sperm morphology was
investigated in a small number (50) of male Michigan residents who ingested food produced on PBB-
contaminated farms or who worked in a PBB manufacturing company. The study found no evidence for
PBB-related effects compared with a putatively unexposed control group. No relationship was found
between serum PBB levels and frequency and duration of breast-feeding in a retrospective study of
women exposed to PBBs during the Michigan episode. A study of fetal mortality rates in Michigan

counties did not include data for fetal mortalities occurring during the first trimester of pregnancy.

Animal studies provide limited evidence that FireMaster FF-1 and FireMaster BP-6 PBBs cause adverse
reproductive effects in a variety of species. Increased menstrual cycle duration and prolonged
implantation bleeding were observed in female monkeys fed approximate daily dose levels of

0.012 mg/kg for 7 months before breeding and during pregnancy. A corresponding decrease in serum
levels of progesterone suggests that the reproductive effects in the monkeys are related to PBB-induced
endocrine imbalance. This dosage (0.012 mg/kg/day) is the lowest tested in any intermediate-duration
study and also caused fetal deaths in the monkeys after . 1 year of exposure. Although the reproductive

effects are less serious, concern for serious developmental toxicity following exposures of <1 year

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs 24

2. RELEVANCE TO PUBLIC HEALTH

precludes deriving an MRL for intermediate-duration exposure. Implantation was completely blocked in
40-67% of female rats treated with gavage dose levels $28.6 mg/kg on alternate days between gestation
days 0 and 14 . Alterations in male reproductive organs were observed at doses that caused death in male
rats (necrosis of the epithelial lining of the ductus deferens after 100 mg/kg for 4-5 weeks) and in a
monkey (hypoactive seminiferous tubules after . 0.73 mg/kg/day for 25 weeks). No alterations in litter
size or fertility were observed in a study of male and female minks fed #0.39 mg/kg/day for 6—7 months
prior to breeding and during pregnancy or in the F, or F, generations of female parental rats fed as much

as 5 mg/kg/day during the postimplantation phase of gestation and through weaning.

Based on the observations of adverse effects on reproduction in animals exposed to PBBs, the possibility
that PBBs may cause reproductive harm in humans cannot be refuted and suggests that exposure of

women to PBBs prior to and during the early phases of pregnancy may be of particular concern.

Developmental Effects. Consistent or marked abnormalities have not been found in examinations of
the physical and neuropsychological development of children exposed in utero or in early infancy during
the peak of the Michigan PBB episode. Likewise, a comparison of fetal mortality rates for Michigan
counties with a high percentage of quarantined farms and those for Michigan counties with no
quarantined farms did not clearly establish or refute the possibility that the Michigan PBB episode caused

developmental problems in exposed people.

Fetotoxic and developmental effects have been observed in studies of FireMaster FF-1 or FireMaster
BP-6 in several species of laboratory animals. Embryolethal effects or increased mortality among nursing
young were observed in rats and mice after oral exposure during gestation and in monkeys after exposure
before conception and during pregnancy. Because the dosage (0.012 mg/kg/day) causing these serious
developmental effects in monkeys is the lowest tested in any chronic study of PBBs, it is not possible to
derive an MRL for chronic-duration exposure. Structural malformations in fetuses, including cleft palate,
were also observed in rats and mice after exposure to these PBBs during gestation. Increased incidences
of fetuses with extra ribs were reported in a study of rats orally exposed to commercial
octabromobiphenyl mixture during gestation, but oral exposure to commercial decabromobiphenyl
mixture was not embryotoxic, fetotoxic, or teratogenic in rats. Studies with FireMaster FF-1 and
FireMaster BP-6 found that body weight gain was reduced in the offspring of rats and mice after exposure
during gestation, in rat offspring after exposure during gestation and lactation, and in mink kits after
parental exposure before and during pregnancy. Liver effects, including increased liver weight and

hepatic cytochrome P-450 enzymic activity, hepatocyte enlargement, vacuolization, and other
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degenerative changes, were observed in the offspring of rats, mice, and/or swine fed FireMaster FF-1 or
FireMaster BP-6 during gestation and/or lactation. Performance deficits in tests of operant behavior were
observed in offspring of rats and mice after oral exposure to FireMaster FF-1 or FireMaster BP-6 during

pregnancy and lactation.

Although the available human data regarding developmental effects of PBBs are inconclusive, the results
from animal studies strongly suggest that PBBs may cause mild to severe developmental effects in
humans, including growth retardation, alteration of neuropsychological development, and structural

malformations.

Cancer. There is no epidemiological evidence of an association between exposure to PBBs and
increased prevalence of cancer (all sites) in Michigan residents who were likely to have ingested PBB-
contaminated food. These data are inconclusive due to a short latency period of 4 years. Suggestive
relationships between increasing serum levels of PBBs and risks of breast cancer, digestive system
cancer, and lymphoma (not otherwise specified) were found in case-control studies of Michigan PBB

registry enrollees who were followed for approximately 20 years.

Oral studies with rats and mice demonstrate that FireMaster FF-1 is an unequivocal hepatocarcinogen.
Hepatocellular adenomas, carcinomas, and/or liver neoplastic nodules were induced in these species
following single or repeated (intermediate- and chronic-duration) exposures. These types of liver
neoplasms even developed in the offspring of rats administered a single gavage dose during gestation or
offspring of mice treated by diet during the perinatal period (throughout gestation and lactation). Liver
neoplasm incidences were much higher in rats and mice exposed for up to 2 years in the only chronic
bioassay than in the other studies that involved shorter-duration exposures of up to 6 months followed by
an observation period of up to 2 years. Based on findings in male rats and mice of both sexes in this
study, there is some evidence that combined perinatal and adult dietary exposure to FireMaster FF-1

enhanced the susceptibility of hepatocellular neoplasms in animals receiving adult exposure.

Tumors were not clearly or consistently observed in nonhepatic tissues of animals exposed to FireMaster
FF-1. Induction of thyroid follicular cell adenoma was inconclusive in mice in both National Toxicology
Program bioassays. Equivocal increases in incidences of mononuclear cell leukemia were observed in
adult-only exposed rats in the NTP chronic study, and combined perinatal and adult exposure showed no
significant increase. Combined analysis of the incidences of this leukemia in the adult-only, perinatal

only, and combined perinatal and adult exposure groups, however, showed an apparent association
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between increasing incidences and dose, and incidences in some of the groups exceeded historical control
ranges. Evidence is available that oral administration of FireMaster BP-6 promotes development of

initiated tumors in rats (liver enzyme-altered foci assays) and hamsters (tracheal papilloma assay).

Based on the results of the oral studies of FireMaster FF-1 in rats, there is sufficient evidence to conclude
that PBBs are carcinogenic in animals and potentially carcinogenic in humans. PBBs as a group have
been classified as possibly carcinogenic to humans by IARC (Group 2B). This classification is based on
sufficient evidence for carcinogenicity to animals and inadequate evidence of carcinogenesis in humans.
NTP concluded that PBBs are reasonably anticipated to be human carcinogens based on sufficient
evidence of carcinogenicity in animals. The EPA has not classified the carcinogenicity of PBBs.

Because there is insufficient information about which constituents of the PBB mixtures are carcinogenic
and the congener profile to which people may be exposed environmentally is likely to be different from
the original PBB source, it is assumed that PBB mixtures of any composition are potentially carcinogenic.
This assumption has uncertainty since it cannot be verified with current knowledge, and because the

mechanism of PBB carcinogenesis in rodents has not been definitively elucidated.

Polybrominated Diphenyl Ethers. Information is available on the health effects of all three commercial
mixtures of PBDEs (deca-, octa-, and hexaBDEs), although the toxicology of these mixtures is less well
characterized than for PBBs. Most of the data are from studies of orally exposed laboratory animals
indicating that effects of decaBDE are generally much less pronounced than for octa- and hexaBDE
mixtures following acute and repeated-dose exposures. This dissimilar toxicity is likely related to
differences in absorption, metabolism, and elimination of the congeners in each mixture as shown by
rodent toxicokinetic studies. In particular, in comparison with the other mixtures, decaBDE is minimally
absorbed (0.3-2%), has a relatively short half-life (<24 hours), and is rapidly eliminated via fecal
excretion (>99% in 72 hours). These toxicokinetic differences correlate with environmental monitoring

data indicating that decaBDE has low bioaccumulation potential.

Available intermediate- and chronic-duration oral studies in animals indicate that the thyroid and liver are
the main systemic targets of PBDE toxicity as shown by effects mainly including enlargement and
histological alterations in both organs and changes in serum levels of thyroid hormones. Several acute-
duration studies of pentaBDE suggest that immunosuppression may also be an important health end point.
Very little information is available on potential neurotoxic effects of PBDEs, mainly the results of three
behavioral tests showing alterations in the developing nervous system of mice following neonatal

exposure to low doses of 2,2',4,4'-tetraBDE and 2,2',4,4',5-pentaBDE. Concern for neurodevelopmental
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toxicity is raised by the PBDE-induced alterations in thyroid hormone homeostasis because development
of the central nervous system is dependent on thyroid hormones. Information on the reproductive toxicity
of PBDEs is limited to a one generation study of decaBDE in rats that found no exposure-related
functional effects. Developmental toxicity studies have shown no evidence of teratogenicity of deca-,
octa-, and pentaBDE in rats and rabbits, although fetotoxic effects, including skeletal ossification
variations at maternally toxic doses, have occurred. Information on the carcinogenicity of PBDEs is
limited to results of chronic oral bioassays on decaBDE that found limited evidence of cancer based on
increased liver neoplasms in rats and mice and equivocal occurrence of thyroid tumors in mice. The
weight of available genotoxicity evidence indicates that PBDEs are not genotoxic. Dermal application
studies in rabbits showed that decaBDE, octaBDE, and pentaBDE were non-irritating to intact skin and
caused some erythematous and edematous responses in abraded skin. DecaBDE was not a skin sensitizer
in humans and octaBDE and pentaBDE were non-sensitizing in guinea pigs, indicating that the PBDEs

did not cause delayed contact hypersensitivity.

Thyroid Effects. Limited information is available on thyroid effects in PBDE-exposed humans.
There are suggestive occupational data as shown by effects that included increased serum FSH, low or
borderline low serum T,, and increased thyroid antimicrosomal antibody titers in workers exposed to
decaBDE and/or unspecified PBBs. There was no clear association between plasma levels of

2,2',4 4-tetraBDE and thyroid hormone levels (free and total T, and T,, TSH, free testosterone, follicle-
stimulating hormone, lutenizing hormone, and prolactin) in men who consumed varying amounts of fatty
fish from the Baltic Sea. Based on consistent evidence in animals, as summarized below, the thyroid is

particularly sensitive to PBDEs and is a likely target of toxicity in exposed humans.

Thyroid effects that have mainly included reduced serum T, hormone levels and follicular cell
hyperplasia were consistently observed in rats and mice orally exposed to PBDEs. Accompanying
changes in serum TSH levels were not found and the depression of serum T, is likely related to hepatic
enzyme induction. Acute duration studies showed decreases in serum T, in rats exposed to

$10 mg/kg/day octaBDE or $30 mg/kg/day pentaBDE for 4 days and in rats and mice exposed to

$18 mg/kg/day pentaBDE for 14 days. Effects observed in intermediate-duration studies include thyroid
hyperplasia in rats exposed to $8 mg/kg/day octaBDE for 30 days and reduced serum T, in rats exposed
to $10 mg/kg/day pentaBDE for 90 days. Exposure to pentaBDE on gestation day 6 through postnatal
day 21 caused serum T, reductions at 30 mg/kg/day in maternal rats and $10 mg/kg/day in their fetuses
and neonatal offspring. Intermediate-duration exposure to a 77% decaBDE/22% nonaBDE commercial

mixture caused thyroid hyperplasia in rats at doses $80 mg/kg/day for 30 days. Chronic (103-week)
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exposure to high-purity decaBDE ($97%) did not induce thyroid histopathological changes in rats at
#2,550 mg/kg/day, although follicular cell hyperplasia developed in mice exposed to 2,240 mg/kg/day.

Hepatic Effects. The hepatotoxic potential of PBDE mixtures is well-documented in animals by oral
exposure. The spectrum of observed hepatic effects includes microsomal enzyme induction, liver
enlargement, and degenerative histopathologic alterations that progress to tumors. Repeated dietary
exposure to PBDEs typically caused liver enlargement with or without degenerative changes, and effects
were generally dose-related in incidence and severity, more frequent and pronounced in males than
females, and more severe with octaBDE and pentaBDE than decaBDE. Hepatic effects induced

by chronic exposure to decaBDE included degeneration and thrombosis in rats exposed to

2,240 mg/kg/day and centrilobular hypertrophy and granulomas in mice exposed to $3,200 mg/kg/day.
Increased liver weight and hepatocellular enlargement with vacuolation occurred in rats exposed to
pentaBDE doses as low as 2-9 mg/kg/day for 4-13 weeks. Increased incidences of degeneration and
necrosis of individual hepatocytes were observed 24 weeks following exposure $2 mg/kg/day of
pentaBDE for 90 days in rats. No studies are available on hepatic effects of PBDEs in humans. Based on

the evidence in animals, PBDEs are potentially hepatotoxic in humans.

Immunological and Lymphoreticular Effects. Information regarding the immunosuppressive
potential of PBDE mixtures is essentially limited to evidence from acute-duration oral studies of
pentaBDE in animals. The plaque-forming splenic cell antibody response to injected sheep red blood
cells was significantly reduced in mice exposed to 72 mg/kg/day pentaBDE for 14 days; single doses as
high as 500 mg/kg had no effect. In vitro production of IgG immunoglobulin from pokeweed
mitogen-stimulated splenocytes was reduced in mice exposed to 36 mg/kg/day pentaBDE for 14 days.
Other 14-day studies in mice found no changes in natural killer cell activity to murine YAC-1 target cells
at #72 mg/kg/day or numbers of splenic and thymic lymphocyte subsets at #36 mg/kg/day, although

18 mg/kg/day of the single congener 2,2°,4,4’-tetraBDE caused significantly reduced numbers of total
lymphocytes and CD4+, CD8+, and CD45R+ subtypes in spleen. Chronic ingestion of decaBDE caused
splenic lesions (hematopoiesis, fibrosis, lymphoid hyperplasia) in rats exposed to $1,200 mg/kg/day for
103 weeks. No studies are available on immunological effects of PBDEs in humans. Due to the limited
amount of data in animals, insufficient information is currently available to adequately characterize the

human immunotoxic potential of PBDEs.
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Developmental Effects. Oral developmental toxicity studies of deca-, octa-, and pentaBDE have
shown no evidence of teratogenicity in animals. Gestational exposure to a high (1,000 mg/kg/day) but
maternally nontoxic dose of decaBDE was fetotoxic in rats as shown by subcutaneous edema and delayed
skull bone ossification. Commercial mixtures of octaBDE caused skeletal ossification variations in rats
and rabbits at maternally toxic levels and other indications of fetotoxicity at lower doses. Effects of
gestational exposure to octaBDE included minimally increased postimplantation loss in rats at

$10 mg/kg/day, increased resorptions in rats at 25 mg/kg/day, and increased skeletal variations in rabbits
at 15 mg/kg/day and rats at 50 mg/kg/day. No evidence of fetotoxicity was found in the only available
study of pentaBDE in rats at maternally toxic doses #200 mg/kg/day. No studies are available on
developmental effects of PBDEs in humans. Based on the evidence in animals, PBDEs are unlikely to

cause developmental toxicity at expected levels of exposure.

Cancer. The only information regarding carcinogenicity of PBDEs in humans is available from a case-
control study that found no clear association between risk of non-Hodgkin’s lymphoma and exposure to

2,2'4,4'-tetraBDE in a small group of Swedish men and women.

Cancer data on PBDEs in animals are limited to results of studies on decaBDE mixtures. In a bioassay
conducted by the NTP, male and female rats were exposed to decaBDE ($94% pure) in the diet in low
doses of 1,120 and 1,200 mg/kg/day, respectively, and high doses of 2,240 and 2,550 mg/kg/day,
respectively, for 103 weeks. Male and female mice were similarly exposed to low doses of 3,200 and
3,760 mg/kg/day, respectively, and high doses of 6,650 and 7,780 mg/kg/day, respectively. Incidences of
neoplastic nodules in the liver were significantly increased in the male and female rats, and incidences of
hepatocellular adenoma or carcinoma (combined) were significantly increased in the male mice. Slightly
elevated incidences of thyroid gland follicular cell adenoma or carcinoma (combined) were additionally
observed in exposed male mice, although the increases were not statistically significant. Carcinogenicity
was additionally evaluated in rats that were exposed to 0.01, 0.1, or 1.0 mg/kg/day dietary doses of a
77.4% decaBDE mixture (containing 21.8% nonaBDPO and 0.8% octaDBDPO) for approximately

2 years. No exposure-related neoplastic changes were found, but the power of this study to detect
carcinogenic effects is limited by the very low dose levels in comparison to those tested in the NTP

bioassay.
Based on the limited evidence of carcinogenicity in animals in the NTP bioassay (significantly increased

incidences of neoplastic liver nodules in rats and combined hepatocellular adenomas and carcinomas in

mice), as well as the lack of human data, decaBDE has been classified in EPA Group C (possible human
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carcinogen) and IARC Group 3 (not classifiable as to its carcinogenicity to humans). EPA Group D
classifications (not classifiable as to human carcinogenicity) were assigned to nona-, octa-, hexa-, penta-,
tetra-, tri-, and p,p -diBDE based on no human data and no or inadequate animal data. The U.S.

Department of Health and Human Services has not classified the carcinogenicity of any PBDE mixture.

2.3 MINIMAL RISK LEVELS (MRLs)

As indicated in Section 2.1, there are three-dimensional structural differences in PBBs and PBDEs that
can influence the relative behavior of the chemicals in biological systems. Consequently, although there
are some similarities in the health effects of PBBs and PBDEs, it cannot be assumed that corresponding
PBDE and PBB congeners necessarily have the same toxicological and toxicokinetic characteristics.
PBBs and PBDEs also share some toxicological properties with other structurally similar polyhalogenated
aromatic compounds, particularly polychlorinated biphenyls (PCBs), chlorinated dibenzo-p-dioxins
(CDDs), and chlorinated dibenzofurans (CDFs) (Agency for Toxic Substances and Disease Registry
1994, 1998, 2000). The toxicity of PCBs and PBBs is commonly classified as either “dioxin-like” or
“non-dioxin-like” based on evidence that dioxin-like congeners act through the same Ah-receptor initial
mechanism involved in 2,3,7,8-TCDD toxicity. The mechanism(s) of toxicity for non-dioxin-like PCB
and PBB congeners is less clearly elucidated, but also may involve receptors (e.g., the estrogen receptor,
the ryanodine receptor, and others). For PBDEs, the introduction of the ether bridge precludes clearly
classifying the congeners as either “dioxin-like” or “non-dioxin-like”. As discussed in Section 3.5,
available studies of structure-induction properties, structure-affinity binding properties, and structure-
toxicity properties suggest that some ortho substituted (non-dioxin-like) PBDE congeners can exhibit
stronger affinity for the Ah receptor and exhibit stronger dioxin-type toxicity than their corresponding
non-ortho substituted (dioxin-like) analogs (Chen et al. 2001; Howie et al. 1990). This is contrary to
what is expected for the corresponding PCB and PBB congeners, and has been attributed to the greater
distance between the two biphenyl rings in PBDE congeners, relative to PCBs and PBBs. In other words,
introduction of ortho substitutions into PBDEs or PCDEs does not create a spatial impediment for the two
phenyl rings to assume a semi-flat position with respect to each other as it does for PCBs or PBBs. This
has implications not only for dioxin-type toxicities, but also for non-dioxin-type toxicities. For example,
mono- and diortho-substituted PCBs exhibit neurotoxic properties, and structure-activity relationships
have been established for various neurological end points (see Agency for Toxic Substances and Disease
Registry 2000 for details). Although this has not been adequately examined for PBBs and PBDEs, it is
reasonable to speculate that mono- and diortho-substituted PBDEs might not necessarily follow the

potency rankings of mono- and diortho-substituted PCBs and PBBs.
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The assumption that PBBs and PBDEs share many toxicological characteristics with PCBs also does not
consider geometrical differences due to the higher atomic weight and considerably larger molecular
volume of bromine compare to chlorine (Hardy 2000, 2002). These differences contribute to dissimilar

physical/chemical properties that can influence the relative toxicokinetics and toxicities of the chemicals.

People are environmentally exposed to PBB and PBDE mixtures of different congeneric composition than
the original commercial PBB and PBDE mixtures. Although the toxicity or potency of environmental
PBB and PBDE mixtures consequently may be greater or less than that of commercial mixtures, there are
insufficient mixture toxicity data on which to directly base MRLs for environmental PBBs and PBDEs.
Due to the likelihoods that (1) multiple mechanisms (Ah-receptor-dependent mechanisms, Ah-receptor
independent mechanisms, or both) may be involved in health effects induced by PBBs/PBDE:s,

(2) different PBB/PBDE congeners may produce effects by different mechanisms, and (3) humans are
exposed to complex mixtures of interacting PBBs/PBDEs with differing biological activities, as well as to
the lack of a suitable approach for quantitatively evaluating joint toxic action from concurrent exposures
to PBBs, PBDEs, PCBs, CDDs, and/or CDFs in the environment, data from commercial PBB and PBDE
mixtures are used to develop MRLs for assessing health risks from environmental exposures to PBBs or

PBDEs.
Polybrominated Biphenyls
Inhalation MRLs
No MRLs have been derived for inhalation exposure to PBBs because human and animal data for all
durations are either insufficient or lacking. Insufficiencies in the human inhalation data include mixed-
chemical and unquantified exposures. The animal inhalation database is limited by inadequately reported
studies and lack of any information on the mixtures likely to be most toxic (i.e., FireMaster PBBs).
Oral MRLs

* An MRL of 0.01 mg/kg/day has been derived for acute oral exposure (14 days or less) to PBBs.
The acute oral MRL was based on a NOAEL for decreased serum levels of thyroid T, hormone identified

in groups of 8—11 male rats that were treated with 0, 1, 3, or 6 mg/kg/day doses of an unspecified mixture

of PBBs in lecithin liposomes by gavage for 10 days (Allen-Rowlands et al. 1981). The MRL was
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estimated by dividing the NOAEL by an uncertainty factor of 100 (component factors of 10 for animal to
human extrapolation and 10 for human variability). Levels of serum T, were significantly (p<0.05)
reduced at $3 mg/kg/day, indicating that the lowest dose (1 mg/kg/day) is the NOAEL. Decreased serum
T, is considered adverse due to unequivocal evidence from numerous studies that the thyroid is a target of
PBBs with a spectrum of effects, including decreases in serum T; and T, hormone, thyroid enlargement,
effects in the follicular cells (e.g., reduced size, hyperplasia with columnar appearance and papillary
projections), and accumulation of colloid droplets (Akoso et al. 1982b; Byrne et al. 1987; NTP 1983;
Gupta and Moore 1979; Kasza et al. 1978a; Norris et al. 1975a, 1975; Sepkovic and Byrne 1984; Sleight
etal. 1978). Additional information on the derivation of the acute-duration oral MRL for PBBs is

provided in Appendix A.

Intermediate- and chronic-duration oral MRLs were not derived because serious developmental and
reproductive effects were observed in monkeys that had been exposed to PBBs for durations that spanned
the intermediate and chronic categories at the lowest dose tested in the database. This dose

(0.012 mg/kg/day) caused increased menstrual cycle duration and implantation bleeding after 6—7 months
of exposure and fetal deaths (fetal abortion and stillbirth) after . 1 year of exposure in monkeys, with
surviving infants having decreased birth weight and decreased postnatal weight gain (Allen et al. 1978,
1979; Lambrecht et al. 1978). Additionally, weight loss occurred in the maternal monkeys. The

0.012 mg/kg/day serious LOAEL for developmental and reproductive effects is lower than the lowest less
serious LOAELSs for thyroid effects in rats (0.05 mg/kg/day) (Akoso et al. 1982b) and hepatic effects in
guinea pigs (0.04 mg/kg/day) (Sleight and Sanger 1976). Concern for serious developmental and
reproductive toxicity following exposures of <1 year therefore precludes deriving an MRL for
intermediate-duration exposure. Derivation of an MRL for chronic oral exposure is precluded by the
serious developmental effect (stillbirth) that occurred following exposures exceeding 1 year in duration.
The serious LOAEL in monkeys is lower than the lowest chronic dosages tested in other species (0.5 and
1.3 mg/kg/day in rats and mice, respectively) that caused decreased survival (NTP 1992). ATSDR’s
classification of LOAELSs into less serious and serious effects is discussed in the introduction to

Section 3.2.

Polybrominated Diphenyl Ethers

Available information on the toxicity of PBDEs indicates that the health effects of commercial decaBDE

is generally much less pronounced than for the octa- and hexaBDE mixtures following acute and

repeated-dose exposures. This dissimilar toxicity is likely related to the comparatively poor uptake and
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rapid elimination of decaBDE, and is consistent with environmental monitoring data indicating that
decaBDE has a low potential to degrade and bioaccumulate relative to the other mixtures. In contrast to
commercial decaBDE, which typically contains $97% of the single congener, octaBDE and pentaBDE
are comprised of multiple congeners that appear to more readily yield the lower-brominated tetraBDEs
and pentaBDEs that predominate in the environment. Consequently, due to the lower toxicity and lower
potential for environmental degradation and bioaccumulation of decaBDE in comparison to the octaBDE
and pentaBDE mixtures, MRLs for PBDEs are based on health effects data for the lower-brominated

mixtures.

Inhalation MRLs

No MRLs have been derived for inhalation exposure to PBDEs because available human and animal data

for all durations are either insufficient or lacking.

Oral MRLs

C An MRL of 0.03 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) to
PBDEs.

The acute oral MRL is based on a NOAEL of 1 mg/kg/day for reduced serum levels of thyroid T,
hormone in fetal rats that were exposed to octaBDE on days 4-20 of gestation (Zhou et al. 2002). The
MRL was estimated by dividing the NOAEL by an uncertainty factor of 30 (component factors of 10 for
animal to human extrapolation and 3 for human variability). A component factor of 10 was not used for
human variability because the MRL is based on effects observed in a sensitive subgroup. Thyroid
hormone levels were determined in Long-Evans rats that were administered a technical pentaBDE
mixture (DE-71) in corn oil by gavage from gestation day (Gd) 6 through postnatal day (Pnd) 21, except
for Pnd 0 (day of birth) (Zhou et al. 2002). Dams were sacrificed on Gd 20 and Pnd 22 and offspring
were sacrificed on Gd 20 and Pnd 4, 14, 36, and 90). Study end points included serum total T, and T,
concentrations measured at each age point. The maternal exposure to pentaBDE caused reductions in
serum total T, that were significantly (p<0.05) different from controls in dams at 30 mg/kg/day on Gd 20
and Pnd 22 (48 and 44%, respectively, relative to controls), and in fetuses and offspring at $10 mg/kg/day
on Gd 20 (at least 15% reduced) and Pnds 4 and 14 (50 and 64% maximal in the 10 and 30 mg/kg/day
groups, respectively). The effect on T, concentrations in the offspring was age-dependent as values
returned to control levels by Pnd 36. There were no exposure-related effects on serum total T,

concentrations in the dams or offspring at any time, although T, was not be measured in fetuses on Gd 20
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due to insufficient serum sample volume. The critical NOAEL of 1 mg/kg/day and LOAEL of

10 mg/kg/day for reduced serum T, hormone levels in fetal rats that were exposed to pentaBDE (Zhou et
al. 2002) are supported by a NOAEL of 3 mg/kg/day and a LOAEL of 10 mg/kg/day for reduced serum
T, levels in weanling (28-day-old) rats that were exposed to octaBDE for 4 days (Zhou et al. 2001). Data
from other acute-duration studies of PBDEs that support the selection of the critical NOAEL and LOAEL
include a NOAEL of 2.5 mg/kg/day and LOAEL of 10 mg/kg/day for fetotoxicity in rats exposed to
octaBDE for 10 days during gestation (Life Science Research Israel Ltd. 1987), a NOAEL of

5 mg/kg/day and LOAEL of 15 mg/kg/day for fetotoxicity in rabbits exposed to octaBDE for 13 days
during gestation (Breslin et al. 1989), and LOAELSs of 18 mg/kg/day for reduced serum T, in rats and
mice exposed to pentaBDE for 14 days (Fowles et al. 1994; Hallgren et al. 2001). Additional information
on the derivation of the acute-duration oral MRL for PBDEs is provided in Appendix A.

C An MRL of 0.007 mg/kg/day has been derived for intermediate-duration oral exposure
(15-364 days) to PBDEs.

The intermediate oral MRL is based on a LOAEL of 2 mg/kg/day for minimal liver effects in rats that
were exposed to pentaBDE for 90 days (WIL Research Laboratories 1984). The MRL was estimated by
dividing the LOAEL by an uncertainty factor of 300 (component factors of 3 for use of a minimal
LOAEL, 10 for animal to human extrapolation, and 10 for human variability). Groups of 30 male and
30 female Sprague-Dawley rats were exposed to pentaBDE (commercial mixture DE-71) in the diet at
dosage levels of 0, 2, 10, or 100 mg/kg/day for up to 90 days. Study end points included clinical signs,
body weight, food consumption, hematology, clinical chemistry (including serum T, and T,), urine
indices, gross pathology, and selected organ weights (brain, gonads, heart, liver, kidneys, thymus, and
thyroid). Histological examinations were performed on liver, thyroid, thymus, kidney, and lung in all
dose groups and in all tissues (comprehensive evaluation) at 0 and 100 mg/kg/day. Hepatocytomegaly
was observed in males at 2 mg/kg/day and both sexes at $10 mg/kg/day. The hepatocytomegaly was
similar in incidence and severity after 4 and 13 weeks of exposure, was dose-related with respect to
severity (some affected hepatocytes had vacuoles that likely contained lipid), and was still observed in
males at $10 mg/kg/day and females at 2 and 100 mg/kg/day at 24 weeks postexposure (in lessened
severity and incidence). Examinations at 24 weeks following exposure also showed an increase in
individual hepatocytes with degeneration and necrosis, effects that were considered to be likely exposure-
related and indicative of final loss of previously damaged cells. No NOAEL was identified because liver
changes were observed at all dose levels. Nonhepatic effects included increases in serum T, levels at
$10 mg/kg/day and thyroid follicular cell hyperplasia at 100 mg/kg/day. Based on the observations of
hypertrophy, mild degeneration, and slight necrosis, 2 mg/kg/day is considered to be a minimal LOAEL
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for liver effects. Data from other intermediate-duration studies that support selection of the 2 mg/kg/day
minimal LOAEL include hepatic LOAELSs of 5 mg/kg/day for cytomegaly (with vacuolation and necrosis
at higher doses) in rats exposed to octaBDE for 13 weeks (IRDC 1977), 8 mg/kg/day for hepatocellular
enlargement and vacuolation in rats exposed to octaBDE for 30 days (Norris et al. 1973, 1975a), and

9 mg/kg/day for hepatocellular enlargement and increased liver weight in rats exposed to octaBDE or
pentaBDE for 28 days (IRDC 1976). Other relevant effect levels from intermediate-duration studies
include thyroid LOAELs of 8 mg/kg/day for hyperplasia in rats exposed to octaBDE for 30 days (Norris
etal. 1973, 1975a), and 10 mg/kg/day for reduced serum T, levels in fetuses and neonatal offspring of
rats that were exposed to pentaBDE from gestation day 6 through postnatal day 21 (Zhou et al. 2002).
Additional information on the derivation of the intermediate-duration oral MRL for PBDEs is provided in

Appendix A.

A chronic-duration oral MRL was not derived for PBDEs due to insufficient data. Two chronic studies of
PBDEs were conducted. In one of the studies, Sprague-Dawley rats (25/sex/dose level) were fed a 77.4%
pure decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaBDE) for approximately 2 years
(Kociba et al. 1975; Norris et al. 1975a). Evaluations that included clinical signs, body weight, food
consumption, hematology, clinical chemistry, urine indices, and comprehensive histological examinations
showed no exposure-related effects. In the other chronic study, decaBDE (94-97% pure) was fed to F344
rats (50/sex/dose level) in doses of 1,120/1,200 mg/kg/day (males/females) or 2,240/2,550 mg/kg/day,
and B6C3F1 mice (50/sex/dose level) in doses of 3,200/3,760 mg/kg/day or 6,650/7,780 mg/kg/day, for
103 weeks (NTP 1986). Histopathological changes occurred in both species and included liver effects
(degeneration and thrombosis) in male rats at 2,240 mg/kg/day, and liver (centrilobular hypertrophy and
granulomas) and thyroid effects (follicular cell hyperplasia) in male mice at 3,200 mg/kg/day. The
highest chronic NOAELSs that can be identified in these studies are 1 mg/kg/day for the
decaBDE/nonaBDE mixture (Kociba et al. 1975; Norris et al. 1975a) and 1,120 mg/kg/day for decaBDE
(NTP 1986). Neither of these NOAELSs is appropriate for estimation of a chronic MRL for all PBDEs due
to insufficient sensitivity of the studies. In particular, using the NOAELSs of 1 and 1,120 mg/kg/day and
an uncertainty factor of 100, chronic oral MRLs derived from these studies would be 1.4 and 1,600 times
higher, respectively, than the 0.007 mg/kg/day intermediate MRL. The relative insensitivity of the
chronic studies appears to be related to low potency of decaBDE compared to the pentaBDE mixture
tested in the critical intermediate-duration study. The low toxicity of decaBDE relative to lower-
brominated mixtures is illustrated by comparison of liver effect levels in 13-week rat studies: LOAELs of
2 and 5 mg/kg/day were identified for pentaBDE and octaBDE, respectively, whereas 8,000 mg/kg/day
(highest tested dose) is a NOAEL for decaBDE (IRDC 1977; NTP 1986; WIL Research Laboratories
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1984). A similar pattern was observed for thyroid effects in the study used to derive the acute-duration
oral MRL (Zhou et al. 2001) as summarized above. Due to the insufficiencies of the chronic data for

MRL derivation, the intermediate oral MRL could also be used as a value for chronic exposure.
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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 of polybrominated
biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs). It contains descriptions and evaluations
of toxicological studies and epidemiological investigations and provides conclusions, where possible, on

the relevance of toxicity and toxicokinetic data to public health.

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

Polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) are classes of
brominated hydrocarbons that are used as flame retardant additives in plastics, textiles, and other
materials. Both classes of chemicals are comprised of compounds in which 1-10 bromine atoms are
attached to the biphenyl structure in up to 209 different combinations. Based on the number of bromine
substituents, there are 10 homologous groups of PBBs and PBDEs (monobrominated through
decabrominated), each containing one or more isomers. PBBs and PBDEs are structurally similar when
viewed in one dimension, differing only in the ether linkage between the two phenyl rings in PBDEs, but
the oxygen bridge confers three-dimensional conformational differences that can influence toxicological
properties. Consequently, on the basis of chemical structure, it cannot be assumed that the health effects

of PBBs and PBDE:s are necessarily similar.

Commercial production of PBBs began in approximately 1970, and manufacture was discontinued in the
United States in 1976 following a contamination episode that occurred in Michigan in 1973-1974. Three
main commercial mixtures of PBBs were produced: hexabromobiphenyl, octabrombiphenyl, and
decabromobiphenyl. The most prevalent hexabromobiphenyl PBB mixtures had the trade names
FireMaster BP-6 and FireMaster FF-1. FireMaster FF-1 was produced by grinding FireMaster BP-6 and
adding 2% calcium polysilicate as an anticaking agent. The hexabromobiphenyl mixtures contained
varying proportions (depending on lot number) of di- through octabrominated homologues, and
2,2',4,4'5,5'-hexabromobiphenyl was the most abundant congener (53.9-68.0%) followed by
2,2'3,4,4',5,5'-heptabromobiphenyl (7.0-27.3%). Commercial octabromobiphenyl PBB mixtures

contained a large proportion (47.4—60.0%) of nonabromobiphenyl congeners, whereas commercial
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decabromobiphenyls contained predominately (96.8%) decabromobiphenyl congener. The general names
hexabromobiphenyl, octabromobiphenyl, and decabromobiphenyl are used in this profile to refer to

unspecified commercial mixtures of these PBBs.

Concern regarding the health effects of PBBs is largely related to exposures that resulted from the
Michigan contamination episode. Livestock on farms in Michigan were exposed to FireMaster FF-1 over
a period of approximately 10 months after it was accidentally mistaken for the feed supplement
magnesium oxide and mixed with animal feed that was distributed within the state. Health problems in
dairy cattle (decreased feed consumption and decreased milk production), reported in the fall of 1973,
were the first signs that the contamination episode occurred, but accidental addition of PBBs to animal
feed was not identified as the cause of the problem until late spring of 1974 (Fries 1985a; Jackson and
Halbert 1974). The U.S. Food and Drug Administration (FDA) established tolerances of 1 ppm in milk
and meat fat and 0.1 ppm in eggs in May 1974, which were revised downward to 0.3 and 0.05 ppm,
respectively, in November 1974 due to improved analytical sensitivity (Dunckel 1975; Fries 1985a). The
Michigan Department of Agriculture (MDA) subsequently lowered the FDA tolerance in meat fat from
0.3 to 0.02 ppm, but there currently are no FDA or MDA tolerances for PBBs (FDA 1989; Fries 1985a).
As aresult of a farm animal testing and quarantining program established by the MDA in May 1974,
about 30,000 dairy cattle, 2,000 swine, 400 sheep, and over 2,000,000 chickens were found to contain
PBBs at concentrations requiring their destruction (Dunckel 1975; Fries 1985a; Mercer et al. 1976).

Most of the information that is available on health effects of PBBs in humans comes from studies of
Michigan residents who ingested milk, meat, and eggs that were produced on farms that used the
FireMaster-contaminated animal feed. In the interval of more than 9 months between the accident, the
detection and identification of its cause, and the beginning of testing and the establishment of quarantines,
PBB-contaminated food products were consumed, not only by farm families and people that acquired
produce directly from PBB-contaminated farms, but also by people who purchased food from markets
(Anderson et al. 1979). The Michigan PBB contamination episode led to the establishment of
epidemiological studies (that are still ongoing) of Michigan residents who were expected to have
consumed PBB-contaminated food, as well as to a substantial increase in research activity regarding the
health effects of PBBs in cattle, poultry, and laboratory animals. Compared to the FireMaster
(commercial hexabromobiphenyl) PBBs, relatively limited data are available on health effects of
commercial mixtures of octabromobiphenyl and decabromobiphenyl. Reviews of the research results on
the toxicity of PBBs include those by Damstra et al. (1982), DiCarlo et al. (1978), Fries (1985a), Kay
(1977), Kimbrough (1987), Kimbrough et al. (1978a), and WHO (1994a).
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This profile discusses information regarding health effects of PBBs in humans and laboratory animals;
some research on cattle and poultry is also discussed, but its relevance to human health effects is
uncertain due to interspecies physiological differences. Although livestock toxicity at high-level farms is
generally concluded to have been due to PBBs, data regarding effects at farms with low levels of PBBs
have generated some controversy because signs of toxicosis reported in Michigan cattle have not been
reproduced in animals exposed to PBBs in controlled experiments that led to residue concentrations in
tissues 100 times greater than those reported in the Michigan animals (Jackson and Halbert 1974;
Moorhead et al. 1977). This led some investigators to suggest that some signs of toxicosis reported in
Michigan cattle reflected farm management procedures, nutritional deficiencies, microbial and parasitic
infections, or exposure to unknown contaminants in the feed (Durst et al. 1977; Fries 1985a; Moorhead et
al. 1977). Although exposure by ingestion occurred during the Michigan contamination episode, existing
information on the metabolism of PBBs in livestock is insufficient to ascertain whether the people
ingested PBBs or metabolic products of PBBs. However, based on available data discussed in

Section 3.4.2.2, it is reasonable to assume that mainly unchanged penta-, hexa-, and heptabromobiphenyl

congeners in animal products were consumed.

Unlike PBBs, PBDEs have been continuously produced and used as flame-retardant additives since the
1970s. Concern for health effects of PBDEs has heightened due to relatively recent evidence that they
have become ubiquitously distributed in the environment and are present in tissues and breast milk of the
general population at levels that continue to increase. Three commercial PBDE mixtures have been and
continue to be produced: decabromodiphenyl ether (decaBDE), octabromodiphenyl ether (octaBDE), and
pentabromodiphenyl ether (pentaBDE). DecaBDE has accounted for more than 80% of PBDE usage.
The composition of commercial decaBDE is $97% of the pure congener with the remainder mainly
nonaBDE. Commercial octaBDE is a mixture of congeners ranging from nona- to hexaBDE, and
mixtures of pentaBDE are comprised of tetra-, penta-, and hexaBDE congeners. Congeners with less than
four bromine atoms are generally not found in commercial PBDEs. Reviews on the health effects and
other aspects of PBDEs include those by Darnerud et al. (2001), de Boer et al. 2000, de Wit (2002),
Hardy (1999, 2002a, 2002b), McDonald (2002), NAS (2002), Rahman et al. (2001), Silberhorn et al.
(1990), and WHO (1994b).

Toxicity data for individual PBB and PBDE congeners are included in some discussions in this profile
when these data corroborate or provide information on effects not documented for the PBB and PBDE
mixtures. Congener-specific toxicity data are currently not practical for determining exposure levels of

PBB and PBDE mixtures associated with adverse health effects at hazardous waste sites. This is due in
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part to the fact that standardized analytical procedures for congener mixtures and commercially available
standards for all congeners are lacking, and congener-specific analyses are not routinely performed.
Additionally, using current health effects evaluation procedures, toxicity data for individual congeners
may overestimate or underestimate the actual health risk of PBB and PBDE mixtures because congeners
vary in toxic potency and may be influenced by other congeners in an additive or less-than-additive way.
It is also important to recognize that the PBBs and PBDEs to which people may be exposed are likely to
be different from the original PBB and PBDE source because of changes in congener composition
resulting from differential partitioning and transformation in the environment and differential biological

metabolism and retention.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

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 route of exposure (inhalation,
oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,
developmental, genotoxic, and carcinogenic effects). 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. LOAELSs 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 start to appear. LOAELSs or NOAELSs should also help in determining whether or not

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs 41

3. HEALTH EFFECTS

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 (LOAELS) or exposure levels 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.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of PBBs and
PBDE:s are indicated in Tables 3-1, 3-2 and 3-3 and Figures 3-1 and 3-2. Because cancer effects could
occur at lower exposure levels, Figure 3-1 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 107), as developed by EPA.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been
made for PBBs and PBDEs. 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.
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3.2.1 Inhalation Exposure

A few studies have examined groups of chemical workers involved in the manufacture and distribution of
PBBs and/or PBDEs (Bahn et al. 1980; Brown et al. 1981; Chanda et al. 1982; Landrigan et al. 1979;
Rosenman et al. 1979; Stross et al. 1981). These people are believed to have been exposed predominately
by dermal contact and inhalation, although the oral route cannot be ruled out. Results from these studies,

therefore, are discussed in this section as well as in Section 3.2.3.

3.2.1.1 Death

Polybrominated Biphenyls. No studies were located regarding death in humans after inhalation exposure

to PBBs.

Nose-only exposure to the highest attainable dust concentration of octabromobiphenyl mixture for

4 hours (960 mg/m® as a time-weighted average) was not lethal to six male rats observed for 7 days
(Waritz et al. 1977). No deaths occurred in groups of five male and five female rats that were exposed to
a decabromobiphenyl dust mixture at concentrations ranging from 5 to 5,000 mg/m’ concurrently with
starch dust (6 mg/m®) for 6 hours/day, 5 days/week for 4 weeks (Millischer et al. 1980). Information on

lethality of inhaled hexabromobiphenyl PBB mixtures was not located.

Polybrominated Diphenyl Ethers. No studies were located regarding death in humans after inhalation

exposure to PBDEs.

No deaths occurred in groups of five male and five female rats that were chamber-exposed to pentaBDE
aerosol (compound dissolved in corn oil), octaBDE dust, or decaBDE dust in concentrations as high as
200,000, 60,000, or 48,200 mg/m’, respectively, for 1 hour and observed for the following 14 days (IRDC
1974, 1975a, 1975b). Confidence in these studies is limited by a lack of control data. There was no
mortality in rats that were exposed to #174 mg/m’ of octaBDE dust for 8 hours/day for 14 consecutive

days (IRDC 1978).
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3.21.2 Systemic Effects

No studies were located regarding cardiovascular, gastrointestinal, or musculoskeletal effects in humans

or animals after inhalation exposure to PBBs.

No studies were located regarding musculoskeletal or dermal effects in humans or animals after inhalation

exposure to PBDEs.

Systemic effects that have been observed in humans and animals following inhalation exposure to PBBs

and PBDEs are described below.

Respiratory Effects.

Polybrominated Biphenyls. No studies were located regarding respiratory effects in humans after

inhalation exposure to PBBs.

Slight dyspnea was observed in five male and five female rats that were exposed to a decabromobiphenyl
dust mixture at 5,000 mg/m® concurrently with starch dust (6 mg/m®) for 6 hours/day, 5 days/week for

4 weeks (Millischer et al. 1980). This effect was not observed at 500 mg/m® and lower concentrations or
in air only-exposed controls, and there were no changes in pulmonary resistance and compliance in
urethane-anesthetized rats, blood gases, and lung histology at any of the exposure levels. Lung function
and blood gases were not evaluated in starch-exposed controls, but this is unlikely to be a serious study

deficiency as the ratio of PBB to starch was . 1,000 in the high exposure group.

Polybrominated Diphenyl Ethers. No studies were located regarding respiratory effects in humans after

inhalation exposure to PBDEs.

Transient signs of respiratory distress that included tachynpea or dyspnea developed in rats that were
chamber-exposed to pentaBDE aerosol (compound dissolved in corn oil), octaBDE dust, or decaBDE
dust in very high concentrations of 200,000, 60,000, and 48,200 mg/m’, respectively, for 1 hour (IRDC
1974, 1975a, 1975b). Confidence in these effect levels is low due to a small number of tested animals
and lack of control data. Increased respiration rate also occurred in rats that were exposed to

$24.4 mg/m’ concentrations of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978). The

effect was observed by the end of each exposure period, always disappeared by the following morning,
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and was not observed at lower concentrations of #3.68 mg/m®. Histological examinations of rats exposed

to 174 mg/m’ in the 14-day study showed no effects in the nasal turbinates, trachea, or lungs.

Cardiovascular Effects.

Polybrominated Diphenyl Ethers. No studies were located regarding cardiovascular effects in humans

after inhalation exposure to PBDEs.

No histopathological changes were observed in the hearts of rats that were exposed to 174 mg/m® of

octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).

Gastrointestinal Effects.

Polybrominated Diphenyl Ethers. No studies were located regarding gastrointestinal effects in humans

after inhalation exposure to PBDEs.

No histopathological changes were observed in the stomach, duodenum, or colon of rats that were

exposed to 174 mg/m® of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).

Hematological Effects.

Polybrominated Biphenyls. No studies were located regarding hematological effects in humans after

inhalation exposure to PBBs.

Hematology was normal in groups of five male and five female rats that were exposed to a
decabromobiphenyl dust mixture at concentrations of 5 or 5,000 mg/m® concurrently with starch dust
(6 mg/m®) for 6 hours/day, 5 days/week for 4 weeks (Millischer et al. 1980). The evaluation included

erythrocyte and leucocyte counts, differential leukocyte count, hematocrit, and hemoglobin level.

Polybrominated Diphenyl Ethers. No studies were located regarding hematological effects in humans

after inhalation exposure to PBDEs.

No adverse hematological changes were observed in rats that were exposed to 24.4 or 174 mg/m’® of

octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978). Evaluation of hemoglobin,
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hematocrit, total erythrocyte count, and total and differential leukocyte counts showed no remarkable
responses except for an elevation in leukocyte numbers. The observed increase in leukocyte counts was
considered to be an unusual response by the investigators, although it was within the normal range for

control rats in their laboratory.

Hepatic Effects.

Polybrominated Biphenyls. No studies were located regarding hepatic effects in humans after inhalation

exposure to PBBs.

No significant (p<0.05) increase in relative liver weight or hepatic histological changes were found in six
male rats nose-only exposed to a octabromobiphenyl dust mixture at 960 mg/m? for 4 hours (time-
weighted average, highest attainable concentration), and observed for 7 days (Waritz et al. 1977).
Toxicity of octabromobiphenyl mixture vapor was investigated in groups of six rats almost continuously
exposed (23 hours/day, 7 days/week) for 2,4, 7,9, 11, 13, or 15 weeks (Waritz et al. 1977). The
exposure level was 0.00035 pg/m®, which is the reported equilibrium concentration at 28 EC. Gross
pathologic examination and measurement of relative liver weight showed no exposure-related changes at

any of the sacrifices, but it is unclear if liver histology was evaluated.

Relative liver weight was increased -25% in groups of 5 or 10 rats that were exposed to a
decabromobiphenyl dust mixture at concentrations of 50-5,000 mg/m® concurrently with starch dust

(6 mg/m®) for 6 hours/day, 5 days/week for 4 weeks (Millischer et al. 1980). The increased liver weight
was not accompanied by hepatic histologic changes, and therefore may be an adaptive response because
PBBs are hepatic inducers and cause cellular proliferation (see Section 3.2.2.2 Hepatic Effects). No

effects on liver weight or histology were observed at 5 mg/m’.

Polybrominated Diphenyl Ethers. No studies were located regarding hepatic effects in humans after

inhalation exposure to PBDEs.

Increased liver weight and hepatic histological changes were observed in rats that were exposed to

$3.6 mg/m* concentrations of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978). At
3.6 mg/m’, the liver lesions consisted of very slight to slight, focal to multifocal cytoplasmic enlargement
of the hepatocytes, accompanied by focal acidophilic degeneration of individual to small groups of cells.

The liver lesions were similar at higher concentrations (24.4 or 174 mg/m®), except that the hepatocyte
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enlargement was multifocal to diffuse in distribution and was accompanied by focal, small to large areas
of hepatocellular necrosis of very slight to marked degree. No liver effects were found at 0.58 mg/m’

(lowest tested concentration).

Renal Effects.

Polybrominated Biphenyls. No studies were located regarding renal effects in humans after inhalation

exposure to PBBs.

Groups of six rats were exposed to 0.00035 pg/m* of octabromobiphenyl mixture vapor (equilibrium
concentration) 23 hours/day, 7 days/week for 2,4, 7,9, 11, 13, or 15 weeks (Waritz et al. 1977). Gross
pathologic examination at each sacrifice and measurement of relative kidney weight at the last sacrifice

showed no exposure-related changes, but it is unclear if kidney histology was evaluated.

Urinalysis was normal in groups of five male and five female rats that were exposed to a
decabromobiphenyl dust mixture at concentrations ranging from 5 to 5,000 mg/m’® concurrently with
starch dust (6 mg/m®) for 6 hours/day, 5 days/week for 4 weeks (Millischer et al. 1980). The analysis
included pH, specific gravity, proteins, glucose, ketone bodies, biliary pigments, urobilinogen, blood, and
microscopic examination of sediment. A comprehensive histology evaluation was performed in this
study, but the only tissues specifically mentioned as having been examined are the liver and lungs.
However, a total of 21 tissues were examined; therefore, it is probable that the kidney was examined, but

was not discussed because no histological alterations were found.

Polybrominated Diphenyl Ethers. No studies were located renal respiratory effects in humans after

inhalation exposure to PBDEs.

No histopathological changes were observed in the kidneys or urinary bladder of rats that were exposed to

174 mg/m? of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).
Endocrine Effects.
Polybrominated Biphenyls. Hypothyroidism was diagnosed in 4 of 35 men who were occupationally

exposed to unspecified PBBs and/or decaBDE (Bahn et al. 1980). The cohort consisted of workers (mean

age 35.9 years) who had been employed at a production plant for at least 6 weeks during a 52-month
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period during which PBBs and decaBDE were the only chemicals manufactured and who had volunteered
for a comprehensive medical evaluation performed 3 months after the end of the 52-month period. There
was no further description of exposure, and it was assumed to have occurred by both inhalation and
dermal routes. The cohort was matched by sex, race, and age to 89 unexposed control subjects. Four
subjects (22-50 years old, employed for 9—46 months not entirely during the 52-month production
period) had elevated serum thyrotropin levels (mean 37.5 versus #1.5-8 pU/ml normal range), low or
borderline low serum thyroxine (T,) levels (4.4 versus 4.5-11.5 pg/dL) and free-thyroxine indices

(3.7 versus 3.8-10.8), and markedly elevated thyroid antimicrosomal antibody titers (1:6,400 or above).
Serum T, levels measured 7 months earlier in two of the four men were normal. Antithyroglobulin
antibodies were elevated in one of the four subjects (not evaluated in other workers). The exposed cohort
had significantly more subjects with elevated serum thyrotropin (p=0.006), but free thyroxine index
(p=0.06), serum T, level (p=0.11) and antimicrosomal antibody titer (p=0.06) did not differ significantly
from the controls. Questioning about exposure to 74 occupational toxicants showed that three of the four
hypothyroid subjects had only three common chemical exposures (PBBs, decaBDE, and bromine); the
fourth worker was hired after PBB production ceased and was exposed only to decaBDE and bromine,
but it is not clear if PBBs were still present in the work environment. Except for one control subject who
had an enlarged thyroid, none of the exposed or control subjects had signs of thyroid enlargement, thyroid
nodularity or hypothyroidism on physical examination, or had reported taking thyroid medication or
having thyroid problems within the previous 5 years. Reevaluation of three of the four subjects 1 year
later (none had been treated with thyroid hormone) showed that two still had low free-thyroxine indices
and high serum thyrotropin, one had a normal free-thyroxine index and a high-normal serum thyrotropin,
and all three still had markedly elevated thyroid antimicrosomal antibody titers. The findings of this
study suggest that occupational exposure to PBBs, decaBDE, and/or bromine affected the thyroid, but the
mixed chemical exposure and a lack of data on serum or tissue levels of the chemicals preclude attributing

effects solely to any particular congener or mixture of congeners.
Polybrominated Diphenyl Ethers. There is suggestive evidence of hypothyroidism in a small group of
workers who were occupationally exposed to decaBDE as well as PBBs (Bahn et al. 1980), as

summarized in the preceding subsection on endocrine effects of PBBs.

No histopathological changes were observed in the thyroid, parathyroid, adrenal, or pituitary of rats that

were exposed to 174 mg/m* of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).
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Dermal Effects.

Polybrominated Biphenyls. In a medical history survey study, 7 of 10 (70%) workers in the production
department of a PBB manufacturing plant reported that they experienced symptoms of skin disorders,
compared with 31% of 45 workers in other departments in the same plant and 18% in a control group of
153 Wisconsin farm residents (Chanda et al. 1982). The survey covered a period of 3 years of potential
exposure, but exposure levels were not reported. The dermatological symptoms were described as
"almost uniformly" halogen acne (bromacne). Mean serum PBB levels for the respective PBB groups
(with ranges listed in parentheses) were 603.9 ppb (11.4-1,729 ppb) and 16.5 ppb (4-234 ppb); PBBs
were not detected in serum of the control subjects (Chanda et al. 1982). Physical examination confirmed
the occurrence of bromacne in 13% of PBB workers compared with no acne in the control group. No

other studies were located regarding dermal effects in humans after occupational exposure to PBBs.

No studies were located regarding dermal effects in animals after inhalation exposure to PBBs.

Ocular Effects.

Polybrominated Biphenyls. No studies were located regarding ocular effects in humans after inhalation

exposure to PBBs.

Signs of ocular irritation (no further description) were observed in five male and five female rats that
were exposed to a decabromobiphenyl dust mixture at 5,000 mg/m’® concurrently with starch dust

(6 mg/m?®) for 6 hours/day, 5 days/week for 4 weeks (Millischer et al. 1980). The seriousness of this
effect is unclear as severity was not reported and recovery was not assessed. Ocular irritation was not

observed at 500 mg/m® and lower concentrations.

Polybrominated Diphenyl Ethers. No studies were located regarding ocular effects in humans after

inhalation exposure to PBDEs.

Transient signs of ocular irritation that included eye squint, erythema, and/or ocular discharge were
observed in rats that were chamber-exposed to pentaBDE aerosol (compound dissolved in corn oil),
octaBDE dust, or decaBDE dust in concentrations of 2,000, 2,000, and 48,200 mg/m?, respectively, for
1 hour (IRDC 1974, 1975a, 1975b). Confidence in these effect levels is low due to a small number of
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tested animals and lack of control data. No histopathological changes were observed in eyes of rats that

were exposed to 174 mg/m’® of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).

3.2.1.3 Immunological and Lymphoreticular Effects

Polybrominated Biphenyls. Several immunological parameters were evaluated in a group of 28 workers
from the Michigan Chemical Company who were involved in manufacturing and distributing PBBs
(Stross et al. 1981). This company manufactured the FireMaster FF-1 that was involved in the
agricultural contamination episode in Michigan in 1973—-1974. The subjects had worked directly with
PBBs during the previous 5 years, but exposure levels were not reported. Immunological analyses
included determination of immunoglobulin levels, skin testing, and lymphocyte transformation studies.
No abnormalities in lymphocyte number or function could be determined when compared to an
unexposed group. One of three blastogenic responses (pokeweed mitogen [PWM]) was significantly
reduced (p<0.01) relative to concurrent controls, but was within the normal control range for the
laboratory. PWM is a mitogenic lectin that stimulates both human T and B cells. No specific information

was provided regarding the skin testing and immunoglobulin levels.

No studies were located regarding immunological or lymphoreticular effects in animals after inhalation

exposure to PBBs.

Polybrominated Diphenyl Ethers. No studies were located regarding immunological or lymphoreticular

effects in humans after inhalation exposure to PBDEs.

No histopathological changes were observed in lymph nodes or bone marrow from rats that were exposed

to 174 mg/m’ of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).
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3.21.4 Neurological Effects

Polybrominated Biphenyls. Twenty-five workers at a PBB-manufacturing plant (exposure duration and
levels not reported) displayed mean scores on tests of memory and learning that were typical for people of
their age, and educational, occupational, and cultural backgrounds, even though they had an elevated
mean PBB concentration in adipose tissue (9.33 ppm) (Brown et al. 1981). Workers with the highest

concentrations of PBBs in adipose tissue showed no evidence of memory dysfunction in these tests.

No studies were located regarding neurological effects in animals after inhalation exposure to PBBs.

Polybrominated Diphenyl Ethers. No studies were located regarding neurological effects in humans or

animals after inhalation exposure to PBDE:s.

3.21.5 Reproductive Effects

Polybrominated Biphenyls. Eleven workers in a PBB manufacturing company (exposure duration and
levels not reported) displayed no differences in the distribution of sperm counts, motility, or sperm
morphology compared with a control group of 52 nonexposed men (Rosenman et al. 1979). PBBs were
detected in the serum of all exposed subjects and in only one nonexposed subject, but no mean or

individual serum PBB values were reported.

No studies were located regarding reproductive effects in animals after inhalation exposure to PBBs.

Polybrominated Diphenyl Ethers. No studies were located regarding reproductive effects in humans

after inhalation exposure to PBDEs.

No histopathological changes were observed in ovaries or testes from rats that were exposed to

174 mg/m® of octaBDE dust for 8 hours/day for 14 consecutive days (IRDC 1978).
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3.2.1.6 Developmental Effects

No studies were located regarding developmental effects in humans or animals after inhalation exposure

to PBBs or PBDEs.

3.2.1.7 Cancer

No studies were located regarding cancer in humans or animals after inhalation exposure to PBBs or

PBDEs.

3.2.2 Oral Exposure

No studies were located regarding cancer in humans or animals after inhalation exposure to PBBs.

3.2.2.1 Death

Polybrominated Biphenyls. No studies were located regarding death in humans after oral exposure to

PBBs.

Limited information is available on lethal amounts of PBBs in animals. In general, dosing regimen and
magnitude affect response. The lack of decreased survival in some studies does not necessarily indicate

low toxicity because observation periods may not be sufficient to observe effects that develop slowly.

Except as noted below, acute-duration studies administered PBBs by gavage in oil vehicle. A single
1,000 mg/kg dose of FireMaster FF-1 did not significantly increase mortality in rats observed for #2 years
posttreatment (Kimbrough et al. 1978b, 1981). Exposing pregnant rats to #800 mg/kg FireMaster BP-6
on one of gestation days 6—14 did not significantly increase mortality, but the animals were not observed
beyond pregnancy (Beaudoin 1977). Administration of 1,000 mg/kg/day FireMaster FF-1 for 6-10 doses
(5 days/week), however, caused 100% mortality in rats; the mean time to death was 12.3 days in females
and 11.0 days in males (Gupta and Moore 1979). The cause of death was not specifically reported, but a
general statement indicated that the rats had hunchback posture, rough coat, and sunken eyes, were
lethargic, and appeared dehydrated and emaciated. No deaths occurred in rats administered
octabromobiphenyl mixture in a single dose #1,000 mg/kg with 4 weeks of observation (Lee et al.

1975a), 2,000 mg/kg with 2 weeks of observation (Norris et al. 1975a), 17,000 mg/kg with 1 week of
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observation (Lee et al. 1975a; Waritz et al. 1977), or 3,000 mg/kg/day on 2 consecutive days with

4 weeks of observation (Lee et al. 1975a). The 17,000 mg/kg dose was the highest that was feasible to
administer, apparently due to gavage volume because it had to be administered as divided doses given in a
4-hour period. Dietary administration of octabromobiphenyl mixture in estimated dosages of

#70 mg/kg/day for 2 weeks was not lethal in rats, but there was no posttreatment observation period (Lee
et al. 1975b; Waritz et al. 1977). In the only study of a decabromobiphenyl mixture, a single dose as high
as 5,000 mg/kg caused no deaths in rats observed for 14 days (Millischer et al. 1980). In mice, dietary
administration of FireMaster BP-6 for 2 weeks produced death (cause not reported) at estimated doses of
130 mg/kg/day, but not #36 mg/kg/day (Cagen et al. 1977; Fraker 1980; Fraker and Aust 1980).

Information on acute oral lethality in species other than rats and mice was not located.

In intermediate-duration studies with rats, no deaths were induced by dietary administration of FireMaster
BP-6 at estimated dosages of #5 mg/kg/day for #82 days (Darjono et al. 1983) or #10 mg/kg/day for

30 days (Akoso et al. 1982a). No deaths were observed in rats fed #50 mg/kg/day of an unspecified PBB
mixture for 30 or 60 days (Sleight and Sanger 1976). Twice weekly gavage with 100 mg/kg FireMaster
FF-1 in corn oil for two 3-week dosing periods, separated by .6 weeks, was not lethal in rats observed for
2 years (Kimbrough et al. 1981). Twenty-two gavage doses of 100 mg/kg FireMaster FF-1 in corn oil

(5 days/week for 4.5 weeks) produced 38 and 100% mortality in male and female rats, respectively; the
average times to death were 46.7 and 60.3 days, respectively (Gupta and Moore 1979). Similar treatment
with 30 mg/kg/day FireMaster FF-1 was not lethal in rats observed for .5 months. Based on these
gavage data, the calculated LDj, in rats observed for . 60 days posttreatment (i.e., 90-day LDs, was

149 and 65 mg/kg/day for male and female rats, respectively (Gupta and Moore 1979). This study did not
specifically address the cause of death, but emaciated appearance and gross loss of subcutaneous and
visceral adipose tissue indicate wasting was a contributing factor. Rats that were treated with FireMaster
FF-1 in corn oil by gavage on 5 days/week for 25 weeks exhibited dose-related decreased survival at

$0.3 mg/kg/day (cause of death not discussed), but not at 0.1 mg/kg/day (NTP 1983). The decreased
survival was only apparent when the rats were observed for a lifetime (- 15-22 months posttreatment) and
consistent only in males. Survival was also decreased in male but not female rats given $0.5 mg/kg/day
FireMaster FF-1 in the diet for up to 104 weeks (Chhabra et al. 1993; NTP 1992). The decreased survival
appeared to be related to increased incidences of mononuclear cell leukemia. No deaths were observed in
rats treated with octabromobiphenyl mixture in the diet at estimated dosages of #71 mg/kg/day for

4 weeks and observed for #18 weeks (Lee et al. 1975b; Waritz et al. 1977). Rats treated with

#1 mg/kg/day dietary octabromobiphenyl mixture for 8 months did not die, but there were some deaths

(number and cause not reported) in rats treated with higher dietary dosages (8—800 mg/kg/day) for
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30 days (Norris et al. 1975a). Insufficient information is available to determine if the deaths were

treatment-related, since incidences and other pertinent information were not reported.

Survival data for intermediate-duration exposure to PBBs are less extensive for species other than rat, but
indicate that guinea pigs and mink are particularly susceptible. High mortality occurred in guinea pigs
fed estimated dosages of 2 mg/kg/day FireMaster BP-6 for 45 days (Vos and van Genderen 1973, 1974)
or $4 mg/kg/day of an unspecified PBB mixture for 30 days (Sleight and Sanger 1976); dosages of

#0.4 mg/kg/day of either mixture were not lethal. The Litchfield and Wilcoxon procedure was used to
calculate dietary LD, values of 0.47 and 0.61 mg/kg/day (estimated dosages) for male and female mink,
respectively, exposed to FireMaster FF-1 for life (63—294 days) (Aulerich and Ringer 1979; Ringer et al.
1981). Dosages #0.18 mg/kg/day did not significantly increase mortality in the mink. Dietary
administration of FireMaster BP-6 in an estimated dosage of 21.7 mg/kg/day for 12 weeks caused some
deaths in mice (number not reported), leading to sacrifice of other test animals (Martino et al. 1981;
Wilson-Martino et al. 1980). Mean survival time decreased significantly in female mice treated with

10 mg/kg/day of FireMaster FF-1 in corn oil by gavage on 5 days/week for 25 weeks, but not

#3 mg/kg/day (NTP 1983). Decreased survival was only apparent when the mice were observed for

#24 months posttreatment (lifetime observation) and not observed in similarly treated males. Survival
was also decreased in female mice given $1.3 mg/kg/day FireMaster FF-1 in the diet for up to 105 weeks;
decreased survival occurred in similarly treated male mice at 3.9 mg/kg/day (Chhabra et al. 1993; NTP
1992). The cause of death was not discussed in the NTP(1983, 1992) mouse studies, but hepatocellular

tumors increased significantly in both sexes at dosages that decreased survival.

No deaths occurred in two swine that ingested estimated dosages of #8 mg/kg/day for 16 weeks; one pig
was observed for 102 days following exposure and the other for 14 weeks following exposure (Ku et al.
1978). An adult male monkey died after consuming 0.73 mg/kg/day FireMaster FF-1 in the diet for

25 weeks (Allen et al. 1978; Lambrecht et al. 1978). The death was attributed to severe gastrointestinal
changes, including ulcerative colitis. The only other animal in this study was a juvenile female who
survived 50 weeks of a dietary dosage of 1.43 mg/kg/day. In another study, one juvenile female monkey
that consumed 18 mg/kg/day FireMaster FF-1 in the diet died after 137 days of continuous exposure
(Allen et al. 1978). Although only one or two monkeys were tested in these studies, effects characteristic
of PBB poisoning (e.g., dermal changes, body weight loss) indicate that the deaths were exposure-related.
Pregnant cows given 67 mg/kg/day FireMaster BP-6 in capsules for 60 days (dosing began $10 days after
pregnancy diagnosis) were sacrificed between days 33 and 66 because of impending death (Moorhead et

al. 1977). Clinical signs developed progressively and included anorexia, emaciation, and depressed
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general condition. No mortality occurred in cows treated with #0.65 mg/kg/day and observed for 1 or

140 days following the end of treatment.

The LD, value and reliable LOAEL values for death in each species in the acute- and intermediate-

duration categories are recorded in Table 3-1 and plotted in Figure 3-1.

Polybrominated Diphenyl Ethers. No deaths occurred in rats that were treated with a single gavage dose
of #5,000 mg/kg of decaBDE or #2,000 mg/kg of 77.4% decaBDE (containing 21.8% nonaBDE and
0.8% octaDBE) and observed for the following 14 days (IRDC 1974; Norris et al. 1975b). No mortality
was observed in rats and mice that were exposed to decaBDE via diet in estimated doses of #16,000 and

#19,000 mg/kg/day, respectively, for 14 days (NTP 1986).

In intermediate-duration dietary studies with decaBDE, there was no exposure-related mortality in rats
that were exposed to estimated dietary doses of #90 mg/kg/day for 28 days (IRDC 1976) or rats and mice
fed estimated doses of #8,000 and #9,500 mg/kg/day, respectively, for 13 weeks (NTP 1986). In chronic
studies, there were no effects on survival in rats that were fed 0.01-1.0 mg/kg/day of a 77.4% decaBDE
mixture (containing 21.8% nonaBDE and 0.8% octaDBE) for 2 years (Kociba et al. 1975; Norris et al.
1975b), or in rats and mice fed decaBDE in estimated doses of #2,550 and #7,780 mg/kg/day,
respectively, for 103 weeks (NTP 1986).

No deaths occurred in rats that were administered octaBDE by gavage in single doses #5,000 mg/kg and
observed for the following 14 days (IRDC 1975a). Intermediate-duration dietary studies with octaBDE,
observed no mortality in rats exposed to estimated dietary doses of #90 mg/kg/day for 28 days or

#750 mg/kg/day for 13 weeks (IRDC 1976, 1977).

Single-dose gavage LD, values of 5,000 and 6,200 mg/kg were determined for pentaBDE (Saytex 115
and DE-71, respectively) in rats that were observed for 14 days (British Industrial Biological Research
Association 1977; Pharmakon Research International Inc. 1984). Another study found that a single
5,000 mg/kg dose of pentaBDE caused deaths in four of five rats in the 14 days following treatment,
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Table 3-1. Levels of Significant Exposure to PBBs - Oral
Exposure/ LOAEL
Kev to” duration/
ﬁeyu o Speci.es fre(!l.'lency NOAEL l.ess serious Serious Reference
gure  (strain) (Specific route) System  (mg/kg/day) {ma/kg/day) (mg/kg/day) Chemical Form
ACUTE EXPOSURE
Death

1 Rat 2wk 1000 (18/18 died) Gupta and
(Fischer ~ 5d/wk Moore 1979
344/N) 1x/d (FF-1)

(GO)
2 Mouse  14d 130 F (63% lethality) Fraker 1980
ad lib Fraker and
(Balb/o) Aust 1978
(F) (BP-6)
Systemic

3 Rat 10d Endocr 1" 3 M- (decreased thyroid Allen-Rowland
(Sprague-  1x/d plasma T4 hormone) " setal. 1981
Dawley) (GO) (NS)

4 Rat once Endocr 286 M Allen-Rowland
(Sprague- s et al. 1981
Dawley) (GO) (NS)

5 Rat once Bd Wt 400 F 800 F (unknown percent Beaudoin
(Wistar) Gd 6-14 maternal weight loss) 1977

(GO) (BP-6)
6 Rat once Hepatic 500 M (increased hepatic Bernert et al.
(Sherman) 18 mo phospholipids and serum 1983
observa- cholesterol) (FF-1)
tion
(GO)

S103443 HILTV3H '€
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
a duration/ LOAEL
':?yut:; Sgtec:es S fre:_qft.xencyt NOAEL Less serious Serious Reference
g (Strain) (Speciticroute)  system (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form

7 HRat 2wk Hepatic 1000 (hepatocytic swelling, Gupta and
(Fischer 5 d/wk fatty infiltration, Moore 1979
344/N) 1x/d multinucleation, necrosis, ) (FF-1)

(GO) and cytolysis)
Renal 1000 (darkened kidneys)
Endocr 1000 (darkened adrenal
glands)
Bd Wt 1000  (unknown percent weight
loss,
emaciation)

8 Rat 2 wk Resp 30 Gupta et al.
(Fischer 5 diwk 1981
344/N) 1x/d (FF-1)

(GO) Cardio 30

Gastro 30

Hemato 30

Musc/skel 30

Hepatic 0.3 3 (dose-related hepatocyte
enlargement and
single-cell necrosis)

Renal 30

Endocr 30

Derm 30

Ocular 30

Bd Wt 30

S103443 H1TV3H '€

$3089d pue sgg8d
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Table 3-1. Levels of Significant Exposure to PBBs

- QOral (continued)

Exposure/
Kev to” duration/ LOAEL
ey10 gpecies frequency NOAEL Les Ref
fi : o s serious Serious eference
gure (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
9 Rat once Resp 1000 Kimbrough et
(Sherman) 2-14mo al. 1978
observa- (FF-1)
tion Cardio 1000
(GO) Gastro 1000
Hepatic 1000 (vacuolation, necrosis, and
fibrosis, porphyria,
multinucieation)
Renal 1000
Endocr 1000
Bd Wt 1000
10 Rat once Hepatic 500 M (vacuolation of Kimbrough et
(Sherman) 15wk observa- hepatocytes) al. 1980
tion (FF-1)
(GO) Bd Wt 500 M
11 Rat once Resp 200 F Kimbrough et
(Sherman)  18-22mo al. 1981
observa- (FF-1)
tien Cardio 200 F
(GO) Hepatic 200F (porphyrin accumulation)
Rena! 200 F
Endocr 200 F
Derm 200 F
Bd Wt 200 F

S103443a HiTvVaH '€
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

< LNTFWNOD O1N8Nd HOd 13VETxses

Exposure/ " LOAEL
K ‘t a duration/
ﬁe yur?a Sg::c!es S f;i?f‘::?gzte) NOAEL Less serious Serious Reference
g (Strain) (Sp System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
12 Rat once Resp 1000 F Kimbrough et
(Sherman) 23mo observa- al. 1981
tion (FF-1)
(GO) Cardio 1000 F
Gastro 1000 F
Musc/skel 1000 F
Hepatic 1000F (hepatomegaly,
hepatocyte enlargement
and vacuolation,
porphyrin accumulation)
Renal 1000 F
Endocr 1000 F
Ocular 1000 F
Bd Wt 1000F (12% decreased body
weight gain)

13 Rat once Hepatic 1000 M (fatty changes in Lee et al.
(Sprague- ~ 28d observa- centrilobular 1975a
Dawley) tion hepatocytes) (OBB)

(GO) Bd Wt 1000 M

14 Rat 2d Hepatic 3000 M (fatty changes in Lee et al.
(Sprague-  1¥/d centrilobular 1975a
Dawley) (GO) hepatocytes) (OBB)

, Bd wt 1000 M
15 Rat once Bd Wt 2000 F I;Igrris etal.
75
(Sprague-
Dawley, (€0) (OBB)
Spartan)

16 Rat 10d Hepatic 5M (hepatomegaly and fatty Raber and

(Fischer 344) ad lib changes in weanlings) Carter 1986
" (BP-6)
Bd Wt 5M

S103d43 HLVAH '€
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/ LOAEL
a duration/
Keyto species frequency NOAEL Less serious Serious Reference
figure ~ (Straln) (Specific route)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
17 Rat - 2wk Hepatic 0.66 M 6.53M (hyperplasia and fatty Warit.z etal.
(Sprague- adlib changes) ;?7179,;_5? et
Dawiley) F .
(F (0oBB)
Renal 71M
Endocr 71M
Bd Wt 71 M
18 Mouse 2 wk Hepatic 36 F Cagen et al.
(Swiss- ad lib 1977
Webster) ) (BP-6)
19 Mouse 11d Hepatic 130F (focal areas of Corbett et al.
(Swiss/ ad lib coagulative necrosis) 1975
! BP-6
RC) " (BP-6)
20 Mouse 4-14d Bd wt 130 M (30% decreased body Corbett et al.
(Swissy ~ adlib weight) 1 ;;e
) )
RC) (F) (BP-6)
21 Mouse 14d Bd Wt 130 F (23% weight loss) Fraker 1980
(Balb/c) adlib iruasiﬁrgg%d
(F) (BP-6)

S103443 HiTvaH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)
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»INFWNOD ONENd YO 1dVHQese

Exposure/
a duration/ LOAEL
il d S
g (Strain) (Speci System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
22 Mouse 2 wk Resp ' 30 Gupta et al.
(B6C3F1) 5 d/wk 1981
1x/d (FF-1)
 (GO) Cardio 30
Gastro 30
Hemato 30
Musc/skel 30
Hepatic 0.3 3 (dose-related increase in
: incidence of hepatocyte
enlargement and
single-cell necrosis)
Renal 30
Endocr 30
Ocular 30
Bd Wt 30
Other 30
Reproductive
23 Rat once " 1000F (9% increased incidence Kimbrough et
(Sherman) 23mo observa- of uterine polyps) al. 1981
tion (FF-1)
(GO)
24 Mouse 9d 21F 63 F (29% reduction in success of Welsch and
(C57BL) Gd 6-15 pregnancy) Morgan 1985
ix/d (HBB)
(3] '
Developmental
25 Rat once 40 200  (9.1-31.4% resorptions) Beaudoin
(Wistar) Gd 6-14 1977
(GO) (8P-6)

S103443 HIvaH '€
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

2 INTWWNOO O178Nd WO LAVHCeas

$309d pue sggdd

Exposure/
Kev to® duration/ LOAEL
ffy O  Specles frequency NOAEL Less serious : Serious Reference
gure  (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form

26 Rat 14d 5 50 (12% decrease in fetal . Corbett et al.
(Sprague-  Gd 7-20 body weight) 1975
Dawley) ) (BP-6)

27 Rat Gd 7-14 1x/d 200 (increased mortality and liver Groce and
(Sherman) 0 neoplasms in offspring) *féng'ifough

(FF-1)

28 Rat 9d 429 (12-20% decreased Harris et al.
(NS) Gd 7-15 mean body weight in 1978

1x/d treated pups at (BP-6)
(@0) post-parturition day 60)

29 Rat 10d 1000 Millischer et
(Sprague- Gd 6-15 al. 1980
Dawley, 1x/d ' (DBB)

Iffa credo)
(GO) .

30 Rat io0d . 9.1 86 (increased incidence of Waritz et al.
(chr-cp) Gd 6-15 extra ribs) 1977

ad lib : (OBB)
{F)

31 Mouse 12d 5 ' 50 (cleft palate) Corbett et al.
(Swiss/ Gd 7-18 ' 1975
IRC -

) ) (BP-6)
Cancer

32 Rat Gd 7-14 1x/d 200 (CEL: hepatocellular Groce and

(Sherman) g0 { carcinoma in offspring) f;nggrough
(FF-1)

S103443 HITV3IH '€
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Table 3-1. Levels of Significant Exposure to PBBs

- QOral (continued)

Exposure/
a duration/ LOAEL
l:feyto Specles frequency NOAEL Less serlous Serious Reference
igure  (Strain) (Spet;iflc route)  System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
33 Rat once 1000 F (CEL: hepatocellular Kimbrough et
(Sherman) o carcinoma) (aFlF 119)81

lmmuno/Lymphor
34 Rat 1i0d
(Fisher 5 d/wk
344/N) 1x/d
(GO)

35 Mouse 14d
(Balb/c) ad lib

F

1000 (atrophy of thymus; necrosis Gupta and
of splenic lymphoblasts) Moore 1979
(FF-1)

130 F (suppressed Fraker 1980
antibody-mediated response Fraker and
to SRBC, thymic atrophy) ~ Aust 1978
: (BP-6)

S103443 HLTVAH ¢
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
Key 1o duration/ LOAEL
€ Species  frequency NOAEL
: Less serious Serious Reference
flgure ~ (Strain) (Specificroute)  System  (mg/kg/day) (mglkglday) (mglkg/day) Chemical Form
INTERMEDIATE EXPOSURE
Death

36 Rat 4.5 wk 65° F (90-day LD50) Gupta and
(Fischer 5 d/wk . Moore 1979
344/N) 22d (FF-1)

(GO) 149 M (90-day LD50) -

37 Rat 25 wk 0.3 M (decreased mean survival ~ NTP 1983
(Fischer 5 d/wk ' time) (FF-1)
344/N) 1x/d

(GO)

38 Mouse g&':j }Nkk 10 F (decreased mean survival ~ NTP 1983

(B6C3F1) W time) 3
d (FF-1)
(GO)

39 Gnpig  30d 4 M (4/6 died) Sleight and

(NS) ad lib Sanger 1976
F (NS)

40 Gn pig 45d 2.0 F (7/8 died) Vos and van

(NS) ad lib ?;7“; 81“524
F »
{F) (BP-6)

41 Mink 313d 0.47° M (LD50) Aulerich and

(NS) ad lib Ringer 1979
) (FF-1)

0.61 F (LD50)

S103443 HLTV3H €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

s304dd pue sggad

Exposure/
a duration/ . LOAEL
'i?y t0 Specles frequency NOAEL Less serious Serlous Reference
qure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) {mg/kg/day) Chemical Form
Systemic
42 Monkey  137d “Gastro 18F (hyperplastic Co Allen et al.
(Rhesus)  ad lib gastroenteritis) 1978
FF-
(F) (FF-1)
Hemato ' 18F (decreased RBC, PCV,
' and WBC)
Hepatic 18F (enlarged hepatocytes,

hyperplasia of bile duct
epithelium, increased
SGPT, decreased serum
cholesterol)

Renal 18F (hyperplasia of bladder

epithelium)
Endocr 18 F (adrenal hemorrhage)
Derm 18F (edema, atrophy, and

squamous metaplasia of
sebaceous glands)

Bd Wt 18 F (27% body weight loss)

S103443 HLTVIH €
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (contihued)

Exposure/
Key to® duration/ LOAEL
ey’0  Specles _frequency Less serious Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) Chemical Form
43 Monkey 25-50 wk Cardio 0.73 M (enlarged heart at Alilenetal. -
(Rhesus)  adlib necropsy) :_anat;recht o
7 al. 1978
(FF-1)
Gastro 0.73 M (proliferation of mucosal
cells, chronic inflammatory
cells, severe ulcerative
colitis)
Hemato 0.73 M (decreased PCV and
total serum protein)
Hepatic 0.73 (enlarged hepatocytes
with increased lipid
droplets, increased
SGPT, decreased serum
cholesterol, hyperplasia
of bile duct epithelium)
Derm 0.73 (edema and alopecia,
keratinization of hair follicles
and sebaceous glands)
Bd Wt 0.73  (34% weight loss in adult

male, 0% weight gain in
juvenile)

S103443I HITVAH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

»eINTFWAOD O178Nd HO3 1dVHTC.e

Exposure/
Key 1o Soec] fdurationl LOAEL
. pecles _frequency NOAEL Less serious Serious Reference
figure  (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kgiday) Chemical Form

44 Rat 30d Resp 10M Akoso et al.
(Sprague-  ad lib 1982a
Dawley) ) (BP-6)

Cardio 10M
Gastro 10M
Hemato 10M
Musc/skel i0M
Hepatic 0.1 M (hepatocyte swelling,
vacuolation)
Renal i0M
Endocr i0M
Derm 10M
Ocular i0M
Bd Wt i0M

45 Rat 30d Endocr 0.05M (altered thyroid follicular Akoso et al.
(Sprague- ad lib ultrastructure) 1982b
Dawley) | ) (BP-6)

46 Rat 20d Endocr 1M (decreased serum Allen-Rowland
(Sprague-  1x/d thyroid hormone T4) s et al. 1981
Dawley) (GO) (NS)

47 Rat 7 mo Endocr 0.45F (decreased thyroid Byrne et al.
(Sprague-  ad lib serum T3 and T4 1987
Dawley) ) hormones) (BP-6)

48 Rat 5-7mo Endocr 0.05F 0.25F (decreased adrenal Byrne et al.
(Sprague-  adlib ’ serum corticosterone B, 1988
Dawley) DHEA and DHS (BP-6)

(F)

hormones)

S1O3d43 HIV3AH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

a
Keyto gpecies
figure (Straln)

Exposure/

duration/

frequency
(Specific route)

49 Rat

(Sprague-
Dawley)

50 Rat

(Sprague-
Dawley)

51 Rat

(Sprague-
Dawley)

20d
1x/d

(GO)

28d
ad lib

(F)

82d
ad lib

F)

LOAEL
NOAEL Less serious Serious Reference
System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
Endocr 6 M Castracane et
al. 1982
(NS)
Resp 2M Chu et al.
1980
(BP-6)
Cardio 2M
Gastro 2M
Hemato 2M
Hepatic 2M (increased liver weight,
increased liver
microsomal enzymes,
fatty degeneration of
liver)
Renal 2M
Endocr _ 2 M (reduction of follicular
size and colloid density
and exfoliation of
epithelium in thyroid)
Derm 2M
Bd Wt 2M
Hepatic . 0.5M (bile duct hyperplasia) Darjono et al.
1983
(BP-6)
Ocular 5M (xerophthalmia)

Bd Wt 5M

S103443 HiTvaH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
Kev to” duration/ LOAEL
ey 10  gpecies frequency NOAEL .
Less serious Serious Reference
‘ figure (Strain) (Specificroute)  System  (mg/kg/day) (mglkg/day) (mg/kg/day) Chemical Form

52 Rat 4.5 wk Cardio 1000 Gupta and
(Fischer 5 diwk Moore 1979
344/N) 1x/d (FF-1)

(GO) Gastro ' 1000
Hemato 30 (decreased hemoglobin,
PCV, and platelet count)
Hepatic 30 (hepatocyte enlargement,
fatty infiltration and
multinucleation,
porphyrin accumulation)
Renal 30 (dilation of Bowman's
capsule with serous
fluid)
Endocr 30 (unspecified altered
thyroid histology) .
Bd Wt 30 (19% decreased body 100  (emaciation)
weight gain)

53 Rat 30d Resp 30 Gupta et al.
(Fischer 5 d/wk 1981
344/N) 1x/d (FF-1)

(GO) ~Cardio 30

Gastro 30

Hemato 30

Musc/skel 30

Hepatic 0.3 3.0 (increased liver weight,
hepatocyte swelling, and

} necrosis)

Renal 30

Bd wt 3 30 (significant decrease in
body weight)

S103443 HLTVIH €
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
K a duration/ LOAEL
fryut:; Sg ec:es S frec_;ft_xencyt NOAEL Less serious Serious Reference

gure  (Strain) (Specific route)  System  (mg/kg/day) (mg/kglday) (mg/kg/day) Chemical Form

54 Rat 5 wk Hepatic 0.25M 2.5M (hepatocyte hypertrophy Kasza et al.
(Holtz- ad lib and degeneration) 1978
man) F) (BP-6)

55 Rat 5 wk Endocr 0.25M (colloid droplets, Kasza et al.
{Holtz- ad lib abnormal microvilli and 1978
man) A other changes in thyroid (BP-6)

( follicle ultrastructure)
56 Rat 6 mo Hemato 10F (increased white blood Luster et al.
(Fischer 344) 5 d/wk cell count) 1980
(GO) (FF-1)
Bd Wt 1.0F 3.0F (15% decreased weight
gain)

57 Rat 3 mo Hepatic 5F (enlarged and vacuolated McCormack et
(Sprague-  adlib hepatocytes, focal al. 1978
Dawley) ) necrosis) (BP-6)

Renal 5F (degenerative changes
in glomeruli)

Bd Wt 5F (10% decreased body
weight gain)

58 Rat 13 wk Gastro 100 Millischer et
(Sprague- p) al. 1980
Dawley (DBB)
CFY)

Hemato 100

Hepatic 25 100 (11% increased liver
weight, hepatocyte
hypertrophy and

‘ vacuolization, slightly

increased liver lipids)

Renal 100

Bdwt 100

S103443 HLTV3H '€
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/ .
a duration/ LOAEL
':?V 10" specles frequency NOAEL ‘Less serious Serious Reference
igure (Strain) (Specific route) System (ma/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
59 Rat 30d. Cardio 800 M Norris et al.
(Sprague-  adlib 1975
Dawley) ) (OBB)
Hemato 80M 800 M (decreased PCV and
RBC counts)
Hepatic 8M (enlargement and
vacuolation)
Renal 8 M (hyaline degenerative
changes)
Endocr 8 M (thyroid hyperplasia}
Bd Wt 800 M
60 Rat 8 mo Cardio 1 Norris et al.
(Sprague-  adlib 1975
Dawley) ® (OBB)
Hemato 1
Hepatic 1
Renal 1
Endocr 1
Bd Wt 1

S103443 HiTV3H ¢
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
a duration/ LOAEL
l:;ayuto Specles sfreqqency NOAEL Less serious Serious Reference
gure (Strain) (Specific route) System (mg/kg/day) (mg/kglday) (mglkg/day) Chemical Form

61 Rat 25 wk Resp 10 NTP 1983

(Fischer 5 dfwk (FF-1)
344/N) 1x/d
(GO)
Cardio 10
Gastro 0.3 1 (gastric ulcers)
Hemato 0.1 0.3 (decreased hemoglobin,
MCH, PCV, and MCV)
Musc/skel 10 _
Hepatic 0.1 0.3 (lipid accumulation;
increased atypical foci;
porphyrin accumulation)
Renal 0.3 1 (chronic progressive
nephropathy)
Endocr 0.1 0.3 (decreased serum
thyroid T4 hormone)
Ocular 10
Bd Wt 10

62 Rat 7 mo Endocr 25 F Sepkovic and
(Sprague- ad lib Byrne 1984
Dawley) F) (HBB)

63 Rat 7 mo Hepatic 25F Sepkovic and
(Sprague- adlib Byme 1984
Dawley) ) (OBB)

Endocr 25F

SLO3443a HLVAH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
Kev to® duration/ LOAEL
€Yy10 gpecies  frequency NOAEL Less serious Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form

64 Rat 30d Resp 50 M Sleight and
(Sprague-  ad lib Sanger 1976
Dawley) ) (NS)

Cardio 50M

Gastro 50 M

Hemato 50M

Musc/skel 50 M

Hepatic 1M (hepatocyte vacuolation)

Renal 10M 50 M (unquantified, but
significantly increased
BUN)

Endocr 50 M

Bd Wt 10M 50 M (16% decreased weight
gain)

65 Rat 30d Resp 5M Sleight et al.
(Sprague- adlib 1978
Dawley) ® (BP-6)

Cardio 5M

Gastro 5M

Hemato 5M

Hepatic 0.5M 5M (hepatocyte swelling and

. vacuolation)
Renal 5M
Endocr - 05M 5M (hyperplasia of thyraid
' follicular epithelium)
Bd Wt 0.5M 5M (27-36% reduced body

weight gain)

S103443 HITVEH €
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
Kev to® duration/ - LOAEL
evi0  Species frequency NOAEL Less serious Serlous Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
66 Rat 4 wk Hepatic 0.66 M 6.53 M (hyperplasia and %a;ri;zl_et al.t
(Sprague- adlib progressive lipid iLeee
Dawley) changes) al. 1975h
. F ‘ (OBB)
Renal 71M
Endocr 71M
Bd Wt 71M
67 Mouse 30d Bd Wit 13 F Fraker 1980
@abiy - 2d b Aust 1978
(3] (8P-6)
68 Mouse 30d Resp 30 Gupta et al.
(B6C3F1) 5 diwk 1981
ix/d (FF-1)
(GO) Cardio 30
Gastro 30
Hemato 30F (decreased PCV)
Musc/skel 30
Hepatic 0.3 3 (hepatocyte enlargement
and necrosis)
Renal 30
Ocular 30
Bd Wt 3 30M (significant decrease in
weight gain)
Other 30

S103443 HIV3H €
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
a duration/ LOAEL
Keyto gpecies frequency NOAEL Less serious Serious Reference
figure (Strain) (Specific route}  gystem (mg/kg/day) (mg/kg/day) {mg/kglday) Chemical Form
69 Mouse 6 wk Resp 21.7M Loose et al.
(Balt/ ad lib : 1981
cBYJ) R (FF-'1 )
Cardio 21.7M
Hepatic 0.65 M 21.7 M (hepatocellular necrosis and
vacuolation)
Renal 21.7M
Endocr 0.65M
Bd Wt . 065M 21.7 M (33% reduction in body
weight)
70 Mouse 6 mo Hemato 10 Luster et al.
(B6C3F1) 5 d/wk 1980
(FF-1)
(GO)
Endocr 10 (increased adrenal
weight gain)

Bd Wt 10

S103443 HLTVAH '€
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Table 3-1. Levels of Significant Exposure to PBBs - QOral (continued)

Exposure/
Kev to duration/ LOAEL
ey10  Species frequency NOAEL Less serious . Serious Reference
figure (Strain) (Specific route)  gystem Chemical Form
71 Mouse 25 wk Resp 10 NTP 1983
(BeCaF1)  5diwk (FF-1)
1x/d
(GO)
Cardio 10
Gastro 10
Hemato 0.1 0.3 (decreased erythrocyte
count and MCV)
Musc/skel 10
Hepatic 0.1 0.3 (increased liver weight,
SGOT and porphyrin
accumulation)
Renal 10
Endocr 10
Ocular 10
Bd wt 3M 10 M (25% decreased body weight
gain)
72 Gn pig 30d Resp 20 M Sleight and
F) : (NS)
Hepatic 0.04 M (vacuolation and fatty
changes)
Bd Wt 0.4M 4 M (severe weight loss prior to

death)

S103443 HITV3H €
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
a duration/ LOAEL
Key to Species frequency NOAEL Less serious Serious Reference
figure (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
73 Pig 16 wk Cardio 8 Ku et al. 1978
(NS) ad lib (NS)
(F Gastro 1 8 (gross hyperplasia
glandular stomach)
Hemato 8
Hepatic 1 (LDH increased)
Renal 8 :
Endocr 8 (increased adrenal
weight)
Derm 1 8 (dermatosis)
Bd Wt 1 (12.9% reduced weight
gain and food intake)
74 Pig 12 wk Hepatic 0.125 F 1.25F (fatty changes and Werner and
(NS) Gwk 8-ppwk 4 necrosis) Sleight 1981
adlib (BP-6)
(F) Endocr 125 F 2.5F (significant decrease in
thyroid serum T3 and T4
hormones)
75 Mink 313d Cardio 2.4 Aulerich and
(NS) ad lib ggnger 1979
inger and
3] Aulerich 1981
(FF-1)
Hepatic 0.24F (48% increased relative,
liver weight, fatty
infiltration)
Renal 2.4
Bd Wt 0.39F (14% decreased 1.86 F (up to 19% mean body
prebreeding body weight weight loss prior to death)
gain)
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
Kev to® duration/ LOAEL
eyto gpecies  frequency NOAEL . .
. " Less serious Serious Reference
figure (Strain) (Specific route)  gystem (mg/kg/day) (mg/kglday) (mg/kg/day) Chemical Form
Neurologlical

76 Rat 6 mo 10 (decreased limb Cabe and

(NS) 5 d/wk strength) Tilson 1978
1x/d (FF-1)
(GO)

77 Rat 4 wk 3M 6 M (decreased motor activity). Geller et al.
(Sprague- 5 d/wk ' 1979
Dawley 1x/d (FF-1)
Holtz-
man) (G)

78 Rat 40d 0.2 2 (delayed acquisition of Henck et al.
(Sprague-  Gd 6-Ppd 24 locomotion and reduced 1994
Dawley) open field activity in (BP-6)

(F) ;
offspring)

79 Rat 6 mo 3 (decreased motor activity,  Tilson and
(Fischer 5 d/wk grip strength, and startie ~ Gabe 1979
344/N) (GO) responsiveness) (FF-1)

80 Rat 4 wk 30 (decreased open field motor Tilson and
(Fischer 5 d/wk activity and grip strength) ~ Cabe 1979
344/N) 1x/d (FF-1)

(GO)
Reproductive

81 Monkey  25-50 wk 0.73M (hypoactive Allen et al.
(Rhesus)  adlib seminiferous tubules) l1.978b: )

. ambrecht et
F al. 1978
(FF-1)
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
: a duration/
Keyto gpecies  frequency
figure (Strain) (Specific route)

NOAEL
System (ma/kg/day)

LOAEL

Less serious Serious Reference
(mg/kg/day) (mg/kg/day) Chemical Form

82 Monkey 6 mo
(Rhesus)  adlib

(F)

83 Rat 15d
(Wistar) Gd0-14
8x
(GO)
84 Rat 4-5wk

(Fischer 5 d/wk
344Ny  22d

(GO)

85 Rat 42d

(Sprague- Gd 8-ppd 28
Dawley) ad lib

(F)

86 Mouse 4-5 wk
(B6C3F1) 5 diwk

1x/d
(GO}
87 Mink 313d
(NS) ad lib

(F

143 F

30M

1000 F
5F

30

0.24

0.012 F (increased menstrual cycle Lambrecht et
duration in 4/7; implantation ai— 1|9:g:7 g\llen
| H i etal. )
bleeding in 2/7) ppha
(FF-1)

28.6 F (no implantations in 2/5 rats) Beaudoin
1979

(BP-6)

100 M (squamous metaplasia, Gupta and
hyperplasia, and necrosis Moore 1979
in epithelium of ductus (FF-1)
deferens)

McCormack et
al. 1981
(BP-6)
Gupta et al.
1981
(FF-1)

0.39F (10% reduction in body Aulerich and

weight) Ringer 1979

(FF-1)
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

» NTAWOD O8N HOL LAV Cren

pristowd
a
Keyto gnecies  frequency N .
' OAEL Less serious Serious Reference
figu i
gure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mglkg/day) Chemical Form
Developmentatl

88 Rat 15d 2.9 14.3  (increased resorptions) Beaudoin
(Wistar) Gd 0-14 (BP-6)

8x
{GO)

89 Rat 4 wk 5 Geller et al.
(Hotz- 5 diwk 1985
man (FF-1)
Sprague- @)

Dawley)

90 Rat 40d 0.2 (deficits in learning behavior Henck and
(Sprague-  Gd 6- ppd24 in offspring, 6 months after Rech 1986
Dawley) ad lib prenatal and lactational (BP-6)

F) exposure)

91 Rat 40d 0.2 M (reduced crown-rump Henck et al.
(Sprague- Gd6-Ppd 24 length) 1994
Dawley) ) (BP-6)

92 Rat 42d 0.5 (increased liver weight, 8§ (decreased pup survival McCormack et
(Sprague- Gd 8-ppd 28 hepatocyte vacuolation, during lactation in F1) al. 1981
Dawiley) ad lib decreased hepatic (BP-6)

) vitamin A content in F1
but not F2)

93 Rat 42-126 d 5 (20% decrease in pup McCormack et
(Sprague-  Gd 8-ppd body weight gain, 50% al. 1982a
Dawley) 28-112 decreased hepatic (BP-6)

ad lib vitamin A, 256-285%

(F)

decreased urinary uro-
and coproporphyrins in
pups)
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
a duration/ : LOAEL
‘ify ' Specles _frequency NOAEL Less serious Serious Reference
gure (Swain) (Specificroute)  System  (mgkgiday) _(mglkg/day) (mg/kg/day) Chemical Form

94 Rat 37d 2.5 (decreased body weight, Meserve et al.
(Sprague-  Gd O-ppd 15 increased relative liver 1992
Dawley) ad lib weight, and decreased (BP-8)

) serum T4 in offspring)

95 Rat 77d 0.5 (hepatic vacuolization NTP 1992
(Fischer Gd 0-ppd 56 and altered foci in pups) fgggbfﬂ etal.
344/N) ad lib (FF-1)

{F)

96 Mouse 42 d 2 3 (decreased hematocrit in 10 (early postnatal death; no  Lusteretal.
(86caF1)  Gd O- weaning offspring) details provided) 1980

1x/2d (FF-1)
(GO)
97 Mouse 77d 1.5 (hepatic cytomegaly and NTP 1992
(6C3F1) Gd O- ppd 56 altered foci in pups) fgggbfa etal.
ad lib (
FF-1)
F

98 Mouse Gd 0-ppd 21 3 (performance deficits in Tilson 1992

(cs7B1/6)  1x/2d offskpring in a learned (FF-1)
(GO) task)
99 Pig 12 wk ) 0.125 1.25 (increased relative liver Werner and
(NS) Gwk 8- ppwk 4 weight, decreased serum  Sleight 1981
ad lib thyroid hormone levels, and (BP-6)
slight thyroid hyperplasia in
) offspring)

100 Mink 313d 0.155 (decreased birth and Aulerich and

(NS) ‘ 4-week weights in kits) Ringer 1979
(F) Ringer and

Aulerich 1981
(FF-1)
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Table 3-1. Levels of Significant Exposure to PBBs

- Oral (continued)

Exposure/
Kev to” duration/ LOAEL
ey 10 gpecies  frequency NOAEL Less serlo
us Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kglday) (mg/kg/day) Chemical Form
Cancer ’
101 Rat 4 mo 100 (CEL: hepatocellular Kimbrough et
(Sherman) 12X carcinoma) al. 1981
102 Rat 25 wk 3 (CEL: hepatocellular NTP 1983
(Fischer 5 d/wk carcinoma) (FF-1)
344/N) 1x/d
(GO)
103 Mouse 25 wk 10  (CEL: hepatoceliular NTP 1983
(B6CaF1) 5 d/wk carcinomas) 1
1x/d (FF-1)
(GO)
104 Mouse 77d 1.5 (CEL: hepatocullular NTP 1992
(86c3F1)  Gd O-ppd 56 adenoma and carcinoma in Chhabra etal.
ad lib offspring) 1993
FF-1
F (FF-1)
Immuno/Lymphor
105 Rat 5wk 0.03M 3.0 M (decreased lymphocytic Luster et al.
(Fischer 344) 5 d/wk response to mitogen 1978
(GO) stimulation; decrease in (FF-1)
absolute and relative
thymus weight)
106 Rat 6 mo 1F 3F (decreased Luster et al.
(Fischer 344) 5 d/wk lymphoproliferative 1980
. 1x/d responses and (FF-1)
(GO) decreased delayed
hypersensitivity
responses)
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Table 3-1. Levels of Significant Exposure to PBBs - Qral (continued)

Exposure/
a duration/ LOAEL :
':Z;yutrz ?g:;:ﬁ? s f;i?fl;: ':gﬂte) NOAEL Less serious Serious Reference
P (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
107 Mouse 30d 0.13F 1.3F (reduced antibody Fraker 1980
(Balb/c) adlib mediated response to Fraker and
o SRBC and 21% Aust 1978
( reduction in thymus (BP-6)
weight)
108 Mouse 6 wk 0.65M 21.7 M (increased lethality due to  Loose et al.
(Balb/ ad fib endotoxin challenge) 1981
cBYJ) ® (FF-1)
109 Mouse 6 mo 3.0 10  (increased lethality dueto  Lusteretal.
(B6C3F1) 5 d/wk infection with L 1980
1x/d monocytogenes; decreased (FF-1)
response to mitogen
(GO) stimulation)
110 Gn pig 45d 0.4F (reduced antitoxin titers 4.0 F (thymic atrophy and follicular Vos and van
(NS) ad lib following toxoid depletion in spleen) Genderen
F challenge) 1973, 1974
F (BP-6)
111 Pig 12 wk 1.25 F 2.5F (reduced lymphocyte Howard et al.
(NS) Gwk 8- ppwk 4 response to mitogen 1980
ad lib stimulation) (BP-6)
R
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

$304d pue sggd .

Exposure/
Kev to" duration/ LOAEL
ey10 gpecles  frequency NOAEL Less serious Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mglkg/day) Chemical Form
CHRONIC EXPOSURE
Death
112 Rat 115 wks 0.5 M (18% decreased survival) ~ NTP 1992
(Fischer Gd 0-ppd 56 Chhabra et al.
344/N) (weaning) 1993
104 wks : (FF-1)
post-weaning
ad lib
(F
113 Mouse 116 wks 1.3 F (44% decreased survival) ~ NTP 1992
(B6C3F1)  Gd 0-ppd 56 ?Qh;bra etal.
(weaning) _ 9
105wks (FF-1)
post-weaning
ad lib
A
Systemic
114 Monkey 66 wk Hemato 0.012 Lambrecht et
(Rhesus)  adlib al. 1978
FF-1)
(9] (
Bd Wt 0.012  (7.4% weight loss)
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/ LOAE
a duration/ L
Keyto' specles frequency NOAEL Less serious Serlous Reference
figure (Strain) (Specificroute)  System  (mg/kg/day) (ma/kg/day) {mg/kg/day) Chemical Form
115 Rat 115 wks Resp 1.5 lc\:l'rl;rl? L 992t |
(Fischer ~ Gd 0-ppd 56; ] 99:‘;“ ra etal.
344/N) 104 wks
post-weaning (FF-1)
F) Cardio ) 1.5

Gastro 0.5 1.5M (forestomach
hyperplasia,
inflammation,
ulceration)

Hemato 0.5 1.5F (mild anemia)

Musc/skel 1.5 .

Hepatic 0.5 (hypertrophy,
vacuolation,
altered foci, increased
serum _
cholesterol, decreased
serum
triglycerides)

Renal 1.5

Endocr 1.5

Derm 15

Bd Wt 0.5 (11-18% decreased final

body weight)
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Table 3-1. Levels of Significant Exposure to PBBs

- Orat (continued)

Exposure/
Kev to° duration/ LOAEL
eylo  Species frequency : NOAEL Less serious Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (ma/kg/day) Chemical Form
116 Mouse 116 wks Resp 3.9 NTP 1992
(B6C3F1)  Gd 0-ppd 56 Chhabra et al.
(weaning) 1993
105 wks (FF-1)
post-weaning - Cardio 3.9
ad lib
F) Gastro 3.9
Musc/skel 3.9
Hepatic 1.3  (hypertrophy,
vacuolization,
single-cell necrosis,
altered
foci, bile duct
hyperplasia)
Renal 1.3 3.9 (increased chronic
nephropathy)
Endocr 1.3  (thyroid follicular cell
hyperplasia)
Derm 3.9
Bd Wt 3.9
Reproductive
117 Rat 115 wks 05F 1.5F (cystic endometrial NTP 1992
(Fischer Gd 0- ppd-56 hyperplasia) Chhabra et al.
344/N) {weaning) 1993
104 wks (FF-1)
post-weaning 15 M
ad lib

(F)
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)

Exposure/
a duration/ LOAEL
Keyto gpecies frequency NOAEL Less serious Serious Reference
figure (Straln) (Specific route) System (mg/kg/day) (ma/kg/day) (mg/kg/day) Chemical Form
118 Mouse 116 wks 3.9 NTP 1992
(B6C3F1)  Gd O-ppd 56 Chihabra et al.
(weaning)
105 wks (FF-1)
post-weaning
ad lib
(3]
Developmental
119 Monkey 359-469 d 0.012  (1/7 fetuses were aborted,1/7Lambrecht et
(Rhesus)  adlib fetuses stillborn, 12% al. 1978; Allen
) decreased birth weight and ‘:\t"a'- 1?7??
229% decreased postnatal 19?,3 etal
weight gain in 4/7 survivors) (FF-1)
Cancer
120 Rat 115 wks 05 (CEL: hepatocellular NTP 1992
(Fischer Gd 0- ppd 56 adenoma and carcinoma) fgggbfa etal.
344/N) 104 wks
post-weaning (FF-1)
(F) 1.5  (CEL: leukemia) '
121 Mouse 116 wks 1.3  (CEL: hepatocellular NTP 1992
(B6c3F1) - Gd 0-ppd 56 adenoma and carcinoma) ?hgabfa etal.
105wks 993
post-weaning (FF-1)
3.8 (thyroid follicular cell

(F)

adenoma)
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Table 3-1. Levels of Significant Exposure to PBBs - Oral (continued)
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= INFWWNOD O118Nd YO 13VHCxes

Exposure/
a duration/ LOAEL
l:fiy 10 Species frequency NOAEL Less serious Serious Reference
igure (Strain) (Specificroute)  system (ma/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
Immuho/Lymphor
122 Rat 115 wks 05M - 1.5M (splenic fibrosis) NTP 1992
(Fischer Gd 0- ppd 56 . ?gggbra etal.
344/N) (weaning)
104 wks
post-weaning (FF-1)
ad lib
(F)
123 Mouse 116 wks ‘ 1.3 3.9 (increased splenic NTP 1992
(B6C3F1)  Gd 0-ppd 56 hematopoiesis) Chhabra et al. -
{weaning) 1993 o
105 wks (FF-1) m
post-weaning E
m
(F) rﬁ
Q
N w

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

*Used to derive an acute-duration oral minimal risk level (MRL) of 0.01 mg/kg/day. The MRL was derived by dividing the NOAEL by an uncertainty factor of 100 (10 for extrapolation from
animals to humans, 10 for human variability).

* Differences in levels of helath effects and cancer effects between male and females are not indicated in Figure 3-1. Where such differences exist, only the levels of effect fot the most sensitive
gender are presented.

ad 1ib - ad libitum; Bd Wt = body weight; BP-6 = FireMaster BP-6; BUN = blood urea nitrogen; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); DBB = decabromobiphenyl;
DHEA = dehydroepiandrosterone; DHS = dehydroepiandrosterone sulfate; Endocr = endocrine; (F) = feed; F = Female; FF-1= FireMaster FF-1; G) = gavage; Gastro = gastrointestinal; gd =
gestational day; Gn pig = guinea pig; (GO) = gavage in oil; HBB = hexabromobiphenyl; hemato = hematological; hr = hour(s); LDH = lactic dyhydrogenase; LOAEL =
lowest-observed-adverse-effect level; M = male; MCH = mean corpuscular hemoglobin; MCV = mean corpuscular volume; min = minute(s); mo = month(s); Musc/skel = musculoskeletal;
NOAEL = no-observed-adverse-effect level; NS = not specified; OBB = Octabromobipheny!l; PCV = packed cell volume; pmd = pre-mating day; pnd = post-natal day; occup = occupational;
RBC = red blood cell; Resp = respiratory; SGOT = serum glutamic oxaloacetic transaminase; SGPT = serum glutamic pyruvic transaminase ; SRBC = sheep red blood cells; x = time(s); (W) =
drinking water; WBC = white blood cell; wk = week(s)
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Figure 3-1.

Levels of Significant Exposure to PBBs - Oral
Acute (<14 days)
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Figure 3-1. Levels of Significant Exposure to PBBs - Oral (Continued)
Acute (<14 days)
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Figure 3-1. Levels of Significant Exposure to PBBs - Oral (Continued)
Intermediate (15-364 days)
Systemic
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Figure 3-1. Levels of Significant Exposure to PBBs - Oral (Continued)
Intermediate (15-364 days)
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Figure 3-1. Levels of Significant Exposure to PBBs - Oral (Continued)
Intermediate (15-364 days)
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Figure 3-1. Levels of Significant Exposure to PBBs - Oral (Continued)
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3. HEALTH EFFECTS

whereas doses #500 mg/kg caused no mortality (IRDC 1975b). No deaths occurred in rats exposed to
pentaBDE in estimated dietary doses of #90 mg/kg/day for 28 days (IRDC 1976) or #100 mg/kg/day for
90 days (WIL Research Laboratories 1984).

The LD,, and LOAEL values for death in the acute-duration pentaBDE studies in rats are recorded in
Table 3-2 and plotted in Figure 3-2.

3.2.2.2 Systemic Effects

The systemic effects in humans and animals following oral exposure to PBBs and PBDEs are described
below. The highest NOAEL and all LOAEL values from each reliable study for systemic end points in

each species and duration category are recorded in Tables 3-1 and 3-2 and plotted in Figures 3-1 and 3-2.

Respiratory Effects.

Polybrominated Biphenyls. No studies were located regarding respiratory effects in humans after oral

exposure to PBBs.

The preponderance of data does not indicate that PBBs are respiratory system toxicants in animals, even
at doses sufficient to cause death. No exposure-related histological changes were observed in the lungs or
trachea of rats that were administered FireMaster FF-1 in a single dose of 200 or 1,000 mg/kg and
observed for 2-23 months posttreatment (Kimbrough et al. 1978b, 1981). Rats and mice exposed to

#30 mg/kg/day FireMaster FF-1 for 2 weeks also showed no histological alterations in the lung, trachea,
or nasal turbinates (Gupta et al. 1981). Information on acute-duration respiratory effects in other species

was not located.

In intermediate- and chronic-duration studies with rats, histology of the lung, trachea, or nasal turbinate
was not altered by FireMaster FF-1 or FireMaster BP-6 dosages of #30 mg/kg/day by gavage for 30 days
(Gupta et al. 1981), #10 mg/kg/day in the diet for 30 days (Akoso et al. 1982a; Sleight et al. 1978),

#10 mg/kg/day by gavage for 25 weeks (NTP 1983), or #1.5 mg/kg/day in the diet for up to 104 weeks
(NTP 1992). Rat lung histology also was not affected by exposure to 50 mg/kg/day of an unspecified
PBB mixture in the feed for 30 days (Sleight and Sanger 1976). In studies with mice, FireMaster FF-1

produced no histopathological changes in the lungs, trachea, or nasal turbinates following gavage

***DRAFT FOR PUBLIC COMMENT***
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral
Exposure/ LOAEL
Kev to° duration/
f_ey O Species  frequency NOAEL Less serious Serious Reference
igure  (sStrain) (Specific route) System (mg/kg) (mg/kg) (mg/kg) Chemical Form

ACUTE EXPOSURE

Death
1 Rat once
(Wistar) (GO)
2 Rat once
Spartan (GO)
3 Rat once
(Sprague-
Dawley) (@O)
Systemic
4 Rat 14d Hepatic 95.9M
(Sprague-  1x/d
Dawley) (GO)
5 Rat once Bd Wt 5000
Spartan (GO)
6 Rat 14d BAWt 16,000

(Fischer- 344)1x/d
(F)
7 Rat 4d Endocr 100

(Long- 1x/d
Evans) (GO)

6200 (44-day LD50)

5000 (4/5 died)

5000 (14-day LD50)

British
Industrial
Biological
Research
Association
1977

PentaBDE

IRCD 1975b
PentaBDE
Pharmakon
Research

International
Inc. 1984

BentaBDE

Carlson 1980b
DecaBDE

IRCD 1974
DecaBDE

NTP 1986
DecaBDE

Zhou et al.
2001

DecaBDE
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Table 3-2. Levels of Significant Exposure to PBDEs - Qral (continued) T
. 93]
Exposure/ @
Kev 10® duration/ - LOAEL %
fiqure (Stralmy (Spocic route) NOAEL Less serious Serlous e 2
P! System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form 5
8 Mouse 14d Bd Wt 19,000 . NTP 1986
(86C3F1) 1x/d DecaBDE
(F)
9 Rat 14d Hepatic 76.6 M Carlson,
(Sprague- 1x/d 1980b
Dawley) '
(GO) OctaBDE
10 Rat once Bd Wt 5000 : IRCD 1975a
Spartan (GO) OctaBDE
11 Rat 1i0d Bd Wt 25 Life Science :
(CD) Gd 6-15 ' Research =
Israel Ltd. P
(GO) (1987) =
OctaBDE m
a
12 Rat 10d Bd Wt 25 50 (40% reduced maternal WIL Research a
(CD) Gd 6-15 body weight gain) l;gggf atories b
(GO) ' ' OctaBDE
13 Rat 4d Endocr 3 10  (reduced serum T4) Zhou et al.
Evans) (GO) : OctaBDE
14 Rat 10d Bd Wt 10 100  (30% reduced maternal Argus
(CD) Gd 6-15 body weight gain) Research
. ’ Laboratories
(GO) . 1985a
PentaBDE
15 Rat 14d Hepatic . b64M Carlson,
(Sprague-  1x/d 1980b
Dawley)
(GO) PentaBDE
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/
a duration/ LOAEL
':;3!::; Sgtec:es s f;egfl_lerr\gzte) NOAEL Less serious Serious Reference
g (Strain) (Specific System {mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
16 Rat 14d Endocr 18 (reduced serum T4) Darnerud and
(Sprague-  1x/d slnjtar; fse
Dawley) (GO) ental
17 Rat 14 d Hepatic 18 (reduced liver vitamin A) Hallgren et al.
(Sprague-  1x/d §°°1 oo
Dawley) (GO) » ental
Endocr 18  (reduced serum T4)
18 Rat once Bd Wt 500 IRCD 1975b
Spartan (GO) PentaBDE
19 Rat 4d Endocr 10 30 (reduced serum T4) Zhou et al.
(Long- 1x/d §001 &
Evans) (GO) entaBDE
20 Mouse 14d Endocr 18  (reduced serum T4) Darnerud and
(cs57BLBN) 1x/d Sinjari 1996
(GO) PentaBDE
21 Mouse  once Hepatic 500 ::8;"95 etal
4
CoTBL! (GO) PentaBDE
Endocr 100 500 (reduced serum T4)
22 Mouse 14d Hepatic .72 Fowles et al.
(c57BL/BN)  1x/d 1994
(GO) Endocr 18  (reduced serum T4) PentaBDE
Bd Wt 72
23 Mouse 14d Hepatic 18 36 (reduced liver vitamin A) Hallgren et al.
(cs57BULUBN)  1X/d 2001
(GO) Endocr 18  (reduced serum T4) PentaBDE
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Table 3-2. Levels of Significant Exposure to PBDEs

- Oral (continued)

Exposure/
K- 0" duration/ LOAEL
eyto gpecies frequency NOAEL .
- - Less serious Serious Reference
figure (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
Immunological/Lymphoreticular
24 Rat 14d 36 Darnerud and
(Sprague-  1x/d Thuvander
Dawley) (GO) 1998
PentaBDE
25 Mouse 14d 18 36 (reduced in vitro Darnerud and
(Cs7BL/6N) 1x/d production of IgG in Thuvander
(@O) mitogen- stimulated 1998
splenocytes) PentaBDE
26 Mouse once 500 Fowles et al.
(CS7BLEN) (G0 1994
PentaBDE
27 Mouse 14d 36 72  (reduced antibody Fowles et al.
(c57BUGN) 1x/d response to sheep red 1994
(GO) blood cells, decreased PentaBDE
. thymus weight) .
Developmental
28 Rat 10d 100 F 1000 F (subcutaneous edema, Norris et al.
(Sprague- Gd 6-15 delayed skull bone 10?175i i D?VCV:
Daw! ificati emical Co.
awley) (GO) ossification) 1985
77% decaBDE,
22% nonaBDE
29 Rat 10d 10 25  (increased resorptions Argus
(CD) Gd 6-15 and reduced fetal body Regearch
weight Laboratories
(€0) oht) 1985b
OctaBDE
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/

3 LOAEL
Kev to” duration/ _
figure (Gwaln) (Specifc route NoARL Less serlous S e
p System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
30 Rat “10d 25 10  (minimal increased Life Science
(CD) Gd 6-15 post-implantation loss) IF;?::FSQ.
~(GO) (1987)
OctaBDE
31 Rat 10d 25 50 (reduced fetal weight WIL Research
(CD) Gd 6-15 and increased skeletal Laboratories
(GO) variations associated 1986
with maternal tox) OctaBDE
32 Rabbit 13d 5F 15 F (delayed ossification of Breslin et al.
(New Gd 7-19 sternebrae with 1989
Zealand) (GO) decreased maternal OctaBDE
weight gain)
33 Rat 10d 200 Argus
Gd 6-15 Research
(D) Laboratories
(GO) 1985a
PentaBDE
34 Rat 14d 1° 10 (reduced serum T4 in Zhou et al.
(Long- Gd 6-Gd 20 fetUSGS) 2002
Evans) (GO) PBDPE
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Table 3-2. Levels of Significant Exposure to PBDEs

- Oral (continued)

Exposure/ LOAEL
a duration/
Keyto gpecies  frequency NOAEL Less serious Serious Reference
figure (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
INTERMEDIATE EXPOSURE
Systemic
35 Rat 28d Hepatic 90 IRDC 1976
(CD) (F) DecaBDE
Rena! 90
Endocr 90
Bd Wt 90
36 Rat 13 wk Resp 8000 NTP 1986
(Fischer- 344) (F) DecaBDE
Cardio 8000
Gastro 8000
Hemato 8000
Musc/skel 8000
Hepatic 8000
Renal 8000
Endocr 8000
Bd Wt 8000
37 Mouse 13 wk Resp 9500 NTP 1986
(B6C3F1) (F) DecaBDE
Cardio 9500
Gastro 9500
Hemato 9500
Musc/skel 9500
Hepatic 9500
Renal 9500
Endocr 9500
Bd Wt 9500
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/
a duration/ LOAEL
|:iey to gpecles frequency NOAEL Less serious Serious Reference
gure (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
38 Rat 30d Hemato 800 M l;lg;gs fst) %. .
f.')sapvﬁg;;e- (F) 77% ;iecaBDE,
Hepatic 80 800M (centrilobular 22% nonaBDE
cytoplasmic
enlargement and
vacuolation)
Renal 80 800 M (hyaline degenerative
cytoplasmic changes)
Endocr 8§M 80 M (thyroid hyperplasia)
Bd Wt 800
39 Rat 90d Hepatic 24M Carison,
. 1980a
(Sprague-
Dawiey) o OctaBDE
ctal
40 Rat 90d 'Hepatic 19.2M Carlson,
1980a
(Sprague-
Dawley) (@) OctaBDE
41 Rat 28d Hepatic 9 (increased liver weight IRDC 1976
(cD) ® and enlarged OctaBDE
parenchymal cells)
Renal 90
Endocr 90
Bd Wt 90
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Table 3-2. Levels of Significant Exposure to PBDEs

- Oral (continued)

Exposure/
Kev to® duration/ LOAEL
fii;yurz ?gt‘::iiﬁf (S fre?:?flij: r:gxte) NOAEL Less serious Serious Reference
p System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form

42 Rat 13 wk Resp 750 F IRDC 1977
(CD) (F) OctaBDE

Cardio 750 F

Gastro 750 F

Hemato 70 F 750 F (reduced erythrocytes,
hematocrit and
hemoglobin)

Hepatic 5M (cytomegaly with
vacuolation and necrosis
at higher doses)

Renal 50 M 600 M (minimal increase in
tubular degenerative
changes)

Endocr 7F 50 M (increased thyroid weight
with follicular epithelial
changes at higher doses)

Dermal 750 F

Ocular 750 F -

Bd Wt 70F 600 M (12% reduced body
weight gain)

43 Rat 30d Hemato 80 M 800 M (decreased RBC count Norris et al.,
(Sprague- ) and packed cell volume) 1973, 1975
Dawiley) OctaBDE

Hepatic 8M (cytoplasmic
enlargement and
vacuolation)

Renal 8 M (hyaline degenerative
cytoplasmic changes)

Endocr 8 M (thyroid hyperplasia)

Bd Wit 800 M
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

$30gd pue sggd

Exposure/ LOAEL
a duration/

K?y to' species  frequency NOAEL Less serious Serlous Reference
figure (Strain) (Specificroute)  System (mg/kg/day) (ma/kg/day) (mg/kg/day) Chemical Form
44 Rat 90d Hepatic 1.77M Carlson 1980a

(Sprague-
Dawley) (@0) PentaBDE
45 Rat 90d Hepatic 141 M . Carlson 1980a
(Sprague- :
Dawley) (@0 PentaBDE
46 Rat 28d Hepatic . 9 (increased liver weight IRDC 1976
(CD) ® and enlarged PentaBDE
parenchymal cells)
Renal 90
Endocr 920
Bd Wt 90
47 Rat 90d Resp . 100 ‘ WIL Rese_arch
gSprzlagL;e- ® %Sggratones
awley’
Cardio 100 PentaBDE
Gastro 100
Hemato © 100
Musc/skel 100
Hepatic 2°¢  (minimal LOAEL for
' hypertrophy, mild
degeneration, and slight
necrosis)
Renal 100 .
Endocr 2 10  (reduced serum T4)
Dermal 100
Ocular 100
Bd Wt ‘ 10 100 (reduced weight gain)
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/
a duration/ LOAEL
I:_ey o Species frequency NOAEL Less serious Serious Reference
igure  (Strain) (Specificroute)  System (mg/kg/day) (mg/kg/day) (mg/kg/day) ‘Chemical Form
48 Rat 37d Endocr 10 30 (reduced maternal serum Zhou et al.
(long-  Gd 6-Pnd 21 T4) 2002
Evans) (GO) PentaBDE
Immunological/Lymphoreticular
49 Rat 13 wk 8000 NTP 1986
(Fischer- 344) F) DecaBDE
50 Mouse 13 wk 8000 NTP 1986
(B6C3F1) Ry DecaBDE
51 Rat 13 wk 750 F IRDC 1977
(CD) (F) OctaBDE
52 Rat 90d 100 WIL Research
l(:)spriagl;e_ ) I{Sts)gratones
awley! .
PentaBDE
Reproductive
53 Rat 13 wk 8000 NTP 1986
(Fischer- 344) 7 DecaBDE
54 Mouse 13 wk 8000 NTP 1986
(B6C3F1) (F) DecaBDE
55 Rat 117 d 100 Norris et al,
(Sprague- Pmd 60-Pnd 1975; ‘DOW
Dawley) 21 %‘%“'Ca‘ Co.
(F) 77% decaBDE,
22% nonaBDE
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/
Key to° duration/ LOAEL
eylo species  frequency NOAEL Less serious Serlous Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) » (mglkg/day) Chemical Form
56 Rat 13 wk 600° M IRDC 1977
(CD) (F) OctaBDE
750 F
57 Rat 90d 100 M WIL Research
gSpr?gL;e- ) I{ggzratones
awley
100 F PentaBDE
Developmental
58 Rat 117d 100 Norris et al.
(Sprague- Pmd 60-Pnd 1975; POW
Dawley) 21 ?g:gmcal Co.
() 77% decaBDE,
22% nonaBDE
59 Rat 37d 1 10 (reduced serum T4 in Zhou et al.
(Long- Gd 6-Pnd 21 ' fetuses and offspring on 2002
Evans) (GO) Gd 20 and Pnd 4 and 14) . PBDPE
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

ecies requenc :
figure (gtrain) (Spec!l‘fic roxte) System (mglcl)(:lil;y) LJ:;,:;;;Z‘;? (ig;;(‘;l;:ay) 2::3;?:::3 Form
CHRONIC EXPOSURE
Systemic
60 Rat 103 wk Resp 2550 F NTP 1986
(Fischer- 344) (F) DecaBDE
Cardio 2550 F
Gastro 1120 M 2240 M (acanthosis of
forestomach)
Hemato 2550 F
Musc/skel 2550 F
Hepatic 1120 M 2240 M (degeneration and
thrombosis)
Renal 2550 F
Endocr 2550 F
Bd wt 2550 F
61 Mouse 103wk Resp 7780 F NTP 1986
(BBC3F1)  (p DecaBDE
Cardio 7780 F
Gastro . 3760 F 7780 F (ulcers)
Hemato 7780 F
Musc/skel 7780 F
Hepatic 3200 M (centrilobular
hypertrophy and
granulomas)
Renal 7780 F
Endocr 3200 M (follicutar cell
hyperplasia)
Bd Wt 7780 F
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued)

Exposure/ LOAEL
K a duration/
:v o' species frequency NOAEL Less serious : Serious Reference
igure  (Strain) (Specific route)  System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
62 Rat 2yr Resp 1.0 }fgcibaNet al.
_ ) 75; Norris
ga[)v:?(_zg);;e (F) etal, 1975
. 77% decaBDE,
Cardio 1.0 22% nonaBDE
Gastro 1.0
Hemato 1.0
Musc/skel 1.0
Hepatic 1.0
Renal 1.0
Endocr 1.0
QOcular 1.0
Bd Wt 1.0
Immunological/Lymphoreticular
63 Rat 103 wk 1200° F {splenic hematopoiesis) NTP 1986
(Fischer- 344) F) -DecaBDE
2240 M (splenic fibrosis and
tymphoid hyperplasia)
64 Mouse 103 wk 7780 F NTP 1986
(B6C3F1) (F) DecaBDE
65 Rat 2yr 1.0 Kociba et al.
- 1975; Norris
Cpreay @ etal. 1975
77% decaBDE,
22% nonaBDE
Reproductive
66 Rat 103 wk 2240° M NTP 1986
(Fischer- 344) ) ’ DecaBDE
2550 F
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Table 3-2. Levels of Significant Exposure to PBDEs - Oral (continued) T
sy}
Exposure/ )
a duration/ LOAEL ]
Keyto' gpecies  frequency NOAEL Less serious Serious Reference 3
figure (Straln) (Specific route) System (mglkglday) (mglkg/day) (mglkg/day) Chemical Form %
0
67 Mouse 103wk 6650° M NTP 1986
(B6C3F1) (F) DecaBDE
7780 F
68 Rat 2yr 1.0M : lfgcib:?\' etal,
75; Norris
f)s;)v‘r:?gj)e- (F) etal. 1975
77% decaBDE,
10F , 22% nonaBDE
Cancer
69 Rat 103 wk 1120 M (CEL: liver neoplastic NTP 1986 w
(Fischer- 344) c, nodules) DecaBDE -
m
‘ >
70 Mouse 103 wk _ 3200 M (CEL: hepatocellular NTP 1986 g
(B6C3F1) ® adenomas and carcinomas) pecaBDE m
2
*The number corresponds to entries in Figure 3-2. i a

*Used to derive an acute-duration oral minimal risk level (MRL) of 0.03 mg/kg/day. The MRL was derived by dividing the NOAEL by an uncertainty factor of 30 (10 for extrapolation from
animals to humans, 3 for human variability because effects were observed in a sensitive subgroup).

“Used to derive an intermediate-duration oral minimal risk level (MRL) of 0.007 mg/kg/day. The MRL was derived by dividing the LOAEL by an uncertainty factor of 300 (3 for converting a
minimal LOAEL to a NOAEL, 10 for extrapolation from animals to humans, 10 for human variability).

4 Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-2. Where such differences exist, only the levels of effect for the most sensitive
gender are presented.

BDE = brominated dipheny] ethers; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine; (F) = feed; F = Female; (G) = gavage; Gastro =
gastrointestinal; gd = gestational day; Gn pig = guinea pig; (GO) = gavage in oil; hemato = hematological; hr = hour(s); LOAEL = lowest-observed-adverse-effect level; M = male; min =
minute(s); mo = month(s); Musc/ske! = musculoskeletal; NOAEL = no-observed-adverse-effect level; NS = not specified; pmd = pre-mating day; pnd = post-natal day; occup = occupational;
RBC = red blood cell; Resp = respiratory; x = time(s); (W) = drinking water; wk = week(s)
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Figure 3-2. Levels of Significant Exposures to PBDEs - Oral
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Figure 3-2. Levels of Significant Exposures to PBDEs - Oral (Continued)
Intermediate (15-364 days)

Systemic
S e N @
o 50‘)\% ) \05@ \oé\cp %‘g’\a
6Q.\"b\ (6‘0@ e“o\(\ 6"5@ 5°°\° Q""i\o &
K
ma/kg/day o ? &? N AL od <@
10000 [~ O37m (44, O3, O37r 036 O37r Osgr O37r Oagr O37r Ozgr 37 Ozer 37
1000 ™ Od2r Od2r Oa2r O38r ®42r P43r ®38r ®38r 0
100 — Oarnr O47r O4rr Oazr O 43rO47r Oa1r O35r  Ozgr O35r Ozg; C41r O46r O47r
O42r
040
" O45r
10— ®41r g3 P46r ®43r
®42r
Oagr Ouar (.’47'
1 i
01 —
0.01 [— ' 4
0.001 —
c-Cat -Humans  f-Ferret n-Mink @ Cancer Effect Level-Animals ¥ Cancer Effect Level-Humans B\ D50/LC50
d-Dog k-Monkey j-Pigeon o-Other @ | OAEL, More Serious-Animals A OAEL, More Serious-Humans ! Minimal Risk Level
r-Ratt m-Mouse ‘e-Gerbil @ LOAEL, Less Serious-Animals ALOAEL, Less Serious-Humans ' for effects
p-Pig  h-Rabbit s-Hamster ONOAEL - Animals ANOAEL - Humans ., other than
g-Cow  a-Sheep g-Guinea Pig Cancer

S103d43 HITV3H "¢

s3qgad pue sgad

oL



»INJFAWOD J118Nd YO LIV Qers

Figure 3-2. Levels of Significant Exposures to PBDEs - Oral (Continued)
Intermediate (15-364 days)
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exposure to #10 mg/kg/day for 25 weeks (NTP 1983) or #30 mg/kg/day for 30 days (Gupta et al. 1981),
or dietary exposure to #3.9 mg/kg/day for up to 105 weeks (NTP 1992). Guinea pig lung histology was
unaffected by exposures of #20 mg/kg/day of an unspecified PBB mixture in the feed for 30 days (Sleight
and Sanger 1976). Relative lung weights increased in mink that died following exposure to

#2.4 mg/kg/day FireMaster FF-1 for 313 days, but it is unclear if this effect is adverse because the
animals had lost weight and histopathology was not reported (Aulerich and Ringer 1979; Ringer et al.
1981). Effects in six pregnant cows given 67 mg/kg/day of FireMaster BP-6 in capsules for up to 60 days
included increased respiratory rate and occasional nasal discharge (Moorhead et al. 1977). Necropsy
following sacrifice between days 33 and 66 because of impending death due to poor health showed gross
pneumonia (one cow), microscopic lesions of early purulent bronchopneumonia (two cows), and petechial
hemorrhages of the tracheal mucosa (one cow). No histological changes were observed in the trachea or
lungs treated with #0.65 mg/kg/day and observed for 1-140 days following the end of treatment.
Information on respiratory effects of octabromobiphenyl mixture or other PBB mixtures in animals was

not located.

Polybrominated Diphenyl Ethers. No studies were located regarding respiratory effects in humans after

oral exposure to PBDE:s.

Effects of PBDEs on respiratory function have not been studied in orally-exposed animals. No
histopathological changes in respiratory tract tissues were found in rats and mice fed decaBDE in
estimated doses of #8,000 and #9,500 mg/kg/day, respectively, for 13 weeks (NTP 1986). In chronic
dietary studies, there was no respiratory tract histopathology in rats that were fed #1.0 mg/kg/day of a
77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaDBDE) for 2 years (Kociba et al.
1975; Norris et al. 1975b), or in rats and mice exposed to decaBDE at estimated doses of #2,550 and
#7,780 mg/kg/day, respectively, for 103 weeks (NTP 1986).

No histopathological changes in the respiratory tract were found in dietary studies of rats exposed to
#750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977) or #100 mg/kg/day of pentaBDE for 90 days
(WIL Research Laboratories 1984).

Cardiovascular Effects.

Polybrominated Biphenyls. No studies were located regarding cardiovascular effects in humans after

oral exposure to PBBs.
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Animal data do not generally indicate cardiovascular toxicity of PBBs even at lethal doses, but
cardiovascular function was not evaluated in most studies. No exposure-related histological changes in
the heart were observed in rats administered FireMaster FF-1 in a single dose of 200 or #1,000 mg/kg and
observed for 2-23 months posttreatment (Kimbrough et al. 1978a, 1981), or #30 mg/kg/day for 2 weeks
(Gupta et al. 1981; Kimbrough et al. 1978b, 1981). Mice exposed to #30 mg/kg/day FireMaster FF-1 for
2 weeks also showed no histological alterations in the heart (Gupta et al. 1981). In intermediate-and
chronic-duration studies with rats, FireMaster FF-1 or FireMaster BP-6 dosages of #30 mg/kg/day by
gavage for 30 days (Gupta et al. 1981), #10 mg/kg/day in the diet for 30 days (Akoso et al. 1982a; Sleight
et al. 1978), #10 mg/kg/day by gavage for 25 weeks (NTP 1983), or #1.5 mg/kg/day in the diet for up to
104 weeks (NTP 1992) did not alter heart weight or histology. Rat heart histology also was unaffected by
exposure to 50 mg/kg/day of an unspecified PBB mixture for 30 days (Sleight and Sanger 1976). Rats
exposed to #5 mg/kg/day FireMaster BP-6 for 30 days exhibited no exposure-related changes in blood
pressure, but histology or other cardiovascular end points were not evaluated (McCormack et al. 1978).
Rats exposed to octabromobiphenyl mixture in dosages of #1 mg/kg/day for 8 months or #800 mg/kg/day
for 30 days showed no changes in heart weight, but histology or function was not evaluated (Norris et al.
1975a). In studies with mice, FireMaster FF-1 produced no changes in heart weight or histology
following gavage exposure to #10 mg/kg/day for 25 days (Gupta et al. 1981), #30 mg/kg/day for 30 days
(NTP 1983), or dietary exposure to #3.9 mg/kg/day for up to 105 weeks (Chhabra et al. 1993; NTP

1992). No effects on heart relative weight or histology were reported in mink that died following
exposure to #2.4 mg/kg/day FireMaster FF-1 for 313 days (Aulerich and Ringer 1979; Ringer et al.

1981). Relative heart weights were increased in swine exposed to #8 mg/kg/day of an unspecified PBB
mixture for 16 weeks, but gross pathology was normal and histology was not evaluated (Ku et al. 1978).
Necropsy of a monkey that died following ingestion of 0.73 mg/kg/day FireMaster FF-1 for 25 weeks
showed an enlarged heart, but histology was not evaluated and a similar effect was not reported in two
other monkeys exposed to higher dosages (Allen et al. 1978; Lambrecht et al. 1978). Mean heart rate was
32% lower than the pre-exposure value in pregnant cows that were treated with 67 mg/kg/day of
FireMaster BP-6 in capsules for 10 days (Moorhead et al. 1977). Necropsy following sacrifice

between days 33 and 66 because of impending death due to poor health showed petechial and ecchymotic
hemorrhages of the myocardium and endocardium in two of six cows. No cardiovascular effects were

observed in cows given #0.65 mg/kg/day and observed for 1-140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding cardiovascular effects in humans

after oral exposure to PBDE:s.
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Effects of PBDEs on cardiovascular function have not been studied in orally exposed animals. No
histopathological changes in the heart were found in rats and mice fed decaBDE in estimated doses of
#8,000 and #9,500 mg/kg/day, respectively, for 13 weeks (NTP 1986). In chronic dietary studies, there
was no cardiac histopathology in rats that were fed #1.0 mg/kg/day of a 77.4% decaBDE mixture
(containing 21.8% nonaBDE and 0.8% octaDBDE) for 2 years (Norris et al. 1975b), or in rats and mice
exposed to decaBDE in estimated doses of #2,550 and #7,780 mg/kg/day, respectively, for 103 weeks
(NTP 1986).

No histopathological changes in the heart were found in dietary studies of rats exposed to
#750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977) or #100 mg/kg/day of pentaBDE for 90 days
(WIL Research Laboratories 1984).

Gastrointestinal Effects.

Polybrominated Biphenyls. No symptoms of gastrointestinal effects were reported by residents of
quarantined Michigan farms in an epidemiological study conducted by the U.S. Center for Disease
Control and the Michigan Department of Public Health (Landrigan et al. 1979). In a medical history
survey conducted by the Environmental Science Laboratory of the Mount Sinai School of Medicine, no
statistically significant difference was observed between the prevalence rates of gastrointestinal symptoms
for 933 Michigan residents who were likely to have ingested PBB-contaminated food and the rates for a
control group of 229 Wisconsin farm residents (Anderson et al. 1978c). The Michigan residents were
examined -3 years after the contamination episode occurred. No other studies were located regarding

gastrointestinal effects in humans after oral exposure to PBBs.

Gastric lesions have developed in various animals that ingested PBBs, particularly after prolonged
exposure to FireMaster FF-1 or FireMaster BP-6. No exposure-related histological changes in the
gastrointestinal tract or esophagus were observed in rats administered FireMaster FF-1 in a single dose
#1,000 mg/kg and observed for 2—23 months posttreatment (Kimbrough et al. 1978b, 1981). Rats or
mice exposed to #30 mg/kg/day FireMaster FF-1 for 2 weeks also showed no histological alterations in
the gastrointestinal tract (esophagus not examined) (Gupta et al. 1981). In intermediate-duration studies,
the gastrointestinal tract of rats exposed to FireMaster BP-6 or FireMaster FF-1 by gavage or diet at

#50 mg/kg/day for 44.5 weeks showed no histopathological changes (esophagus not examined) (Akoso
et al. 1982a; Gupta and Moore 1979; Gupta et al. 1981; Sleight and Sanger 1976; Sleight et al. 1978).

Histological examination of the gastrointestinal tract of rats administered FireMaster FF-1 by gavage for
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25 weeks showed significantly increased incidences of gastric ulcers at $1 mg/kg/day and hyperplastic
gastropathy at $3 mg/kg/day after lifetime observation (23 months). These gastric effects were not
observed in rats examined at the end of the gavage treatment period, although similar changes
(forestomach hyperplasia, inflammation, and ulceration) occurred in rats exposed to 1.5 mg/kg/day
FireMaster FF-1 in the diet for up to 104 weeks (Chhabra et al. 1993; NTP 1992). In the only study of a
decabromobiphenyl mixture, rats were fed estimated dosages as high as 100 mg/kg/day for 13 weeks
(Millischer et al. 1980). A comprehensive histology evaluation was performed in this study, but the liver
is the only tissue specifically mentioned as having been examined. Due to the total number of tissues
examined (21) and route of exposure, it is probable that the gastrointestinal tract was examined but not

discussed because no histopathologic changes were observed.

Gastrointestinal tract histology was normal in mice exposed to FireMaster FF-1 dosages of

#10 mg/kg/day by gavage for 25 weeks or #3.9 mg/kg/day in the diet for up to 105 weeks (NTP 1983,
1992). FireMaster FF-1 produced no histological changes in the gastrointestinal tract of mice exposed to
#30 mg/kg/day for 30 days (Gupta et al. 1981). Gross pathologic examination of swine administered an
unspecified PBB mixture for 16 weeks showed that the glandular portion of the stomach "appeared
somewhat hyperplastic" (additional details were not reported, and histology was not evaluated) at

8 mg/kg/day, but not at 1 mg/kg/day (Ku et al. 1978). Biopsies of two monkeys performed following
their ingestion of 0.73 or 1.43 mg/kg/day FireMaster FF-1 for 12 weeks showed proliferation of gastric
mucosal cells, focal areas of infiltration of chronic inflammatory cells, and isolated penetrations of the
gastric mucosa into the underlying submucosa (Allen et al. 1978; Lambrecht et al. 1978). Necropsies
performed after 25 or 50 weeks of exposure also showed hyperplastic gastroenteritis and, in the low-dose
monkey (that died of "severe gastrointestinal changes"), severe ulcerative colitis. Hyperplastic
gastroenteritis was described in another monkey exposed to a higher dosage (18 mg/kg/day) of
FireMaster FF-1 for 137 days (Allen et al. 1978). Gastrointestinal effects in six pregnant cows that were
administered 67 mg/kg/day of FireMaster BP-6 in capsules for up to 60 days included diarrhea,
dehydration (possibly a result of the diarrhea), and occasional constipation (Moorhead et al. 1977).
Necropsy following sacrifice between days 33 and 66 because of impending death due to poor health
showed edema and hemorrhage of the colon and rectum mucosa, although histology was normal in the
esophagus, rumen, omasum, and reticulum. No histological changes were observed in the gastrointestinal

tract of cows with #0.65 mg/kg/day and observed 1 or 140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding gastrointestinal effects in humans

after oral exposure to PBDE:s.
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No histopathological changes in gastrointestinal tract tissues were found in rats and mice fed decaBDE in
estimated doses of #8,000 and #9,500 mg/kg/day, respectively, for 13 weeks (NTP 1986). In chronic
dietary studies, there was no gastrointestinal tract histopathology in rats that were fed #1.0 mg/kg/day of
a 77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaDBDE) for 2 years (Kociba et al.
1975; Norris et al. 1975b). Higher dietary doses of decaBDE for 103 weeks caused acanthosis of the
forestomach in rats exposed to 2,240 mg/kg/day (no effects at #1,200 mg/kg/day) and stomach ulcers in
mice exposed to 7,780 mg/kg/day (no effects at #3,760 mg/kg/day) (NTP 1986).

No histopathological changes in the gastrointestinal tract were found in dietary studies of rats exposed to
#750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977) or #100 mg/kg/day of pentaBDE for 90 days
(WIL Research Laboratories 1984).

Hematological Effects.

Polybrominated Biphenyls. No studies were located regarding hematological effects in humans after oral

exposure to PBBs.

In animals, hematologic changes indicative of possible anemia are common findings in animals resulting
from longer-term exposure to PBBs. Comprehensive hematological examinations in rats and mice
administered #30 mg/kg/day FireMaster FF-1 for 2 weeks showed no exposure-related changes (Gupta et
al. 1981). No additional information on hematology in animals following acute-duration exposure to
PBBs was located. In intermediate-duration studies, no consistent hematological changes were found in
rats exposed to #10 mg/kg/day FireMaster BP-6 for 30 days (Akoso et al. 1982a; Sleight et al. 1978).
Some hematologic effects occurred in rats at higher dosages or longer durations. Exposure to

30 mg/kg/day FireMaster FF-1 for 4.5 weeks significantly reduced hemoglobin concentration, packed cell
volume (PCV), and platelet count in rats evaluated up to - 60 days postexposure (Gupta and Moore 1979).
In another study in which rats were administered the same dosages of FireMaster FF-1 (#30 mg/kg/day)
for 30 days, longer postexposure (up to 90 days) evaluation revealed transient responses (Gupta et al.
1981). Transitory and slight but significant (p<<0.05) decreases in red blood cell count, hemoglobin
concentration, and PCV values were found; they returned to control levels by 60-days post-dosing. No
consistent hematological changes were observed in rats administered #50 mg/kg/day of an unspecified
PBB mixture for 30 days (Sleight and Sanger 1976) or #10 mg/kg/day FireMaster FF-1 for 6 months
(Luster et al. 1980). Rats exposed to FireMaster FF-1 for 25 weeks showed no hematological changes at

0.1 mg/kg/day, but had dose-related, significantly decreased hemoglobin, mean corpuscular hemoglobin
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(MCH), mean corpuscular volume (MCV), and PCV at $0.3 mg/kg/day, and increased total leukocytes at
$1 mg/kg/day; there were no effects on erythrocyte or platelet counts (NTP 1983). Mice similarly treated
for 25 weeks had decreased erythrocyte count and MCV at $0.3 mg/kg/day and decreased platelets and
lymphocytes at $1 mg/kg/day, but no hematological effects were noted at 0.1 mg/kg/day (NTP 1983). No
hematologic alterations were found in mice exposed to FireMaster FF-1 at dosages of #10 mg/kg/day for

6 months or #30 mg/kg/day for 30 days (Gupta et al. 1981; Luster et al. 1980).

Hematologic evaluation of swine treated with an unspecified PBB mixture for 16 weeks showed
significantly decreased hemoglobin and hematocrit values in two of four animals exposed to 8 mg/kg/day
at week 6, after which values returned to normal or near-normal within 2 weeks (Ku et al. 1978).
Decreased PCV and serum protein developed in monkeys exposed to FireMaster FF-1 in dosages of
$0.73 mg/kg/day for $25 weeks (two animals); additional hematologic effects observed in one monkey
exposed to 18 mg/kg/day for 137 days were decreased erythrocyte and white blood cell counts (Allen et
al. 1978; Lambrecht et al. 1978). No hematological changes were measured in cows treated with

#0.65 mg/kg/day FireMaster BP-6 in capsules for 60 days, and observed for up to 140 days following the
end of treatment (Moorhead et al. 1977). Similar treatment with 67 mg/kg/day did not cause abnormal
hematologic indices in four of six cows; changes in the other two animals (e.g., leukocytosis, increased
PCV) have uncertain toxicologic significance because the animals at this dose were sacrificed

between days 33 and 66 because of impending death due to poor health.

Studies of hematologic effects of octabromobiphenyl mixture, performed only in rats, showed
significantly decreased red blood cell count and PCV following 800 mg/kg/day for 30 days, but no
hematological changes resulting from #1 mg/kg/day for 8 months (Norris et al. 1975a). In the only study
of a decabromobiphenyl mixture, dietary administration of 100 mg/kg/day for 13 weeks caused no
hematologic changes in rats (Millischer et al. 1980). Erythrocyte and leucocyte counts, differential

leukocyte count, and hematocrit and hemoglobin levels were measured.

Polybrominated Diphenyl Ethers. No studies were located regarding hematological effects in humans

after oral exposure to PBDE:s.
OctaBDE caused red blood cell effects in intermediate-duration dietary studies in rats. Hematological

changes included decreases in red blood cell count and packed cell volume following exposure to

800 mg/kg/day for 30 days (no effects at #80 mg/kg/day) (Norris et al. 1973, 1975a, 1975b) and reduced
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erythrocytes, hematocrit, and hemoglobin following exposure to 750 mg/kg/day for 13 weeks (no effects
at #70 mg/kg/day) (IRDC 1977).

DecaBDE and pentaBDE did not induce hematological effects in animals. In dietary studies with
decaBDE, no hematological changes were found in rats exposed to #800 mg/kg/day for 30 days (Norris et
al. 1973, 1975a, 1975b), #8,000 mg/kg/day for 13 weeks (NTP 1986), or #2,550 mg/kg/day for

103 weeks (NTP 1986), or in mice exposed to #9,500 mg/kg/day for 13 weeks or #7,780 mg/kg/day for
103 weeks (NTP 1986). There also were no hematological effects in rats exposed by diet to

#1.0 mg/kg/day of a 77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaDBE) for

2 years (Kociba et al. 1975; Norris et al. 1975b) or #100 mg/kg/day of pentaBDE for 90 days (WIL
Research Laboratories 1984).

Musculoskeletal Effects.

Polybrominated Biphenyls. Symptoms of musculoskeletal effects, described as "joint pain" and
"swelling in joints," were frequently cited health complaints in two epidemiological studies of groups of
Michigan residents who were likely to have ingested PBB-contaminated food (Anderson et al. 1978c;
Landrigan et al. 1979). Although one study demonstrated a statistically significant difference between the
prevalence rate for these types of symptoms in Michigan residents compared with nonexposed residents
of Wisconsin farms (Anderson et al. 1978c¢), neither study demonstrated a positive association between

serum PBB levels and the prevalence rates for symptoms of musculoskeletal effects.

There are no pathology data indicating that PBBs produce effects in musculoskeletal tissues of animals.
No exposure-related histological changes in muscle or bone marrow were observed in rats that were
administered a single 1,000 mg/kg dose of FireMaster FF-1 and observed for 2 years (Kimbrough et al.
1981). Rats and mice exposed to #30 mg/kg/day FireMaster FF-1 for 2 weeks showed no histological
alterations in muscle or sternum (Gupta et al. 1981). In intermediate-and chronic-duration studies, rats
and/or mice exposed to FireMaster FF-1 or FireMaster BP-6 dosages of #30 mg/kg/day by gavage for
30 days (Gupta et al. 1981), #10 mg/kg/day in the diet for 30 days (Akoso et al. 1982a; Sleight et al.
1978), #10 mg/kg/day by gavage for 25 weeks (NTP 1983), or #3.9 mg/kg/day in the diet for up to

105 weeks (NTP 1992) showed no histopathological changes in muscle or bone. A dosage of an
unspecified PBB mixture as high as 50 mg/kg/day for 30 days produced no histopathological changes in
rat muscle (Sleight and Sanger 1976). Excess porphyrins were detected in bone and/or teeth by
fluorescence under ultraviolet light in some of the rat studies (Gupta and Moore 1979; NTP 1983), but
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this appears to be a consequence of altered porphyrin metabolism (Hill 1985). No histological alterations
were observed in sternebrae bone marrow of pregnant cows given FireMaster BP-6 in capsules for up to
60 days (Moorhead et al. 1977). Cows treated with 67 mg/kg/day were necropsied following sacrifice
between days 33 and 66 because of impending death due to poor health, and those treated with nonlethal

lower dosages of #0.65 mg/kg/day were examined 1 or 140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding musculoskeletal effects in humans

after oral exposure to PBDE:s.

Dietary studies with decaBDE found no histopathological changes in musculoskeletal tissues in rats
exposed to #8,000 mg/kg/day for 13 weeks (NTP 1986), #1.0 mg/kg/day (77.4% containing 21.8%
nonaBDE and 0.8% octaDBE) for 2 years (Kociba et al. 1975; Norris et al. 1975b), or #2,550 mg/kg/day
for 103 weeks (NTP 1986), or in mice exposed to #9,500 mg/kg/day for 13 weeks or #7,780 mg/kg/day
for 103 weeks (NTP 1986). A study of pentaBDE found no musculoskeletal changes in rats exposed
dietary doses of #100 mg/kg/day for 90 days (WIL Research Laboratories 1984). No information was

located on possible musculoskeletal effects of octaBDE.

Hepatic Effects.

Polybrominated Biphenyls. Results from several studies of humans exposed to PBBs do not
demonstrate, in general, a conclusive association between adverse effects on the liver and oral exposure to
PBBs. In a study in which serum was collected in 1974, 1977, 1978, and 1979 from 89, 240, 220, and
200 individuals, respectively, who were predominately residents of quarantined Michigan farms, no
consistent statistically significant correlations were found between serum PBB levels and levels of serum
glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT) or serum
bilirubin (Kreiss et al. 1982). The prevalence rates of Michigan residents with abnormally high levels of
SGPT (12.7% prevalence rate), SGOT (12.7%), or lactate dehydrogenase (8.6%) were statistically
significantly higher than comparable rates for residents of Wisconsin farms (2.7, 2.0, and 3.3%)
(Anderson et al. 1979). A contingency table analysis indicated that the prevalence of abnormal SGPT
values in Michigan residents with serum PBB levels #1 ppb (8%) was lower than the prevalence rate for
residents with serum PBB levels $1 ppb (14%), but correlation coefficients for serum PBB levels and
serum liver enzyme levels were uniformly low (r<0.1) (Anderson et al. 1979). Physical examinations of
Michigan residents (37 men and 9 women) with known exposure to PBBs and a history of incapacitating

health care complaints revealed that 72% of the subjects displayed mildly enlarged livers, which were
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associated with elevations in serum liver enzymes (SGOT and SGPT) predominately less than 2-fold
above normal values (Stross et al. 1979). Mildly enlarged livers, confirmed by liver scanning, were
observed only in 17 and 7% of 23 Michigan residents with known PBB exposure and incapacitating
health complaints and 28 workers involved in the manufacture and distribution of PBBs, respectively;
however, these subjects had histories of either substantial alcohol intake or exposure to multiple
chemicals (Stross et al. 1981). Results of a caffeine breath test, discussed in Section 3.8.2, suggest that
PBBs may have induced hepatic microsomal enzymes in exposed Michigan residents (Lambert et al.

1990).

Hepatic effects of PBBs are documented in various animal species although rats have been the species
tested most extensively. The changes appear to be similar among species and reversible when mild.
Characteristic hepatic effects include proliferation of the smooth endoplasmic reticulum, microsomal
enzyme induction, increased serum levels of liver-associated enzymes indicative of possible
hepatocellular damage, liver enlargement, hepatocyte vacuolation and fat deposition, fibrosis, and
necrosis. PBBs also cause alterations in levels of cholesterol and other lipids in liver and serum, levels of
vitamin A in liver and urine, and levels of porphyrins in liver, other tissues, and urine. These changes
could be secondary to liver damage or due to direct effects on lipid, vitamin A, and porphyrin
metabolism, which occurs primarily in the liver. Induction of microsomal enzymes by PBBs is a sensitive
effect generally regarded as an adaptive response of the liver rather than as a manifestation of
hepatotoxicity per se (Guzelian 1985). Although not necessarily adverse, induction of microsomal
enzymes could alter the rate or pathways of metabolism of other xenobiotic or endogenous substances and
increase activation of promutagens and procarcinogens or increase detoxification pathways. In addition,
the induction of some microsomal enzyme activities is an indicator of exposure to PBBs and related
compounds (Ah receptor agonists), which elicit a well known pattern of toxic responses (see Chapter 2).
PBB-related liver enlargement is usually associated with hepatocyte enlargement and an increase in
smooth endoplasmic reticulum and/or increased microsomal enzymatic activity; therefore, it is not
considered an adverse effect unless accompanied by other biochemical changes and/or histological

alterations.

Rats administered FireMaster FF-1 in a single 1,000 mg/kg dose and observed for 2—23 months
posttreatment or a lethal dose of 1,000 mg/kg/day for 2 weeks developed enlarged livers with fatty and
necrotic changes leading to fibrosis (Gupta and Moore 1979; Kimbrough et al. 1978b, 1981). Lower
single doses of FireMaster FF-1 caused vacuolation and some biochemical changes (e.g., increased serum

cholesterol and phospholipids, decreased serum retinol) at 500 mg/kg (Bernert et al. 1983; Kimbrough et
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al. 1980), and hepatic porphyrin accumulation with no histologic changes at 200 mg/kg (Kimbrough et al.
1981). Repeated exposure to lower dosages of $3 mg/kg/day FireMaster FF-1 for 2 weeks (Gupta et al.
1981) or 5 mg/kg/day FireMaster BP-6 for 10 days (Raber and Carter 1986) caused hepatocyte
enlargement and some fatty and single-cell necrotic changes in weanling and young rats. A limited
amount of data suggest that octabromobiphenyl mixture-induced hepatic effects in rats are milder than for
FireMaster mixtures at similar dosages. Fatty changes appear to be the most severe hepatic
histopathologic effect of octabromobiphenyl observed following a single 1,000 mg/kg dose or doses of
3,000 mg/kg/day for 2 days and 6.53 mg/kg/day (but not 0.66 mg/kg/day) for 2 weeks (Lee et al. 1975a,
1975b; Waritz et al. 1977). In studies with mice, a single dose of 36 mg/kg FireMaster BP-6 increased
liver weight (histology not evaluated) and had no consistent effects on disposition of injected ouabain or
indocyanine green, indicating that hepatic function was not compromised (Cagen et al. 1977). Sporadic
increases in the clearance of ouabain and indocyanine green were attributed to increased liver size.
Exposure to 130 mg/kg/day FireMaster BP-6, for 11 days caused focal areas of coagulative necrosis
(Corbett et al. 1975) and $3 mg/kg/day FireMaster FF-1 for 2 weeks caused scattered necrosis in mice
(Gupta et al. 1981).

In intermediate-duration studies with rats, dosages $0.05 mg/kg/day FireMaster BP-6 for 20 days induced
hepatic microsomal enzymes but histology was not evaluated (Babish et al. 1978). Dose-related
hepatocyte swelling and vacuolation were induced by $0.1 mg/kg/day FireMaster BP-6 for 30 days
(Akoso et al. 1982a), lipid accumulation, porphyrin levels, and atypical foci were increased by

$0.3 mg/kg/day FireMaster FF-1 for 25 weeks (lethal dose) (NTP 1983), and bile duct hyperplasia was
induced by 0.5 mg/kg/day FireMaster BP-6 for 82 days (Darjono et al. 1983). Rats exposed to higher, but
not necessarily lethal, dosages of FireMaster FF-1 or FireMaster BP-6 for 1-3 months showed
progression of these effects, including marked degenerative changes and porphyrin accumulation in these
and other studies (Gupta and Moore 1979; Gupta et al. 1981; Kasza et al. 1978a; McCormack et al. 1978;
Sleight and Sanger 1976; Sleight et al. 1978). In the only chronic study, incidences of hepatocellular
hypertrophy, cytoplasmic vacuolation, atypical foci, and oval cell hyperplasia were increased in rats fed
$0.5 mg/kg/day FireMaster FF-1 for up to 104 weeks (Chhabra et al. 1993; NTP 1992). Compared to this
adult-only exposure, combined perinatal and adult exposure resulted in increased incidences of oval cell
hyperplasia at 0.5 mg/kg/day and hypertrophy, cytoplasmic vacuolation, and bile duct fibrosis at

1.5 mg/kg/day. Studies of octabromobiphenyl mixture in rats have shown hepatic effects (e.g.,
hypertrophy and hyperplasia of centrilobular cells, vacuolation, and other fatty degenerative changes) at
dosages $6.53 mg/kg/day for 4 weeks (Lee et al. 1975b; Norris et al. 1975a; Waritz et al. 1977), but
normal liver histology at #1 mg/kg/day for 8 months (Norris et al. 1975a). A 13-week dietary study with
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decabromobiphenyl mixture found that hepatic effects in rats, including vacuolization and distension of
centrilobular hepatocytes often accompanied by slightly increased lipid, did not occur at dosages
<100 mg/kg/day (Millischer et al. 1980). Information on hepatic effects of octabromobiphenyl mixture

and decabromobiphenyl in species other than the rat was not located.

In mice, exposure to FireMaster FF-1 for 25 weeks increased liver weight, porphyrin content, and SGOT
at $0.3 mg/kg/day and hepatocyte swelling occurred at $1 mg/kg/day (NTP 1983). Hepatic effects in
mice exposed to $1.3 mg/kg/day FireMaster FF-1 for up to 105 weeks included hepatocyte hypertrophy,
vacuolization, and necrosis; bile duct hyperplasia also developed (NTP 1992). Dosages $3 mg/kg/day for
4-6 weeks, but not 0.3 mg/kg/day, also induced hepatocyte necrosis and/or vacuolation in mice (Gupta et
al. 1981; Loose et al. 1981; NTP 1983). Fatty changes and centrilobular necrosis developed in pregnant
swine fed $1.25 mg/kg/day, but not 0.125 mg/kg/day, FireMaster BP-6 for 12 weeks during the second
half of gestation through lactation (Werner and Sleight 1981). This adverse effect level cannot be
corroborated in nonpregnant swine exposed to #8 mg/kg/day of unspecified PBBs for 16 weeks due to
lack of liver histology evaluations, although relative liver weight increased at $1 mg/kg/day and no gross
changes were observed (Ku et al. 1978). Guinea pigs appear to be particularly susceptible to hepatic
effects of PBBs (unspecified) as indicated by ultrastructural vacuolation and formation of myelin bodies
in hepatocytes following exposure to $0.04 mg/kg/day for 30 days; liver weights were increased at

0.4 mg/kg/day and histological vacuolation and severe centrilobular fatty change were observed at a lethal
dose of 4 mg/kg/day (Sleight and Sanger 1976). Mink that ingested $0.24 mg/kg/day FireMaster FF-1
for #313 days showed increased liver weight and fatty infiltration (Aulerich and Ringer 1979; Ringer et
al. 1981). In monkeys, lethal FireMaster FF-1 dosages $0.73 mg/kg/day for 25-50 weeks caused
hepatocyte enlargement with increased lipid droplets, bile duct hyperplasia, increased SGPT, and
decreased serum cholesterol (Allen et al. 1978; Lambrecht et al. 1978). Effects in six pregnant cows
given 67 mg/kg/day of FireMaster BP-6 in capsules for up to 60 days included increased serum lactic
dehydrogenase (LDH) and SGOT (Moorhead et al. 1977). Necropsy following sacrifice between days
33 and 66 because of impending death due to poor health showed increased liver weight and pathologic
liver changes including friable appearance, glycogen depletion in hepatocytes, sinusoidal dilation, and
scattered areas of early fatty degeneration. In general, the hepatic effects observed in cows are less
pronounced than in other species at lethal doses. No adverse hepatic effects were observed in cows

treated with #0.65 mg/kg/day and examined 1 or 140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding hepatic effects in humans after oral

exposure to PBDEs.
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No information was located on adverse hepatic effects of acute-duration oral exposure to PBDEs in
animals. Intermediate- and chronic-duration studies in rodents indicate that the liver is a target of toxicity
of PBDEs. Repeated dietary exposure to PBDEs typically caused liver enlargement with or without
degenerative changes, and effects were generally dose-related in incidence and severity, more frequent
and pronounced in males than females, and more severe with octaBDE and pentaBDE than decaBDE.
Hepatic effects induced by DBDPO included increased liver weights at $80 mg/kg/day with centrilobular
cytoplasmic enlargement and vacuolation at 800 mg/kg/day in male rats exposed for 30 days (Norris et al.
1973, 1975a, 1975b), degeneration and thrombosis in male rats exposed to 2,240 mg/kg/day for

103 weeks (NTP 1986), and centrilobular hypertrophy and granulomas in male mice exposed to

$3,200 mg/kg/day for 103 weeks (NTP 1986). OctaBDE caused increased liver weight and
histopathological changes such as hepatocellular enlargement and vacuolation in rats exposed to doses as
low as 5-8 mg/kg/day (lowest tested doses) for 4—13 weeks (IRDC 1976, 1977; Norris et al. 1973, 1975a,
1975b). Hepatic effects in rats exposed to octaBDE for 13 weeks included increases in absolute and/or
relative liver weight at $5-7 mg/kg/day and liver lesions in 40% of males at 5 mg/kg/day and 100% of
both sexes at $50 mg/kg/day (IRDC 1977). The lesions were dose-related in severity as well as incidence
and characterized by cytomegaly, change in hepatocytic cytoplasm to a finely granular, homogeneous
type, and cytoplasmic vacuolation. At $600 mg/kg/day many of the livers had vacuolation of
centrolobular hepatocytes and some had hepatocyte necrosis. Examinations performed at 8 weeks and

6 months postexposure showed that the liver effects persisted in the rats exposed to $50 mg/kg/day for

13 weeks (IRDC 1977).

PentaBDE induced liver effects in rats exposed to $9 mg/kg/day for 28 days (increased liver weight and
enlargement of centrolobular and midzonal liver parenchymal cells) (IRDC 1976) and $2 mg/kg/day for
90 days (hepatocytomegaly) (WIL Research Laboratories 1984). The hepatomegaly in the 90-day study
was dose-related with respect to severity (some affected hepatocytes at higher doses had vacuoles that
likely contained lipid) and not completely reversible, as it was still evident in $10 mg/kg/day males and
100 mg/kg/day females at 24 weeks postexposure in lessened severity and incidence. Females exposed to
2 and 100 mg/kg/day pentaBDE for 90 days had an increased incidence of degeneration and necrosis of
individual liver parenchymal cells at 24 weeks postexposure; the investigators concluded that this may
represent the final loss of previously damaged cells and probably should be considered compound-related
(WIL Research Laboratories 1984). The 2 mg/kg/day LOAEL for hepatic effects of pentaBDE was used
as the basis for the intermediate-duration MRL for oral exposure as indicated in the footnote to Table 3-2

and discussed in Chapter 2 and Appendix A. Liver vitamin A concentrations were increased in rats and
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mice exposed to pentaBDE by gavage in doses of 18 and 36 mg/kg/day, respectively, for 90 days
(Hallgren et al. 2001).

Hepatic microsomal enzyme induction is a well-documented effect of PBDEs. Microsomal enzyme
activity was induced in rats exposed by gavage to doses as low as 0.6 mg/kg/day of octaBDE and

0.4 mg/kg/day of pentaBDE for 90 days as indicated by increases in O-ethyl O-p-nitrophenyl
phenylphosphonothioate (EPN) detoxification, p-nitroanisole demethylation, and cytochrome c reductase
and cytochrome P-450 levels (Carlson 1980a). Some of these changes were persistent, lasting for

30-60 days after cessation of treatment, but not considered to be adverse due to the lack of any
accompanying hepatic histological abnormalities. Rats that were treated with equimolar

(0.1 mmol/kg/day) gavage doses of deca-, octa-, or pentaBDE (95.9, 76.6, or 56.4 mg/kg/day,
respectively) for 14 days had octa- and pentaBDE-induced increases in liver weight and microsomal
enzyme activity (e.g., increased EPN detoxification, p-nitroanisole demethylation, uridinediphosphate-
glucuronyltransferase [UDPGT] activity, and benzo[a]pyrene hydroxylase activity); exposure to decaBDE
only increased liver weight (Carlson 1980b). DecaBDE also had no effect on hepatic UDPGT,
ethoxyresorufin-o-deethylase (EROD), or pentoxyresorufin-o-deethylase (PROD) activities in weanling
rats that were treated with #100 mg/kg/day by gavage for 4 days (Zhou et al. 2001). Similar exposure to
0.3-300 mg/kg/day pentaBDE caused significantly increased EROD and PROD at $10 mg/kg/day and
UDPGT at $30 mg/kg/day, and octaBDE induced PROD at $10 mg/kg/day and EROD and UDPGT at
$30 mg/kg/day; neither of these PBDEs caused induction at #1 mg/kg/day.

Hepatic EROD, PROD, and methoxyresorufin-o-deethylase (MROD) were increased in mice exposed to
$18 mg/kg/day (lowest tested dose) of pentaBDE by gavage for 14 days, although UDPGT was
unchanged at #36 mg/kg/day (Fowles et al. 1994; Hallgren et al. 2001). Rats that were similarly treated
with pentaBDE for 14 days had increased activities of EROD, MROD, and PROD at $18 mg/kg/day
(lowest tested dose) and increased UDPGT at 36 mg/kg/day (Hallgren et al. 2001). PentaBDE also
increased hepatic microsomal enzyme activity in maternally-exposed rats and their offspring (Zhou et al.
2002). Exposure to 1, 10, or 30 mg/kg/day by gavage from gestation day (Gd) 6 through postnatal

day (Pnd) 21 caused significantly increased hepatic EROD and PROD at $10 mg/kg/day in dams

(Gd 20 and Pnd 22) and offspring (Gd 20 and Pnds 4, 14, and 36), as well as increased UDPGT at

30 mg/kg/day in dams (Gd 20 and Pnd 22) and offspring (Gd 20 and Pnds 4 and 14).
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Renal Effects.

Polybrominated Biphenyls. No statistically significant correlations were found between serum PBB
levels and serum levels of blood urea nitrogen (BUN) or creatinine in a study of residents of quarantined
Michigan farms after the 1973 PBB contamination episode (Kreiss et al. 1982). No other studies were

located with information pertinent to renal effects in humans after oral exposure to PBBs.

Studies with animals have shown some renal effects following prolonged exposure to PBBs, but findings
are generally inconsistent, and the functional significance is uncertain. No exposure-related histological
changes in kidneys or bladder were observed in rats administered FireMaster FF-1 in a single dose of
200 or 1,000 mg/kg (Kimbrough et al. 1978b, 1981) and observed for 2—23 months posttreatment
(Kimbrough et al. 1978a, 1981), or #30 mg/kg/day for 2 weeks (Gupta et al. 1981). Gross examination of
rats exposed to 1,000 mg/kg/day for 2 weeks showed darkened kidneys (Gupta and Moore 1979). Other
renal information was not reported, but the dosage was lethal. Urinalysis was normal in rats following
exposure to #30 mg/kg/day for 2 weeks (Gupta et al. 1981); urinalysis was not evaluated in the other rat
studies. Bladder histology, examined in some of the rat studies, was also reported to be normal (Gupta et
al. 1981; Kimbrough et al. 1981). Kidney histology was not altered in rats exposed to #71 mg/kg/day
octabromobiphenyl mixture for 2 weeks (Lee et al. 1975b; Waritz et al. 1977). Mice exposed to

#30 mg/kg/day FireMaster FF-1 for 2 weeks showed no abnormal kidney or bladder histology or
urinalysis findings (Gupta et al. 1981). Information on acute-duration renal effects in other species was

not located.

In intermediate-duration studies with rats, dietary exposure to FireMaster BP-6 for 30 days produced no
PBB-related alterations in urinalysis indices or BUN at 5 mg/kg/day (highest tested dose) or kidney
histology at #10 mg/kg/day (Akoso et al. 1982a; Sleight et al. 1978). However, 5 mg/kg/day FireMaster
BP-6 in the diet for 3 months caused progressive obsolescence of glomeruli in rats (Bowman's membrane
was shrunken and glomerular tufts were shrunken, inactive, or had been largely replaced by scar tissue),
although relative kidney weight, BUN, and renal function tests (clearance of inulin, p-aminohippurate, or
fractional sodium excretion) were normal (McCormack et al. 1978). Also, in vitro accumulation of
p-aminohippurate and N-methylnicotinamide, and ammoniagenesis and gluconeogenesis were not
affected in renal cortical slices from these treated rats. Administration of FireMaster FF-1 by gavage for
25 weeks caused no renal effects at 0.1 mg/kg/day, but produced chronic progressive nephropathy at

$1 mg/kg/day, and more serious histopathology at 10 mg/kg/day (NTP 1983). Renal pathology at the

10 mg/kg/day dosage included atrophy and edema of glomerular tufts with marked dilation of Bowman's
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capsule and dilation of some renal tubules, with either serous fluid or proteinaceous casts in both cortical
and medullary regions, and no changes in BUN (NTP 1983). Chronic administration of FireMaster FF-1
in the diet for up to 104 weeks, however, failed to produce any treatment-related histopathologic changes
at dosages as high as 1.5 mg/kg/day (NTP 1992). The reason for the inconsistency between this finding

and the results of the NTP (1983) study is unclear, but the different methods of oral treatment could be a

factor.

Intermediate-duration gavage exposure to a higher FireMaster FF-1 dose of 30 mg/kg/day for 4.5 weeks
caused dilation of Bowman's capsule with serous fluid in rats observed for . 60 days posttreatment (Gupta
and Moore 1979); however, rats that were similarly treated (#30 mg/kg/day for 30 days) but observed
longer (90 days posttreatment) had normal kidney histology, urinalysis values, and BUN (Gupta et al.
1981). Rats administered 50 mg/kg/day of an unspecified PBB mixture in the diet for 30 days with no
posttreatment observation had increased BUN but no changes in urinalysis values or kidney histology
(Sleight and Sanger 1976). In studies with octabromobiphenyl mixture in rats, dietary exposure to

$8 mg/kg/day for 30 days caused hyaline degenerative cytoplasmic changes in kidneys with normal
urinalysis values (Norris et al. 1975a). This finding is inconsistent with a report of normal kidney
histology in rats exposed to #71 mg/kg/day octabromobiphenyl mixture in the diet for 4 weeks (urinalysis
not constructed) (Lee et al. 1975b; Waritz et al. 1977); the reason for the discrepancy cannot be discerned
from the reports. Kidney histology and urinalysis findings were also normal in rats administered

#1 mg/kg/day octabromobiphenyl mixture for 8 months (Norris et al. 1975a). In the only study of a
decabromobiphenyl mixture, urinalysis was normal in rats fed 100 mg/kg/day for 13 weeks (Millischer et
al. 1980). Comprehensive histology evaluations were performed at this and lower dosages in this study,
but the liver is the only tissue specifically mentioned as having been examined. Due to the total number
tissues examined (21) and the route of exposure, it is probable that kidneys were examined but were not

discussed because no histopathologic changes were found.

In gavage studies with mice, FireMaster FF-1 produced no renal histopathologic changes following
exposure to #10 mg/kg/day for 25 weeks (BUN was normal) (NTP 1983) or #30 mg/kg/day for 30 days
(normal BUN and urinalysis) (Gupta et al. 1981). Dietary exposure to 3.9 mg/kg/day FireMaster FF-1 for
up to 105 weeks, however, caused an increased incidence of chronic progressive nephropathy in mice;
this effect was not found at 1.3 mg/kg/day (NTP 1992). Kidney histological alterations were not reported
in mink exposed to #2.4 mg/kg/day FireMaster FF-1 for 313 days (Aulerich and Ringer 1979; Ringer et
al. 1981). Swine exposed to unspecified PBBs for 16 weeks had increased relative kidney weight at

$1 mg/kg/day, but the adversity of this change is unclear since no gross renal pathology was observed
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(#8 mg/kg/day) and histology was not evaluated (Ku et al. 1978). Monkeys that ingested 18 mg/kg/day
FireMaster FF-1 for 137 days developed hyperplasia of the bladder epithelium, but histological changes
in the kidneys were not reported (Allen et al. 1978). Urine alterations in six pregnant cows given

67 mg/kg/day of FireMaster BP-6 in capsules for up to 60 days included increased protein concentration
and BUN, and decreased pH and specific gravity (Moorhead et al. 1977). Necropsy following sacrifice
between days 33 and 66 because of impending death due to poor health showed enlarged, distended, and
discolored kidneys, extreme dilation of the collecting ducts and convoluted tubules, degenerative changes
in the tubular epithelium, and congestion with scattered microscopic hemorrhages in the medulla. The
renal effects in cows appear to be more severe than those generally observed in other species at lethal
doses. No urinalysis alterations or changes in kidney histology were observed in other cows treated with

#0.65 mg/kg/day and examined 1 or 140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding renal effects in humans after oral

exposure to PBDEs.

Studies of PBDEs in animals have mainly observed kidney changes following dietary exposure to
octaBDE. Renal effects induced by octaBDE included hyaline degenerative cytoplasmic changes at

$8 mg/kg/day and increased kidney weight at $80 mg/kg/day in rats exposed in the diet for 30 days
(Norris et al. 1973, 1975a, 1975b), and noninflammatory kidney changes in male rats exposed to

600 mg/kg/day for 13 weeks (IRDC 1977). The incidence and severity of the kidney lesions in the
13-week study (tubule regeneration, intratubular casts, and cellular debris occurred in most

600 mg/kg/day males) suggested a compound-related effect (IRDC 1977). Another dietary study of
octaBDE found no histopathological changes in the kidneys of rats exposed to #90 mg/kg/day for 90 days
(IRDC 1976). Kidney pathology (hyaline degenerative cytoplasmic changes) was found in rats exposed
to 800 mg/kg/day of decaBDE for 30 days (Norris et al. 1973, 1975a, 1975b), but not following exposure
of rats to #90 mg/kg/day for 90 days (IRDC 1976), #8,000 mg/kg/day for 13 weeks (NTP 1986),

#1.0 mg/kg/day (77.4% containing 21.8% nonaBDE and 0.8% octaDBE) for 2 years (Kociba et al. 1975;
Norris et al. 1975b), or #2,550 mg/kg/day for 103 weeks (NTP 1986), or in mice exposed to

#9,500 mg/kg/day for 13 weeks or #7,780 mg/kg/day for 103 weeks (NTP 1986). Studies of pentaBDE
found no renal histopathology in rats exposed dietary doses of #90 mg/kg/day for 28 days ( IRDC 1976)
or #100 mg/kg/day for 90 days (WIL Research Laboratories 1984).
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Endocrine Effects.

Polybrominated Biphenyls. No studies were located regarding endocrine effects in humans after oral

exposure to PBBs.

Thyroid effects have been observed in animals treated with PBBs by gavage or diet in acute-,
intermediate-, and chronic-duration studies. Characteristic changes include decreases in serum levels of
serum thyroxine (T,) and serum triiodothyronine (T;) hormones, thyroid enlargement, and effects in the
follicular cells including reduced size, hyperplasia with columnar appearance and papillary projections,
and accumulation of colloid droplets. In the only acute study that investigated thyroid end points more
sensitive than histology, rats administered an unspecified PBB mixture for 10 days showed serum T,
levels (T, not evaluated) that were significantly reduced (p#0.05) at $3 mg/kg/day, but not at

1 mg/kg/day (Allen-Rowlands et al. 1981). The reduction in T, levels was both dose- and time-dependent
as shown by 20-day results discussed below with intermediate-duration studies. Based on the NOAEL
for decreased serum T,, an acute oral MRL of 0.01 mg/kg/day was calculated as described in the footnote
in Table 3-1. A single #286 mg/kg dose of an unspecified PBB mixture caused no change in 4-hour
thyroidal "*'I uptake and incorporation into thyroglobulin in rats (Allen-Rowlands et al. 1981). No
thyroid histological alterations were observed in rats in acute-duration studies with FireMaster FF-1, even
with a single dose #1,000 mg/kg and up to 2 years posttreatment observation (Kimbrough et al. 1978b,
1981) or dosages of #1,000 mg/kg/day for 2 weeks (Gupta and Moore 1979; Gupta et al. 1981). The only
information on thyroid effects of acute exposure to octabromobiphenyl mixture is a lack of histological
changes in rats administered #71 mg/kg/day for 2 weeks (Lee et al. 1975b; Waritz et al. 1977). The only
information on acute-duration thyroid effects of PBBs in species other than rat is the normal histologic
integrity of the thyroid in mice at FireMaster FF-1 dosages of #30 mg/kg/day for 2 weeks (Gupta et al.
1981).

In intermediate-duration studies with rats, serum levels of T, or T, decreased at FireMaster dosages as low
as 0.3 mg/kg/day FireMaster FF-1 for 25 weeks (NTP 1983), 0.45 mg/kg/day FireMaster BP-6 for

7 months (Byrne et al. 1987), 5 mg/kg/day FireMaster BP-6 for 30 days (Akoso et al. 1982b) or

1 mg/kg/day of an unspecified PBB mixture for 20 days (Allen-Rowlands et al. 1981). In the latter study,
8—11 rats were evaluated after exposure to 1, 3, or 6 mg/kg/day for 20 days. Other thyroid effects in these
rats included significantly increased absolute thyroid weight at $3 mg/kg/day (not evaluated at

1 mg/kg/day), and increased plasma TSH levels, increased 5-hour thyroid uptake of "*'I and deceased
incorporation of *'I into monoiodotyrosine (MIT) at 6 mg/kg/day (Allen-Rowlands et al. 1981). No
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effects on incorporation of '*'I into diiodotyrosine (DIT), T,, or T, were observed. Serum T, levels were
also reduced at $1 mg/kg/day in rats exposed for 20 days and evaluated after being placed on restricted
food intake for $2 months following treatment (Allen-Rowlands et al. 1981). Rats administered

2.5 mg/kg/day of an unspecified hexabromobiphenyl mixture for 7 months showed no significant changes
in serum T, but serum T, was not evaluated (Sepkovic and Byrne 1984). Thyroid ultrastructural changes
were produced in rats by FireMaster BP-6 dosages as low as 0.05 mg/kg/day for 30-35 days (Akoso et al.
1982b; Kasza et al. 1978a), and histologic changes of the thyroid were observed at $5 mg/kg/day
FireMaster BP-6 for 30 days (Sleight et al. 1978) and $30 mg/kg/day FireMaster FF-1 for 4.5 weeks
(Gupta and Moore 1979). In the study that evaluated thyroid effects at the lowest dose, rats were
administered estimated doses of 0.05, 0.5, or 5 mg/kg/day FireMaster BP-6 in the diet for 30 days (Akoso
et al. 1982b). Effects were dose-dependent and included increased number and decreased size of follicles
(especially at the peripheral location) at $0.05 mg/kg/day, follicles with epithelial tall columnar
appearance and some papillary projections in the lumen at $0.5 mg/kg/day, and extensive follicular
changes (hyperplasia and hypertrophy of follicular cells, prominent, and numerous papillary projections),
increased relative thyroid weight, and decreased serum T, and T, at 5 mg/kg/day. Chronic exposure to
#1.5 mg/kg/day FireMaster FF-1 for up to 104 weeks caused no thyroid histological alterations, but

ultrastructure and serum thyroid hormones were not assayed (NTP 1992).

In the only intermediate-duration rat study of octabromobiphenyl mixture that assessed thyroid hormones,
a dose of 2.5 mg/kg/day for 7 months produced no significant changes in serum T, but serum T, was not
evaluated (Sepkovic and Byrne 1984). The histologic integrity of the thyroid was normal in rats fed
octabromobiphenyl mixture at dosages as high as 1 mg/kg/day for 8 months (Norris et al. 1975a),

2.5 mg/kg/day for 7 months (Sepkovic and Byrne 1984), and 71 mg/kg/day for 4 weeks (Lee et al. 1975b;
Waritz et al. 1977), although $8 mg/kg/day for 30 days induced dose-related thyroid hyperplasia (Norris
et al. 1975a). An explanation for the discrepancy in the octabromobiphenyl mixture NOAELs of

#71 mg/kg/day and LOAELSs of $8 mg/kg/day is not apparent, particularly since treatment durations were
similar, methods of treatment (diet) and animal strain and sex (male) were the same, and only the NOAEL

study appears to have observed the animals (for 2—18 weeks) posttreatment.

Effects on the adrenal gland also have been observed in animals exposed to PBBs. As found for thyroid
as discussed above, acute-duration exposure to FireMaster FF-1 produced no changes in rat adrenal
histology following a single dose as high as 1,000 mg/kg (Gupta et al. 1981; Kimbrough et al. 1978b,
1981). Dosages of 1,000 mg/kg/day FireMaster FF-1 for 2 weeks caused gross adrenal damage (darkened
glands) in rats, but #30 mg/kg/day caused no gross or histologic damage (Gupta and Moore 1979; Gupta
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et al. 1981). The only information on acute-duration adrenal effects of PBBs in species other than rat is
normal adrenal histology in mice at FireMaster FF-1 dosages of #30 mg/kg/day for 2 weeks (Gupta et al.
1981). No acute-duration studies of PBBs measure serum corticosteroid levels. In intermediate-duration
studies, serum corticosterone B, dehydroepiandrosterone (DHEA), and dehydroepiandrosterone sulfate
(DHS) decreased in rats fed $0.25 mg/kg/day FireMaster BP-6 for 5—7 months, but not 0.05 mg/kg/day
(Byrne et al. 1988). Serum corticosterone levels and adrenal weight did not change in rats exposed to

#6 mg/kg/day of an unspecified PBB mixture for a shorter duration of 20 days (other adrenal hormones
were not evaluated) (Castracane et al. 1982). Adrenal histology was not evaluated in these studies, but no
treatment-related alterations were observed in rats in other intermediate-duration studies with FireMaster
BP-6 or FireMaster FF-1 (Akoso et al. 1982b; NTP 1983; Sleight and Sanger 1976; Sleight et al. 1978),
except at lethal dosages (Gupta and Moore 1979), or in a chronic study with FireMaster FF-1 (NTP
1992). Necropsies of rats treated with 100—1,000 mg/kg/day FireMaster FF-1 for 4.5 weeks showed
darkened adrenals (Gupta and Moore 1979). In the only rat study of octabromobiphenyl mixture that
examined the adrenal gland, 2.5 mg/kg/day for 7 months produced no changes in relative adrenal weight;
histology or serum corticosteroids were not evaluated (Sepkovic and Byrne 1984). Intermediate- or
chronic-duration studies with FireMaster FF-1 in mice showed no adrenal histological effects at

#3.9 mg/kg/day for up to 105 weeks (NTP 1992), #10 mg/kg/day for 25 weeks (NTP 1983), or

#30 mg/kg/day for 30 days (Gupta et al. 1981).

Polybrominated Diphenyl Ethers. Plasma levels of 2,2'4,4'-tetraBDE and various other persistent
organohalogen compounds (non-PBDEs), as well as hormone levels (free and total T, and T,, thyroid
stimulating hormone [TSH], free testosterone, follicle-stimulating hormone, lutenizing hormone, and
prolactin), were analyzed in 110 men who consumed varying amounts of fatty fish (0—32 meals per
month) from the Baltic Sea (Hagmar et al. 2001). There was a weak negative correlation between
2,2',4,4'-tetraBDE and plasma TSH after age adjustment, but 2,2',4,4'-tetraBDE could not explain more
than 10% of the variance in TSH (r’=0.10, p<0.001).

Hyperplasia of the thyroid has been observed in rats and mice following repeated dietary exposures to
decaBDE. Thyroid follicular cell hyperplasia was increased in male B6C3F1 mice that were exposed to
decaBDE for 103 weeks (NTP 1986). Incidences of the lesion were 2/50 (4%), 10/50 (20%), and

19/50 (38%) in the 0, 3,200, and 6,650 mg/kg/day dose groups of this study. Slight increases in follicular
cell tumors that were considered to be equivocal evidence of thyroid carcinogenicity were also observed
in the male mice (see Section 3.2.2.7, Cancer). No decaBDE-related histopathological changes in the

thyroid were found after 103 weeks of exposure to #7,780 mg/kg/day in female mice, #2,240 mg/kg/day
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in male Sprague-Dawley rats, or #2,550 mg/kg/day in female rats (NTP 1986). Dose-related increases in
thyroid hyperplasia were reported for male Sprague-Dawley rats exposed to 80 and 800 mg/kg/day for
30 days (Norris et al. 1973, 1975b), although not in rats exposed to #90 mg/kg/day for 90 days, rats
exposed to #8,000 mg/kg/day for 13 weeks, or mice exposed to #9,500 mg/kg/day for 13 weeks (IRDC
1976; NTP 1986). The occurrence of thyroid hyperplasia in the rats exposed to $80 mg/kg/day for

30 days could be related to the congener composition of the decaBDE mixture tested by Norris et al.
(1973, 1975a, 1975b) (i.e., 77.4% decaBDE, 21.8% nonaBDE, and 0.8% octaBDE, compared to $94%
decaBDE typically used in other studies).

Thyroid hormone levels were determined in weanling (28-day-old) female Long-Evans that were treated
by gavage for 4 days with technical decaBDE (DE-83R) or octaBDE (DE-79) in doses of 0.3, 1, 3, 10, 30,
60, or 100 mg/kg/day, or pentaBDE (DE-71) in doses of 0.3, 1, 3, 10, 30, 100, or 300 mg/kg/day (Zhou et
al. 2001). The animals were sacrificed on the day after the last exposure and evaluated for changes in
serum levels of total T,, total T, and thyroid-stimulating hormone (TSH). DecaBDE caused no changes
in levels of any of the thyroid hormones. OctaBDE induced a dose-related reduction in serum T, levels
with statistically significant (p<0.05) decreases occurring at $10 mg/kg/day and a 70% maximum
decrease compared to controls at the highest dose of 100 mg/kg/day. Serum total T, levels were
significantly reduced at $60 mg/kg/day with a maximum reduction of 25% at 100 mg/kg/day. PentaBDE
caused dose-related reductions in serum T, levels with significant decreases occurring at $30 mg/kg/day
and an 80% maximum decrease compared to controls at the highest dose of 300 mg/kg/day. Serum total
T, levels were significantly reduced at $100 mg/kg/day with a maximum reduction of 30% at

300 mg/kg/day. Neither octaBDE nor pentaBDE caused exposure-related changes in serum TSH
concentrations. Benchmark dose (BMD) analysis of the octaBDE data found that the BMD and BMDL
(95% lower confidence limit on the BMD) resulting in a 20% reduction in thyroid hormones (LED,,)
were 9.25 and 5.29 mg/kg/day, respectively, for serum T, and 53.38 and 11.98 mg/kg/day, respectively,
for serum T;. For pentaBDE, the respective BMD and BMDL resulting in 20% reduced hormone levels
were 12.74 and 6.95 mg/kg/day for serum T, and 32.94 and 8.56 mg/kg/day for serum Tj.

Serum levels of thyroid hormones were not evaluated in any other study of octaBDE. Dose-related
increases in thyroid hyperplasia were observed in male Sprague-Dawley rats (incidences not reported)
exposed to $8 mg/kg/day (lowest tested dose) in the diet for 30 days (Norris et al. 1973, 1975b). Thyroid
hyperplasia was equivocally increased in male CD rats that were exposed to 90 mg/kg/day of octaBDE
(unspecified mixture) in the diet for 28 days (IRDC 1976); incidences of slight or moderate hyperplasia
were 0/5, 0/5, and 3/5 at 0, 9, and 90 mg/kg/day, respectively. CD rats that were exposed to octaBDE in
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estimated dietary doses of 5, 50, or 600 mg/kg/day (males) or 7, 70, or 750 mg/kg/day (females) for 13
weeks had increased absolute and relative thyroid weights at $50/70 mg/kg/day (IRDC 1977). The
thyroid weight increases were still observed at 8 weeks postexposure in the 600/750 mg/kg/day groups
and were concluded to be likely compound-related. Most of the follicles in the thyroids of 4/35 males at
600 mg/kg/day and 1/35 females at 750 mg/kg/day had epithelium that was tall columnar rather than the
normal cuboidal type. This effect was considered to be a very slight but probably compound-related
histological change. The thyroid glands were considered within the range of normal morphology at

8 weeks postexposure in the 600/750 mg/kg/day rats as well as in the lower dose groups (IRDC 1977).

The 4-day study in weanling rats summarized above (Zhou et al. 2001) is not the only study of pentaBDE
that found suppressed thyroid hormone levels. Serum T, levels were also reduced by pentaBDE in
maternally-exposed rats and their offspring (Zhou et al. 2002). Long-Evans rats were administered 1, 10,
or 30 mg/kg/day of pentaBDE (DE-71) in corn oil by gavage from Gd 6 through Pnd 21. Total
concentrations of serum T, and T, were evaluated in dams on Gd 20 and Pnd 22 and offspring were
evaluated on Gd 20 and Pnds 4, 14, 36, and 90. Serum T, was significantly (p<0.05) reduced compared
to controls in dams at 30 mg/kg/day on Gd 20 and Pnd 22 (48 and 44% reduced, respectively), and in
offspring at $10 mg/kg/day on Gd 20 ($15% reduced) and Pnds 4 and 14 (50 and 64% reduced at 10 and
30 mg/kg/day, respectively). The effect on serum T, concentrations in the offspring returned to control
levels by Pnd 36. The NOAEL for the effect on serum T, levels (1 mg/kg/day) was used as the basis for
the acute-duration MRL for oral exposure as indicated in the footnote to Table 3-2 and discussed in
Chapter 2 and Appendix A. There were no exposure-related changes in serum T, levels in the dams or
offspring, or any significant effects of treatment on litter size, sex ratio, or nonneurodevelopmental
measures of offspring viability and growth as discussed in Section 3.2.2.6 (Developmental Effects). The
BMD and BMDL resulting in a 20% reduction in serum T, levels were determined to be 2.36 and

0.94 mg/kg/day, respectively.

Serum total T, concentrations were significantly reduced in female C57BL/6J mice that were given a
single gavage dose of pentaBDE (DE-71) as low as 0.8 mg/kg (lowest tested dose) (Fowles et al. 1994).
Reductions in serum T, were found in four of five dose groups (i.e., 0.8, 4, 20, and 500 mg/kg, but not
100 mg/kg), but did not occur in a dose-dependent manner. This lack of dose-dependency might be
explained by the number of animals per group, which was relatively small (n=6). Evaluation of mice
exposed to 18, 36, or 72 mg/kg/day of pentaBDE by daily gavage for 14 days showed significantly
reduced total and free T, levels at $18 mg/kg/day (Fowles et al. 1994). Serum T; and TSH levels and

thyroid histology were not evaluated in the single-dose and 14-day mouse studies. Serum levels of total
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and free T, were also significantly reduced in female C57BL/6J mice as well as female Sprague-Dawley
rats that were similarly exposed to $18 mg/kg/day (lowest tested dose) of a different pentaBDE mixture
(Bromkal 70-5 DE) for 14 days (Darnerud and Sinjari 1996; Hallgren et al. 2001). There were no
exposure-related changes in TSH levels in the rats or mice and serum T; was not evaluated in either
species. Serum measurements in rats and mice that were treated with 1, 6, or 18 mg/kg/day of
2,2',4,4'-tetraBDE for 14 days showed significantly reduced T, levels in both species at 18 mg/kg/day
(Darnerud and Sinjari 1996; Hallgren and Darnerud 1998). Exposure to 18 mg/kg/day of
2,2'4,4'-tetraBDE did not affect TSH levels in the rats (not determined in mice).

End points assessed in a comprehensive 90-day feeding study of pentaBDE (DE-71) in male and female
Sprague-Dawley rats included serum T, and T, levels (TSH not measured) and thyroid histology (WIL
Research Laboratories 1984). Effects observed in both sexes included significantly reduced plasma T,
levels at $10 mg/kg/day and increased follicular cell hyperplasia at 100 mg/kg/day. Incidences of
follicular cell hyperplasia in the 0, 2, 10, and 100 mg/kg/day dose groups of this study were 0/10, 2/10,
2/10, and 5/10 in males and 0/10, 0/10, 1/10, and 4/10 in females. The thyroid hyperplasia was mild and
transient as it was characterized as very slight in severity at all doses and was no longer observed at

24 weeks postexposure in any animals. Thyroid hyperplasia was equivocally increased in male CD rats
that were exposed to 90 mg/kg/day of pentaBDE (unspecified mixture) in the diet for 28 days (IRDC
1976). Incidences of slight or moderate hyperplasia in the 0, 9, or 90 mg/kg/day dose groups of this study

were 0/5, 1/5, and 3/5 males, respectively; no increases were seen in females.

Information on hormonal effects of PBDEs other than thyroid is limited to adrenal corticosterone data
from a 14-day study of pentaBDE (DE-71). Measurements of serum corticosterone levels in female mice
showed no clear chemical-related changes following exposure to 18, 36, or 72 mg/kg/day by daily gavage

for 14 days (Fowles et al. 1994).

Dermal Effects.

Polybrominated Biphenyls. Limited human data from an epidemiological study provide suggestive
evidence that oral exposure to PBBs may produce skin disorders in humans, but do not provide
information regarding dose-response relationships. Symptoms of skin disorders (rashes, acne, increased
sensitivity to the sun, darkening or thickening of the skin, discoloration or deformity of fingernails or
toenails, slow healing of cuts) were reported with greater frequency in a group of 406 Michigan residents

probably exposed to PBBs than in a group of 153 likely unexposed residents, but no association was
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evident between serum PBB levels and prevalence of skin disorders (Anderson et al. 1978c). In a medical
history survey study conducted in 1976, symptoms of skin disorders (peeling and scaling, erythema, hair
loss, increased nail growth, increased sweating) experienced during the previous 3 years were reported at
higher prevalence rates in a group of 321 Michigan residents from quarantined farms and in a group of
177 nonquarantined farm residents than in a group of 149 nonexposed Wisconsin residents (Chanda et al.
1982). Physical examination of the combined group of Michigan residents revealed alopecia in 4% of the

subjects compared to no occurrence of alopecia in the control group.

PBBs produced characteristic dermal changes in certain species of animals following repeated exposures.
No exposure-related histological changes were observed in the skin, salivary glands, or eyes of rats
administered a single dose of 200 mg/kg FireMaster FF-1 and observed for 18-22 months (Kimbrough et
al. 1981). Rats and mice exposed to #30 mg/kg/day FireMaster FF-1 for 2 weeks showed no histological
alterations in pinnae, ear canals, or salivary glands, but examination of skin was not performed (Gupta et
al. 1981). In intermediate- and chronic-duration studies, rats and/or mice exposed to FireMaster FF-1 or
FireMaster BP-6 dosages of #30 mg/kg/day by gavage for 30 days (Gupta et al. 1981), #10 mg/kg/day in
the diet for 30 days (Akoso et al. 1982a), #10 mg/kg/day by gavage for 25 weeks (NTP 1983), or

#3.9 mg/kg/day in the diet for up to 105 weeks (Chhabra et al. 1993; NTP 1992) showed no
histopathological changes in skin, pinnae, ear canals, or salivary glands. Xerophthalmia (extreme dryness
of the conjunctiva, with keratinization of epithelium following chronic conjunctivitis) was observed in
rats after 82 days of dietary exposure to 5 mg/kg/day FireMaster BP-6 (Darjono et al. 1983). Alopecia,
loss of eyelashes, generalized subcutaneous edema, dry scaly skin, and periorbital edema developed in
monkeys exposed to FireMaster FF-1 in dosages of $0.73 mg/kg/day for $25 weeks (two animals) or

18 mg/kg/day for 137 days (one animal) (Allen et al. 1978; Lambrecht et al. 1978). Histological
examination, performed only in the monkey exposed to 18 mg/kg/day, showed atrophy and squamous
metaplasia of sebaceous glands and keratinization of hair follicles (Allen et al. 1978). Dermatosis on the
ventral surface was a clinical sign in two of four swine administered 8 mg/kg/day FireMaster FF-1 for

16 weeks (Ku et al. 1978). No additional information was reported on the dermatosis (a nonspecific term
used to denote any cutaneous lesion or group of lesions), and histologic examinations were not

completed.

Polybrominated Diphenyl Ethers. No studies were located regarding dermal effects in humans after oral

exposure to PBDEs.
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Histopathological examinations showed no dermal changes in rats following dietary exposure to
#750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977) or #100 mg/kg/day of pentaBDE for 90 days
(WIL Research Laboratories 1984).

Ocular Effects.

Polybrominated Biphenyls. No studies were located regarding ocular effects in humans after oral

exposure to PBBs.

Occasional eye discharge was observed in pregnant cows that were administered 67 mg/kg/day of
FireMaster BP-6 in capsules for up to 60 days (Moorhead et al. 1977). Necropsy following sacrifice
between days 33 and 66 because of impending death due to poor health showed hyperkeratosis of the
eyelids and squamous metaplasia with keratin cysts in the tarsal glands in five of six animals. No ocular
effects were observed in other cows treated with #0.65 mg/kg/day and examined 1 or 140 days following
the end of treatment. Histological changes were not observed in the eyes of rats exposed to FireMaster
FF-1 for 2 weeks (Gupta et al. 1981), or in rats and mice treated by gavage (NTP 1983) or fed FireMaster
FF-1 for up to 105 weeks (Chhabra et al. 1993; NTP 1992).

Polybrominated Diphenyl Ethers. No studies were located regarding ocular effects in humans after oral

exposure to PBDEs.

Histopathological examinations showed no ocular effects in rats following dietary exposure to

#1.0 mg/kg/day of 77.4% decaBDE (containing 21.8% nonaBDE and 0.8% octaDBE) for 2 years (Kociba
et al. 1975; Norris et al. 1975b), #750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977), or

#100 mg/kg/day of pentaBDE for 90 days (WIL Research Laboratories 1984).

Body Weight Effects.

Polybrominated Biphenyls. No studies were located regarding body weight effects in humans after oral

exposure to PBBs.
Reduced body weight was observed in various species following acute oral administration of relatively

high doses of PBBs; this effect is most evident with repeated exposure. In general, decreases in food and

water intake are not sufficient to account for decreases in body weight. Effects on body weight can be
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quite pronounced following intermediate- and chronic-duration exposure, constituting a wasting
syndrome manifested by weight loss and depletion of body fat. In acute-duration studies with rats, a
single 1,000 mg/kg dose of FireMaster FF-1 caused decreased weight gain during the following 2 years
(Kimbrough et al. 1981), and a single 800 mg/kg dose of FireMaster BP-6 during pregnancy caused
maternal weight loss (Beaudoin 1977). Single FireMaster doses of 400 (BP-6) or 500 (FF-1) mg/kg/day
did not affect body weight in rats (Beaudoin 1977; Kimbrough et al. 1980). Administration of

1,000 mg/kg/day FireMaster FF-1 or 130 mg/kg/day FireMaster BP-6 for 2 weeks produced decreased
weight gain or weight loss in rats and mice, respectively (Corbett et al. 1978; Fraker 1980; Fraker and
Aust 1980; Gupta and Moore 1979), but 5 mg/kg/day FireMaster BP-6 for 10 days had no effect on body
weight in rats (Raber and Carter 1986). A single #2,000 mg/kg dose or two daily 3,000 mg/kg doses of
octabromobiphenyl mixture had no effect on body weight gain in rats observed for the following

14-28 days (Lee et al. 1975a; Norris et al. 1975a). No changes in body weight were produced in rats
exposed to #71 mg/kg/day octabromobiphenyl mixture for 2 weeks (Lee et al. 1975b; Waritz et al. 1977).
In intermediate-duration studies, decreased body weight gain and/or weight loss has been observed in rats
at dosages as low as 3 mg/kg/day FireMaster FF-1 for 6 months (Luster et al. 1980; NTP 1983),

5 mg/kg/day FireMaster BP-6 for 1-3 months (McCormack et al. 1978; Sleight et al. 1978), and

30-50 mg/kg/day FireMaster FF-1 for 4.5-5 weeks (Gupta and Moore 1979; Sleight and Sanger 1976).
FireMaster FF-1 dosages $100 mg/kg/day for 4.5 weeks (lethal doses) caused weight loss and emaciation
in rats (Gupta and Moore 1979). Final body weights were decreased $11-28% in rats exposed to 0.5 or
1.5 mg/kg/day FireMaster FF-1 for up to 104 weeks (NTP 1992). No body weight changes were
observed in rats fed a decabromobiphenyl mixture at dosages as high as 100 mg/kg/day for 13 weeks
(Millischer et al. 1980).

In mice exposed to FireMaster FF-1, estimated dosages of 10 mg/kg/day for 25 weeks (NTP 1992) and
21.7 mg/kg/day for 6 weeks (Loose et al. 1981) decreased the rate of weight gain. Chronic exposure to
#3.9 mg/kg/day FireMaster FF-1 for up to 105 weeks, however, did not produce adverse effects on mouse
body weight (NTP 1992). Guinea pig, mink, and monkey seem to be particularly sensitive species, as
indicated by pronounced weight loss in guinea pigs from ingestion of 4 mg/kg/day of unspecified PBBs
for 30 days (Sleight and Sanger 1976), decreased weight gain in mink at FireMaster FF-1 dosages as low
as 0.39 mg/kg/day with weight loss at 1.86 mg/kg/day (Aulerich and Ringer 1979; Ringer et al. 1981),
and weight loss in monkeys at FireMaster FF-1 dosages as low as 0.73 mg/kg/day for 25-50 weeks (Allen
et al. 1978; Lambrecht et al. 1978). Monkeys that ingested an estimated FireMaster FF-1 dosage of

0.012 mg/kg/day for 66 weeks lost weight (Lambrecht et al. 1978). Food intake and body weight gain

were reduced in pregnant cows after 4 and 20 days administration of 67 mg/kg/day FireMaster BP-6 in
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capsules (Moorhead et al. 1977). This dosage was lethal because death was impending between days
33 and 66 (treatment duration was 60 days). There were no effects on food intake or body weight in cows

treated with #0.65 mg/kg/day and observed 1 or 140 days following the end of treatment.

Polybrominated Diphenyl Ethers. No studies were located regarding body weight effects in humans

after oral exposure to PBDE:s.

DecaBDE had no effect on body weight gain in rats and mice that were exposed to dietary doses of
#16,000 and #19,000 mg/kg/day, respectively for 14 days, #8,000 and #9,500 mg/kg/day, respectively,
for 13 weeks (NTP 1986), or #2,550 and #7,780 mg/kg/day, respectively, for 103 weeks (NTP 1986).
Dietary ingestion of 77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaDBE) similarly
caused no body weight changes in rats exposed to #800 mg/kg/day for 30 days or #1.0 mg/kg/day for

2 years (Kociba et al. 1975; Norris et al. 1973, 1975a, 1975b).

OctaBDE did not affect body weight in rats exposed to dietary doses of #90 mg/kg/day for 28 days
(IRDC 1976) or #800 mg/kg/day for 30 days (Norris et al. 1973, 1975a, 1975b), although exposure to
$600 mg/kg/day for 13 weeks caused $12% decreases in weight gain (IRDC 1977). There were no
pentaBDE-related body weight changes in rats exposed to #90 mg/kg/day for 28 days (IRDC 1976) or
mice exposed to #72 mg/kg/day pentaBDE for 14 days (Fowles et al. 1994), although the rate of weight
gain was reduced in rats exposed to #100 mg/kg/day pentaBDE for 90 days (WIL Research Laboratories
1984).
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3.2.2.3 Immunological and Lymphoreticular Effects

Polybrominated Biphenyls. Numerous reports have been published regarding the immunological
competence of individuals exposed to PBBs in the Michigan feed contamination episode. Due to the
relatively high number of published reports and to the fact that often different groups of investigators

appear to have examined the same cohort, only representative studies are discussed below.

Immunological parameters were compared between a group of 45 adult Michigan dairy farmers and their
families who were exposed for periods ranging from 3 months to 4 years and two groups of control
individuals not known to have been exposed to PBBs (Bekesi et al. 1978, 1979). In 27 of the

45 Michigan subjects, the peripheral blood lymphocytes responded within a normal range to
phytohemagglutinin (PHA) and PWM mitogen-induced lymphoblastogenesis, but had reduced reactivity
in mixed leukocyte cultures relative to controls. In the remaining 18 Michigan subjects, the response to
PHA and PWM and the reactivity to mixed leukocyte cultures was significantly reduced (p<0.00001)
relative to controls. Assays for membrane markers of peripheral blood lymphocytes showed significant
reductions in markers in the Michigan subpopulation with abnormal lymphoblastogenesis. Both
Michigan subpopulations had a significant increase in the number of lymphocytes without detectable
surface markers, relative to controls. The number of markers for monocytes was not significantly
different among the groups studied. There were no significant differences in serum PBB levels between
the two Michigan subsets. No consistent correlation could be demonstrated between lymphocyte function

and PBB plasma concentration.

Reexamination of a group of 40 Michigan farmers 5 years after the first examination (Bekesi et al. 1985;
Roboz et al. 1985) showed that the number of T-lymphocytes and the lymphocyte response to stimulation
with PHA were altered to the same extent reported 5 years earlier (Bekesi et al. 1978).

In a similar study, Michigan subjects were classified into three groups according to their serum PBB
levels: high (>300 ppb), low (<1-11 ppb), and unexposed (controls) (Silva et al. 1979). The percentage
of subjects that complained of recurrent infection was similar in the two exposed groups (about 20%).
The total leukocyte count, percentage of lymphocytes, and percentage of subpopulations of T- and
B-lymphocytes were similar among the three groups. Mean spontaneous lymphocyte transformation and
lymphocyte mitogenic responsiveness to stimulation with three different mitogens were not significantly
different among the three groups. Furthermore, there was no correlation between a poor mitogenic

response and low numbers of T-lymphocytes (Silver et al. 1979).
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It was also reported at this time that Michigan farm residents with the highest exposure to PBB had
significantly elevated levels of IgM, IgA, and IgG relative to Wisconsin dairy farm residents (Bekesi et al.
1985). Cluster analysis of several immunological parameters performed for husbands and wives showed,
according to the investigators, significant correlations for surface markers, lymphocyte functions, and IgG
values (no correlation coefficient was >0.337). This finding was interpreted as supporting a common

dietary source for the immune dysfunction rather than a genetic predisposition (Bekesi et al. 1985).

In yet another report, Michigan farmers reported a higher rate of infections (11%) than a group of
chemical workers exposed to PBB (3%) (Stross et al. 1981), however, average PBB levels in serum, bile,
and fat were higher in the chemical workers than in the farmers. When the patients were divided
according to their PBB fat level into high, moderate, and low, there was an equal distribution of abnormal

physical, laboratory, and diagnostic findings among the groups.

The immunological effects of the commercial PBB mixtures FireMaster FF-1 and FireMaster BP-6 have
been examined in rats, mice, guinea pigs, dogs, and pigs, but in many cases, the most sensitive
immunological end points were not examined. In all but two studies, the animals were exposed for an
intermediate duration; most studies were conducted in rats, and many studies administered the PBBs by
gavage (exceptions noted below). Identification of the most sensitive species is difficult due to the fact
that not all studies examined the same end points, although limited data suggest that guinea pigs may be
particularly sensitive. Immunological effects in animals, attributed to exposure to PBBs in utero or

through lactation, are discussed in Section 3.2.2.6.

Limited data exist regarding immunological effects of PBBs in animals following acute oral exposure.
No histopathological alterations were observed in the spleen and thymus of rats treated with a single dose
of 1,000 mg/kg FireMaster FF-1 and observed for 2 years (Kimbrough et al. 1978b). A similar lack of
effects in the thymus, spleen, and lymph nodes was reported in rats and mice treated for 2 weeks with up
to 30 mg/kg/day FireMaster FF-1 (Gupta et al. 1981). However, mice treated with . 130 mg/kg
FireMaster BP-6 in the diet for 14 days were incapable of mounting an antibody-mediated response
following immunization with sheep red blood cells (SRBC) (Fraker 1980; Fraker and Aust 1980). This

treatment also reduced absolute thymus weight by 88% and caused high lethality in mice.
Numerous intermediate-duration studies have examined the immunological effects of PBBs in rats. For

example, treatment of rats with FireMaster FF-1 for 25 weeks significantly increased absolute and relative

spleen weight at $1 mg/kg/day and significantly decreased absolute and relative thymus weight at
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$0.3 mg/kg/day (NTP 1983). Nevertheless, no histopathological alterations were observed in these
organs and in lymph nodes with doses of up to 10 mg/kg/day (NTP 1983). Similar results were reported
in rats treated with 30 mg/kg/day FireMaster FF-1 for 4-5 weeks (Gupta and Moore 1979; Gupta et al.
1981), but a dose of 100 mg/kg/day caused thymic atrophy and necrosis of lymphoblasts (Gupta and
Moore 1979). A much smaller dose, 0.5 mg/kg/day FireMaster BP-6 in the diet for 150 days, reportedly
caused moderate lymphoid depletion in thymus and spleen (Rezabek et al. 1989). In the only chronic rat
study, splenic fibrosis developed following exposure to 1.5 mg/kg/day, but not 0.5 mg/kg/day, FireMaster
FF-1 in the diet for up to 104 weeks (NTP 1992). Treatment of rats for 5 weeks with 30 mg/kg/day
FireMaster FF-1 significantly reduced the in vitro lymphocytic response to stimulation with two out of
three mitogens and thymus and spleen weight (Luster et al. 1978). Relative thymus weight was reduced
at 3 mg/kg/day; however, treatment with the test material did not alter the production of antibodies 4 days
after immunization with SRBC. The same group of investigators reported significantly decreased
lymphoproliferative responses to mitogens or allogenic cells in rats following treatment with 3 mg/kg/day
FireMaster FF-1 for 6 months (Luster et al. 1980); a dose of 1 mg/kg/day was without effect. It must be
mentioned, however, that in the studies conducted by Luster and co-workers, doses $3 mg/kg/day
FireMaster, reduced body weight by $15% in the animals, suggesting that PBBs can affect the immune

system, but only at dose levels that produce overt toxicity.

Mice treated for 30 days with FireMaster BP-6 in the diet at levels of approximately $1.3 mg/kg/day had
a significantly reduced antibody-mediated response to SRBC (p<0.001) (Fraker 1980; Fraker and Aust
1980). Absolute thymus weight was significantly reduced (p<0.01) relative to controls with all dose
levels tested (0.13, 1.3, 13 mg/kg/day). Delayed-type hypersensitivity was not altered by PBB treatment.
Corticosterone levels in plasma were elevated in treated mice relative to controls, but not elevated enough
to be responsible for the immunological findings. No histopathological effects were observed in the
thymus, spleen, or lymph nodes of mice treated with 30 mg/kg/day FireMaster BP-6 for 4-5 weeks, but
relative thymus weight was temporarily decreased (Gupta et al. 1981). Other studies in mice reported
increased lethality (p<0.05) after bacterial inoculation in groups treated with 10 mg/kg/day FireMaster
FF-1 for 6 months (Luster et al. 1980) and increased lethality (p<0.05) due to challenge with Salmonella
thyphosa lipopolysaccharide after 3 or 6 weeks of dietary exposure to -21.7 mg/kg/day FireMaster FF-1
(Loose et al. 1981). No histopathological changes were observed in the spleen, thymus, and lymph nodes
of mice treated with up to 10 mg/kg/day FireMaster FF-1 for 25 weeks (NTP 1983), although

3.9 mg/kg/day for up to 105 weeks caused increased splenic hematopoiesis (NTP 1992).
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Guinea pigs administered 0.4 mg/kg/day FireMaster BP-6 in the diet for 45 days exhibited a significant
reduction (p<0.01) in tetanus-antitoxin titers following injection of tetanus toxoid (Vos and van Genderen
1973, 1974). A dose 5 times higher caused marked thymus atrophy, splenic effects (marked depletion of
the follicles and periarteriolar lymphocyte sheaths), and lethality. Pregnant sows fed a diet that provided
approximately 2.5 mg/kg/day FireMaster BP-6 for a total of 12 weeks (including part of gestation and
lactation) showed a significantly reduced (p<0.05) lymphocyte response to stimulation with PHA and
PWM mitogens relative to controls (Howard et al. 1980); a dose of 1.25 mg/kg/day was without effect.
However, PBB treatment did not affect bactericidal activity of whole blood towards Escherichia coli and

Staphylococcus aureus.

Two cows gavaged with daily doses of 67 mg/kg/day of an unspecified PBB mixture for 38 consecutive
days showed minimal alterations in tests of humoral and cell immunity relative to a group of

54 unexposed animals (Kateley et al. 1982). The concentration of PBBs in tissues from these two cows
reached 1,000 mg/kg, and they became moribund and were later sacrificed. A similar lack of significant
immunological effects was reported in the same study for 58 cows from contaminated farms in Michigan
that had PBB body burdens ranging from 0.02 to 24 mg/kg for at least 2 years (Kateley et al. 1982).
Cows that received gavage doses of #0.65 mg/kg/day FireMaster PB-6 for 60 days showed no
histopathologic alterations in the thymus or spleen (Moorhead et al. 1977). However, doses of 67 mg/kg

induced thymic involution and atrophy, and were nearly lethal.

The highest NOAEL values and all LOAEL values from each reliable study for immunological effects in

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

Polybrominated Diphenyl Ethers. No studies were located regarding immunological effects in humans
after oral exposure to PBDEs. No effects on pokeweed mitogen-stimulated DNA proliferation or IgG
immunoglobulin synthesis were found in human lymphocytes exposed to 2,2',4,4'-tetraBDE or

2,2'.3,4,4'-pentaBDE in vitro (Fernlof et al. 1997).

Limited information is available on effects of acute-duration exposure to pentaBDE on immunologic
function in animals. A single gavage dose of 0.8-500 mg/kg of pentaBDE (DE-71) did not effect the
plaque-forming splenic cell (PFC) antibody response to injected SRBC in mice (Fowles et al. 1994).
Mice that were given 18, 36, or 72 mg/kg/day doses of pentaBDE (DE-71) by gavage for 14 days had
significantly reduced antibody response to SRBC (63% of control value, p<0.02) and decreased thymus
weight at 72 mg/kg/day (Fowles et al. 1994). There were no exposure-related effects of the 14-day
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exposure to #72 mg/kg/day on natural killer cell (NKC) activity to murine YAC-1 target cells; NKC
activity was not evaluated in the single dose study. A 14-day study of another pentaBDE mixture
(Bromkal 70-5 DE) was conducted in which mice and rats were administered 18 or 36 mg/kg/day by
gavage and were evaluated for spleen and thymus weights, numbers of splenic and thymic lymphocyte
subsets (CD4+, CD8+, and CD45R+ cells), and in vitro IgG immunoglobulin production in pokeweed
mitogen-stimulated splenocytes (Darnerud and Thuvander 1998). The only exposure-related effect in
either species was significantly reduced in vitro production of IgG in pokeweed-stimulated splenocyte
cultures from the mice exposed to 36 mg/kg/day. Mice that were similarly tested with 18 mg/kg/day of
the congener 2,2°,4,4’-tetraBDE for 14 days had significantly reduced numbers of total splenocytes as
well as CD4+, CD8+, and CD45R+ cells in spleen (Darnerud and Thuvander 1998). This was the only

dose level of a single congener used in the mice. Rats were not evaluated.

Histopathological examinations of spleen, thymus, lymph node and/or bone marrow tissues showed no
effects of repeated dietary administration in intermediate-duration studies in rats exposed to

#8,000 mg/kg/day decaBDE for 13 weeks (NTP 1986), in mice exposed to #9,500 mg/kg/day decaBDE
for 13 weeks, in rats exposed to #750 mg/kg/day octaBDE for 13 weeks (IRDC 1977), or in rats exposed
to #100 mg/kg/day pentaBDE for 90 days (WIL Research Laboratories 1984). Chronic ingestion of
decaBDE caused lesions in the spleen of rats exposed to $1,200 mg/kg/day (splenic hematopoiesis in
males) or 2,240 mg/kg/day (splenic fibrosis and lymphoid hyperplasia in females) for 103 weeks (NTP
1986).

The highest NOAEL values and all LOAEL values from each reliable study for immunological effects in

each species and duration category are recorded in Table 3-2 and plotted in Figure 3-2.
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3.2.2.4 Neurological Effects

Polybrominated Biphenyls. Neurological symptoms were reported frequently by Michigan residents
during a 3—4-year period following the 1973 PBB contamination episode, but positive associations
between serum PBB levels and frequency of neurological symptoms were not found in several studies. In
an epidemiological study conducted by the U.S. Center for Disease Control and the Michigan Department
of Public Health, fatigue was reported more frequently by several putatively exposed groups including
2,148 residents of farms quarantined for PBB contamination (36.4% prevalence rate), 1,421 recipients of
food from contaminated farms (32.4%), 252 chemical workers involved in PBB manufacturing or
distribution (22.0%), and 331 residents of farms with low levels of PBB contamination (41.4%), than by a
small (60 persons) unexposed control group (15.8%); however, no positive association was apparent
between serum levels of PBB and prevalence rates for any reported symptom (Landrigan et al. 1979).
Neurological symptoms, including marked tiredness and decrements in the capacity for intellectual and
physical work, also were reported with greater frequencies in groups of farmers and residents of Michigan
likely to have consumed farm products contaminated with PBB, than in groups of unexposed Wisconsin
farmers; however, serum PBB levels were not positively associated with prevalence rates for any
symptom including neurological symptoms, nor with performance on neurobehavioral tests for a subset of
this population (Anderson et al. 1978c, 1979; Valciukas et al. 1978, 1979). In a 1976 medical history
questionnaire study of 342 Michigan children likely to have been exposed to PBBs and 72 unexposed
children from Wisconsin, the number of subjectively reported symptoms of ill health, including several
symptoms of neurological effects, did not increase with increasing serum PBB levels (assayed in 1976),
but rather decreased; general neurological examinations did not reveal a pattern of abnormality among the
Michigan children (Barr 1980). Subjectively reported symptoms of neurological effects including
weakness, fatigue, difficulty in concentrating, and irritability were prevalent in a group of 23 farmers
involved in the Michigan PBB contamination episode, but tests of intelligence, memory, and nerve
conduction velocity failed to demonstrate abnormalities. In addition, a group of 28 workers involved in
the manufacture or distribution of PBB displayed higher average serum PBB levels than the farmers

(48 ppb versus 14 ppb), but did not report a prevalence of symptoms of neurological effects (Stross et al.
1981). In a study of 21 Michigan residents who consumed PBB-contaminated food and had lingering
medical complaints and 21 volunteer control subjects with putative low-dose exposure to PBB, no
positive association was observed between PBB levels in fat tissue and performance in a battery of
neuropsychological tests (Brown and Nixon 1979). In general, the findings of the epidemiological and

clinical studies of people exposed to PBBs in Michigan are inconclusive; they do not clearly demonstrate
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or eliminate the possibility of an association between PBB oral exposure and the occurrence of

neurological effects.

Limited data indicate that orally (gavage) administered PBBs can produce neurological effects in rats.
FireMaster FF-1 at 10 mg/kg/day (3 days/week) for 8 weeks did not alter the performance of rats in tests
of operant behavior, but decreased motor activity, grip strength, and startle responsiveness observed in
rats following administration of #10 mg/kg/day for 6 months or 30 mg/kg/day for 4 weeks (Tilson and
Cabe 1979). Motor activity changes were also observed in rats administered doses of FireMaster FF-1 as
low as 1 mg/kg/day for 4 weeks (Geller et al. 1979). In this experiment, neither learning nor performance
of a simple discrimination task was affected by 1, 3, or 6 mg/kg/day dosage levels, but increased motor
activity was observed at 1 mg/kg/day. No changes were apparent at 3 mg/kg/day and decreased motor
activity was apparent at 6 mg/kg/day, compared with controls. Weakness of the hind limb was noted in
rats treated with 10 mg/kg/day FireMaster FF-1 for 6 months compared with control rats (Cabe and Tilson
1978). Histological examination of brain and/or spinal nerve tissue found no FireMaster FF-1-related
alterations in rats or mice administered up to 10 mg/kg/day for 25 weeks (NTP 1983) or 3.9 mg/kg/day
for up to 105 weeks (NTP 1992).

Neurodevelopmental effects were assessed in offspring of mice that were treated with 3 or 10 mg/kg/day
doses of FireMaster (FF-1) in corn oil by gavage on every other day during gestation and until weaning of
the offspring at 21 days of age (Tilson 1992). Acoustic startle response, negative geotaxis, motor activity,
and body weight were measured in 8 pups/sex/dose at 30, 60, and 120 days of age. Tests for avoidance
learning and neurochemistry were performed on one pup/sex/dose at 30 days of age and on the remaining
animals at 120 days of age. Reductions in acoustic startle responsiveness and negative geotaxis latency
were observed at 10 and $3 mg/kg/day, respectively, in both sexes at 30 and 60 days of age. Motor
activity was decreased in 10 mg/kg/day females at 120 days of age. The learning tests showed increased
avoidance response latencies at 30 and 120 days of age in both sexes at $3 mg/kg/day, but no effect on
acquisition or retention. Neurochemical measurements included serotonin and metabolites, dopamine and
metabolites, and norepinephrine in the cortex, hippocampus, and striation; the only effect observed was a

decrease in dopamine concentration in the striation of both males and females at 120 days of age.

Postnatal neurodevelopmental effects were also evaluated in offspring of rats that received 0.2 or
2 mg/kg/day doses of FireMaster BP-6 dissolved in peanut butter from day 6 of gestation through day 24
postpartum and observed until postnatal day 60 (Henck et al. 1994). Multivariate analysis of variance of

neurodevelopmental end points showed significant PBB-related effects for acquisition of forward
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locomotion, cliff avoidance, cage emergence, and open-field activity in male and female offspring of the
rats exposed to 2 mg/kg/day. The most prominent behavioral effects were delays in acquisition of
forward locomotion and suppressed open-field activity. Other effects in the offspring included reduced
crown-rump length and body weight at birth and reduced postnatal body weight as summarized in

Section 3.2.2.6 (Developmental Effects).

The highest NOAEL values and all LOAEL values from each reliable study for neurological effects in

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

Polybrominated Diphenyl Ethers. No studies were located regarding neurological effects in humans

after oral exposure to PBDEs.

No information was located on neurological effects of oral exposure to commercial mixtures of PBDEs in
animals. Behavioral tests of individual congeners in mice indicate that the developing nervous system is
a potential target of PBDE toxicity. Neonatal male NMRI mice were treated with a single dose of

2,2',4 4'-tetraBDE (0.7 or 10.5 mg/kg) or 2,2',4,4',5-pentaBDE (0.8 or 12.0 mg/kg) in fat emulsion by
gavage on Pnd 10 (Eriksson et al. 1998, 2001). Spontaneous behavior was tested at 2 and 4 months of
age in all dose groups, and learning and memory ability (Morris swim maze performance) was tested at
5 months of age in the groups given the high dose of each congener. Measurements of locomotion,
rearing, and total activity during three consecutive 20-minute periods in the spontaneous behavior test
showed a disruption of habituation in mice exposed to both congeners. Habituation was defined as a
decrease in the activity variables in response to the diminishing novelty of the test chamber over

60 minutes. During the first 20-minute period, at both 2 and 4 months, animals treated with 10.5 mg/kg
2,2'.4,4'-tetraBDE and $0.8 mg/kg 2,2',4,4',5-pentaBDE were significantly less active than controls as
shown by dose-related decreases in all three test variables. During the second period, the activities in all
treated groups were comparable to controls at 2 and 4 months. During the third period, exposure to

10.5 mg/kg 2,2',4,4'-tetraBDE and $0.8 mg/kg 2,2',4,4',5-pentaBDE caused significantly more activity
than controls at 2 and 4 months as shown by dose-related increases in test variables. The investigators
noted that this nonhabituating behavior profile (i.e., decreased activity early in the test period and
increased activity late in the test period) has also been reported in adult mice neonatally exposed to
certain PCB congeners. The Morris water maze test evaluated cognitive abilities by providing visual cues
to find and remember the location of a platform submerged in a pool of water. The decrease in time
needed to locate the platform over a total of 20 trials in a 4-day acquisition period was used as a measure

of learning ability. On day 5, the platform was relocated and the decrease in time needed to find the
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relocated platform over five trials was used to assess relearning ability. The only exposure-related effect
was found in the mice administered a single dose of 12.0 mg/kg 2,2',4,4',5-pentaBDE (that did not
improve in finding the new location of the platform as did control animals and those in the

2,2'4,4'-tetraBDE group).

Spontaneous locomotion behavior was also evaluated in adult NMRI mice (4 months old) that were
exposed as neonates on Pnds 3, 10, or 19 to a single oral dose of 8§ mg/kg of 2,2',4,4'-tetraBDE (Eriksson
etal. 1999). A non-habituating behavior profile similar to that observed in the Eriksson et al. (1998,
2001) studies was observed in the mice treated at either 3 or 10 days of age. There was no effect on
spontaneous activity in the mice treated at 19 days of age, suggesting that there was a critical window for

the induction of behavioral disturbances.

3.2.2.5 Reproductive Effects

Polybrominated Biphenyls. Analysis of semen from 41 male residents of Michigan who lived on PBB-
contaminated farms or who had bought food directly from such farms and 11 males who were employed
in a PBB manufacturing company revealed no abnormalities in the distribution of sperm counts, sperm
motility, or sperm morphology, compared with an analysis of semen from 52 unexposed men (Rosenman
et al. 1979). This study was conducted in 1977, .4 years after initial contamination of Michigan's food
supply, and would not have detected an earlier response that was subsequently reversed. PBBs were
detected (detection limit of 0.2 ppb) in the serum of 1 of the 52 unexposed men and in all of the exposed

men; however, individual or mean values for PBB levels were not reported.

No relationship was found between serum levels of PBBs and frequency and duration of lactation in a
retrospective study of women exposed to PBBs during the Michigan contamination episode (Thomas et
al. 2001). A group of 1,020 women with available initial serum PBB levels was identified from the
Michigan Department of Community Health PBB registry. Among these participants, 446 had a live-born
infant after their initial serum PBB level; characteristics of this cohort included mean age of

25.6+5.0 years, initial serum PBB level of 17.5£99.7 ppb, estimated serum PBB level at delivery of
9.4+61.9 ppb, estimated serum PCB level at delivery of 5.5+5.2 ppb, duration of breast-feeding as main
source of nutrition of 2.6+3.3 months, and total duration of breast feeding of 4.1+5.3 months. The
numbers of women who breast fed their first infant after the initial serum PBB level and had previously
breast-fed were 293 (65.7%) and 49 (11.0%), respectively. Exposure was treated as a categorical variable

by dividing the women into groups of low (reference) exposure (#1 ppb, n=260, serum levels at or below
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the detection limit), moderate exposure (>1—#7 ppb, n=141), and high exposure (>7 ppb, n=45, levels
above the 90™ percentile). Three outcomes of interest were analyzed: (1) the decision to breast feed
(yes/no), (2) the duration (months) of breast-feeding as the main source of nutrition, and (3) the total
duration (months) of breast-feeding. None of the three outcomes was significantly associated with serum
PBB levels, even after controlling for maternal age, previous history of breast-feeding, body mass index,
maternal education, household income, history of smoking in the year before pregnancy, consumption of
alcohol during the first trimester of pregnancy, history of thyroid disorder, gestational age of the infant,

time to pregnancy, and year of birth.

Effects on reproductive organs and reproductive function have been observed in animals following oral
exposure to PBBs. An increased incidence of uterine endometrial polyps was observed in rats, 2 years
after they were administered a single gavage of 1,000 mg/kg dose FireMaster FF-1 (Kimbrough et al.
1981). Following weaning and two consecutive normal menstrual cycles in 6 months, serum
progesterone was decreased in the same four females that showed this effect prebreeding. In a multiple-
generation study in which only F rats were fed $5 mg/kg/day FireMaster BP-6 in the diet from

Gd 8 through postpartum day 28 (weaning), reproductive performance with respect to length of gestation
or litter size was not affected in the F, or F, generations (McCormack et al. 1981). Implantation was
completely blocked in two of five and two of three female rats that survived gavage administration of
28.6 or 57.1 mg/kg/day FireMaster BP-6, respectively, on alternate days between Gds 0 and 14 (Beaudoin
1979). Histological examination of reproductive organs in male and female rats and mice revealed no
abnormalities following gavage treatment with doses up to 10 mg/kg/day FireMaster FF-1 for 25 weeks
or 30 mg/kg/day for 4-5 weeks (Gupta and Moore 1979; Gupta et al. 1981; NTP 1983). Necrosis,
hyperplasia, and metaplasia in the epithelial lining of the ductus deferens were observed in male rats that
died following 100 mg/kg/day FireMaster FF-1 for 4-5 weeks (Gupta and Moore 1979). Treatment of
male and female mink with diets providing up to 0.39 mg/kg/day FireMaster FF-1 for 6—7 months before
breeding did not affect reproductive performance with respect to fertility or litter size (Aulerich and
Ringer 1979; Ringer et al. 1981). In the only chronic study, histological examination of male and female
reproductive organs showed increased cystic endometrial hyperplasia in rats exposed to 1.5 mg/kg/day
FireMaster FF-1 for up to 104 weeks, but no changes were observed in mice exposed to #3.9 mg/kg/day
for up to 105 weeks (NTP 1992). Following 6—7 months of exposure to 0.012 mg/kg/day FireMaster
FF-1 in the diet, four of seven female monkeys displayed a lengthening of the menstrual cycle from 28 to
31 days and decreased serum progesterone; prior to the treatment, they had at least 2 years of normal
cycles (Allen et al. 1979; Lambrecht et al. 1978). All seven of these monkeys conceived after one to four

matings with control males (controls required one to three breedings), but two displayed prolonged
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implantation bleeding and another two had fetuses that were aborted or stillborn (see Developmental
Effects). Reduced spermatogenesis was observed in a male monkey that died after 25 weeks on a diet

providing 0.73 mg/kg/day FireMaster FF-1 (Allen et al. 1978).

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

Polybrominated Diphenyl Ethers. No studies were located regarding reproductive effects in humans

after oral exposure to PBDE:s.

Information on effects of PBDEs on reproductive function is limited to negative findings in a one-
generation study of decaBDE (FR-300 BA) in rats (Dow Chemical Co. 1975; Norris et al. 1975b). This
commercial mixture was comprised of 77.4% decaBDE, 21.8% nonaBDE, and 0.8% octaBDE and differs
from current decaBDE formulations that contain $97% decaBDE. Male and female rats were exposed to
3, 30, or 100 mg/kg/day doses in the diet for 60 days before mating and subsequently during a 15-day
period during which they were mated. Both sexes continued to receive the test diet throughout gestation
and until the end of the 21-day lactation period. Parameters monitored included length of time between
first day of cohabitation and parturition, numbers of live and dead newborn, number of live pups (Pnds 1,
7, 14, and 21), litter weight (Pnds 1, 7, and 14), and weanling weight (Pnd 21). Comprehensive
histological examinations (adults and weanlings), skeletal examinations (weanlings), and cytogenetic
evaluation of bone marrow (adults and weanlings) were also performed on Pnd 21. There were no

exposure-related effects on reproductive parameters or any indications of maternal or neonatal toxicity.

No histopathological changes were observed in male or female reproductive tissues from rats that were
exposed to decaBDE in dietary doses of #800 mg/kg/day for 30 days (Norris et al. 1973, 1975b),

#8,000 mg/kg/day for 13 weeks (NTP 1986), #1.0 mg/kg/day (77.4% containing 21.8% nonaBDE and
0.8% octaDBE) for 2 years (Kociba et al. 1975; Norris et al. 1975b), or #2,550 mg/kg/day for 103 weeks
(NTP 1986), or in mice exposed to #9,500 mg/kg/day for 13 weeks or #7,780 mg/kg/day for 103 weeks
(NTP 1986); octaBDE in doses of #750 mg/kg/day for 13 weeks (IRDC 1977); or pentaBDE in doses of
#100 mg/kg/day for 90 days (WIL Research Laboratories 1984).

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in

each species and duration category are recorded in Table 3-2 and plotted in Figure 3-2.
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3.2.2.6 Developmental Effects

Polybrominated Biphenyls. Examination of children (. 100 were identified) presumably exposed in utero
or in early infancy during the peak of the Michigan PBB contamination episode and whose families lived
on farms known to be contaminated with PBBs has not revealed any consistent or marked abnormalities
in the children's physical and neuropsychological development. No significant abnormalities were found
by physical and neurological examination of 33 of these exposed children when they had a mean age of
37.2 months, compared with a group of 20 age-matched, nonexposed control children (Weil et al. 1981).
However, subjective interviews with parents suggested that more exposed children than control children
had frequent upper respiratory illnesses such as colds, runny noses, and sore throats (Weil et al. 1981).
PBBs were measured in the fat of the infants and in the blood of the mothers. Fat levels of PBBs in 27 of
the children ranged from 0.01 to 20.96 ppm; half of the values were below 0.120 ppm, and five of the
values were above 1.0 ppm. Maternal blood levels ranged from 0.001 to 0.845 ppm and seven mothers
had levels that were not detectable (<0.001 ppm). Seagull (1983) administered 5 of 18 tests in a battery
of childhood developmental tests (McCarthy Scales of Children's Abilities) to 19 of these exposed
children when their ages ranged from .2.5-4 years old and concluded that there was a statistically
significant negative correlation for four of the five tests between PBB levels in fat tissue and
developmental abilities. Mean fat concentrations of PBBs were 0.50 ppm (range, 0.10-0.74 ppm) and
4.218 ppm (range, 0.116-20.960 ppm) in the low and high exposure groups of this study. Schwartz and
Rae (1983) later administered the full battery of neuropsychological developmental tests, as well as 1.Q.
tests, to the same group of children (minus one child whose family refused to participate in the follow-up
study) when their ages ranged from approximately 4 to 6 years old. The exposed children's performances
were within the normal range in all areas assessed. There were statistically significant negative
correlations between PBB levels in adipose tissue (measured in the earlier study) and performance on
some of the developmental tasks, but the tasks with significant correlations were not the same as those
noted in the earlier study by Seagull (1983). The available studies, primarily due to the small data set and
the inconsistency of the results, do not conclusively establish or eliminate the possibility that in utero and
early infancy exposure to PBBs might adversely affect the development of human children. The
information suggests that if the Michigan PBB contamination episode produced any effects on child

development, they were subtle.
A comparison of 1966—1981 fetal mortality rates for Michigan counties with a high percentage of

quarantined farms (6.8-20.4%) with those of Michigan counties with no quarantined farms did not

conclusively establish differences in rates or trends after the 1973 contamination episode (Humble and
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Speizer 1984). This study is difficult to interpret because the exposure status method was imprecise, the
collected data included only spontaneous abortions occurring after 20 weeks of gestation (early trimester
abortions were not counted), and the two populations displayed different pre-1973 trends for fetal

mortality rates.

Results from animal studies indicate that in utero exposure to PBBs and exposure to PBBs through
mothers' milk can produce embryolethal effects, structural abnormalities, growth retardation, liver effects,
and neurological effects in offspring. Developmental toxicity has been observed in studies with
hexabromobiphenyl and octabromobiphenyl commercial mixtures, but not with commercial
decabromobiphenyl PBBs. Rats have been studied most extensively, but data are also available for mice,

swine, minks, and monkeys.

Following gavage administration of 200 mg/kg FireMaster FF-1 to rats on gestation days 7 and 14,
decreased pup survival to weaning, decreased body weight throughout the lives of offspring, and
increased mortality in offspring after 2 years were observed (Groce and Kimbrough 1984). Single doses
of 200 mg/kg FireMaster BP-6 administered to rats on one of several days during pregnancy caused
increased fetal resorptions, and 400 or 800 mg/kg produced maternal toxicity (expressed as a decrease in
body weight gain) and fetal malformations including cleft palate and diaphragmatic hernia (Beaudoin
1977). Increased fetal resorptions also were observed in rats receiving total doses of . 14.3 mg/kg/day
FireMaster BP-6 by gavage on alternate days from days 0 through 14 of pregnancy (Beaudoin 1979).
Body weight gain and levels of vitamin A in the liver were reduced in offspring of rats administered

5 mg/kg/day FireMaster BP-6 in the diet on gestation day 8 until weaning at 4 weeks postpartum
(McCormack et al. 1982c¢). Additional effects in pups weaned onto the same treated diets as the dams
included increased hepatic ALA synthetase activity (the rate-limiting enzyme in porphyrin synthesis) and
increased urinary excretion of uro- and coproporphyrins at age 16 weeks. Dietary administration of
FireMaster BP-6 in dosages of 42.9 mg/kg/day on Gds 7—15 or 50 mg/kg/day on Gds 7-20 produced
decreased body weight, but no other developmental effects, in rat fetuses and pups monitored up to

60 days postpartum (Corbett et al. 1975; Harris et al. 1978b). Increased incidences of fetuses with extra
ribs were found in rats fed diets providing $86 mg/kg/day of octabromobiphenyl mixture from gestation
days 6 through 15 (Waritz et al. 1977); however, no embryotoxic, fetotoxic, or teratogenic effects
occurred in rats following gavage administration of #1,000 mg/kg/day decabromobiphenyl mixture on

Gds 6-15 (Millischer et al. 1980).

***DRAFT FOR PUBLIC COMMENT***



PBBs and PBDEs 152

3. HEALTH EFFECTS

Effects in offspring of rats exposed to 0.5 mg/kg/day FireMaster FF-1 for 60 days before breeding until

8 weeks postpartum (4 weeks postweaning) and observed for up to the following 2 years included
vacuolization and altered foci in the liver (Chhabra et al. 1993; NTP 1992). Pups of mice that were
similarly perinatally exposed to 1.5 mg/kg/day FireMaster FF-1 developed liver cytomegaly and altered
foci (Chhabra et al. 1993; NTP 1992). As discussed in Section 3.2.2.8 (Carcinogenic Effects), these mice
also developed hepatocellular adenoma and carcinoma; combined perinatal and adult exposure induced

higher incidences of liver tumors in mice than adult exposure alone (Chhabra et al. 1993; NTP 1992).

In a multiple-generation study, decreased pup survival to weaning, decreased body weight gain, delayed
fur development, delayed eye and vaginal opening, and increased liver weight associated with hepatocyte
swelling, vacuolization, and focal necrosis were observed in F, generation rats whose only exposure was
from the mothers fed a diet providing 5 mg/kg/day FireMaster FF-1 from day 8 of pregnancy until
weaning at 28 days postpartum; less severe liver responses were observed in the F, offspring of dams
treated with 0.5 mg/kg/day (McCormack et al. 1981). Although survival