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DISCLAIMER

Use of trade names is for identification only and does not imply endorsement by the Agency for Toxic
Substances and Disease Registry, the Public Health Service, or the U.S. Department of Health and Human
Services.

This information is distributed solely for the purpose of pre dissemination public comment under
applicable information quality guidelines. It has not been formally disseminated by the Agency for Toxic
Substances and Disease Registry. It does not represent and should not be construed to represent any
agency determination or policy.
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UPDATE STATEMENT

A Toxicological Profile for Polybrominated Diphenyl Ethers was released in 2002. This present edition
supersedes any previously released draft or final profile.

Toxicological profiles are revised and republished as necessary. For information regarding the update
status of previously released profiles, contact ATSDR at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Human Health Sciences
Environmental Toxicology Branch
1600 Clifton Road NE
Mailstop F-57
Atlanta, Georgia 30329-4027
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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 these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a 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 toxic 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.

Electronic comments may be submitted via: www.regulations.gov.
Follow the on-line instructions for submitting comments.

Written comments may also be sent to:
Agency for Toxic Substances and Disease Registry
Division of Toxicology and Human Health Sciences
Environmental Toxicology Branch

Regular Mailing Address: Physical Mailing Address:
1600 Clifton Road, N.E. 4770 Buford Highway
Mail Stop F-57 Building 106, 3" floor, MS F-57
Atlanta, Georgia 30329-4027 Chamblee, Georgia 30341
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The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of 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. Section
104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile
for each substance on the list. In addition, ATSDR has the authority to prepare toxicological profiles for
substances not found at sites on the National Priorities List, in an effort to “...establish and maintain
inventory of literature, research, and studies on the health effects of toxic substances” under CERCLA
Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as otherwise
necessary to support the site-specific response actions conducted by ATSDR.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs 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.

Jehdethoragne

Patrick N. Breysse, PhD, CIH
Director, National Center for Environmental Health
and Agency for Toxic Substances and Disease Registry,
Centers for Disease Control and Prevention
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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:
Chapter 1 How Can (Chemical X) Affect Children?
Chapter 1 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: 1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY)
Internet: http://www.atsdr.cdc.gov

The following additional material is available online at www.atsdr.cdc.gov:
Case Studies in Environmental Medicine—Case Studies are self-instructional publications designed to
increase primary care provider’s knowledge of a hazardous substance in the environment and to

aid in the evaluation of potentially exposed patients.

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

**DRAFT FOR PUBLIC COMMENT***


http:www.atsdr.cdc.gov
http:http://www.atsdr.cdc.gov

PBDEs viii

incident. Volumes | and Il are planning guides to assist first responders and hospital emergency
department personnel in planning for incidents that involve hazardous materials. Volume 11—
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, 395 E Street, S.W., Suite 9200,
Patriots Plaza Building, Washington, DC 20201 « Phone: (202) 245-0625 or 1-800-CDC-INFO
(800-232-4636).

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.

Clinical Resources

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, 25 Northwest Point Boulevard, Suite 700, Elk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.
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CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHOR(S):

Hana R. Pohl, M.D., Ph.D.
ATSDR, Division of Toxicology and Human Health Sciences, Atlanta, GA

Marc Odin, M.S., DABT
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Fernando Llados, Ph.D.

Mary Kawa, M.A.

Mario Citra, Ph.D.

SRC, Inc., North Syracuse, NY

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

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.

3. Data Needs Review. The Environmental Toxicology Branch reviews data needs sections to
assure consistency across profiles and adherence to instructions in the Guidance.

4. Green Border Review. Green Border review assures the consistency with ATSDR policy.
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PEER REVIEW

A peer review panel was assembled for polybrominated diphenyl ethers. The panel consisted of the
following members:

1. Dr. Stuart Harrad, Division of Environmental Health and Risk Management, School of
Geography, Earth, and Environmental Sciences, University of Birmingham, Edgbaston,
Birmingham, United Kingdom;

2. Dr. James R. Olson, Jr., Department of Chemistry, University at Buffalo, State University of New
York, Buffalo, New York; and

3. Dr. Christopher Metcalfe, Metcalfe C. Environmental and Resource Studies, Trent University,
1600 West Bank Drive, Peterborough, Ontario, Canada.

These experts collectively have knowledge of polybrominated diphenyl ether’s physical and chemical
properties, toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and
guantification of risk to humans. All reviewers were selected in conformity with the conditions for peer
review specified in Section 104(1)(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
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.

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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1. PUBLIC HEALTH STATEMENT FOR POLYBROMINATED
DIPHENYL ETHERS (PBDES)

This Public Health Statement summarizes the Division of Toxicology and Human Health Science’s
findings on PBDEs, tells you about them, the effects of exposure, and describes what you can do to limit

that exposure.

The U.S. 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 sites targeted for long-term federal
clean-up activities. U.S. EPA has not found PBDEs in any of the 1,699 current or former NPL sites. The
total number of NPL sites evaluated for PBDEs is not known. But the possibility remains that as more
sites are evaluated, sites with PBDESs may be identified. This information is important because these

future sites may be sources of exposure, and exposure to PBDES may be harmful.

If you are exposed to PBDEs, many factors determine whether you’ll be harmed. These include how
much you are exposed to (dose), how long you are exposed (duration), and how you are exposed (route of
exposure). You must also consider the other chemicals you are exposed to and your age, sex, diet, family

traits, lifestyle, and state of health.

WHAT ARE PBDEs?

PBDEs are flame-retardant chemicals that were added to a variety of consumer products to make them
difficult to burn. These substances are not single chemical compounds, but rather mixtures of several
brominated substances. The entire family of PBDESs consists of 209 possible substances that are referred

to as congeners.

There were three important commercial PBDE mixtures (i.e., penta-, octa-, and deca- bromodiphenyl
ethers [BDEs]). DecaBDE’s main use was for electronic enclosures, such as television cabinets.
OctaBDE was largely used in plastics for business equipment. PentaBDE was principally used in foam
for cushioning in upholstery. PentaBDE and octaBDE mixtures were voluntarily withdrawn from the
U.S. marketplace by their manufacturers at the end of 2004 and decaBDE was not to be manufactured or
imported into the United States after December 31, 2013. In 2003, the European Union (EU) passed a
Directive to ban the marketing and use of penta- and octaBDE that took effect in 2004. In 2008, the use

of decaBDE was restricted by a EU’s Restriction of Hazardous Substances (RoHS) Directive.
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WHERE ARE PBDEs FOUND?

PBDEs can be released into the air, water, and soil at places where they are produced or used. Despite the
phase out of penta-, octa-, and decaBDE, vast amounts of consumer products still contain PBDES, and
these products are intended to be used for several more years. Some of these products include older

televisions, computers, and furniture containing polyurethane foam.

PBDEs have very low water solubility, and when these substances are released to water, they typically
bind to sediment. PBDEs in consumer items put in landfills may leach through the soil into groundwater.
This is not likely to be a problem, however, because these substances generally bind strongly to soil

particles, and therefore, do not move easily through soil layers.

Soils and sediments are major sinks for PBDEs. Various food items, including fish, meat, and dairy

products, have been shown to contain low concentrations of PBDEs.

HOW MIGHT | BE EXPOSED TO PBDEs?

Humans can be exposed to PBDESs in a wide variety of ways, including eating contaminated foods or
contaminated dusts/soils, breathing in contaminated air, or having skin contact with contaminated soil/

dust/commercial products.

The primary route of exposure to PBDESs for the general population of the United States is from ingestion
of contaminated dust in indoor environments, including both personal residences and work-place
environments. PBDES have been detected in residential house dust, which you can breathe in or swallow
in low concentrations. Ingestion of house dust (and to a lesser degree skin exposure to house dust)
accounts for between 80 and 90% of total PBDE exposures of the general population. The remaining
exposure to PBDEs in the United States is from food ingestion. You may be exposed to PBDEs through
ingestion of contaminated foods, particularly those with high fat content, such as fatty fish. In
breastfeeding infants, breast milk may be a major source of PBDE exposure because PBDES can
accumulate in breast milk. Due to the chemical nature of PBDES, they have not been detected in water to
any significant extent; therefore, drinking water is not expected to be a major route of exposure to

PBDEs. While exposure to dust appears to be the major exposure pathway for the general population of
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North American residents, PBDE exposure through dietary routes appears to be more important for

European communities.

PBDEs have been detected in air samples, indicating that people can also be exposed by inhalation.
Consumer products such as computer and electronic equipment (e.g., televisions) treated with PBDES can

continue to release these substances to air over time.

PBDEs can enter soil from discarded products (e.g., in landfills) or biosolids (e.g., farmland). If you
touch soil containing PBDES, which could happen at a hazardous waste site, a small amount of PBDES
may pass through your skin into the bloodstream; ingestion of soil can lead to higher PBDE exposure.

This route may be especially important for children who display a lot of hand to mouth activity.

HOW CAN PBDEs ENTER AND LEAVE MY BODY?

PBDEs can enter your body from food, air, water, or soil. The ways that PBDEs might enter and leave
your body depend on the chemical structures of the congener components. The higher-brominated
PBDEs, particularly decaBDE, act somewhat differently in the body than do lower-brominated PBDEs.

If you breathe air that contains PBDES, or swallow food, water, soil, or dust contaminated with PBDEsS,
the lower-brominated congeners are more likely than decaBDE to enter your body through your lungs and

stomach and pass into the bloodstream.

Once PBDEs are in your body, the congeners might partially change into breakdown products called

metabolites.

PBDEs and their metabolites can leave your body, mainly in the feces and a very small amount in urine.
DecaBDE, with an apparent half-time of 15 days, tends to be eliminated from your body faster than
lower-brominated PBDEs, with apparent half-times as high as 94 days. Lower brominated PBDESs can
stay in your body for many years, stored mainly in body fat. DecaBDE also accumulates in body fat, but
to a lesser degree. Both lower-brominated PBDEs and decaBDE can concentrate in breast milk fat and
can enter the bodies of children through breastfeeding. Lower-brominated PBDESs and decaBDE also can

enter the bodies of unborn babies through the placenta.
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HOW PBDEs CAN AFFECT YOUR HEALTH?

Nothing definite is known about the health effects of PBDEs in people. The majority of information
regarding toxicity of PBDEs and their breakdown products (metabolites) is from animal studies; however,
several recent studies have evaluated associations between PBDE concentrations in human tissues (e.g.,
blood, breast milk) and various health effects. Due to differences in how decaBDE is absorbed and stored

in your body, decaBDE is expected to be less toxic than lower-brominated PBDEs.

Rats and mice that ingested small amounts of lower-brominated PBDEs during early development had
neurobehavioral changes and damage to their reproductive systems as adults. Altered neurobehavior was
also observed in rats and mice that ingested decaBDE during early development, but at doses higher than
observed for lower-brominated PBDEs. Adult rats and mice that ingested moderate amounts of lower-
brominated PBDEs for short periods of time had mainly thyroid and liver effects. Additional findings
from short-term animal studies suggest that some PBDEs might impair the immune system. Animals

exposed to PBDEs by skin contact showed signs of skin irritation only if they had been scratched.

As with short-term exposure, rats and mice that ingested PBDEs for longer periods during early
development also showed neurobehavioral changes; again, effects occurred at higher doses with
decaBDE. Evidence from human studies is also suggestive of an association between PBDE exposure
and altered neurodevelopment. Adult rats and mice that ingested small amounts of lower-brominated
PBDEs over several weeks or months developed effects in the male reproductive system, thyroid, and
liver. Adult animals that ingested small amounts of decaBDE over several weeks or months developed
effects in the pancreas (diabetes), nervous system, immune system, and reproductive system. Evidence
for PBDE-mediated effects from human studies in systems other than the developing nervous system is

inconclusive or non-existent.

We don’t know if PBDEs can cause cancer in people, although liver tumors developed in rats and mice
that ate extremely large amounts of decaBDE throughout their lifetime. Lower-brominated PBDESs have
not yet been tested for cancer in animals.

The International Agency for Research on Cancer (IARC) has classified PBDE as a Group 3 carcinogen
(not classifiable as to its carcinogenicity to humans) based on inadequate evidence of carcinogenicity in
humans and inadequate or limited evidence in experimental animals. The EPA assigns the cancer

category Group D (not classifiable as to human carcinogenicity) to mono-, di-, tri-, tetra-, penta-, hexa-,
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octa-, and nonaBDEs and reports “inadequate information” to classify the specific congeners
2,2’,4,4’-tetraBDE, 2,2°,4,4’ 5-pentaBDE, and 2,2°,4,4’,5,5’-hexaBDE. However, EPA assigns a
classification of “suggestive evidence of carcinogenic potential” for decaBDE. The Department of Health

and Human Services has not classified PBDEs as carcinogens. The American Conference of

Governmental Industrial Hygienists (ACGIH) has no data regarding cancer classifications for PBDEs.

See Chapters 2 and 3 for more information on health effects of PBDEs.

HOW CAN PBDEs AFFECT CHILDREN?

This section discusses potential health effects of PBDE exposure in humans from when they’re first

conceived to 18 years of age, and how you might protect against such effects.

Studies indicate that infants and toddlers have higher exposures to PBDEs compared to older children or
adults. The most likely way that infants might be exposed to PBDEs is from breast milk containing
PBDEs, although fetuses in the womb could also be exposed. Toddlers and older children are exposed to
PBDEs in generally the same way as are adults, mainly by ingesting contaminated household dust and
food. However, soil/dust ingestion in small children (age 1-5 years) is much higher than in older children
and adults. Because of their smaller weight, children’s intake of PBDEs per kilogram (or pound) of body
weight may be greater than that of adults. Children who live near hazardous waste sites might
accidentally eat some PBDEs by putting dirty hands or other soil/dirt covered objects in their mouths, or
through eating without washing their hands. Some children also eat dirt on purpose. 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.

As indicated above, young children can be exposed to PBDEs both before birth and from breast milk.
Both lower-brominated PBDEs and decaBDE have been found in breast milk, and they can be transferred
to babies and young children. In general, however, any risks from exposures in mother’s milk are
outweighed by the benefits of breastfeeding. You should consult your health care provider if you have
any concerns about PBDES and breastfeeding. Since the fetus and child are still developing, effects of

PBDEs might be more significant if exposure occurs during the periods before and soon after birth.

Evidence suggests that fetuses and young children are more susceptible to PBDEs than adults. Subtle
behavioral changes have been observed in animals exposed to PBDEs within the first 2 weeks of life, and

results from human studies are suggestive of an effect of PBDES on neurodevelopment in children,
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including impaired cognitive development (comprehension, memory), impaired motor skills, increased
impulsivity, and decreased attention. One study reported that early PBDE exposure was a risk factor for
the development of Attention Deficit Hyperactivity Disorder (ADHD); however, another study did not
find a link between PBDE exposure and ADHD. One possible explanation for the observed behavioral
effects might be related to changes in the thyroid, because development of the nervous system is
dependent on thyroid hormones. Damage to developing reproductive organs and immune suppression
have also been observed in animals exposed to PBDESs during development. It is unknown if these effects

occur in human children.

PBDEs have not caused birth defects in animals or impaired the ability for rats or mice to become

pregnant or stay pregnant.

HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO PBDEs?

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

investigate.

Ingestion and dermal contact with indoor dust containing PBDES is the major exposure pathway to
residents of the United States. Dust containing PBDES can collect on your hands and be ingested through
hand-to-mouth activities; regular hand washing may decrease PBDE exposure from this route.
Additionally, PBDE exposure may be decreased by regular vacuuming and cleaning of air ducts and
filters to reduce indoor dust levels.

Since many older consumer products such as televisions, computers, and furniture containing
polyurethane foam contain PBDEs, replacing older products with newer ones that do not contain these
substances may decrease residential PBDE exposure.

ARE THERE MEDICAL TESTS TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO
PBDEs?

PBDEs and their breakdown products (metabolites) can be measured in human blood, hair, and breast
milk. However, the detection of PBDES or their metabolites cannot predict the kind of health effects that

might develop from that exposure. Because PBDEs and their metabolites either leave the body or are
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distributed to body fat fairly rapidly, the tests need to be conducted within days if an acute, high-level

exposure is suspected.

For more information on the different substances formed by PBDE breakdown and on tests to detect these

substances in the body, see Chapters 3 and 7.

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 as “not-to-exceed” levels; that is, levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value usually based on levels that affect
animals; levels are then adjusted to help protect humans. Sometimes these not-to-exceed levels differ
among federal organizations. Different organizations use different exposure times (an 8-hour workday or
a 24-hour day), different animal studies, or emphasize some factors over others, depending on their

mission.

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

or recommendation.

EPA requires that companies that transport, store, or dispose of monobrominated dipheny! ether
(monoBDE) (or diphenyl ether with one bromine attached to the structure, represented by Chemical
Abstracts Service [CAS] Registry Number 101-55-3; Resource Conservation and Recovery Act [RCRA]
waste number U030) follow the rules and regulations of the federal hazardous waste management
program because it has been listed (U-list) as a hazardous waste due to toxicity concerns. EPA also limits

the amount of monoBDE put into publicly owned waste water treatment plants. To minimize exposure of
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people to monoBDE, EPA requires that industry tell the National Response Center each time 100 pounds

or more of monoBDE have been released to the environment.

OSHA has not set permissible exposure limits (PELS) to protect workers against adverse health effects

resulting from exposure to PBDEs. NIOSH has not recommended guidelines for worker exposure limits.
WHERE CAN | GET MORE INFORMATION?

If you have any questions or concerns, please contact your community or state health or environmental
quality department, or contact ATSDR at the address and phone number below. ATSDR can also provide
publically available information regarding medical specialists with expertise and experience recognizing,

evaluating, treating, and managing patients exposed to hazardous substances.

e Call the toll-free information and technical assistance number at
1-800-CDCINFO (1-800-232-4636) or

o Write to:
Agency for Toxic Substances and Disease Registry
Division of Toxicology and Human Health Sciences
1600 Clifton Road NE
Mailstop F-57
Atlanta, GA 30329-4027

Toxicological profiles and other information are available on ATSDR’s web site:

http://www.atsdr.cdc.gov.
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO PBDEs IN THE UNITED
STATES

PBDEs are classes of structurally similar brominated hydrocarbons in which 2-10 bromine atoms are
attached to the molecular structure (i.e., diphenyl ether). Monobrominated structures (i.e., one bromine
atom attached to the molecule) are often included when describing PBDEs. There are 209 different
molecular combinations, or congeners, that are possible for PBDEs, although only a limited number exist
in commercial mixtures. Based on the number of bromine substituents, there are 10 homologous groups
of 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

structure of PBDEs is shown below:

wherem+n=1to010

Due to the ether linkage and the position and number of bromine atoms, there are important three-
dimensional differences in the structures of PBDEs that can influence the molecules’ receptor interactions
and toxicological properties as discussed in Section 3.5, Mechanisms of Action. In general, PBDEs are
not expected to have the same array of three-dimensional conformations as either polybrominated

biphenyls (PBBs) or polychlorinated biphenyls (PCBs).

PBDEs are brominated organic compounds that were 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 when conditions are ideal. Production of PBDES began in the 1970s and has continued until
recently. PentaBDE and octaBDE mixtures were voluntarily withdrawn from the U.S. marketplace by
their manufacturers at the end of 2004; however, the manufacture and use of decaBDE continued past that

date. In December of 2009, the two remaining U.S. producers of decaBDE and the largest U.S. importer
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of this product announced commitments to phase out manufacture and importation of decaBDE for most
uses in the United States by December 31, 2012, and to end manufacture and import for all uses by the
end of 2013.

PBDEs are persistent in the environment and most congeners can be considered bioaccumulative. The
fully brominated congener, BDE 209, has a lower tendency to bioconcentrate due to its molecular
dimensions; however, numerous studies have detected this substance in tissues of birds, mammals, and
fish (see Section 6.4.4).

Monitoring and body-burden data indicate that PBDES are ubiquitous in the environment and that the
general population is exposed to these substances through their past use as flame retardants. A study that
examined stored blood samples from 1973 (prior to the use of PBDEs as flame retardants) showed
virtually no detections of these substances in human blood; however, varying concentrations of many
PBDE congeners were detected in all blood samples collected in 2003 from 39 residents in Mississippi
and 10 residents in New York City, illustrating the widespread exposure to PBDES since their inception.
Body burden data have consistently shown the residents of North America have higher concentrations of
PBDEs in blood than people residing in Europe, likely due to differences in past production and use of

commercial formulas.

House dust was identified as a major source of exposure to PBDEs by a systematic study of American
exposure routes. In the United States, concentration levels found in soil, house dust, and air tended to be
greater in indoor samples compared to outdoor samples. The EPA calculated the adult intake dose of total
PBDEs to be 7.1 ng/kg body weight/day. It estimated children’s intakes as 47.2 ng/kg body weight/day
for 1-5 year olds, 13.0 ng/kg body weight/day for 6-11 year olds, and 8.3 ng/kg body weight/day for 12—
19 year olds. The much higher dose for children aged 1-5 years was largely due to higher soil/dust
ingestion in this age group. Exposure to indoor dust was the predominant exposure pathway for PBDES
in these calculations. It was estimated that 90% of the intake resulted from house dust inhalation or
dermal exposure. This does not include special populations such as infants that are primarily exposed
through breastfeeding. PBDE concentrations were generally lower in house dust samples collected
outside of the United States compared with dust samples collected within the United States. The specific
PBDE congeners detected in house dust and food vary; BDE 209 is more commonly detected within
indoor environments where exposure is more likely to occur through intake of contaminated dust and air.
PBDE contamination of food is more likely a result of past emissions or ongoing emissions from

dumpsites and older products that still contain pentaBDE, which is mainly composed of the congeners

**DRAFT FOR PUBLIC COMMENT***



PBDEs 11

2. RELEVANCE TO PUBLIC HEALTH

BDE 47 and BDE 99. Ingestion of PBDES through the diet appears to be the predominant pathway for
European communities. In China, the decaBDE congener, BDE 209, was the most abundant congener
detected in both maternal and cord blood samples where industrial production of BDE 209 may result in

exposure.

2.2 SUMMARY OF HEALTH EFFECTS

Information is available on the potential health effects of formerly used commercial PBDE mixtures
(pentaBDE, octaBDE, and decaBDE) as well as several individual PBDE congeners. As subsequently
discussed, the toxicity of decaBDE is generally less pronounced than for lower-brominated PBDES
following acute and repeated-dose exposures. This difference in toxicity may be related to differences in
pharmacokinetics, resulting in lower bioavailability of decaBDE (see Sections 2.3 and 3.4 for more
details).

The preponderance of health effects information on PBDEs is from studies of orally exposed laboratory
animals and human studies in which the main exposure route is unknown, but expected to be oral. As
summarized below and detailed in Chapter 3 (Health Effects), the main targets of concern following
PBDE exposure in humans are the developing nervous and reproductive systems, the developing and
mature endocrine system, the liver, and the male reproductive system. Other potential targets are the
female reproductive system, the adult nervous system, and the developing and adult immune system;
however, evidence for these end points is limited. In other systems/organs, available data provide no
consistent evidence for exposure-related effects (respiratory, cardiovascular, gastrointestinal,
hematological, renal, dermal, or ocular effects); therefore, effects in these systems are considered unlikely
to occur following PBDE exposure.

Developmental Effects.

Neurodevelopment. Numerous epidemiological studies have reported results suggestive of an effect of
PBDE on neurodevelopment in children. PBDE concentrations in cord blood, maternal or infant serum,
and/or breast milk have been correlated with cognitive score and adaptive behavior deficits in infants;
mental and physical development deficits in infants/toddlers at ages 12, 24, and 36 months; increased
impulsivity in toddlers at 24—-36 months; poor social competence and attention deficit hyperactivity
disorder (ADHD) in 4-year-old children; and impaired fine motor coordination, verbal memory and

comprehension, and sustained attention in 5-7-year-old children. Pre- and perinatal studies in animals
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also consistently reported neurodevelopmental effects following exposure to lower-brominated PBDES
and decaBDE at doses >0.06 and >2.22 mg/kg/day, respectively, including neurobehavioral alterations,
delayed ontogeny of reflexes, ultrastructural changes in the hippocampus, altered nicotinic receptor

density, altered electrophysiology, and altered gene and protein expression levels.

Based on human and animal data, the developing nervous system is a target of concern for both lower-
brominated PBDEs and decaBDE.

Endocrine System Development. In infants, cord blood and/or breast milk concentrations of PBDEs and
infant serum thyroxine (T4) levels were either negatively associated or not associated. Associations
between PBDE concentrations and serum triiodothyronine (Ts) and thyroid stimulating hormone (TSH)
were similarly inconsistent in infants. In animals, numerous studies have reported decreased serum T.
and/or T3 levels in pups after gestational and lactational exposure to penta- or tetraBDE at doses as low as
0.3 mg/kg/day in rats and 452 mg/kg/day in mice. Significant reductions in serum T3 levels were also
observed in offspring following gestational and lactational exposure to decaBDE at 146 mg/kg/day in rats
and 1,500 mg/kg/day in mice, although no changes were observed in serum T, or TSH. A dose-related
decrease in serum T4 was observed in neonatal male mice exposed to decaBDE doses of 6-20 mg/kg/day

from postnatal day (PND) 2 to 15, but no change was observed in neonatal females.

While human data are inconsistent, they suggest that PBDESs can interact with thyroid hormone
homeostasis in infants and children. These data, along with available animal studies, indicate that the

developing thyroid is a target of concern for PBDE exposure, especially lower-brominated PBDEs.

Reproductive System Development. Male reproductive effects significantly associated with PBDE
exposure in infants included congenital cryptorchidism (undescended testes), increased serum levels of
the sex hormones, estradiol (E2), free E2, and inhibin B (but not testosterone, luteinizing hormone [LH],
follicle-stimulating hormone [FSH], or sex hormone binding globulin) at 3 months of age, and increased
testes volume in boys at 18 months of age. In contrast, no relationships were observed between maternal
PBDE exposure and hypospadias (abnormal location of the urinary tract opening) in male offspring or

various measures of sexual maturation in female offspring.
In animal studies, reproductive effects were observed in adult F1 offspring of dams exposed to a single

dose of pentaBDE at 0.06 mg/kg on gestation day (GD) 6, including reductions in testicular weight,

sperm/spermatid number, and daily sperm production in males and a decreased number of secondary
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follicles and ultrastructural changes in the ovaries in females (although F1 fertility when mated to an
unexposed animal was not impaired). In animals exposed pre- or perinatally to decaBDE, reproductive
effects were observed in adult male offspring of dams exposed to decaBDE doses of 10-1,500 mg/kg/day
from GD 0 to 17, including testicular lesions, decreased anogenital distance (AGD), and altered sperm
parameters. In contrast, no exposure-related changes in AGD, onset of puberty, or reproductive organ
weight and histology were reported in offspring of dams exposed to decaBDE at doses up to

1,000 mg/kg/day during gestation and lactation or doses up to 20 mg/kg/day from PND 2 to 15. No
exposure-related changes in reproductive development were reported in female offspring of dams exposed
to decaBDE at doses up to 1,000 mg/kg/day during gestation and lactation or doses up to 20 mg/kg/day
from PND 2 to 15.

Based on limited human and adequate animal data, it is possible that oral PBDE exposure during
development may adversely affect the developing reproductive system, particularly the male reproductive
system. However, data are too limited to adequately determine whether or not PBDE exposure in infants

and children will lead to altered reproductive performance as adults.

Immune System Development. In offspring of rat dams exposed to pentaBDE at doses up to

25 mg/kg/day via gavage for 70 days prior to mating through PND 21, a significant dose-related trend
was observed in the incidence of apoptotic lymphocytes and tingible macrophages in the thymus of

PND 43 males, but not females. In PND 28 offspring of mouse dams exposed to decaBDE at doses
>260 mg/kg/day from GD 10 to PND 21, pulmonary viral titers of respiratory syncytial virus (RSV)
(measured 5 days post-infection) were significantly increased. These animal data suggest that oral PBDE
exposure during development may lead to immunosuppression; however, data are too limited to

adequately assess the immunotoxic potential of PBDE exposure in infants and children.

Embryotoxicity, Fetotoxicity, and Physical Growth and Development. No human studies have evaluated
associations between embryotoxicity or fetotoxicity and PBDE exposure. Evidence for altered physical
growth and development from human studies is inconsistent, with some studies reporting associations
between PBDE concentrations in maternal/cord serum or breast milk and decreased birth weight, length,
chest circumference, and/or body mass index (BMI) and others reporting no associations. Available data
from animal studies indicate that PBDES are not embryotoxic or fetotoxic at PBDE doses below doses

that elicited maternal toxicity, although occasional observations of reduced pup weight were reported.
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Based on animal studies, it is unlikely that oral PBDE exposure will cause embryotoxicity or fetotoxicity
in humans; however, data indicate that PBDE exposure could potentially lead to low birth weight or other

impacts on physical development.

Endocrine Effects.

Thyroid. Numerous studies have been performed to evaluate the relationship between concentrations of
PBDE in body tissues and circulating thyroid hormone levels in human populations. While these studies
have demonstrated that PBDE can perturb the human endocrine system and affect hormone levels, the
specific findings are not consistent across studies. For example, even limiting the discussion to studies
that evaluated both PBDE concentrations and thyroid hormone levels in serum samples collected only
from adult men, studies have reported positive associations with T, negative associations with T4, and no
association with T4. Similar inconsistencies were found in studies in pregnant women, with studies
reporting a positive associations with T4, no association with T, or negative associations with T. Results
were similarly inconsistent regarding the association between PBDE concentrations and serum T3 and
TSH.

In contrast to inconsistencies observed in human studies, altered serum thyroid hormone levels have been
consistently reported in laboratory animals exposed to lower-brominated PBDEs. Reduced serum T4 has
been reported in animals following acute or intermediate exposure to lower-brominated PBDEs at doses
as low as 0.8 mg/kg/day. At higher doses (>30 mg/kg/day), some studies also report reduced serum T3
and/or increased serum TSH; however, other studies reported no significant changes in serum Tz and/or
TSH levels in rats exposed to doses up to 300 mg/kg/day. In rat dams, reduced serum T4 has been
observed following exposure to lower-brominated PBDEs at doses as low as 0.06 mg/kg/day during
gestation or gestation plus lactation. In mouse dams, no exposure-related changes were observed
following exposure to pentaBDE at 452 mg/kg/day from GD 4 to PND 17. Exposure to pentaBDE at
doses up to 120 mg/kg/day during gestation or gestation plus lactation did not significantly alter maternal
serum T3 and/or TSH.

Histopathological changes in the thyroid (e.g., follicular cell hyperplasia, increased epithelial
thickness/height, altered morphology of epithelium, cellular debris, degeneration) have been observed in
intermediate-duration studies of lower-brominated BDEs at doses as low as 20 mg/kg/day in rats,

450 mg/kg/day in mice, and 0.06 mg/kg/day in mink. Increased thyroid weights were reported in rats

exposed to doses of penta- or octaBDE as low as 50 mg/kg/day for 90 days; however, no exposure-related
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changes in thyroid weights were observed in rats exposed to doses of penta- or octaBDE up to

200 mg/kg/day for 15-28 days or in FO or F1 mink exposed to dietary pentaBDE at doses up to

0.31 mg/kg/day in one-generation studies (4 weeks pre-mating through postnatal week [PNW] 6 or 33).
In acute studies, no exposure-related changes in thyroid weight or histology were observed in rats

exposed to penta- or tetraBDE doses up to 36 mg/kg/day for 14 days.

Unlike the lower-brominated PBDEs, serum T4 levels were not altered in rats exposed to decaBDE at
doses up to 600 mg/kg/day for 4-90 days. Some studies reported reduced serum T3 levels in rats exposed
to decaBDE at doses as low as 50 mg/kg/day for 28-90 days, but another 90-day study reported no
change in serum T3 levels in rats exposed to decaBDE at doses up to 100 mg/kg/day. Serum TSH was
reduced in male rats exposed to decaBDE at doses >300 mg/kg/day for 33 days. At higher doses

(>1,500 mg/kg/day), pregnant mice exposed to decaBDE from GD 7 to 9 showed significant reductions in

serum T4 and Ts.

In chronic studies of decaBDE, thyroid follicular cell hyperplasia was observed in male mice exposed to
>3,200 mg/kg/day for 103 weeks; no histopathological changes in the thyroid were observed at doses up
to 7,780 mg/kg/day in female mice, 2,240 mg/kg/day in male rats, or 2,550 mg/kg/day in female rats. In
intermediate-duration studies, dose-related increases in thyroid hyperplasia were reported for male rats
exposed to a low-purity decaBDE compound at >80 mg/kg/day for 30 days, but hyperplasia was not
observed in rats or mice exposed to high-purity decaBDE at doses up 8,000 or 9,500 mg/kg/day,
respectively, for 13 weeks or in rat dams exposed to doses up to 146 mg/kg/day from GD 10 to PND 21.
However, multiple areas of degenerated follicular epithelium and slight attenuation of the follicular
epithelium were observed in the thyroid glands of young male rats exposed to decaBDE at doses

>300 mg/kg/day for 33 days. No changes in thyroid weight were observed in rats exposed to decaBDE at
doses up to 90 mg/kg/day for 28 days, but increased thyroid weights were reported in rat dams exposed to

>2 mg/kg/day from GD 10 to PND 21 and young male rats exposed to 600 mg/kg/day for 33 days.

While human data are inconsistent, they suggest that PBDESs can interact with thyroid hormone
homeostasis. These data, along with available animal studies, indicate that the thyroid is a target of

concern for PBDE exposure, especially lower-brominated PBDEs.
Pancreas. An analysis of cross-sectional National Health and Nutrition Examination Survey (NHANES)

data showed a significant increase in the risk of diabetes associated with serum concentrations of BDE
153 (but not BDE 28, BDE 47, BDE 99, or BDE 100), although the risk was higher with exposure to 50—
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75" percentile BDE 153 concentrations than >75" percentile BDE 153 concentrations. Subsequent cross-
sectional and prospective studies, however, found no relationship between serum PBDE (BDE 47 and

BDE 153) concentrations and diabetes in cohorts of elderly people in Finland and Sweden.

An intermediate-duration study evaluated insulin-regulation and pancreatic morphology in rats following
exposure to decaBDE at 0, 0.05, 1, or 20 mg/kg/day daily via gavage in corn oil for 8 weeks. Serum
insulin was significantly decreased by 50-60% at 1 and 20 mg/kg/day, and glucose levels were
concomitantly increased by 12, 18, and 21% at 0.05, 1, and 20 mg/kg/day. Consistent with the insulin
findings, morphological changes were seen in the pancreas at 1 and 20 mg/kg/day (blurred boundaries
among pancreatic islet cells; quantitative data not reported). Additionally, microarray analysis indicated
that type | diabetes mellitus (T1DM) canonical pathways were significantly enriched following decaBDE
exposure. Subsequently, gene act network and gene coexpression network found that some major
histocompatibility complex molecules and TNF-o were involved in the TIDM pathway. Only one other
animal study evaluated the pancreas following decaBDE exposure. In rats exposed to decaBDE via
gavage for 28 days at doses of 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day, slight or moderate
insulitis was observed in the Langerhan’s islets of the “majority of samples,” but findings were not
exposure-related. Similarly, no exposure-related effects were observed for serum glucose levels. The
only other study evaluating serum glucose levels after decaBDE exposure instead reported reduced serum
glucose levels in male rats exposed to 20 mg/kg/day of a dietary PBDE mixture containing 52.1%
pentaBDE (DE-71), 44.2% decaBDE (BDE 209), and 0.4% octaBDE (DE-79) for 70 days. The observed
decreased glucose levels could be due to the pentaBDE component, as male rats exposed to pentaBDE at
doses of 0.27-200 mg/kg/day for 28 days also showed decreased glucose levels; the study authors did not
report the lowest dose at which glucose levels were significantly lower in male rats, but they reported a
BMDorp 0f 179.55 mg/kg/day and a BMDL1orp Of 66.7 mg/kg/day.

Limited human evidence is inconclusive regarding potential associations between diabetes and PBDE
exposure; however, considering the animal data, the pancreas may be a target of concern for oral PBDE

exposure.

Hepatic Effects. Liver effects have been reported in adult, pregnant, and developing animals exposed
to lower-brominated PBDEs. Histopathological effects in the liver (hepatocellular hypertrophy, necrosis,
and vacuolation) were consistently observed in animals exposed to lower-brominated PBDEs for 15—

90 days at doses >2 mg/kg/day, regardless of life-stage. In acute exposure studies, fatty degeneration of

the liver was observed following a single pentaBDE dose of 2,000 mg/kg or repeated pentaBDE doses of
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200 mg/kg/day for 7 or 14 days. Increased liver weight was also observed in animals exposed to lower-
brominated PBDEs for 1-14 days at doses >8 mg/kg/day and 15-90 days at doses >1.2 mg/kg/day. In
studies that evaluated hepatic enzyme induction (e.g., elevated ethoxyresorufin o-deethylase [EROD],
methoxyresorufin o-deethylase [MROD], pentoxy-resorufin o-deethylase [PROD], and uridine
diphosphoglucuronyl transferase [UDPGT] activity), significantly increased enzyme activities were
observed in animals following acute or intermediate-duration exposure to doses >3 or >0.06 mg/kg/day,
respectively, and were always observed at doses at or below the dose causing elevated liver weights in the
same study. No studies evaluating liver effects following chronic exposure to lower-brominated PBDES

were located.

Evidence for hepatic toxicity following exposure to decaBDE is less consistent than evidence for lower-
brominated PBDEs. There is no evidence of hepatic toxicity following acute exposure to decaBDE at
doses up to 1,000 mg/kg/day for 4-14 days. In intermediate-duration studies, slight to moderate
hepatocellular hypertrophy was observed in rats exposed to decaBDE at 60 mg/kg/day for 28 days, in
pregnant rats exposed to 300 mg/kg/day for 21 days, and in mice exposed to 9,400 mg/kg/day for

28 days; however, other studies did not report exposure-related changes in liver histology following
exposure to decaBDE at doses up to 9,500 mg/kg/day for 3—13 weeks. In an older study using an impure
decaBDE compound containing lower-brominated congeners (77% decaBDE, 22% nonaBDE, 0.8%
octaBDE), centrilobular cytoplasmic enlargement and vacuolation, as well as increased liver weight, were
observed in male rats exposed to dietary doses of >80 and 800 mg/kg/day, respectively, for 30 days.
Increased liver weights were also reported in rats exposed to doses >1 mg/kg/day for 8 weeks and mice
exposed to 9,400 mg/kg/day for 28 days, but other intermediate-duration studies reported no exposure-
related changes in liver weights at doses of 1,000 mg/kg/day for 21-90 days. In chronic studies, exposure
to decaBDE for 103 weeks caused liver lesions that included neoplastic nodules in rats at

>1,120 mg/kg/day, thrombosis and degeneration in rats at 2,240 mg/kg/day, and centrilobular hypertrophy

and granulomas in mice at >3,200 mg/kg/day.

Developing animals appear to be more susceptible to liver damage following exposure to decaBDE than
adult animals. Transient histopathological changes (diffuse liver cell hypertrophy with increased
cytoplasmic eosinophilia) and elevated liver weights were observed in male and female rat offspring
exposed to decaBDE from GD 10 to PND 21 at >2 and 146 mg/kg/day, respectively. Fatty degeneration,
elevated liver weights, and elevated liver enzymes were observed in young male rats exposed to decaBDE
at >300 mg/kg/day from PND 10 to 42. In mice, decaBDE exposure from GD 0 to 17 caused acute cell

swelling of hepatocytes associated with pressure occlusion of hepatic sinusoids and elevated liver
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enzymes in PND 71 male offspring at >10 mg/kg/day; however, liver weight was unaltered at doses up to

600 mg/kg/day.

No studies are available on hepatic effects of PBDEs in humans. Based on the evidence in animals,

PBDEs are potentially hepatotoxic in humans, especially lower-brominated PBDEs.

Male Reproductive Effects. Several studies have found results suggestive of reproductive effects in
men associated with exposure to PBDE, including significant inverse correlations between serum
concentrations of BDE 153 (hexaBDE) and sperm concentration and testis size in young adult Japanese
males and significantly reduced sperm mobility in association with increased serum PBDE concentrations
(BDE 47, BDE 100, and total) in Canadian men recruited at a fertility clinic. Although a number of
studies have evaluated the potential effects of PBDE exposure on male reproductive hormone levels,

these studies collectively do not show consistent effects associated with PBDE exposure.

Reproductive effects have been reported in male rodents following intermediate-duration exposure to the
lower-brominated PBDE congener tetraBDE, including decreased serum testosterone at

>0.001 mg/kg/day, histopathological changes in rat or mouse testes (multinucleated giant cells, vacuolar
spaces, apoptosis, germ cell loss) at doses >0.03 or >0.045 mg/kg/day, and decreased sperm production in
rats at 1 mg/kg/day. No dose-related changes were observed in testicular weight or sperm morphology,
motility, or capacitation at doses up to 30 mg/kg/day. For other lower-brominated PBDEs (pentaBDE,
octaBDE), no exposure-related effects were observed in serum testosterone levels at doses up to

60 mg/kg/day for 15-70 days, sperm parameters at doses up to 20 mg/kg/day for 20 days, or male
reproductive histology or organ weight at doses up to 750 mg/kg/day for 38-90 days. However, in acute
studies, serum testosterone levels were significantly decreased by ~40-45% in male rats 45 days after a
single gavage exposure to pentaBDE at doses >0.6 mg/kg and dose-related decreases in androgen-
dependent tissue weights (prostate, seminal vesicle, Cowper’s gland, gland penis, levator ani bulbo
cavernosus) were observed in castrated rats exposed to pentaBDE at doses >30 mg/kg/day for 9 days

(Herschberger assay).

Studies of decaBDE have been more limited. No changes in sperm count, motility, or morphology were
observed in rats or mice exposed to decaBDE at doses up to 60 or 1,500 mg/kg/day for 28-50 days;
however, exposure-related decreases were observed in one sperm velocity measure (lateral head
amplitude) in mice exposed to >500 mg/kg/day. A dose-related decrease in epididymis weight and a

dose-related increase in seminal vesicle/coagulation gland weight were observed in rats exposed to 1.7—
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60 mg/kg/day for 28 days; however, the lowest doses at which the effects were observed were not
reported. No testicular weight changes were observed at doses up to 60 mg/kg/day. In other
intermediate-duration studies, no exposure-related changes in organ weight were reported for male
reproductive organs in rats or mice exposed to decaBDE doses up to 800 or 1,500 mg/kg/day.
Histopathological changes in male reproductive tissues have not been reported in rats or mice exposed to
decaBDE at doses up to 2,550 or 7,780 mg/kg/day, respectively, for 103 weeks. Findings were negative
in a one-generation study that exposed male and female rats to an impure decaBDE compound containing
lower-brominated congeners (77% decaBDE, 22% nonaBDE, 0.8% octaBDE) for 60 days prior to mating
through PND 21.

Based on the evidence in humans and animals, lower-brominated PBDEs are potentially toxic to the male
reproductive system in humans. Available data for decaBDE provide very limited evidence of male

reproductive damage.

Female Reproductive Effects. Evidence for reproductive effects in women associated with
exposure to PBDEs is inconsistent. Increased length of menstrual periods (prior to pregnancy) was
associated with increased breast milk concentrations of PBDEs in a study of 46 Taiwanese women, but
not in a smaller study with 20 Taiwanese women or in 223 Californian women. Age at menarche was not
associated with PBDE concentrations in breast milk; however, an analysis of cross-sectional data from a
sample of 271 adolescent girls (NHANES) found that higher serum PBDE concentrations were associated
with younger age of menarche. Decreased fecundability (i.e., increases in time to pregnancy between
stopping contraception and becoming pregnant) was significantly associated with increased serum
concentrations of BDE 47, BDE 99, BDE 100, and BDE 153 (and their sum) in 223 Californian women;
however, fecundability was not significantly related to serum PBDE concentrations in a cohort of

501 Michigan and Texas couples followed prospectively for 1 year after discontinuing contraception for
the purpose of becoming pregnant. A study of 65 women from Boston undergoing in vitro fertilization
found no association between serum PBDE concentrations and risk of implantation failure, but did find a
significantly increased risk of failure associated with increased (i.e., above median) concentrations of
BDE 153 (but not other congeners or total PBDE) in follicular fluid.

In one-generation animal studies, no exposure-related changes were observed in reproductive end points
(number of pregnancies, gestation length, number, size, or sex ratio of litters) in rats or mice exposed to
lower-brominated PBDEs at doses up to 25 or 1 mg/kg/day, respectively. Similarly, in gestation plus

lactation studies, no exposure-related effects on litter parameters (successful delivery of litters, gestation
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length, litter size, sex ratio, number of live pups) were observed in rats or mice exposed to lower-
brominated PBDEs at doses up to 32 or 10 mg/kg/day, respectively, during gestation and lactation only.
The number of litters surviving until PND 8 was significantly decreased following exposure to tetraBDE
at 0.1 mg/kg/day from pre-mating day 28 through PND 21 in one study; however, reduced pup survival
was not reported in other studies. In a one-generation study in mink, females exposed to pentaBDE at
doses >0.25 mg/kg/day from pre-mating day 28 through PNW 6 did not whelp. It is not clear in one study
whether mink exposed to 0.25 mg/kg/day never became pregnant or had complete litter loss. However,
another study reported that female mink exposed to 0.31 mg/kg/day had no exposure-related changes in
mating success; rather, sows showed complete litter loss with 70% showing clear postimplantation loss.
In one-generation and intermediate-duration studies, no changes in reproductive organ weight or
histology were observed in female rats, mice, or mink exposed to lower-brominated PBDEs at doses up to
750, 450, or 0.31 mg/kg/day, respectively. One acute study reported increased paired ovary weight after
exposure to tetraBDE at 0.14 mg/kg on GD 6; however, no changes in reproductive organ weight or

histology were observed in female rats acutely exposed to pentaBDE at doses up to 300 mg/kg/day.

In female mice exposed to dietary tetraBDE for 28 days, serum testosterone and E2 were significantly
increased at 450 mg/kg/day; no other study reported altered reproductive hormones in females.

Information on reproductive effects of decaBDE is limited. Findings were negative in a one-generation
study that exposed male and female rats to an impure decaBDE compound contaminated with lower-
brominated congeners (77% decaBDE, 22% nonaBDE, 0.8% octaBDE) for 60 days prior to mating
through PND 21. In a gestational exposure study in mice (GDs 7-9), significant increases were observed
in the percentage of postimplantation loss per litter and resorptions per litter in dams exposed to >750 and
>1,500 mg/kg/day, respectively. Additionally, the percentage of live fetuses per litter was significantly
decreased by 10% in dams exposed to 2,000 mg/kg/day. Histological changes in the ovaries (atrophic
changes, decreased number of follicles, and increased fibrotic tissue) were observe in female rats exposed
to decaBDE at 300 mg/kg/day from 3 weeks of age, through mating to untreated males, gestation, and
lactation (~11 weeks); FO reproductive success was not reported. In other studies, no histopathological
changes in female reproductive organs were observed in rats or mice following intermediate- or chronic-

duration exposure to decaBDE at doses up to 8,000 or 9,500 mg/kg/day, respectively.

Based on inconsistent data in humans and animals, it is unclear whether PBDEs affect the female

reproductive system in adults.
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Adult Neurological Effects. While neurobehavioral development is a potential effect of concern for
PBDE exposure in humans, available human data are too limited to determine if PBDE exposure is
neurotoxic in adults or adolescents. No association was found between serum PBDE concentrations and
neuropsychological function assessed by 34 tests of cognitive and motor function, affective state, and
olfactory function in a study population of 144 volunteers (67 males and 77 females) between the ages of
55 and 74 years who lived for at least 25 years in the upper Hudson valley of New York State. In

515 secondary students from Belgium (mean age 14.9 years), serum PBDE concentrations were not
associated with most aspects of neurological performance measured in a battery of neurological tests;
however, there was a significant deterioration in performance in the finger tapping test with increasing

PBDE level, suggesting an effect of PBDE on motor activity.

Evidence for neurological effects of lower-brominated PBDEs in adult animals is limited. In repeat-
exposure neurobehavioral studies, impaired learning and memory were observed in male rats exposed to
tetraBDE at >0.1 mg/kg/day for 30 days and impaired attention and inhibitory control were observed in
male mice exposed to pentaBDE at 26.2 mg/kg/day for 125 days. No exposure-related neurobehavioral
changes were observed in rats exposed to pentaBDE at doses <17.5 mg/kg/day for 90-125 days or male
rats exposed once to pentaBDE doses up to 1.2 mg/kg/day. No exposure-related changes in brain weight
and/or histology were observed in animals exposed to lower-brominated PBDEs at doses up to

750 mg/kg/day.

Evidence for neurological effects of decaBDE in adult animals is extremely limited. Decreased anxiety
behavior in the elevated-plus maze was observed in male mice exposed to decaBDE for 15 days;
however, no exposure-related changes were observed in anxiety behaviors in the light/dark test, in
learning or memory in the Morris water maze, or in general neurological behaviors assessed using a
functional observation battery. In another study, no changes were observed in open-field behavior of
male rats exposed to decaBDE at doses up to 50 mg/kg/day via gavage for 90 days. No changes in brain
weight were observed in rats or mice exposed to decaBDE at doses up to 90 or 160 mg/kg/day,
respectively, for 15-60 days. No overt signs of neurotoxicity were observed in rats and mice exposed to
decaBDE in estimated dietary doses as high as 16,000-19,000 mg/kg/day for 14 days, 8,000—

9,000 mg/kg/day for 13 weeks, or 2,550-7,780 mg/kg/day for 103 weeks. Although the high doses and
extended exposure durations provided opportunities for the induction and/or development of clinical
signs, the study is limited by lack of testing for subtle behavioral changes and neurodevelopmental

effects.
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Based on available data in humans and animals, it is unclear whether PBDEs affect the adult nervous

system.

Immunological and Lymphoreticular Effects. Very limited human data regarding potential
immunotoxic effects of PBDEs are available. A significant negative association was found between
serum concentrations of lower-brominated PBDE and number of circulating lymphocytes in a subset of a
cohort of 33 adolescent children from the Netherlands. No effects on pokeweed mitogen-stimulated DNA
proliferation or IgG immunoglobulin synthesis were found in human lymphocytes exposed to lower-

brominated PBDEs in vitro.

There is limited evidence for impaired immune function in animals following exposure to lower-
brominated PBDEs; however, comprehensive immunological evaluations have not been performed on any
congener or previously used commercial mixture. 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 the same study, exposure to up to

72 mg/kg/day had no effect on natural Killer cell (NKC) activity. 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 NKC activity to
murine YAC-1 target cells at pentaBDE doses up to 72 mg/kg/day or numbers of splenic and thymic
lymphocyte subsets at pentaBDE doses up to 36 mg/kg/day, although 18 mg/kg/day of tetraBDE caused
significantly reduced numbers of total lymphocytes and CD4+, CD8+, and CD45R+ subtypes in spleen.
In the only intermediate-duration study evaluating immune function, no dose-related changes were
observed in antibody-mediated immunity to keyhole limpet hemocyanin (KLH) or phytohemagglutinin

(PHA) skin response in mink exposed to pentaBDE at doses up to 0.78 mg/kg/day for 9 weeks.

Histopathological changes in the spleen (hyperplasia, germinal center development) were reported in
some studies following intermediate-duration exposure to lower-brominated PBDEs at doses as low as
0.63 mg/kg/day in mink and at 450 mg/kg/day in mice. In other studies, no exposure-related changes
were observed in spleen, thymus, lymph node, and/or bone marrow tissue histology in rats exposed to
lower-brominated PBDEs at doses up to 750 mg/kg/day for 28-90 days. Additionally, no exposure-
related changes were observed in the histology of the spleen, thymus, Peyer’s patches, or mesenteric
lymph nodes in rat dams exposed to pentaBDE at doses up to 25 mg/kg/day via gavage for 70 days prior
to mating through PND 21 (~21 weeks).
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Exposure to decaBDE at 1,800 mg/kg/day for 28 days did not cause increased pulmonary viral titers of
RSV (measured 5 days post-infection) in mice. In rat dams exposed to 300 mg/kg/day from 21 days prior
to mating through PND 21, altered T-lymphocyte cell population distribution in the thymus and a
significantly reduced response to in vitro PHA exposure in cultured lymphocytes were observed. In
another study, no dose-related changes were reported for T-cell, B-cell, or macrophage population

distribution in the spleen of rats exposed to decaBDE at doses up to 60 mg/kg/day via gavage for 28 days.

Chronic ingestion of decaBDE caused splenic lesions (hematopoiesis, fibrosis, lymphoid hyperplasia) in
rats exposed to >1,200 mg/kg/day for 103 weeks. After exposure for 13 weeks, histopathological
examinations of spleen, thymus, lymph node, and/or bone marrow tissues showed no effects in rats or
mice exposed to decaBDE at doses up 8,000 or 9,500 mg/kg/day. In rat dams exposed to decaBDE at
300 mg/kg/day for 21 days prior to mating through PND 21, lesions of the thymus (thickened thymus
capsule, decreased lymphoid tissue in the cortex with adipose tissue replacement, increased medulla size,
and obscured corticomedullary junction) and spleen (decreased size and number of lymphoid nodules,
thinner lymphatic sheath around arteries, and fibrotic tissue with macrophages in the medulla) were

observed.

Evidence from animals suggests that PBDE exposure may cause immune suppression, but data are limited
and inconsistent. Additionally, comprehensive immunological evaluations have not been performed and
human data are extremely limited. Therefore, currently available information is insufficient to adequately
characterize the human immunotoxic potential of PBDEs.

Cancer. In human case-control epidemiological studies, no clear associations have been found between
non-Hodgkin’s lymphoma risk and exposure to BDE 47 in a group of Swedish men and women including
19 cases and 27 controls, testicular cancer risk and serum PBDE (sum of BDE 47, BDE 99, and

BDE 153) in a small group of Swedish men and women including 58 cases and 58 controls, or breast
cancer risk and adipose concentrations of PBDE (BDE 47, BDE 99, BDE 100, BDE 153, BDE 154, and
their sum) in a group of women from the San Francisco Bay area of California including 78 cases and

56 controls. In a study examining the association between exocrine pancreatic cancer risk and PBDE
concentrations in adipose tissue (sum of BDE 28, BDE 47, BDE 66, BDE 100, BDE 99, BDE 85,

BDE 154, BDE 153, BDE 138, and BDE 183) in a group of Swedish men and women, PBDE
concentrations were significantly higher in the 21 cases compared with the 59 controls. Case-control
analysis found that the risk of pancreatic cancer was not significantly increased with lipid PBDE using

median concentration in controls as a cut-off after adjustment for age, sex, and BMI at tissue sampling;
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however, the increase in risk was significant when the BMI adjustment was performed for the year before

tissue sampling (body weight 1 year before tissue sampling obtained by questionnaire).

For most PBDEs, including pentaBDE and octaBDE, animal studies of carcinogenic effects are not
available; cancer data on PBDEs in animals are limited to results of studies on commercial decaBDE
products. In a bioassay conducted by the National Toxicology Program (NTP), male and female rats were
exposed to high purity commercial decaBDE (lots that were 96 or 94-97% 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, although the term
neoplastic nodule is poorly defined and understood, and is no longer used by NTP to characterize
hepatoproliferative lesions in rats. 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 also 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% nonaBDE
and 0.8% octaBDE) 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.

The EPA hazard descriptor for decaBDE is “suggestive evidence of carcinogenic potential” based on:

(1) no studies of cancer in humans exposed to decaBDE; (2) a statistically significant increase in
incidence of neoplastic nodules and a slight increase in incidence of carcinomas (not statistically
significant) in the liver of low- and high-dose male rats and high-dose female rats; (3) a significantly
increased incidence of hepatocellular adenoma or carcinoma (combined) in male mice at the low dose and
marginally increased incidence at the high dose; (4) a nonsignificantly increased incidence of
hepatocellular adenoma or carcinoma (combined) in female mice; (5) a slightly greater (but statistically
not significant) incidence of thyroid gland adenomas or carcinomas (combined) in dosed male and female
mice; (6) a significantly increased incidence in male mice, at both doses, of follicular cell hyperplasia,
considered by many as a precursor to thyroid tumors; and (7) an apparent absence of genotoxic potential.
DecaBDE has been classified as a Group 3 carcinogen (not classifiable as to its carcinogenicity to
humans) by the International Agency for Research on Cancer (IARC) based on inadequate evidence of

carcinogenicity in humans and inadequate or limited evidence in experimental animals. The EPA assigns
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the cancer category Group D (not classifiable as to human carcinogenicity) to mono-, di-, tri-, tetra-,
penta-, hexa-, octa-, and nonaBDEs and reports “inadequate information” to classify the specific
congeners 2,2’ ,4,4’-tetraBDE, 2,2°,4,4’,5-pentaBDE, and 2,2°,4,4’,5,5’-hexaBDE. The Department of
Health and Human Services has not evaluated PBDEs for carcinogenicity. ACGIH has no data regarding

cancer classifications for PBDEs.

2.3 MINIMAL RISK LEVELS (MRLS)

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for 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.

People are environmentally exposed to PBDE mixtures of different congeneric composition than
previously used commercial PBDE products. Although the toxicity or potency of environmental mixtures
of congeners consequently may be greater or less than that of the commercial PBDE mixtures or
individual congeners, there are insufficient mixture toxicity data on which to directly base MRLs for
environmental PBDEs. Due to the likelihoods that (1) multiple mechanisms (aryl hydrocarbon receptor
[AhR]-receptor-dependent mechanisms, AhR-independent mechanisms, or both) may be involved in
health effects induced by PBDEs, (2) different PBDE congeners may produce effects by different
mechanisms, and (3) humans are exposed to complex mixtures of interacting PBDEs with differing

biological activities, as well as to the lack of a suitable approach for quantitatively evaluating joint toxic
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action from concurrent exposures to PBDEs, PBBs, PCBs, chlorinated dibenzo-p-dioxins (CDDs), and/or
chlorinated dibenzofurans (CDFs) in the environment, data from previously used commercial PBDE
mixtures and individual congeners were reviewed to develop MRLs for assessing health risks from

environmental exposures to PBDES.

Separate MRLs were derived for lower-brominated PBDEs and decaBDE based on important differences
in pharmacokinetics and toxicity of decaBDE compared to lower-brominated PBDES. The most recent
and best available estimates of oral absorption efficiencies for PBDE congeners indicate a range of 10—
26% for decaBDE (BDE 209) and 70-85% for tetraBDE (BDE 47), pentaBDE (BDE 99, BDE 100), and
hexaBDE (BDE 153, BDE 154) (Chen et al. 2006; Hakk et al. 2002a, 2002b, 2009; Morck and Klasson
Wehler 2001; Morck et al. 2003; Orn and Klasson-Wehler 1998: Riu et al. 2008; Sandholm et al. 2003;
Sanders et al. 2006a, 2006b; Staskal et al. 2005). Consistent with the higher absorption efficiencies of the
lower-brominated congers, the animal toxicity database indicates that toxic effects occur at lower doses
following exposure to lower-brominated PBDES than following exposure to decaBDE. For example, the
acute exposure levels required to cause neurobehavioral effects in mice are higher for decaBDE

(>2.22 mg/kg) than penta-, tetra-, and hexaBDE (>0.8, >1, and >0.45 mg/kg, respectively) (Eriksson et al.
2001c; Gee and Moser 2008; Johansson et al. 2008; Sand et al. 2004; Viberg et al. 2003a, 2003b, 20044,
2004b).

Inhalation MRLs

Lower-brominated BDEs. Derivation of an acute-duration MRL for lower-brominated BDEs is not
recommended at this time due to insufficient information. The inhalation database for acute-duration
exposure to PBDEs is essentially limited to a single 14-day unpublished industry-sponsored study of
octaBDE in rats (Great Lakes Chemical Corporation 1978). In this study, groups of five male and five
female Charles River CD rats were whole-body exposed to dust of an unspecified commercial octaBDE
mixture in mean analytical concentrations of 0, 0.6, 3.7, 23.9, or 165.2 mg/m? for 8 hours/day for

14 consecutive days. The average mass median aerodynamic diameter (MMAD) and geometric standard
deviation (GSD) of the particles were 3.5 um and 2, respectively. Study end points included clinical
signs (including observations for respiratory distress and nasal and ocular irritation), body weight and
food consumption, hematology (5 indices), blood chemistry (5 indices, thyroid hormones not assessed),
urinalysis (10 indices), organ weights (5 organs including thyroid/parathyroid), gross pathology, and
histology (21 tissues including nasal turbinates, trachea, lungs, and thyroid). The clinical laboratory tests

were limited to rats in the control and two highest dose groups. The histological exams were limited to
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the control and highest dose groups, except for the liver, which was examined in all groups. Signs of
increased respiration rate (rapid breathing) were observed by the end of each exposure period in rats
exposed to >24 mg/m?; this effect always disappeared by the following morning. Liver weight was
significantly increased and hepatic lesions occurred in rats exposed to >3.7 mg/m3. At 3.7 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 in the higher dose groups except that the hepatocyte enlargement was multifocal
to diffuse in distribution, and there were focal, small to large areas of hepatocellular necrosis present to a

very slight to marked degree. There were no exposure-related histological changes in other tissues.

As detailed above, hepatocellular hypertrophy accompanied by some degenerative hepatocellular changes
was found following exposure to octaBDE at concentrations >3.7 mg/m?® for 14 days (Great Lakes
Chemical Corporation 1978). However, this study is limited by small animal numbers and incomplete
evaluation of other end points at lower doses. Additionally, a well-designed 13-week study (Great Lakes
Chemical Corporation 2000) found hepatocellular hypertrophy at a higher minimum effect level

(16 mg/md) than the 14-day study, but no degenerative liver changes. The available information indicates
that there is insufficient evidence for considering the hepatic changes as adverse acute effects. More
importantly, exposure to >16 mg/m? caused changes in serum levels of thyroid hormones (decreased Ts,
increased TSH) in the 13-week study. Thyroid hormone levels were not determined in the 14-day study.
Therefore, due to the lack thyroid hormone data in the 14-day study, as well as the lack of any clear
lowest-observed-adverse-effect levels (LOAELS) for the other end points in the 14-day study, particularly
at exposures levels below the LOAEL for thyroid effects in the 13-week study, the data are inadequate to

derive an MRL for acute-duration exposure.

e An MRL of 0.006 mg/m? has been derived for intermediate-duration inhalation exposure (15—
364 days) to lower-brominated BDEs.

The intermediate-duration inhalation MRL is based on a no-observed-adverse-effect level (NOAEL) of
1.1 mg/m? for changes in thyroid hormones in rats that were intermittently exposed to octaBDE for
13 weeks (Great Lakes Chemical Corporation 2000). Calculation of the MRL is detailed below.

The inhalation database for intermediate-duration exposure to PBDEs consists of one well-conducted
13-week study (Great Lakes Chemical Corporation 2000). This is an unpublished industry-sponsored
study in which a commercial octaBDE product (bromine content 78.7%) was administered to groups of

10 male and 10 female Crl:CD(SD)IGS BR rats, via nose-only inhalation as a dust aerosol, in measured
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concentrations of 0 (air only), 1.1, 16, or 202 mg/m? for 6 hours/day, 5 days/week, for 13 weeks. The
mean MMAD:s in the low to high exposure groups were 2.0, 2.7, and 2.8 um, and the corresponding mean
GSDs were 3.37, 3.72, and 3.01. Clinical and physical signs, body weight, food consumption, and
survival were evaluated throughout the study. Ophthalmic, hematology (11 indices), serum chemistry
(18 indices), and serum thyroid hormone (TSH, total T3, and total T,) evaluations were performed near
the end of the exposure period. Urine analyses were not conducted. Comprehensive necropsies, organ
weight measurements, and histological examinations (including respiratory tract and thyroid) were

performed following exposure termination.

Hepatic, nasal, lung, thyroid, and ovarian effects were observed (Great Lakes Chemical Corporation
2000). The liver was affected in both sexes as shown by dose-related increases in centrilobular
hepatocellular hypertrophy at >16 mg/m?® and liver weight (absolute and relative) at 202 mg/m?. Total
incidences of centrilobular hepatocellular hypertrophy in the 0, 1.1, 16, and 202 mg/m?® groups were 1/10,
0/10, 3/10, and 10/10, respectively, in males and 0/10, 0/10, 3/10, and 6/10, respectively, in females;
severity was predominantly minimal in affected animals from all groups. The incidence of nasal goblet
cell lesions was increased at 202 mg/m?, but showed no clear dose-related trends for increasing incidence
or severity. Total incidences of nasal goblet cell hypertrophy were slightly increased in nasal level Il of
both sexes at >1.1 mg/m?3; respective incidences in the 0, 1.1, 16, and 202 mg/m?* exposure groups were
4/10 (all minimal), 9/10 (7 minimal, 2 mild), 6/10 (all minimal), and 10/10 (9 minimal, 1 mild) in males,
and 2/10 (all minimal), 6/10 (all minimal), 4/10 (all minimal), and 8/10 (all minimal) in females. Nasal
goblet cell hypertrophy was also slightly increased in nasal level IV in males at 202 mg/m? (4/10, 0/10,
1/10, and 8/10, all minimal severity, not increased in females). Histological changes in the lungs included
alveolar histiocytosis and chronic active inflammation that were only clearly increased in incidence at
202 mg/m?. Total incidences of alveolar histiocytosis at 0, 1.1, 16, and 202 mg/m?® were 3/10, 5/10, 5/10,
and 10/10, respectively, in males, and 0/10, 5/10, 2/10, and 10/10, respectively, in females.
Corresponding total incidences of chronic active lung inflammation were 0/10, 0/10, 2/10, and 10/10 in
males, and 0/10, 1/10, 1/10, and 10/10 in females. The severity of both lesion types tended to increase
from minimal at lower doses to mild/moderate at 202 mg/m?. Gross lung changes also occurred in both
sexes at 202 mg/m3; these included lung firmness and white discoloration and/or enlargement in the
bronchial and/or mediastinal lymph nodes. The lymph node effects correlated with the histological
finding of granulomatous inflammation. There were no exposure-related gross or histopathological
changes in the spleen, bone marrow, thymus, or other tissues, including thyroid. Thyroid hormone
assessments, however, showed exposure-related decreases in mean thyroxine (total T4) at >16 mg/m? in

both sexes, and increases in TSH at >16 mg/m? in males and 202 mg/m? in females. The changes were
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usually statistically significant (p<0.05 or p<0.01) compared to controls and were considered to be
consistent with chemical-induced hypothyroidism. There were no serum T3 changes. Qualitative
histological evaluations of step sections of ovaries showed an absence of corpora lutea in 3/10 females
exposed to 202 mg/m?, compared to 0/10 in the control and lower exposure groups. This 30% incidence
was interpreted to be a treatment-related effect because an absence of corpora lutea was considered

unusual in rats at 20 weeks of age.

Considering the minimal severity of the nasal goblet cell hypertrophy, lack of clear dose-related
increasing trends for incidences and severity of this nasal effect, clear identification of both a NOAEL
(1.1 mg/m3) and LOAEL (16 mg/m?®) for changes in serum levels of thyroid hormones, and abundant
evidence for thyroid effects of PBDEs in oral studies, the effects on thyroid hormones are the most
appropriate basis for estimation of an intermediate-duration inhalation MRL. The MRL of 0.006 mg/m?
was derived by dividing the NOAELwec of 0.53 mg/m? by an uncertainty factor of 30 (3 for species to
species extrapolation with dosimetric adjustments and 10 for human variability) and a modifying factor of
3 (for an incomplete database reflecting a single study in one species). The NOAELnec was calculated

using the following equations:

NOAELap; = 1.1 mg/m?x 6 hours/24 hours x 5 days/7 days = 0.196 mg/m?
NOAELwec = NOAELap; X RDDR = 0.196 mg/m3x 2.7 = 0.53 mg/m?

The regional deposited dose ratio (RDDR) for the extrathoracic region was used to extrapolate deposited
doses in rats to deposited doses in humans. The following parameters were used to calculate the RDDR:
MMAD of 2.0 um with a mean GSD (sigma g) of 3.37, default human body weight of 70 kg, and a
default female F344 rat body weight of 0.18 kg. Additional information on the derivation of the

intermediate-duration inhalation MRL for lower-brominated BDEs is provided in Appendix A.

No MRL was derived for chronic-duration inhalation exposure to lower-brominated BDES due to a lack

of chronic studies.

Decabromodiphenyl Ether. No MRLs were derived for acute-, intermediate-, or chronic-duration

inhalation exposure to decaBDE due to a lack of inhalation studies on this PBDE congener.
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Oral MRLs
Lower-brominated Diphenyl Ethers

e An MRL of 0.00006 mg/kg/day has been derived for acute-duration oral exposure (14 days or
less) to lower-brominated diphenyl ethers.

The acute oral MRL is based on a LOAEL of 0.06 mg/kg/day for endocrine effects in rat dams and
reproductive and neurobehavioral effects in F1 offspring exposed to 2,2°,4,4’,5-pentaBDE (BDE 99) on
GD 6 via gavage (Kuriyama et al. 2005, 2007; Talsness et al. 2005). The MRL was estimated by dividing
the 0.06 mg/kg LOAEL by an uncertainty factor of 1,000 (10 for use of a LOAEL, 10 for animal to

human extrapolation, and 10 for human variability).

In a series of reports, pregnant rats were exposed to BDE 99 at 0, 0.06, or 0.3 mg/kg via gavage on GD 6
(Kuriyama et al. 2005, 2007; Talsness et al. 2005). Serum thyroid hormones levels (T3, free-Ts, T4, free-
T.) were analyzed in dams and pups on PNDs 1, 14, and 22 (Kuriyama et al. 2007). Male and female
offspring were evaluated for emergence of physical landmarks and reflexes and for open-field behavior
on PNDs 36 and 71 (Kuriyama et al. 2005). Twelve male offspring per dose group were sacrificed at
PND 140, and the thymus, spleen, liver, testis, epididymis, seminal vesicle, and ventral prostate were
weighed. The right testis and caudal epididymis were retained for spermatid and sperm counts and
morphology, respectively. Additionally, blood was collected for analysis of testosterone and LH levels
(Kuriyama et al. 2005). Similarly, 10 F1 females per group were sacrificed ~PND 90 for histological
evaluation of the ovary, uterus, and vagina. Ovarian follicles were counted in 10 ovaries from each
group, and 1 ovary from 1 female offspring in each group was analyzed by transmission electron
microscopy (Talsness et al. 2005). Fertility was assessed in F1 males and females (20/group) mated to
unexposed partners. The uterine and F2 fetal weights and the number of implantations, resorptions, and
fetuses were determined. The F2 fetuses were examined for external anomalies and when present, the
fetuses were stained and examined for skeletal anomalies (Kuriyama et al. 2005; Talsness et al. 2005). In
a separate group of F1 males, male sexual behavior was assessed in 20 males/group at ~PND 160
(Kuriyama et al. 2005).

Serum T4 levels were significantly decreased by 23-33% in the 0.06 and 0.3 mg/kg dams, sacrificed on
PND 1. No changes were observed in Ts, free-Ts, or free-T4 at PND 1 or any thyroid hormone levels at
PND 22 in dams. In pups, no dose-related changes were observed at PND 1 or 14. At PND 22, serum T4

was significantly decreased by 19-22% in F1 males and females and serum free-T4 was significantly
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decreased by 24% in F1 females exposed to 0.3 mg/kg (Kuriyama et al. 2007). For F1 development of
physical landmarks and reflexes, no exposure-related effects were observed for the age at fur
development or eye opening, testes descent, or the ability to master the rotating rod test. However,
significant delays in the eruption of incisors in F1 pups and the development of the cliff-drop aversion
reflex were observed in F1 males in the 0.3 mg/kg group, compared with controls. During a 24-hour
observation of open-field activity, total activity, time spent active, duration of activity per active phase,
and total activity per active phase were all significantly increased in F1 offspring on PND 36 in the

0.3 mg/kg group, compared with controls. On PND 71, the increased total activity and time spent active

persisted in the 0.3 mg/kg group, and was also significantly increased in the 0.06 mg/kg group.

In F1 males sacrificed on ~PND 140, no exposure-related changes were observed in body weight, liver
weight, or thymus weight; however, absolute spleen weight was significantly increased by 9% in the
0.06 and 0.3 mg/kg groups, and relative spleen weight was significantly increased by 12% in the

0.06 mg/kg group. Compared with controls, significantly altered male reproductive organ weights at
PND 140 included a 10 and 11% decrease in relative testes and epididymis weight, respectively, in the
0.3 mg/kg group and a 5% decrease in relative epididymis weight in the 0.06 mg/kg group; no significant
changes were observed in absolute organ weights. In both dose groups, the number of spermatids and
sperm and daily sperm production were significantly decreased, compared with controls. No exposure-
related effects were observed for sperm morphology. No changes were observed in serum testosterone or
LH levels. Despite sperm alterations, no significant exposure-related effects were observed in male
reproductive function or the majority of male sexual behaviors. The only significantly altered male
sexual behavior was a 32% decrease in the percent of males with two or more ejaculations.

In F1 females sacrificed on ~PND 90, no statistically significant, exposure-related histological changes
were observed at the light microscopic level in the ovary, uterus, or vagina of female offspring, and no
exposure-related effects were observed in the number of ovarian follicles. However, multiple
ultrastructural changes were noted in the ovaries of PND 90 female offspring from dams exposed to

0.06 or 0.3 mg/kg, including destruction of the surface of the serosal epithelial cells, necrosis, and
numerous vesicular structures with dense granular material within the cytoplasm. Additional changes
observed in the 0.3 mg/kg group included degenerative changes and aggregates of small and large
vesicles filled with homogeneously dense granular material in the cytoplasm and clumped chromatin
within the condensed nucleus. No exposure-related changes were found for F1 female pregnancy rate,
total implantation sites, implantation sites/dam, F2 fetuses/gravid dam, or total number of live F2 fetuses.

However, the resorption rates were 12 and 15% in the 0.06 and 0.03 mg/kg groups, respectively,
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compared with the control rate of 9%. Statistics were not reported; however, the resorption rates in the
exposed rats were also reportedly increased compared with historical controls (average control resorption
rate=5.4%, with rates up to 10% considered to be within normal limits). In addition, the percentage of
litters with resorptions was higher in the exposed females, being 47% in the control group and 69% and
72% in the 0.06 and 0.3 mg/kg groups, respectively. In F2 pups, mean fetal weight was significantly
increased (by 5%) in the 0.06 mg/kg group, but not in the 0.3 mg/kg group, compared with controls.
Three fetuses from different litters in the 0.3 mg/kg/day group showed skeletal anomalies (tail, skull,
vertebrae); however, this incidence of anomalies in 3/18 litters is not significantly elevated compared with

the control incidence of 0/19 (Fisher’s exact test, performed for this review).

Collectively, these studies indicate a LOAEL of 0.06 mg/kg, the lowest dose tested, for endocrine effects
in FO dams (decreased serum T.), reproductive effects in F1 adult offspring (impaired spermatogenesis,
ultrastructural changes in ovaries, increased resorptions in F1 females mated to unexposed males) and
neurobehavioral effects in F1 adult offspring (increased activity in open field). No NOAEL was
identified.

Data from other several acute-duration studies of PBDESs support the selection of the co-critical effects
observed at the LOAEL of 0.06 mg/kg:

¢ Numerous studies reported reduced serum T levels in adult, nonpregnant mice and rats following
acute exposure to commercial pentaBDE mixtures (Bromkal 70, Bromkal 70-5 DE, DE-71), the
commercial octaBDE mixture DE-79, or 2,2’,4,4’-tetraBDE (BDE 47). Significant reductions of
19-92% have been reported following gavage exposure at doses >10 and >0.8 mg/kg/day in rats
and mice, respectively, for 1-14 days (Darnerud and Sinjari 1996; Fowles et al. 1994; Hallgren
and Darnerud 1998, 2002; Hallgren et al. 2001; Hoppe and Carey 2007; Richardson et al. 2008;
Stoker et al. 2004, 2005; Zhou et al. 2001).

¢ Inacompanion study to the critical studies described above, pregnant rats (8/group) were
administered BDE 47 (98% purity) at 0, 0.14, or 0.7 mg/kg via gavage in peanut oil vehicle on
GD 6 (Talsness et al. 2008). As observed in pentaBDE-exposed F1 females, ultrastructural
changes (accumulation of vesicular structures with homogeneously dense granular material in the
cytoplasm of the stromal cells, large vacuoles) were observed in the ovaries of F1 females from
both dose groups on PND 100. No exposure-related changes were observed in F1 female fertility
or F2 litter parameters. F1 males were not evaluated for developmental reproductive effects
following tetraBDE exposure.

e Alterations in open-field activity have been consistently reported in mice exposed to pentaBDE
(BDE 99) at doses >0.8 mg/kg on PND 3 or 10 and evaluated at 2-8 months of age, characterized
by decreased activity during the first 20-minute period of a 1-hour session, followed by increased
activity during the third 20-minute period (Eriksson et al. 2002b, 2006; Fischer et al. 2008; Sand
et al. 2004; Viberg et al. 2002b, 20044a, 2004b). Several other 1-day exposure studies reported
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similar findings in rats and mice following exposure to various lower-brominated PBDEs.
Decreased spontaneous activity and/or impaired habituation were observed in rats exposed to
BDE 99 at 8 mg/kg on PND 10, mice exposed to 2°,4,4’,5,5’-hexaBDE (BDE 153) at

>0.45 mg/kg on PND 10, mice exposed to BDE 47 at 10.5 mg/kg on PND 10, mice exposed to
2,2°,3,4,4’,5’,6-heptaBDE (BDE 183) at 15.2 mg/kg on PND 3, and mice exposed
2,2°,3,4,4° 55", 6-octaBDE (BDE 203) at 16.8 mg/kg on PND 3 or 10 (Eriksson et al. 2001c;
Viberg et al. 2003a, 2005, 2006). Increased vertical activity was significantly increased at

4 months, but not at 2 months, in mice exposed to BDE 47 at >1 mg/kg on PND 10; no changes
were observed in horizontal activity or habituation (Gee and Moser 2008).

Additional information on the derivation of the acute-duration oral MRL for lower-brominated BDEs is

provided in Appendix A.

¢ An MRL of 0.000003 mg/kg/day has been derived for intermediate-duration oral exposure (15—
364 days) to lower-brominated BDEs.

The intermediate oral MRL is based on a minimal LOAEL of 0.001 mg/kg/day for a 34% reduction in
serum testosterone in male rats exposed to 2,2°,4,4’-tetraBDE (BDE 47) for 8 weeks via gavage (Zhang et
al. 2013b). The MRL was estimated by dividing the 0.001 mg/kg/day minimal LOAEL by an uncertainty
factor of 300 (3 for use of a minimal LOAEL, 10 for animal to human extrapolation, and 10 for human

variability).

Groups of 20 male rats were exposed to BDE 47 (>98.7%) at 0, 0.001, 0.03, or 1 mg/kg/day via gavage in
corn oil 6 days/week for 8 weeks (Zhang et al. 2013b). Twenty-four hours after the final treatment, rats
were sacrificed. Testes were fixed for histological analysis and labeling of apoptotic cells or prepared for
analysis of sperm production. Daily sperm production was estimated by dividing the total number of
mature spermatids per testis by 6.1 (i.e., the days of the seminiferous cycle that the spermatids are present
in the seminiferous epithelium). Testicular samples were examined for reactive oxygen species (ROS)
and mRNA expression of apoptosis related proteins (serl5, ser473, p53, PTEN, AKT, BAD, caspase 3,
FAS, FASL). Serum levels of E2, FSH, LH, and testosterone were measured. Histological examination
of the testes showed a significant increase in the number of multinucleated giant cells (arising from
spermatocytes that aborted meiosis) at >0.03 mg/kg/day and abundant vacuolar spaces in the seminiferous
epithelium at 1 mg/kg/day (quantitative data not reported). Additionally, the number of apoptotic cells
was significantly increased by 1.9- and 3-fold in the testes of rats from the 0.03 and 1 mg/kg/day groups,
respectively, and the mRNA levels of several apoptosis genes were elevated in a dose-related manner.
Daily sperm production was significantly decreased by 23% in the 1 mg/kg/day group, compared with
controls. Serum testosterone was significantly decreased by ~34, 53, and 62% in the 0.001, 0.03, and

1 mg/kg/day groups, respectively, compared with controls. No exposure-related changes were observed
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in serum E2, FSH, or LH levels. Testicular ROS levels were significantly elevated at 1 mg/kg/day,
compared with controls. A minimal LOAEL of 0.001 mg/kg/day was determined for this study based on
the 34% decrease in serum testosterone. The change in testosterone is considered a minimal LOAEL
because it is unclear if the magnitude of change represents a biologically adverse effect; however, this
statistically significant reduction in serum testosterone is considered an early indication of damage to the
male reproductive system, considering the additional effects observed at >0.03 mg/kg/day (histological

lesions in testes, sperm effects).

In another study examining male reproductive effects, a NOAEL of 0.0015 mg/kg/day and a LOAEL of
0.045 mg/kg/day were identified for germ cell loss and increased apoptosis in the testes of mice exposed
to BDE 47 for 30 days via gavage (Wang et al. 2013). Testis sections in control and 0.0015 mg/kg/day
groups were normal. In the 0.045, 0.15, and 30 mg/kg/day groups, “some” seminiferous tubules exhibited
complete germ cell loss and had a Sertoli cell-only phenotype (no incidence data reported). No exposure-
related changes were observed in Leydig cells. The terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay showed a significant, dose-related increase in the number of apoptotic cells.
Quantitative data were not reported; however, from the qualitative figures, it appears that apoptotic cells
were observed at doses of >0.045 mg/kg/day.

No other study evaluated testicular histopathology following exposure to BDE 47. Following
intermediate exposure to other congeners, no changes in testicular histology were observed in rats
exposed to commercial pentaBDE mixtures (Bromkal 70-5 DE, DE-71) at gavage doses up to

250 mg/kg/day for 15-28 days (Becker et al. 2012; Oberg et al. 2010), commercial penta- or octaBDE
mixtures (DE-71, unspecified octa mixture) at dietary doses up to 750 mg/kg/day for 28-90 days (IRDC
1976, 1977; WIL Research Laboratories 1984), or a pentaBDE mixture (52.1% pentBDE, 44.2%
decaBDE, 0.4% octaBDE) at dietary doses up to 20 mg/kg/day for 70 days (Ernest et al. 2012). However,

testicular apoptosis was not evaluated in any of these studies.

No other study evaluated serum testosterone levels following exposure to BDE 47. However, as observed
with exposure to BDE 47, acute exposure to 0.06 or 1.2 mg/kg of 2,2°,4,4’,5-pentaBDE (BDE 99) also
led to a significant 40-45% decrease in serum testosterone levels in rats (Alonso et al. 2010). No other
studies evaluated this end point following exposure to single congeners. Other studies evaluating serum
testosterone levels after intermediate-duration exposure to lower-brominated PBDES mixtures (DE-71,
dietary PBDE mixture described above) did not report exposure-related decreases (Becker et al. 2012;
Ernest et al. 2012; Stoker et al. 2005). These data suggest that the individual congeners, BDE 47 and
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BDE 99, which have been identified as two of the most abundant congeners for human exposure (Harrad
et al. 2004; Lorber 2008; Wong et al. 2013), may have a greater capacity to alter serum testosterone levels
than PBDE mixtures.

One-generation studies of BDE 47 reported developmental effects at >0.03 mg/kg/day, including:

e Impaired spatial learning in the Barnes maze in PNW 8 offspring of mouse dams fed tetraBDE-
dosed cornflakes from pre-mating day 28 through PND 21 (Koenig et al. 2012).

o Decreased center-field activity in an open field (indicating increased anxiety) in PND 60 female
offspring from mouse dams fed tetraBDE-dosed cornflakes from pre-mating day 28 through
PND 21 (Taet al. 2011).

o Decreased pre-weaning weight, decreased pup vocalizations on PNDs 8-10, and decreased
sociability on PND 72 in female offspring of mouse dams exposed to tetraBDE via gavage from
pre-mating day 28 through PND 21 (Woods et al. 2012).

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 lower-brominated PBDESs due to insufficient data.
Only one chronic study of PBDESs other than high-purity decaBDE has been conducted (Kociba et al.
1975; Norris et al. 1975a). In this study, Sprague-Dawley rats (25/sex/dose level) were fed a 77.4% pure
commercial decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaBDE) for approximately

2 years. Evaluations that included clinical signs, body weight, food consumption, hematology, clinical
chemistry, urine indices, and comprehensive histological examinations showed no exposure-related
effects. The highest NOAEL is 1 mg/kg/day (highest tested dose), but this NOAEL is not appropriate for
MRL estimation due to insufficient sensitivity of the study. In particular, using the NOAEL of

1 mg/kg/day and an uncertainty factor of 100, a chronic oral MRL based on this study would be 5 times
higher than the 0.002 mg/kg/day intermediate MRL. 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 be used as a

value for chronic exposure.

Decabromodiphenyl Ether

¢ An MRL of 0.01 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) to
decabromodiphenyl ether
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The MRL was derived based on a NOAEL of 1.34 mg/kg for neurobehavioral effects in 2—-4-month-old
mice following a single exposure to 2,2°,3,3’,4,4’,5,5°,6,6’-decaBDE (BDE 209) on PND 3 (Johansson et
al. 2008). The MRL was estimated by dividing the 1.34 mg/kg NOAEL by an uncertainty factor of

100 (10 for animal to human extrapolation and 10 for human variability).

Neonatal male mice (3—4 litters/group) were exposed to a single dose of BDE 209 (98% purity) at 0, 1.34,
2.22,13.4, or 20.1 mg/kg via gavage in a 20% fat emulsion vehicle (1:10 mixture egg lecithin and peanut
oil) on PND 3 (Johansson et al. 2008). Mice were observed for clinical signs of toxicity and body weight
was measured at PND 3 and PNW 4. Spontaneous motor behavior (locomotion, rearing, total activity)
was evaluated in an open field test at 2 months (10 mice/group) and at 4 months (16 mice/group). Motor
activity was measured during a 60-minute period, divided into three 20-minute intervals. Nicotine-
induced behavior was evaluated at 4 months following single subcutaneous injections of 80 ug
nicotine/kg (8/group) or 10 mL 0.9% NaCl/kg (8/group). Anxiety was assessed at 4 months using the
elevated plus maze. No clinical signs of toxicity or body weight effects were observed. At 2 months,
significantly decreased locomotion, rearing, and total activity were observed during the first 20-minute
interval of the open field assessment in mice exposed to >2.22 mg/kg, compared with controls. However,
during the third 20-minute interval, when activity should decrease due to habituation, locomotion, rearing,
and total activity were significantly increased in mice exposed to >13.4 mg/kg. None of the end points
measured were significantly altered in mice exposed to 1.34 mg/kg. At 4 months, significantly decreased
locomotion, rearing, and total activity were observed during the first interval of the open field assessment
in mice exposed to >2.22 mg/kg, compared with controls. During the third interval, significantly
increased locomotion, rearing, and total activity were observed in mice exposed to >2.22 mg/kg.
Additionally, total activity, but not rearing or locomotion, was significantly decreased during the first
20-minute interval in the 1.34 mg/kg group; no significant changes were observed during the third
interval in the 1.34 mg/kg group. Statistical analysis shows that habituation ability declined in mice
exposed to >2.22 mg/kg/day when tested at 4 months of age, compared with 2 months of age. At

4 months, nicotine exposure caused significantly decreased activity during interval one in mice exposed
to >13.4 mg/kg, compared with saline-injected mice from the same decaBDE exposure group. This
finding is the opposite of the expected increase in activity due to nicotine exposure, which was observed
in controls and lower dose decaBDE groups. During interval 3, mice exposed to >13.4 mg/kg and
nicotine showed impaired habituation. No exposure-related effects were observed in the elevated plus
maze assessment. A NOAEL of 1.34 mg/kg and a LOAEL of 2.22 mg/kg were determined for the
nonhabituating profile (i.e., decreased activity early in the test period and increased activity late in the test

period). The singular finding of decreased total activity during the first 20-minute interval at 4 months in
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the 1.34 mg/kg group was not considered sufficient to establish a LOAEL of 1.34 mg/kg. The
nonhabituating profile, which is a common effect observed with developmental PBDE exposure (Eriksson
et al. 2002b, 2006; Fischer et al. 2008; Sand et al. 2004; Viberg et al. 2002b, 2003a, 2004a, 2004b), was
considered to be a stronger basis for a NOAEL/LOAEL determination.

A companion study supports the LOAEL of 2.22 mg/kg for altered neurobehavior in developmentally
exposed mice. Decreased spontaneous activity and impaired habituation were observed in 2- and
6-month-old mice exposed to BDE 209 at doses >2.22 mg/kg on PND 3, which was the lowest dose tested
(Viberg et al. 2003b). These effects were not observed if exposure was on PND 10 or 19 at doses up to
20.1 mg/kg (Viberg et al. 2003b). Additionally, decreased spontaneous activity was observed in
2-month-old rats following exposure to BDE 209 doses >6.7 mg/kg on PND 3 (lowest dose tested)
(Viberg et al. 2007). At 20.1 mg/kg, impaired habituation and decreased nicotine-induced behavior were
also observed. This nonhabituating behavior profile (i.e., decreased activity early in the test period and
increased activity late in the test period) is consistent with neurobehavioral alterations observed following
early postnatal exposure to lower-brominated PBDEs and has been reported in adult mice neonatally
exposed to certain PCB congeners (see the Acute MRL Worksheet for lower-brominated PBDEs for more
details).

Additional neurodevelopmental effects observed in mice following acute exposure to BDE 209 from
PND 2 to 15 at 20 mg/kg/day via micropipette include delayed ontogeny of reflexes, increased
locomotion in males at PND 70, and learning impairment and impulsivity at 16 months, but not at

3 months (Rice et al. 2007, 2009).

Additional information on the derivation of the intermediate-duration oral MRL for BDE 209 is provided

in Appendix A.

¢ An MRL of 0.0002 mg/kg/day has been derived for intermediate-duration oral exposure (15—
364 days) to decabromodiphenyl ether.

The MRL was derived based on a minimal LOAEL of 0.05 mg/kg/day for a 12% increase in serum
glucose in adult rats exposed to 2,2',3,3',4,4',5,5",6,6’-decabromodiphenyl ether (BDE 209) for 8 weeks
via gavage (Zhang et al. 2013a). The MRL was estimated by dividing the 0.05 mg/kg/day LOAEL by an
uncertainty factor of 300 (3 for use of a minimal LOAEL, 10 for animal to human extrapolation, and 10

for human variability).
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Groups of 10 male rats were exposed to BDE 209 at 0, 0.05, 1, or 20 mg/kg/day daily via gavage in corn
oil for 8 weeks (Zhang et al. 2013a). Rats were observed for clinical signs of toxicity and body weights
were measured every 3 days. Rats were fasted for 24 hours after the final gavage treatment, and then
sacrificed. Body weights and heart, spleen, lung, kidney, and liver weights were recorded. Blood was
collected for clinical chemistry analysis (serum total cholesterol, triglycerides, glucose, insulin, and
TNF-a) and determination of plasma markers of oxidative stress (malondialdehyde [MDE], reduced
glutathione [GSH], and superoxidase dismutatase [SOD]). Liver samples from three rats in the control
and low-dose (0.05 mg/kg/day) groups were collected for microarray analysis (Affymetrix GeneChip),
and gene ontogeny category, pathway, gene-act-network, and gene co-expression analyses were
conducted. Quantitative real-time-polymerase chain reaction (qPCR) was performed to quantitate gene
expression to validate the gene expression data obtained from microarray analysis. No clinical signs of
toxicity or body weight effects were observed. The relative liver weight was significantly decreased at
1 and 20 mg/kg/day by 9% (absolute liver weights were not reported). No changes were observed in
relative weights of heart, spleen, lung, or kidney. No exposure-related changes were reported in serum
cholesterol or triglyceride levels. Serum glucose levels were significantly increased by 12, 18, and 21%
in the 0.05, 1, and 20 mg/kg/day groups, compared with controls. Serum insulin was significantly
decreased by 50-60% at 1 and 20 mg/kg/day. Subsequent to this finding, the pancreas was evaluated
histologically. Consistent with the insulin findings, morphological changes were seen at 1 and

20 mg/kg/day, including blurred boundaries among pancreatic islet cells (quantitative data not reported).
Plasma SOD activity was significantly decreased in all exposed groups and plasma GSH was significantly
decreased at 1 and 20 mg/kg/day. Serum TNF-o was significantly increased at 1 and 20 mg/kg/day.
Additionally, decaBDE induced 1,257 liver gene transcript changes, and 18 canonical pathways were
significantly enriched. Four of them were involved in immune diseases, including autoimmune thyroid
disease, graft-versus-host disease, allograft rejection, and TLDM. Subsequently, gene act network and
gene coexpression network found that some major histocompatibility complex molecules and TNF-a
were involved in the TLDM pathway. A minimal LOAEL of 0.05 mg/kg/day was determined for this
study based on the 12% increase in serum glucose levels. The change in glucose is considered a minimal
LOAEL because it is unclear if the magnitude of change represents a biologically adverse effect;
however, the increase in serum glucose is considered to be part of a spectrum of effects indicative of
altered insulin homeostasis and toxicity to the pancreas, including decreased serum insulin and

morphological changes in pancreatic islet cells observed at >1 mg/kg/day following decaBDE exposure.

The relevance of these findings to human health is uncertain. An analysis of cross-sectional NHANES

data showed a significant increase in risk of diabetes associated with serum concentrations of BDE 153
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(but not other congeners), although the risk was higher with exposure to 50-75" percentile BDE 153
concentrations than >75" percentile BDE 153 concentrations (Lim et al. 2008). However, subsequent
cross-sectional and prospective studies found no relationship between serum PBDE (BDE 47 and BDE
153) concentrations and diabetes in cohorts of elderly people in Finland (Airaksinen et al. 2011) and
Sweden (Lee et al. 2011).

Only one other animal study evaluated the pancreas following decaBDE exposure. In rats exposed to
BDE 209 via gavage for 28 days at doses of 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day, slight
or moderate insulitis was observed in the Langerhan’s islets of the “majority of samples,” but findings
were not exposure-related (Van der ven et al. 2009a). Similarly, no exposure-related effects were
observed for serum glucose levels (Van der ven et al. 2009a). The only other study evaluating serum
glucose levels after decaBDE exposure instead reported reduced serum glucose levels in male rats
exposed to 20 mg/kg/day of a dietary PBDE mixture containing 52.1% pentaBDE (DE-71), 44.2%
decaBDE (BDE 209), and 0.4% octaBDE (DE-79) for 70 days (Ernest et al. 2012). The observed
decreased glucose levels could be due to the pentaBDE component, as male rats exposed to pentaBDE at
doses of 0.27-200 mg/kg/day for 28 days also showed decreased glucose levels; the study authors did not
report the lowest dose at which glucose levels were significantly lower in male rats, but they reported a
BMDorp 0f 179.55 mg/kg/day and a BMDLorp Of 66.7 mg/kg/day (Van der ven et al. 2008b). Other

effects occurred at doses 4-40-fold higher than the observed pancreatic and related effects:

o A LOAEL of 2 mg/kg/day was identified for transient histopathological effects in the liver of
male offspring and kidney of female offspring of rat dams exposed to BDE 209 from GD 10 to
PND 21 (no NOAEL identified) (Fujimoto et al. 2011).

o A LOAEL of 10 mg/kg/day was identified for hepatocytic swelling in the liver, vacuolization in
the interstitial cells of testes, and sperm damage in PND 71 male offspring of mouse dams
exposed to BDE 209 from GD 0 to 17 (no NOAEL identified) (Tseng et al. 2008, 2013).

o A LOAEL of 20 mg/kg-day was identified for decreased anxiety in mice treated with BDE 209
by daily gavage for 15 days (no NOAEL identified) (Heredia et al. 2012).

e A LOAEL of 20.1 mg/kg/day was identified for altered hippocampal electrophysiology in rats

exposed to BDE 209 on GD 1 to PND 41, PNDs 1-21, or PNDs 22-41 (no NOAEL identified)
(Xing et al. 2009).

Additional information on the derivation of the intermediate-duration oral MRL for decaBDE is provided

in Appendix A.
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No MRL was derived for chronic-duration oral exposure to decaBDE. Only one chronic study of high-
purity decaBDE has been conducted. In this study, F344 rats and B6C3F1 mice (50/sex/group per
species) were administered a commercial decaBDE product (94-97% pure) in the diet for 103 weeks
(NTP 1986). Calculated dietary doses based on body weight and food intake were 0, 1,120, or

2,240 mg/kg/day for male rats; 0, 1,200, or 2,550 mg/kg/day for female rats; 0, 3,200, or 6,650 mg/kg/day
for male mice; and 0, 3,760, or 7,780 mg/kg/day for female mice. Animals were examined daily for
clinical signs. Body weights and food consumption were measured throughout the study, and
comprehensive gross and histological examinations were performed on all animals in all dose groups,
including those that were moribund or died during the study. No hematology, clinical chemistry, or urine
indices or thyroid hormone levels were evaluated. Liver degeneration and thrombosis were significantly
(p<0.05) increased in male rats at 2,240 mg/kg/day; respective incidences in the control, low, and high
dose groups were 13/50, 19/50, and 22/50 for degeneration and 1/50, 0/50, and 9/50 for thrombosis. The
thrombosis was characterized by a near total occlusion of a major hepatic blood vessel by a dense fibrin
coagulum. Neoplastic nodules in the liver were significantly increased in a dose-related manner in males
exposed to doses >1,120 mg/kg/day and in females exposed to 2,550 mg/kg/day. However, no treatment-
related increases were observed in the incidence of hepatocellular carcinomas. Other effects in exposed
rats included fibrosis of the spleen, lymphoid hyperplasia of the mandibular lymph nodes, and acanthosis
of the forestomach at 2,240 mg/kg/day. In mice, histopathological changes occurred in males exposed to
3,200 mg/kg/day, including centrilobular hypertrophy and granulomas in the liver and follicular cell
hyperplasia in the thyroid. An MRL was not derived because the lowest tested dose, 1,120 mg/kg/day in
male rats, is a LOAEL for a liver lesion (neoplastic nodules) that is precancerous and associated with

thrombosis in the same tissue.
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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 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.

PBDEs are classes of brominated hydrocarbons that were previously used as flame retardant additives in
plastics, textiles, and other materials. Production of PBDES began in the 1970s and has continued until
recently. PentaBDE and octaBDE mixtures were voluntarily withdrawn from the U.S. marketplace by
their manufacturers at the end of 2004; however, the manufacture and use of decaBDE continued past that
date (EPA 2010). In December of 2009, the two remaining U.S. producers of decaBDE and the largest
U.S. importer of this product announced commitments to phase out manufacture and importation of
decaBDE for most uses in the United States by December 31, 2012, and to end manufacture and import
for all uses by the end of 2013 (EPA 2013j). Although PBDEs are no longer produced or used, concern
continues to exist for health effects of PBDESs due to evidence that PBDE congeners have become
ubiquitously distributed in the environment and are present in tissues and breast milk of the general
population (EPA 2010; Meijer et al. 2008; Park et al. 2011; Rawn et al. 2014; Schecter et al. 2010).
PBDEs comprise 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 PBDEs (monobrominated through decabrominated), each containing one or more isomers.
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 PBDE congeners are necessarily similar. Reviews on the
health effects and other aspects of PBDEs include those by Bellinger (2013), Darnerud et al. (2001), de
Boer et al. (2000a), de Wit (2002), Dingemans et al. (2011), EPA (2008a, 2008b, 2008c, 2008d), Gill et
al. (2004), Hardy (1999, 2002a, 2002b), Hardy et al. (2009), Markowski (2007), McDonald (2002),
Rahman et al. (2001), Silberhorn et al. (1990), and WHO (2006). Discussions of health effects are
divided into lower-brominated congeners and decaBDE due to important differences in pharmacokinetics

and toxicity of decaBDE compared to lower-brominated PBDEs. Toxicity data for previously used
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PBDE mixtures as well as individual PBDE congeners are included in this profile, with mixtures being
categorized by their most prominent congener (see Table 4-3, Physical and Chemical Properties of
Technical PBDE Mixtures). Using current health effects evaluation procedures, toxicity data for
individual congeners may over- or underestimate the actual health risk of PBDE mixtures because
congeners vary in toxic potency and may be influenced by other congeners in an additive, less-than-
additive, or more-than-additive way. It is also important to recognize that the PBDESs to which people
may be exposed may be different from the original PBDE source because of possible changes in congener
composition resulting from differential partitioning and transformation in the environment and/or

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 (NOAELS) or lowest-
observed-adverse-effect levels (LOAELS) 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. LOAELs or NOAELSs should also help in determining whether or not
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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 (LOAELSs) or exposure levels below which no
adverse effects (NOAELS) 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.

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 MRLSs.

3.2.1 Inhalation Exposure

A few studies have examined groups of chemical workers involved in the manufacture and distribution of
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 predominantly 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. The highest NOAEL and all LOAEL values from
each reliable inhalation study of health effects end points in each species and duration category for
PBDEs are recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.1 Death

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 dusts of commercial octaBDE products at concentrations of

174 mg/m?3 for 8 hours/day for 14 consecutive days (Great Lakes Chemical Corporation 1978) or

<202 mg/m? for 6 hours/day, 5 days/week for 13 weeks (Great Lakes Chemical Corporation 2000).
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Table 3-1 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Inhalation
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Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetr;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m3) Chemical Form Comments
ACUTE EXPOSURE
14d . . :
8 hr/d Resp 3.7 (reversible rapid Great Lakes Chemical
breathing) Corporation 1978
OctaBDE (technical)
Cardio 165
Gastro 165
Hemato 165
Hepatic 0.6 (hepatocytomegaly and
focal hepatocellular
degeneration)
Renal 165
Endocr 165
Ocular 165
Bd Wt 165
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Table 3-1 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. : (Route) :
Figure (Strain) System (mg/m3) (mg/m3) (mg/m3) Chemical Form Comments
INTERMEDIATE EXPOSURE
Systemic
2 Rat é?’d},\\/l\l/(k Resp 16 202  (alveolar histiocytosis, Great Lakes Chemical
(CD) 6 hr/d chronic active lung Corporation 2000
inflammation) OctaBDE (technical)
Cardio 202
Gastro 202
Hemato 202
Musc/skel 202
Hepatic 1.1 16  (centrilobular
hepatocellular
hypertrophy)
Renal 202
b
Endocr 1.1 16  (decreased serum T4,
increased serum TSH)
Dermal 202
Ocular 202
Bd Wt 202
Immuno/ Lymphoret
3 Rat égdm(k 16 202  (grossly discolored and Great Lakes Chemical
(CD) 6 hr/d enlarged bronchial and Corporation 2000

mediastinal lymph nodes
associated with chronic
active lung inflammation
and alveolar
histiocytosis)

OctaBDE (technical)
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Table 3-1 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetr;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m3) Chemical Form Comments
Reproductive
4 Rat é?’d},\\/l\l/(k 16 F 202 F (absence of corpora lutea Great Lakes Chemical
(CD) & hrld in ovaries) Corporation 2000

OctaBDE (technical)

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

b Used to derive an intermediate-duration (15-364 days) inhalation minimal risk level (MRL) of 0.006 mg/m3 for lower brominated diphenyl ethers. The MRL was derived by
converting the animal NOAEL of 1.1 mg/m3 to a duration-adjusted human equivalent concentration (NOAELHEC) of 0.53 mg/m3, and dividing by an uncertainty factor of 30 (3 for
species to species extrapolation with dosimetric adjustments and 10 for human variability) and a modifying factor of 3 (for an incomplete data base).

Note on chemical form: The chemical form in all studies was a technical octaBDE mixture (exact composition was not reported).

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); Endocr = endocrine; F = female; Gastro = gastrointestinal; Hemato = hematological; hr = hour(s); Immuno/Lymphoret =
immunological/lymphoreticular; LOAEL = lowest observed adverse effect level; Musc/skel = muscular/skeletal; NOAEL = no observed adverse effect level; Resp = respiratory; T4 =
thyroxine; TSH = thyroid stimulating hormone; wk = week(s)
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Figure 3-1 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Inhalation
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3.2.1.2 Systemic Effects

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

are described below.

Respiratory Effects. No studies were located regarding respiratory effects in humans after inhalation

exposure to PBDEs.

Transient signs of respiratory distress that included tachypnea 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.

One 14-day inhalation study of commercial octaBDE has been conducted. In this study, rats were
chamber-exposed to concentrations of 0, 0.6, 3.7, 23.9, or 165.2 mg/m? as powdered dust for 8 hours/day
for 14 consecutive days (Great Lakes Chemical Corporation 1978). Increased respiration rate occurred at
>23.9 mg/m®. The rapid breathing pattern developed by the end of each exposure period, always
disappeared by the following morning, and was not observed at lower exposure concentrations.
Histological examinations of the control and 165.2 mg/m? rats (other groups not examined) showed no

changes in tissues that included nasal turbinates, trachea, lungs, and mediastinal lymph nodes).

Histological changes in the lungs, but no clearly observed changes in the nasal cavity, were found in a
study of rats that were nose-only exposed to 0, 1.1, 16, or 202 mg/m? as dust aerosol for 6 hours/day,

5 days/week for 13 weeks (Great Lakes Chemical Corporation 2000). The pulmonary effects included
alveolar histiocytosis and chronic active inflammation, which occurred in both sexes, and were only
clearly induced at 202 mg/m®. Total incidences of alveolar histiocytosis in the 0, 1.1, 16, and 202 mg/m?
exposure groups were 3/10, 5/10, 5/10, and 10/10 in males, respectively, and 0/10, 5/10, 2/10, and

10/10 in females, respectively. Respective total incidences of chronic active lung inflammation were
0/10, 0/10, 2/10, and 10/10 in males, and 0/10, 1/10, 1/10, and 10/10 in females. Both lesions were
predominantly minimal or mild in severity, with moderate severity occurring in a few high-dose animals.
Additional effects included gross pulmonary changes in both sexes at 202 mg/m?; these included lung

firmness and white discoloration and/or enlargement in the bronchial and/or mediastinal lymph nodes.
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The gross lymph node changes correlated with the histological granulomatous inflammation. Effects in
nasal tissues were equivocal. Incidences of nasal goblet cell hypertrophy were slightly increased in nasal
level 11 of both sexes at >1.1 mg/m®, but changes in incidence were not clearly dose-related and there was
essentially no increase in severity from minimal levels with increasing dose. Total incidences of goblet
cell hypertrophy in nasal level 11 in the 0, 1.1, 16, and 202 mg/m? exposure groups were 4/10, 9/10, 6/10,
and 10/10 respectively, in males, and 2/10, 6/10, 4/10, and 8/10, respectively, in females. Minimal
severity goblet cell hypertrophy was also slightly increased in nasal level IV in males at 202 mg/m? (4/10,
0/10, 1/10, and 8/10), but not in females.

Cardiovascular Effects. No studies were located regarding cardiovascular effects in humans after

inhalation exposure to PBDEs.

No histopathological changes were observed in the heart of rats that were exposed to dusts of commercial
octaBDE products at concentrations of 174 mg/m?® for 8 hours/day for 14 consecutive days (Great Lakes
Chemical Corporation 1978), or <202 mg/m?® for 6 hours/day, 5 days/week for 13 weeks (Great Lakes
Chemical Corporation 2000).

Gastrointestinal Effects. No studies were located regarding gastrointestinal effects in humans after

inhalation exposure to PBDEs.

No histopathological changes were observed in the stomach and lower gastrointestinal tract of rats that
were exposed to dusts of commercial octaBDE products at concentrations of 174 mg/m? for 8 hours/day
for 14 consecutive days (Great Lakes Chemical Corporation 1978), or <202 mg/m?® for 6 hours/day,

5 days/week for 13 weeks (Great Lakes Chemical Corporation 2000).

Hematological Effects. No studies were located regarding hematological effects in humans after

inhalation exposure to PBDEs.

No adverse hematological changes occurred in rats that were exposed to 24.4 or 174 mg/m? of
commercial octaBDE dust aerosol for 8 hours/day for 14 consecutive days (Great Lakes Chemical
Corporation 1978). Evaluation of a limited number of indices (hemoglobin, hematocrit, total erythrocyte
count, and total and differential leukocyte counts) showed no unusual 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.
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Comprehensive hematological assessments showed no unusual changes in rats exposed to commercial
octaBDE as dust aerosol at concentrations of <202 mg/m? for 6 hours/day, 5 days/week for 13 weeks
(Great Lakes Chemical Corporation 2000).

Hepatic Effects. No studies were located regarding hepatic effects in humans after inhalation

exposure to PBDEs.

Hepatic effects were observed in a 14-day inhalation study of dusts of commercial octaBDE mixtures. In
this study, rats were chamber-exposed to concentrations of 0, 0.6, 3.7, 23.9, or 165.2 mg/m? as powdered
dust for 8 hours/day for 14 consecutive days (Great Lakes Chemical Corporation 1978). Increased liver
weight and hepatic histological changes occurred in rats exposed to concentrations >3.7 mg/m3. At

3.7 mg/m?, the liver lesions consisted of very slight to slight severity 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 in rats exposed to concentrations >24.4 mg/m?, except that
the hepatocyte enlargement was multifocal to diffuse in distribution and accompanied by focal, small to

large areas of hepatocellular necrosis of very slight to marked degree.

Similar hepatic changes were found in a study of rats that were nose-only exposed to 0, 1.1, 16, or

202 mg/m?® commercial octaBDE as dust aerosol for 6 hours/day, 5 days/week for 13 weeks (Great Lakes
Chemical Corporation 2000). The liver was affected in both sexes as shown by dose-related increases in
centrilobular hepatocellular hypertrophy at >16 mg/m® and increased liver weight (absolute and relative)
at 202 mg/mé. Respective total incidences of centrilobular hepatocellular hypertrophy (predominantly
minimal to mild) in the 0, 1.1, 16, and 202 mg/m? groups were 1/10, 0/10, 3/10, and 10/10 in males, and
0/10, 0/10, 3/10, and 6/10 in females. Serum chemistry evaluations showed no clear effects of exposure.
Serum cholesterol was significantly increased (66.2% more than controls, p<0.01) in 202 mg/m? females,
but the magnitude of the elevation was not considered toxicologically significant. Some other statistically
significant serum chemistry alterations (increased mean globulin and total protein, decreased
albumin/globulin ratio) also occurred in females exposed to 202 mg/m?, but these changes were not

considered exposure-related due to small magnitudes of changes and lack of similar changes in the males.

Renal Effects. No studies were located regarding renal effects in humans after inhalation exposure to
PBDEs.
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No histopathological changes were observed in the kidneys or urinary bladder of rats that were exposed to
dusts of commercial octaBDE products at concentrations of 174 mg/m? for 8 hours/day for 14 consecutive
days (Great Lakes Chemical Corporation 1978) or <202 mg/m?® for 6 hours/day, 5 days/week for

13 weeks (Great Lakes Chemical Corporation 2000). Urinalyses were not performed in any of these

studies.

Endocrine Effects. There is evidence suggestive of hypothyroidism in a small group of workers who
were occupationally exposed to decaBDE (Bahn et al. 1980). In another study, plasma levels of thyroid
hormones (T3 and free T4) and eight PBDE congeners (tetra- to heptaBDES) were monitored for 198—
221 days in three electronic dismantling workers (Pettersson et al. 2002). The hormones remained within
normal ranges and there were no correlations between levels of hormones and the plasma concentrations

of congeners.

An acute inhalation study of commercial octaBDE dust in rats showed no histopathological changes in the
thyroids, parathyroids, adrenals, or pituitary following chamber exposure to 174 mg/m? as powdered dust
for 8 hours/day for 14 consecutive days (Great Lakes Chemical Corporation 1978). Rats that were nose-
only exposed to commercial octaBDE at concentrations of 1.1, 16, or 202 mg/m? for 6 hours/day,

5 days/week for 13 weeks similarly showed no histological changes in the adrenals, pancreas,
parathyroids, pituitary, or thyroids (Great Lakes Chemical Corporation 2000). Measurements of serum
levels of thyroid hormones in the 13-week rat study, however, showed exposure-related decreases in
mean thyroxine (total T4) in both sexes exposed at >16 mg/m?, and increases in TSH in males exposed at
>16 mg/m?® and in females exposed at 202 mg/m?. The changes were usually statistically significant
(p<0.05 or p<0.01) compared to controls and were considered by the investigators to be consistent with
chemical-induced hypothyroidism. There were no serum T3 changes, thyroid-attributable clinical signs or
body weight effects, or gross or histopathological changes in the thyroid. The 1.1 mg/m® LOAEL for
thyroid effects was used as the basis for the intermediate-duration MRL for inhalation exposure to

octaBDE, as indicated in the footnote to Table 3-1 and discussed in Chapter 2 and Appendix A.

Dermal Effects. No studies were located regarding dermal effects in humans after inhalation exposure
to PBDEs.

No gross or histological changes in the skin were observed in rats that were nose-only exposed to

commercial octaBDE as dust aerosol at concentrations of <202 mg/m? for 6 hours/day, 5 days/week for
13 weeks (Great Lakes Chemical Corporation 2000).
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Ocular Effects. 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, 19753, 1975b). Confidence in these effect levels is low due to a small number of

tested animals and lack of control data.

No histopathological changes were observed in eyes of rats that were chamber-exposed to <174 mg/m? of
commercial octaBDE as powdered dust for 8 hours/day for 14 consecutive days (Great Lakes Chemical
Corporation 1978). Opthalmoscopic and histological examinations showed no ocular effects in rats
following nose-only exposure to <202 mg/m?* of commercial octaBDE dust aerosol for 6 hours/day,

5 days/week for 13 weeks (Great Lakes Chemical Corporation 2000).

3.2.1.3 Immunological and Lymphoreticular Effects

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

exposure to PBDEs.

No histopathological changes were observed in the spleen, mesenteric or mediastinal 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 (Great Lakes Chemical Corporation 1978). Rats that were nose-only exposed to
commercial octaBDE at concentrations of 1.1, 16, or 202 mg/m? as dust aerosol for 6 hours/day,

5 days/week for 13 weeks similarly showed no effects in bone marrow, spleen, or thymus, although gross
changes in pulmonary lymph nodes were observed at 202 mg/m?® (Great Lakes Chemical Corporation
2000). The effects included discolored and/or enlarged bronchial and mediastinal lymph nodes, and

appeared to be associated with concurrent granulomatous inflammation of the lungs.

3.2.1.4 Neurological Effects

No studies were located regarding neurological effects in humans after inhalation exposure to PBDEs.

**DRAFT FOR PUBLIC COMMENT***



PBDEs 54

3. HEALTH EFFECTS

No clinical signs of neurotoxicity were observed in rats that were exposed to dusts of commercial
octaBDE products at concentrations of 174 mg/m?® for 8 hours/day for 14 consecutive days (Great Lakes
Chemical Corporation 1978) or <202 mg/m? for 6 hours/day, 5 days/week for 13 weeks (Great Lakes
Chemical Corporation 2000). Histological examinations of nervous system tissues, performed only in the
13-week study, showed no effects in the brain (forebrain, midbrain, hindbrain), optic nerve, or a

peripheral nerve (sciatic).

3.2.1.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after inhalation exposure to PBDEs.

No histopathological changes were observed in testes or ovaries from rats that were exposed to
commercial octaBDE at concentrations <174 mg/m? as powdered dust for 8 hours/day for 14 consecutive
days (Great Lakes Chemical Corporation 1978). A histological effect in the ovaries was found in a study
of rats that were nose-only exposed to 0, 1.1, 16, or 202 mg/m? as dust aerosol for 6 hours/day,

5 days/week for 13 weeks (Great Lakes Chemical Corporation 2000). Absence of corpora lutea, based on
qualitative evaluation of step sections of the ovary, was found in 3/10 females at 202 mg/m?, compared to
0/10 incidences in the control and both lower exposure groups. The investigators interpreted this 30%
increase in incidence be treatment-related because an absence of corpora lutea was considered unusual in
rats at 20 weeks of age. No gross or histopathological changes were observed in the oviduct, uterus, or

vagina, or in male reproductive tissues (testes with epididymides and vas deferens).

3.2.1.6 Developmental Effects

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

3.2.1.7 Cancer

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

3.2.2 Oral Exposure

Human data presented below are primarily from studies that attempted to identify relationships between

concentrations of PBDE in serum or other tissues and various health outcomes. Details of PBDE
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exposure in these study populations are typically unknown. However, exposure is presumed to have been

primarily by the oral route for those studies presented below.

The highest NOAEL and all LOAEL values from each reliable study of health effects end points in each
species and duration category for PBDEs are recorded in Tables 3-2 (lower PBDEs) or 3-3 (decaBDE)
and plotted in Figures 3-2 (lower PBDES) or 3-3 (decaBDE).

3.2.2.1 Death

Single-dose gavage LDso 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,
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).

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,
resulted in 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).

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% octaBDE) and observed for the
following 14 days (IRDC 1974; Norris et al. 1975a). 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% octaBDE) for 2 years (Kociba et al. 1975; Norris et al.
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1975a), 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).

The LDso and LOAEL values for death in the acute-duration BDE studies in rats are recorded in
Tables 3-2 (lower BDESs) and 3-3 (decaBDE) and plotted in Figures 3-2 (lower BDEs) and 3-3
(decaBDE).

3.2.2.2 Systemic Effects

The systemic effects in humans and animals following oral exposure to PBDESs 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 3-2 (lower-brominated PBDES) or 3-3 (decaBDE) and
plotted in Figures 3-2 (lower-brominated PBDES) or 3-3 (decaBDE).

Respiratory Effects. No studies were located regarding respiratory effects in humans after oral
exposure to PBDEs. Effects of PBDESs on respiratory function have not been studied in orally exposed

animals.

No histopathological changes in the respiratory tract or exposure-related changes in lung weight were
observed in rats exposed to pentaBDE at doses up to 250 mg/kg/day for 28 days via gavage (Oberg et al.
2010; Van der ven et al. 2008a) or in rats exposed to dietary pentaBDE at doses up to 100 mg/kg/day for
90 days (WIL Research Laboratories 1984). Similarly, no changes in respiratory tract histology were
observed in rats exposed to dietary octaBDE at doses up to 750 mg/kg/day for 13 weeks (IRDC 1977).
No exposure-related changes in lung weight were observed in rats exposed to a dietary penta-decaBDE
mixture (52.1% pentaBDE, 44.2% decaBDE, 0.4% octaBDE) at 20 mg/kg/day for 70 days (Ernest et al.
2012) or in FO or F1 rats exposed pentaBDE at 18 mg/kg/day from GD 6 to PND 18 via gavage (Ellis-
Hutchings et al. 2006).

To determine if PBDE exposure alters vitamin A homeostasis in rats in a manner similar to the related
PBB compounds (Agency for Toxic Substances and Disease Registry 2004), vitamin A levels were
measured in lung tissue following exposure to pentaBDE at 0, 2.5, 25, or 250 mg/kg/day via gavage

(Oberg et al. 2010). No significant changes in lung vitamin A levels were observed at any dose.
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No histopathological changes in respiratory tract tissues were found in rats and mice exposed to dietary
decaBDE at estimated doses of <8,000 and <9,500 mg/kg/day, respectively, for 13 weeks or estimated
doses of <2,550 and <7,780 mg/kg/day, respectively, for 103 weeks (NTP 1986). Additionally, no
histopathological changes in respiratory tract tissues were observed in rats that were fed <1.0 mg/kg/day
of a 77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8% octaBDE) for 2 years (Kociba et al.
1975; Norris et al. 1975a).

Based on animal studies, respiratory effects are not likely to occur following oral exposure to PBDEs.

Cardiovascular Effects. No relationship was found between serum concentrations of tetraBDE
(BDE 47) and carotid atherosclerosis (carotid artery plaques determined by ultrasound) or stroke in a
population of 1,016 70-year-old volunteers (50.2% female) from Uppsala, Sweden (Lee et al. 2012; Lind
et al. 2012). BDE 47 was detected in the serum of 77.2% of subjects with a median concentration of
12.6 pg/mL.

Effects of PBDE on cardiovascular function have not been studied in orally exposed animals.

No exposure-related changes in heart histology or weight were observed in rats exposed to pentaBDE at
doses up to 250 mg/kg/day for 28 days via gavage (Oberg et al. 2010; Van der ven et al. 2008a), dietary
pentaBDE at doses up to 100 mg/kg/day for 90 days (WIL Research Laboratories 1984), or dietary
octaBDE at doses up to 750 mg/kg/day for 13 weeks (IRDC 1977). Additionally, no exposure-related
changes in heart weight were observed in rats exposed to dietary penta- or octaBDE at doses up to

90 mg/kg/day for 28 days (IRDC 1976), in rats exposed to a dietary penta-decaBDE mixture (52.1%
pentaBDE, 44.2% decaBDE, 0.4% octaBDE) at 20 mg/kg/day for 70 days (Ernest et al. 2012), in FO or
F1 rats exposed to dietary pentaBDE at doses up to 0.31 mg/kg/day for 4 weeks prior to mating through
PNW 6 or 33 (Zhang et al. 2009), in FO or F1 rats exposed pentaBDE at 18 mg/kg/day from GD 6 to
PND 18 via gavage (Ellis-Hutchings et al. 2006), or in rats exposed to diBDE at 1.2 mg/kg/day for

28 days via gavage (Zhang et al. 2014).

No histopathological changes in the heart were found in rats and mice exposed to dietary decaBDE at
estimated doses of <8,000 and <9,500 mg/kg/day, respectively, for 13 weeks or estimated doses of
<2,550 and <7,780 mg/kg/day, respectively, for 103 weeks (NTP 1986). No exposure-related changes in
heart histology or weight were observed in rats that were fed <1.0 mg/kg/day of a 77.4% decaBDE
mixture (containing 21.8% nonaBDE and 0.8% octaBDE) for 2 years (Kociba et al. 1975; Norris et al.
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1975a). In addition, no exposure-related changes in heart weight were observed in rats exposed decaBDE
at doses up to 20 mg/kg/day for 8 weeks via gavage (Zhang et al. 2013a) or to dietary decaBDE at doses
up to 90 mg/kg/day for 28 days (IRDC 1976).

Based on human and animal studies, cardiovascular effects are not likely to occur following oral exposure
to PBDEs.

Gastrointestinal Effects. No studies were located regarding gastrointestinal effects in humans after

oral exposure to PBDEs.

No histopathological changes in the gastrointestinal tract were found in rats exposed to pentaBDE at
doses up to 200 mg/kg/day for 28 days via gavage (Van der ven et al. 2008b), dietary pentaBDE at doses
up to 100 mg/kg/day for 90 days (WIL Research Laboratories 1984), or dietary octaBDE at doses up to
750 mg/kg/day for 13 weeks (IRDC 1977).

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% octaBDE) for 2 years (Kociba et al.
1975; Norris et al. 1975a). 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).

Based on animal studies, gastrointestinal effects are not likely to occur following oral exposure to PBDES

at environmentally-relevant exposure concentrations.

Hematological Effects.

Human Studies. Hematological end points were evaluated in a subset of 18 of a cohort of 33 children
(18 girls and 15 boys) born in the Amsterdam/Zaandam area of the Netherlands and aged 14-19 years at
the time of the study (Leijs et al. 2009). Serum PBDE concentrations (determined as the sum of
congeners 28, 47, 85, 99, 100, 153, 154, and 183) ranged from 5 to 74 ng/g lipid with a mean of 13.9 ng/g
lipid. Serum samples were used to assess hemoglobin, thrombocytes, and white blood cell count and

differential. The researchers found a negative statistical association (not further described) between
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number of lymphocytes and PBDE concentrations in serum. Congener-specific analysis showed the main
contributors to be BDE 183, BDE 154, and BDE 85. Although dioxins and PCBs were also assessed, no
association with lymphocytes was found for these chemicals. The only other finding for PBDE was a

positive association between serum hemoglobin and PBDE, primarily due to congeners 85 and 153.

Animal Studies

Lower-brominated PBDEs: Following exposure to dietary octaBDE at 750 mg/kg/day for 13 weeks,
female rats showed 26, 22, and 22% decreases in erythrocytes, hematocrit, and hemoglobin, respectively;
male rats showed a 10% decrease in erythrocytes at 600 mg/kg/day (IRDC 1977). No changes were
observed in total or differential white blood cell counts (IRDC 1977). No changes in hematological
parameters, including erythrocyte count, hemoglobin, hematocrit, full and differential leukocyte count,
and platelet count, were observed in rats following pentaBDE exposure to dietary doses up to

100 mg/kg/day for 90 days (WIL Research Laboratories 1984) or gavage up to 250 mg/kg/day for 28 days
(Oberg et al. 2010).

In another 28-day study, rats were exposed to pentaBDE at 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or

200 mg/kg/day via gavage (Van der ven et al. 2008b). The study authors reported minor dose-related
changes in white blood cell differentials from femoral shaft bone marrow in male rats (blood hematology
not evaluated); however, the doses at which these effects were observed were not reported. Instead,
results were reported in terms of benchmark dose (BMD) analysis (Van der ven et al. 2008b).
Statistically significant changes included increased number and percentage of monocytes (maximum
increase of 69.5 and 66.7%, respectively; BMD/BMDLgp20%=11.2/0.7 and 31.8/3 mg/kg/day,
respectively) and decreased percentage of eosinophilic granulocytes (maximum decrease of 20%;
(BMDrp20%=28.6, BMDL not determined). The study authors also reported a significant, dose-related
increase in the number and percentage of large unstained cells (maximum increase of 79.7 and 85.1%,
respectively; BMD/BMDLrp20%=76.3/42.8 and 64.3/9.8 mg/kg/day, respectively), which they indicated
may represent large or reactive lymphocytes, monocytes, or leukemic blasts (abnormal myeloblasts),
typically associated with viral disease, leukemia, or endocrine active compounds. Since results were
reported in terms of BMD analysis only, data and statistics for individual dose groups were not available
for independent analysis. No data regarding other standard hematological end points were reported (Van
der ven et al. 2008b).
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Male mink exposed to dietary pentaBDE at doses of 0.63 or 0.78 mg/kg/day for 9 weeks showed
significant 13 and 12% decreases in hematocrit, respectively; neither the number of red blood cells nor
hemoglobin levels were evaluated (Martin et al. 2007). According to study authors, most of the ranges in
the differential white blood cell counts fell within that expected for male mink of this age; however, the
percentage of neutrophils was increased significantly by ~22% at 0.63 mg/kg/day and 37% at

0.78 mg/kg/day, the percentage of lymphocytes decreased significantly by ~33% at 0.78 mg/kg/day, and
the neutrophil:lymphocyte ratio increased significantly by ~90% at 0.78 mg/kg/day (data reported
graphically) (Martin et al. 2007). Total white blood cell counts were not reported. No hematological
effects were observed at 0.08 mg/kg/day (Martin et al. 2007). The minor hematological changes are of

uncertain toxicological significance.

In a poorly-reported study, mouse dams exposed to pentaBDE from GD 6 to PND 21 via gavage did not
show any hematological effects at doses up to 200 mg/kg/day (Hong et al. 2010).

DecaBDE: No hematological changes were observed in rats exposed to <60 mg/kg/day of decaBDE via
gavage for 28 days (Van der ven et al. 2008a). 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),

<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% octaBDE) for 2 years (Kociba et al. 1975; Norris et al. 1975a).

In a poorly-reported study, mouse dams exposed to decaBDE from GD 6 to PND 21 via gavage showed
significant increases in the number of white blood cells and neutrophils at 500 mg/kg/day, compared with
controls, but not at 2,500 or 12,500 mg/kg/day (Hong et al. 2010).

Summary. Minor hematological changes observed in humans and animal are of uncertain toxicological
significance. Based on the available information, it is unlikely that adverse effects would occur in the

human hematological system following oral PBDE exposure.

Musculoskeletal Effects. No association was found between serum PBDE concentrations (BDE 47,
BDE 99, BDE 100, BDE 153, BDE 154, BDE 209, and their sum) and bone mineral density (measured by
x-ray in the forearm) or serum concentrations of biochemical markers of bone metabolism (osteocalcin

and crosslaps [a peptide of type | collagen]) in a population of 50 post-menopausal Swedish women
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married or previously married to professional fisherman on the east coast of the country and born before

1954 (Weiss et al. 2006). Median serum Y PBDE concentration in this population was 3.6 ng/g fat.

No musculoskeletal changes were seen in rats following exposure to pentaBDE at doses up to
200 mg/kg/day for 28 days via gavage (Van der ven et al. 2008b) or dietary pentaBDE at doses up to
100 mg/kg/day for 90 days (WIL Research Laboratories 1984).

No changes in bone parameters were observed in rats exposed to decaBDE at doses up to 60 mg/kg/day
for 28 days via gavage (Van der ven et al. 2008a). 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% octaBDE) for 2 years
(Kociba et al. 1975; Norris et al. 1975a), 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).

Based on human and animal studies, musculoskeletal effects are not likely to occur following oral

exposure to PBDEs.

Hepatic Effects. No studies were located regarding hepatic effects in humans after oral exposure to
PBDEs.

Acute-Duration Animal Studies

Lower-brominated PBDEs: A series of gavage studies evaluated liver histology following a single
exposure to pentaBDE doses of 0, 25, 200, or 2,000 mg/kg or repeat exposures to pentaBDE doses of 0, 8,
40, or 200 mg/kg/day for 7 or 14 days (Bruchajzer et al. 2010, 2011). Fatty degeneration of the liver was
observed in female rats following pentaBDE exposure via gavage at 2,000 mg/kg for 1 day (Bruchajzer et
al. 2011) or 200 mg/kg/day for 7 or 14 days (Bruchajzer et al. 2010). In the single-exposure study, rats
from the 2,000 mg/kg group showed steatosis of the microvesicular type, which was most frequently
observed in the central and intermediate zones of lobules; however, animal incidence numbers were not
reported (Bruchajzer et al. 2011). At 4 and 12 hours after pentaBDE administration, these changes were
noted in no more than 25% of hepatocytes; after 24-120 hours, fatty degeneration embraced 26-75% of
hepatocytes; and after 120 hours, a mixed type of change (micro- and macrovesicular) was observed
(Bruchajzer et al. 2011). In the repeated-exposure studies, rats from the 200 mg/kg/day group showed

steatosis of the microvesicular type in 3-25% of hepatocytes after 7 days and steatosis of the
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microvesicular and mascrovesicular type in 26-75% of hepatocytes in the central and intermediate zones
of lobules (Bruchazjer et al. 2010). Again, animal incidence data were not reported. No exposure-related
histological changes in the liver were reported for single doses <200 mg/kg or repeated doses

<40 mg/kg/day (Bruchazjer et al. 2010, 2011). In the only other study that included histopathological
examination, histological changes were not observed in male rats 45 days after a single administration of
pentaBDE at doses up to 1.2 mg/kg (Albina et al. 2010).

In the Bruchazjer et al. (2010, 2011) studies, no biologically relevant changes were observed in serum
clinical chemistry values. Serum alanine transaminase (ALT) and aspartate transaminase (AST) activity
levels were slightly increased to 130 and 170-190% of control values following a single gavage exposure
to 2,000 mg/kg, respectively, after 72—-120 hours; no changes were reported for doses <200 mg/kg
(Bruchazjer et al. 2011). The study authors did not report statistics; however, these serum chemistry
changes are not considered biologically relevant since the magnitude of change, compared with control, is
<2-fold. Similarly, no exposure-related changes were observed in serum ALT or AST at doses up to

200 mg/kg/day for 7 or 14 days (Bruchajzer et al. 2010). Another 14-day gavage study found no
exposure-related changes in serum sorbital dehydrogenase (SDH) levels in rats exposed to pentaBDE at
56.4 mg/kg/day or octaBDE at 76.6 mg/kg/day (equimolar doses) (Carlson 1980b). In male rats exposed
once to pentaBDE at doses of 0, 0.6, or 1.2 mg/kg, serum ALT activity was significantly increased by
~72% in the 1.2 mg/kg group, compared with control, when evaluated 45 days after exposure (Alonso et
al. 2010). However, this change is not considered biologically relevant because the magnitude of change,
compared with control, is <2-fold, the measured ALT activity of 31 U/l was well within reference value
ranges for adult male rats (20-81 U/I) (Charles River Laboratories 1998), and no changes were observed
in serum AST, alkaline phosphatase (ALP), or lactate dehydrogenase (LDH) (Alonso et al. 2010).

Bruchajzer et al. (2010, 2011) also reported altered markers of oxidative stress in the liver following
exposure to pentaBDE. Liver malondialdehyde (MDA) levels were significantly elevated after exposure
to >200 mg/kg/day for 1-14 days (Bruchajzer et al. 2010, 2011). Levels of reduced glutathione (GSH) in
the liver were not increased following a single exposure; however, GSH concentration was elevated at
>40 mg/kg/day after 7 days and >8 mg/kg/day after 14 days (Bruchajzer et al. 2010, 2011). Oxidized
glutathione (GSSG) was significantly elevated after single exposures to >25 mg/kg, but no changes in
glutathione S-transferase (GST) activity were observed (Bruchajzer et al. 2010). Liver GSSG levels and
GST activity were not evaluated following 7- or 14-day exposures. In another study, liver GSH levels

were significantly decreased and liver SOD activity, GSSG levels, and GSSG/GSH ratio were
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significantly increased in male rats 45 days after a single gavage administration of pentaBDE at 0.6 or
1.2 mg/kg (Albina et al. 2010).

In two other studies by Bruchazjer and colleagues (Bruchazjer 2011; Bruchazjer et al. 2012), female rats
were examined for hepatic porphyria following exposure to pentaBDE at doses of 0, 8, 40, or

200 mg/kg/day or octaBDE at doses of 0, 2, 8, 40, or 200 mg/kg/day via gavage for 7 or 14 days.
PentaBDE caused significant dose-related elevations in total porphyrin levels in the liver following
exposure to >40 mg/kg/day for 7 days (~2—6-fold) or >8 mg/kg/day for 14 days (~3-11-fold). Following
gavage exposure to octaBDE for 7 days, liver concentrations of high carboxylated porphyrins (octa- and
hepta-) were significantly elevated at 8, 40, and 200 mg/kg/day by ~4-, 4-, and 7-fold, respectively,
compared with vehicle controls (Bruchajzer et al. 2012). Lower carboxylated porphyrins were <1% of
total liver porphyrins measured, and were not further analyzed. Following exposure to octaBDE for
14-days, total liver concentrations of high carboxylated porphyrins were increased by ~3-fold in the

200 mg/kg/day group only, compared with vehicle controls (Bruchajzer et al. 2012). However, the
vehicle controls at this duration had an unusually high hepatic porphyrin levels (4-fold increase compared
with untreated control). When compared with the untreated controls, porphyrin levels were significantly
increased by ~2-, 4-, 6-, and 7-fold in the 2, 8, 40, and 200 mg/kg/day groups, respectively, supporting
that exposure to octaBDE for 14 days causes porphyria as observed in the 7-day study. These studies also
measured hepatic delta-aminolevulinate synthase (ALA-S) activity and delta-aminolevilinate dehydratase
(ALA-D) activity, two enzymes involved in heme biosynthesis. The results were mixed. PentaBDE
exposure caused a significant elevation in ALA-S activity at >40 mg/kg/day after 7 or 14 days (ALA-D
was not measured), while octaBDE exposure caused a significant increase in ALA-S activity at

>8 mg/kg/day after 7 days and significant decreases in ALA-S activity at 200 mg/kg/day after 14 days
and ALA-D activity at >40 mg/kg/day after 7 or 14 days (Bruchajzer 2011; Bruchajzer et al. 2012).

The gavage studies by Bruchajzer and colleagues (Bruchajzer 2011; Bruchajzer et al. 2012) also reported
elevated liver weights accompanied by hepatic microsomal enzyme induction. Significant relative liver
weight increases (data reported graphically) were about >30% after a single exposure to pentaBDE at
>200 mg/kg (Bruchajzer et al. 2011), >13% after exposure to pentaBDE at 8 or 200 mg/kg/day for 7 days
(Bruchajzer et al. 2010), or >25% after exposure to pentaBDE at >40 mg/kg/day for 14 days (Bruchazjer
et al. 2010). Hepatic enzyme induction (e.g., increased CYP1A and CYP2B activity and/or CYP1AL,
CYP4A, and total cytochrome P450 protein levels) was observed at lower doses: >25 mg/kg in the single
dose study and >8 mg/kg/day in the 7- and 14-day studies (Bruchazjer et al. 2010, 2011).
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Consistent with the findings of Bruchazjer and colleagues (Bruchajzer 2011; Bruchajzer et al. 2012),
elevated liver weights have been reported following acute exposure to penta-, octa-, or tetraBDE in
several other animal studies. Significantly increased liver weights were reported in rats and mice exposed
to penta-, tetra-, or octaBDE via gavage at >10 and >18 mg/kg/day, respectively, for 1-14 days (Carlson
1980b; Fowles et al. 1994; Hallgren et al. 2001; Mercado-Feliciano and Bigsby 2008a; Richardson et al.
2008; Stoker et al. 2004, 2005; Zhou et al. 2001). However, no exposure-related changes in relative liver
weight were observed in female rats exposed to tetraBDE at doses up to18 mg/kg/day for 14 days via
gavage (Hallgren and Darnerud 2002). In the studies that evaluated hepatic enzyme induction (e.g.,
elevated EROD, MROD, PROD, and UDPGT activity and/or increased CYP protein levels), significantly
increased enzyme levels and activities were observed in rats and mice at gavage doses of >6 and

>3 mg/kg/day, respectively, and were always observed at doses at or below the dose causing elevated
liver weights in the same study (Carlson 1980b; Fowles et al. 1994; Hallgren and Darnerud 2002;
Hallgren et al. 2001; Richardson et al. 2008; Stoker et al. 2004; Zhou et al. 2001). Exposure to a single
pentaBDE dose of 0.03 or 0.6 mg/kg on GD 6 via gavage caused significant induction of hepatic enzymes
(EROD, UDPGT) in dams and pups from the 0.6 mg/kg group on PND 22; liver weight was not evaluated
(Kuriyama et al. 2007). Collectively, these findings support that elevated liver weight following exposure
to lower-brominated PBDEs is associated with hepatic enzyme induction.

Richardson et al. (2008) evaluated genomic changes in mice following exposure to tetraBDE at 0, 3, 10,
or 100 mg/kg/day for 4 days via gavage. The mRNA levels of several hepatic enzymes were significantly
elevated at >20 mg/kg/day (Cyp2b10, Ugtlal, Ugtla7, Ugt2b2). In addition, several exposure-related
changes were observed in hepatic efflux transporter (Mrp3, Mdrla) and thyroid hormone transporter (Ttr,
Mct8) mRNA expression levels in hepatic tissue (Richarson et al. 2008).

To determine if PBDE exposure alters vitamin A homeostasis in a manner similar to the related PBBs
(Agency for Toxic Substances and Disease Registry 2004), hepatic vitamin A levels were measured in
mice and rats exposed to pentaBDE at 0, 18, or 36 mg/kg/day and mice exposed to tetraBDE at 0 or

18 mg/kg/day for 14 days via gavage (Hallgren et al. 2001). In pentaBDE-exposed animals, hepatic
vitamin A levels were significantly decreased by 24 and 26% in rats in the 18 and 36 mg/kg/day groups,
respectively, and 22% in mice in the 36 mg/kg/day group. No changes in hepatic vitamin A levels were

observed in mice exposed to penta- or tetraBDE at 18 mg/kg/day.

DecaBDE: Unlike the lower-brominated PBDEs, there is no evidence of hepatic toxicity following acute

exposure to decaBDE. Exposure to decaBDE at doses up to 1,000 mg/kg/day for 7 or 14 days via gavage
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did not produce liver damage, as indicated by liver histology or clinical chemistry, nor did it produce
increased liver weight or hepatic enzyme induction in female rats (Bruchajzer et al. 2010). Carlson
(1980b) observed no changes in serum SDH activity in rats exposed to decaBDE at 95.9 mg/kg/day for
14 days via gavage; significantly elevated liver weights were found, but in the absence of hepatic enzyme
induction. In a shorter-duration study, exposure to decaBDE at doses up to 100 mg/kg/day for 4 days via
gavage did not cause changes in liver weight or hepatic enzyme induction in female rats; clinical

chemistry and histology were not examined (Zhou et al. 2001).

Sakamoto et al. (2013) evaluated both liver weight and hepatocyte proliferation in female rats following
exposure to decaBDE at 980 mg/kg/day for 1 week. Consistent with other studies, no exposure-related
findings in absolute or relative liver weight were observed. Additionally, no exposure-related changes in
hepatocyte proliferation were observed, as evaluated by labeling indices of proliferating cell nuclear

antigen (PCNA) in paraffin-embedded liver sections.

Intermediate-Duration Animal Studies

Lower-brominated PBDEs: Histopathological effects in the liver have been consistently observed in
animals exposed to lower-brominated PBDEs for 15-90 days at doses as low as 2 mg/kg/day.
Hepatocytomegaly (hepatocyte hypertrophy) was observed in rats exposed to dietary pentaBDE at doses
>2 mg/kg/day (lowest dose tested) for 13 weeks (WIL Research Laboratories 1984). The
hepatocytomegaly was dose-related with respect to severity (some affected hepatocytes at higher doses
had vacuoles that likely contained lipid) and was 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 or 100 mg/kg/day pentaBDE for 90 days also 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). Similarly, dietary
exposure to octaBDE at 0, 100, 1,000, or 10,000 ppm (0, 5, 50, or 600 mg/kg/day in males and 0, 7, 70, or
750 mg/kg/day in females) for 13 weeks caused liver lesions in 40% of males at 5 mg/kg/day and 100%
of both sexes at >50-70 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 600-750 mg/kg/day, many of the livers had

vacuolation of centrolobular hepatocytes and some had hepatocyte necrosis. Examinations performed at
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8 weeks and 6 months postexposure showed that the liver effects persisted in the rats exposed to >50-
70 mg/kg/day for 13 weeks (IRDC 1977).

Hepatocellular hypertrophy was also observed in rats exposed to dietary penta- or octaBDE at

>9 mg/kg/day for 28 days (IRDC 1976) and in rats exposed to pentaBDE at >3 mg/kg/day for 15-28 days
via gavage (Becker et al. 2012; Fattore et al. 2001; Oberg et al. 2010). In another gavage study, rats were
exposed to pentaBDE at doses of 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day for 28 days (Van
der ven et al. 2008b). The study authors reported centrilobular hypertrophy and an increased ratio of
binucleated hepatocytes; however, the incidence data and dose(s) at which effects were observed were not
reported (Van der ven et al. 2008b). Van der ven et al. (2008b) also reported a near-significant 5-fold
increase in the number of apoptotic cells in males exposed to 200 mg/kg/day (p=0.067). Rats exposed to
pentaBDE at 200 mg/kg/day for 21or 28 days via gavage showed “minor lesions” in the liver, but no
further information regarding the type or incidence of the lesion was reported (Bruchajzer et al. 2010). In
mice, exposure to dietary tetraBDE at 450 mg/kg/day for 28 days induced hepatocyte vacuolation,
pyknotic nuclei in the hepatocytes, and periportal lymphocytic infiltration; no lesions were observed in
control animals (Maranghi et al. 2013).

In rats exposed to pentaBDE via gavage for 70 days prior to mating until PND 42, significantly increased
incidences of hepatocellular hypertrophy were observed in FO males at >5 mg/kg/day and FO females and
F1 offspring at 25 mg/kg/day; no exposure-related effects were observed at 0.5 mg/kg/day (Bondy et al.
2013). Similarly, all F1 rats exposed to pentaBDE at 50 mg/kg/day from GD 6 to PNW 16 via gavage
showed hepatocellular hypertrophy characterized by enlarged hepatocytes with an increased amount of
cytoplasm, enlarged nuclei, and pale eosinophilic and granular cytoplasm. Hepatocyte vacuolization was

also significantly increased in exposed F1 males, but not F1 females (Dunnick et al. 2012).

No exposure-related changes were observed in serum chemistry markers (ALT, AST, ALP, LDH,
cholesterol, triglycerides, albumin, globulin) in rats exposed to dietary pentaBDE at doses up to

100 mg/kg/day for 13 weeks (WIL Research Laboratories 1984), octaBDE at doses up to 750 mg/kg/day
for 90 days (IRDC 1977), or a penta-decaBDE mixture (52.1% pentaBDE, 44.2% decaBDE, 0.4%
octaBDE) at 20 mg/kg/day for 70 days (Ernest et al. 2012). Similarly, no exposure-related changes were
observed in serum ALP, ALT, AST, or gamma-glutamyl transferase (GGT) following exposure to
pentaBDE at low doses up to 0.015 mg/kg/day via gavage for 90 days (Daubie et al. 2011). Marginal
changes (<2-fold) were observed in shorter-duration gavage studies with higher doses. A statistically

significant 51% increase in serum ALT level was observed in male rats exposed to pentaBDE at
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250 mg/kg/day via gavage for 28 days; no changes were observed in males at 2.5 or 25 mg/kg/day or
females at any dose (Oberg et al. 2010). No exposure-related changes were observed in serum ALP
(Oberg et al. 2010). Similarly, in female rats exposed to pentaBDE at 200 mg/kg/day via gavage for 21 or
28 days, serum ALT levels were increased to 190% of control values at 21 or 28 days and serum AST
levels were increased to 185% of control values at 28 days; no changes were observed at <40 mg/kg/day
(Bruchajzer et al. 2010). Increases in serum cholesterol, total protein, and ALT and decreases in the
albumin/globulin ratio were observed in rats exposed to pentaBDE at 250 mg/kg/day, but the magnitudes
of these effects were not reported (Fattore et al. 2001). In another gavage study, rats were exposed to
pentaBDE at doses of 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day for 28 days (Van der ven et al.
2008b). The study authors reported a dose-related increase in serum ALT in male rats (maximal increase
of 148.1%); however, the lowest dose at which the effect was observed was not reported. Instead, results
were reported in terms of BMD analysis (BMD/BMDLrp10%=61.4/15.5 mg/kg/day). No changes in
serum ALT were observed in female rats, and no changes in serum ALP were observed in either sex,
although the authors noted procedural problems with their ALP assay (Van der ven et al. 2008b). The
study authors reported dose-related increases in serum cholesterol in male and female rats (maximal
increases in males and females were 257 and 144%, respectively). Again, the lowest dose at which the
effect was observed was not reported (BMD/BMDLrp10%=15.4/8.4 mg/kg/day in males and

22.4/11.6 mg/kg/day in females) (Van der ven et al. 2008b).

Significant changes in hepatic oxidative stress parameters were observed in rats following exposure to
pentaBDE at doses >8 mg/kg/day via gavage for 21 or 28 days, including increased hepatic GSH and
MDA levels (Bruchajzer et al. 2010). Oxidative stress markers were also significantly altered in the livers
of rat offspring following exposure to pentaBDE from GD 6 to PND 21, including significantly increased
activities of catalase (CAT) activity at >1 mg/kg/day and SOD at 2 mg/kg/day (Blanco et al. 2014). There
was no change in total levels of thiobarbituric acid reactive substances (TBARS) in offspring (Blanco et
al. 2014). In mice, exposure to diBDE at 1.2 mg/kg/day via gavage for 28 days caused significantly
decreased levels of GSH, decreased activities of SOD and glutathione peroxidase (GPx), and increased
levels of MDA in the liver (Zhang et al. 2014).

Female rats were examined for hepatic porphyria following exposure to pentaBDE or octaBDE at doses
of 0, 2, 8, 40, or 200 mg/kg/day via gavage for 21 or 28 days (Bruchajzer 2011; Bruchajzer et al. 2012).
PentaBDE caused significant dose-related elevations in total porphyrin levels in the liver following
exposure to >8 mg/kg/day for 21 days (~3-8-fold) or 28 days (~3—-19-fold), compared to vehicle controls
(Bruchajzer 2011), OctaBDE cause significant elevations in liver concentrations of high carboxylated
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porphyrins (octa- and hepta-) following exposure to >8 mg/kg/day for 21 days (~2-3-fold) or 2 or

8 mg/kg/day for 28 days (~3-4-fold) (Bruchajzer et al. 2012). At 28 days, high carboxylated porphyrin
levels in the 40 and 200 mg/kg/day groups were not were not significantly elevated compared to the
vehicle control. However, the vehicle controls at this duration had an unusually high hepatic porphyrin
levels (4-fold increase compared with untreated control). When compared with the untreated controls,
porphyrin levels were significantly increased by ~10-, 14-, 4-, and 5-fold in the 2, 8, 40, and

200 mg/kg/day groups, respectively. Lower carboxylated porphyrins were <1% of total liver porphyrins
measured, and were not further analyzed. These studies also measured ALA-S and ALA-D activity, two
enzymes involved in heme biosynthesis. The results were mixed. PentaBDE exposure caused a
significant elevation in ALA-S activity at >8 mg/kg/day after 21 days and at >2 mg/kg/day after 28 days,
while octaBDE exposure caused a significant decrease in ALA-S activity at 200 mg/kg/day after 21 days
and at >40 mg/kg/day after 28 days. ALA-D activity was also significantly decreased in rats exposed to
octaBDE at >40 mg/kg/day for 21 or 28 days (ALA-D activity was not assessed in pentaBDE-exposed
rats) (Bruchajzer 2011; Bruchajzer et al. 2012). Hepatic porphyria was also observed in rats after
exposure to dietary pentaBDE for 90 days (WIL Research Laboratories 1984). Liver porphyrins were
significantly elevated by 8.5- and 390-fold in males and females from the 100 mg/kg/day group,
respectively, and 3-fold in females from the 20 mg/kg/day group; no significant changes were observed in
the 2 mg/kg/day group (WIL Research Laboratories 1984).

Elevated liver weights have been reported following intermediate-duration exposure to penta-, octa- or
diBDE in several animal studies. Significantly increased liver weights were reported in rats and mice
exposed to penta- or diBDE via gavage at >1.2 and >50 mg/kg/day, respectively, for 15-34 days (Becker
et al. 2014; Bruchajzer et al. 2010; Daubie et al. 2011; Fattore et al. 2001; Mercado-Feliciano and Bigshy
2008a; Oberg et al. 2010; Stoker et al. 2004, 2005; Van der Ven et al. 2008b; Zhang et al. 2014). In
dietary studies, significantly increased liver weights were reported in rats exposed to penta- or octaBDE at
>5 mg/kg/day for 28-90 days (IRDC 1976, 1977; WIL Research Laboratories 1984) or a penta-decaBDE
mixture (52.1% pentaBDE, 44.2% decaBDE, 0.4% octaBDE) at 20 mg/kg/day for 70 days (Ernest et al.
2012). In mink exposed to dietary pentaBDE at 0, 0.08, 0.63, or 0.78 mg/kg/day for 90 days, increased
absolute liver weight was observed at 0.78 mg/kg/day and increased relative liver weight was observed at
>0.08 mg/kg/day; however, these findings are confounded by significant body weight loss at

>0.63 mg/kg/day (Martin et al. 2007). No exposure-related changes in liver weight were observed in

mice exposed to dietary tetraBDE at 450 mg/kg/day for 28 days (Maranghi et al. 2013).
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In studies that evaluated hepatic enzyme induction (e.g., elevated EROD, MROD, PROD, and UDPGT
activity), significantly increased enzyme activities were observed in rats, mice, and mink at doses of >2.5,
>50, and >0.08 mg/kg/day, respectively, and were always observed at doses at or below the dose causing
elevated liver weights in the same study (Bruchajzer et al. 2010; Ernest et al. 2012; Fattore et al. 2001;
Martin et al. 2007; Mercado-Feliciano and Bigsby 2008a; Oberg et al. 2010; Stoker et al. 2004).
Additionally, 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 ¢ reductase and cytochrome P-450 levels (Carlson 1980a). Some of these changes were

persistent, lasting for 30-60 days after cessation of treatment.

Maternal and pup liver weights were significantly elevated in rats exposed to pentaBDE from GD 6 to
PND 21 via gavage at 30 and >10 mg/kg/day, respectively (Ellis-Hutchings et al. 2006; Zhou et al. 2002).
In mice, elevated maternal liver weights were observed in dams exposed to 452 mg/kg/day of the
pentaBDE congener BDE 99, but not the pentaBDE commercial mixture Bromkal 70-5DE, from GD 6 to
PND 17 via gavage (Skarman et al. 2005). Elevated liver weights were not observed in mouse pups
(Skarman et al. 2005). In a one-generation study in rats (pre-mating day 70 to PND 42), FO males and F1
offspring showed significantly increased liver weights on PND 43 following exposure to 25 and

>5 mg/kg/day via gavage (Bondy et al. 2011, 2013). In other one-generation studies, no changes were
observed in maternal or pup liver weight in rats exposed to pentaBDE-dose vanilla wafers at doses up to
11.4 mg/kg/day from pre-mating day 28 to PND 21 (Poon et al. 2011) or adult F1 liver weight in rats
exposed to pentaBDE at 50 mg/kg/day from GD 6 to PNW 16 via gavage (Dunnick et al. 2012). In mink,
exposure to dietary pentaBDE from 4 weeks premating until PNW 6 or 33 led to elevated liver weights in
sows at 0.31 mg/kg/day (highest dose tested) and F1 offspring at 0.06 mg/kg/day (Zhang et al. 2009). In
the studies that evaluated hepatic enzyme levels (e.g., EROD, PROD, UDPGT), significantly increased
enzyme activities were always observed at doses at or below the dose causing elevated liver weights in
the same study, with significant changes observed in FO and F1 rats at >10 mg/kg/day, FO and F1 mice at
450 mg/kg/day, and FO and F1 mink at >0.06 and 0.01 mg/kg/day, respectively (Skarman et al. 2005;
Zhang et al. 2009; Zhou et al. 2002). Additionally, significant induction of hepatic enzymes was
observed in male rat pups following exposure to pentaBDE at >1.7 mg/kg/day from GD 6 to PND 21 via
gavage (Szabo et al. 2009).

Szabo et al. (2009) also evaluated genomic changes in F1 rats following exposure to pentaBDE at 0, 1.7,

10.2, or 30.6 mg/kg/day from GD 6 to PND 4 or 21 via gavage. Significant dose-related increases were
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observed in hepatic mMRNA expression levels of phase | enzymes (Cyplal, Cyp2bl, Cyp2b2, Cyp3al),
phase Il enzymes (Ugtla6, Ugtla7, Ugt2b, Sultlbl), phase Il influx transporters (Oatpla4), phase Il
efflux transporters (Mdrl1, Mrp2, Mrp3), the serum binding protein transthyretin (Ttr), and deiodinase 1
(d1) during exposure (PND 4 and 21); the majority of which no longer differed from control at PND 60.
Genomic changes were also evaluated in F1 rats following exposure to pentaBDE at 0, 1, or 2 mg/kg/day
via gavage (Blanco et al. 2014). Various cytochrome isoforms were evaluated, but mMRNA levels were
only significantly elevated for CYP2BL1 in pup liver tissue from the 2 mg/kg/day group. Additionally,
significant changes were observed in the thyroid hormone receptor, including decreased TRo.l mRNA in
both dose groups, decreased TRB1 mRNA at 2 mg/kg/day, and decreased TRal protein levels at

2 mg/kg/day. Cylcin D1 protein expression was significantly decreased in both groups and the

phosphorylation levels of Akt and GSK3p were significantly decreased at 2 mg/kg/day.

To determine if PBDE exposure alters vitamin A homeostasis in a manner similar to the related PBBs
(Agency for Toxic Substances and Disease Registry 2004), hepatic vitamin A levels were measured in
rats following exposure to pentaBDE at 0, 2.5, 25, or 250 mg/kg/day via gavage for 28 days (Oberg et al.
2010). Hepatic liver vitamin A content was significantly decreased in females at 25 mg/kg/day and males
and females at 250 mg/kg/day by up to 36 and 47%, respectively (Oberg et al. 2010). Hepatic vitamin A
levels were also significantly decreased by 13% in dams and 50% in F1 pups on PND 18 in rats exposed
to pentaBDE at 0 or 18 mg/kg/day from GD 6 to PND 18 via gavage (Ellis-Hutchings et al. 2006).
Additional pup sacrifices on PNDs 12 and 31 showed significant 59 and 25% decreases in hepatic
vitamin A level, respectively (Ellis-Hutchings et al. 2006).

DecaBDE: Moderate hepatocellular hypertrophy was observed in all mice exposed to dietary decaBDE at
9,400 mg/kg/day for 28 days, but in none of the controls (Sakamoto et al. 2013). Similarly, slight
centrilobular hypertrophy was “occasionally” observed in rats exposed to decaBDE at doses ranging from
1.87 to 60 mg/kg/day for 28 days via gavage, which was most obvious in “some” of the 60 mg/kg/day
males (incidence data not reported) (VVan der ven et al. 2008a). In an older study using an impure
decaBDE compound (77% purity), centrilobular cytoplasmic enlargement and vacuolation were observed
in male rats exposed to dietary doses of 800 mg/kg/day for 30 days (incidences not reported); no changes
were observed at 8 or 80 mg/kg/day (Norris et al. 1973, 1975a). However, no exposure-related changes
in liver histology were observed in rats and mice exposed to dietary decaBDE at estimated doses as high
as 2,000-8,000 and 2,375-9,500 mg/kg/day for 13 weeks, respectively (NTP 1986), or in rats exposed to
gavage doses up to 1,000 mg/kg/day for 21 or 28 days (Bruchajzer et al. 2010).
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Pregnant dams and developing rats and mice appear to be more susceptible to liver damage following
exposure to decaBDE than adult animals. Hepatocyte degeneration and eosinophil changes were
observed in the livers of rat dams exposed to decaBDE at 300 mg/kg/day for 21 days prior to mating,
through mating, gestation, and lactation (PND 21) (Liu et al. 2012). Compared with control, the exposed
group had significantly increased “histological scores;” however, the method of histological scoring and
incidences of lesions were not reported (Liu et al. 2012). Following exposure to dietary decaBDE from
GD 10 to PND 21, male and female rat pups showed significantly increased incidence of follicular cell
hypertrophy in the liver at >2 and 146 mg/kg/day, respectively (Fujimoto et al. 2011). These findings
were transient, as they were no longer evident in male and female offspring evaluated at PNW 11
(Fujimoto et al. 2011). Male offspring from mouse dams exposed to decaBDE from GD 0 to 17 via
gavage showed dose-related histolopathological changes in the liver on PND 71 at doses >10 mg/kg/day
(lowest dose tested) (Tseng et al. 2008). Histological changes observed in exposed groups included acute
cell swelling of hepatocytes associated with pressure occlusion of hepatic sinusoids (Tseng et al. 2008).
Young male rats exposed to decaBDE at doses of 0, 100, 300, or 600 mg/kg/day from PND 10 to 42 via
gavage showed fatty degeneration at >300 mg/kg/day (incidence data were not reported) (Lee et al. 2010).

Wang et al. (2010) found no exposure-related changes in serum ALT, AST, or ALP in male rats following
gavage exposure to decaBDE at 100 mg/kg/day for 90 days, but serum total cholesterol, high density
lipid-cholesterol, and total bile acid levels were significantly increased by 23, 26, and 98%, respectively.
No biologically relevant, exposure-related changes were observed in either serum ALT or AST, or total
cholesterol or triglyceride levels, in rats exposed to decaBDE at doses up to 1,000 mg/kg/day for 21—

56 days (Bruchazjer et al. 2010; Van der ven et al. 2008a; Zhang et al. 2013a).

No exposure-related changes were observed in hepatic markers of oxidative stress (GSH, MDA) in
female rats exposed to decaBDE up to doses of 1,000 mg/kg/day for 21 or 28 days (Bruchazjer et al.
2010).

Significantly elevated liver weights were observed in male rats after exposure to decaBDE at

>1 mg/kg/day for 8 weeks via gavage (Zhang et al. 2013a) and male mice after exposure to dietary
decaBDE at 9,400 mg/kg/day for 28 days (Sakamoto et al. 2013). However, no exposure-related changes
in liver weight were observed in rats exposed to decaBDE up to doses of 1,000 mg/kg/day via gavage for
21-90 days (Bruchazjer et al. 2010; Van der ven et al. 2008a; Wang et al. 2010, 2011b). In an older study
using an impure decaBDE compound (77% purity), increased liver weights were observed at dietary

doses >80 mg/kg/day in male rats exposed for 30 days (Norris et al. 1973, 1975a). Following exposure to
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dietary decaBDE from GD 10 to PND 21, male and female rat pups showed significantly increased liver
weights at >2 and 146 mg/kg/day, respectively (Fujimoto et al. 2011). These findings were transient, as
they were no longer evident in male and female offspring evaluated at PNW 11 (Fujimoto et al. 2011).
No liver weight changes were observed in dams or PND 71 male offspring exposed to decaBDE from GD
0 to 17 via gavage at doses up to 1,500 mg/kg/day (Tseng et al. 2008). Young male rats exposed to
decaBDE at doses of 0, 100, 300, or 600 mg/kg/day from PND 10 to 42 via gavage showed elevated liver
weights at >300 mg/kg/day (Lee et al. 2010).

Hepatic enzyme induction (e.g., EROD, PRO activity, CYP protein levels) was significantly elevated in a
dose-related manner in adult male and female rats exposed to decaBDE at 1.87-60 mg/kg/day for 28 days
via gavage (Van der ven et al. 2008a) and young male rats exposed to decaBDE at 100-600 mg/kg/day
from PND 10 to 42 via gavage (Lee et al. 2010). EROD activity was also significantly elevated in

PND 71 male mice exposed to 1,500 mg/kg/day during gestation (Tseng et al. 2008). However, no
exposure-related changes were observed in hepatic enzyme induction in female rats exposed to decaBDE
up to doses of 1,000 mg/kg/day for 21 or 28 days (Bruchazjer et al. 2010). Genomic analyses of liver
tissue reported elevated mRNA levels of CYP proteins in male mice exposed to dietary decaBDE at
9,400 mg/kg/day for 28 days (Sakamoto et al. 2013) and a dose-dependent elevation of Cyp2b2 mRNA in
male rats exposed to decaBDE at doses of 1.87-60 mg/kg/day for 28 days via gavage (Van der ven et al.
2008a).

To determine if PBDE exposure alters vitamin A homeostasis in a manner similar to the related PBBs
(Agency for Toxic Substances and Disease Registry 2004), hepatic vitamin A levels were measured in
rats following exposure to decaBDE at 0, 1.87, 3.75, 7.5, 15, 30, or 60 mg/kg/day for 28 days via gavage
(Van der ven et al. 2008a). In females, but not males, hepatic vitamin A levels were increased in a dose-
dependent manner by up to 14.6%, compared with controls; however, the lowest dose at which the effect
was observed was not reported. The study authors conclude that the relevance of the effect is uncertain
due to high variation in the data, as evidenced by a high BMD/BMDL ratio (BMD/BMDLgp10%
=13.8/1.2 mg/kg/day).

Chronic-Duration Animal Studies

Lower-brominated PBDEs: No chronic-duration studies analyzing hepatic effects were located for lower-
brominated PBDEs.
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DecaBDE: In chronic studies, exposure to 94-97% decaBDE for 103 weeks caused liver lesions that
included neoplastic nodules in rats at >1,120 mg/kg/day, thrombosis and degeneration in rats at

2,240 mg/kg/day, and centrilobular hypertrophy and granulomas in mice at >3,200 mg/kg/day (NTP
1986). The thrombosis in the rats was characterized by a near total occlusion of a major hepatic blood
vessel by a dense fibrin coagulum. A NOAEL was not identified in the rats or mice. The only other
chronic study of decaBDE found that exposure to 1 mg/kg/day of a 77% pure mixture for 2 years caused
no liver effects in rats; higher doses were not tested, precluding identification of a LOAEL (Kociba et al.
1975; Norris et al. 1975a).

Summary. No studies are available on hepatic effects of PBDEs in humans. Based on the evidence in
animals, including enzyme induction, liver enlargement, histological lesions, hepatic porphyria, and
markers of hepatic oxidative stress, PBDEs are potentially hepatotoxic in humans, especially lower-
brominated PBDEs.

Renal Effects. No studies were located regarding renal effects in humans after oral exposure to
PBDEs.

Acute-Duration Animal Studies

Lower-brominated PBDEs: Two studies examined renal effects in male rats 45 days after a single gavage
administration of pentaBDE at doses of 0, 0.06, or 1.2 mg/kg (Albina et al. 2010; Alonso et al. 2010). In
urine, a 4-fold increase in total protein levels was observed at 1.2 mg/kg (Alonso et al. 2010). Although
this might suggest possible tubular damage, histopathological examination of the kidneys found no
abnormalities other than a dose-related increase in phagolysosomes (incidence data not reported) (Albina
et al. 2010). No other changes were observed in urinalysis or serum chemistry parameters (urea,
creatinine, uric acid) (Alonso et al. 2010). Altered oxidative stress markers were found in the kidney after
exposure to 1.2 mg/kg/day, including significantly decreased CAT activity and increased GSSG and
GSSG/GSH ratio (Albina et al. 2010).

No exposure-related changes in kidney weight were observed in male rats exposed to pentaBDE at doses
up to 240 mg/kg/day for 9 days via gavage (Stoker et al. 2005) or female mice exposed to tetraBDE at

doses up to 100 mg/kg/day for 4 days via gavage (Richardson et al. 2008).

DecaBDE: No acute-duration studies analyzing renal effects were located for decaBDE.
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Intermediate-Duration Animal Studies

Lower-brominated PBDEs: Renal effects induced by dietary octaBDE included non-inflammatory
kidney changes in male rats exposed to 600 mg/kg/day for 13 weeks, but not females exposed to doses up
to 750 mg/kg/day (IRDC 1977). The incidence and severity of the kidney lesions (tubule regeneration,
intratubular casts, and cellular debris occurred in most 600 mg/kg/day males) suggested a compound-
related effect (IRDC 1977). However, no histopathological lesions of the kidney were observed in male
or female rats exposed to pentaBDE at doses up to 250 mg/kg/day for 28 days via gavage (Oberg et al.
2010; Van der ven et al. 2008b), dietary penta- or octaBDE at doses up to 90 mg/kg/day for 28 days
(IRDC 1976), or dietary pentaBDE doses up to 100 mg/kg/day for 90 days (WIL Research Laboratories
1984). Additionally, no histopathological kidney lesions were observed in FO or F1 rats exposed to

pentaBDE at doses up to 25 mg/kg/day from pre-mating through PND 42 (Bondy et al. 2013).

Statistically significant changes in blood urea and urea nitrogen levels were reported in some
intermediate-duration studies; however, none of the changes were considered biologically relevant due to
the small magnitude of change (<2-fold) compared with control. Following exposure to pentaBDE at 0,
2.5, 25, or 250 mg/kg/day via gavage for 28 days, blood urea levels in male rats from the 25 or

250 mg/kg/day groups were significantly increased by 1.5- and 1.2-fold, respectively; no changes were
observed in blood urea levels in females or blood creatinine in either sex (Oberg et al. 2010). In another
28-day study, rats were exposed to pentaBDE at 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day via
gavage (Van der ven et al. 2008b). Study authors reported dose-related increases in blood urea levels in
male and female rats (maximal increases in males and females were 61.2 and 33.1%, respectively);
however, the lowest dose at which the effect was observed was not reported. Instead, results were
reported in terms of BMD analysis (BMD/BMDLrp10%=64.2/30.2 mg/kg/day in males and

65.1/22.2 mg/kg/day in females) (Van der ven et al. 2008b). Again, no changes in serum creatinine were
reported in either sex at doses up to 200 mg/kg/day (Van der ven et al. 2008b). Blood urea nitrogen
(BUN) levels were elevated by 35% in male rats and 59% in female rats exposed to dietary octaBDE for
13 weeks at 600 and 750 mg/kg/day, respectively (IRDC 1977). No changes in BUN levels were
observed in male or female rats exposed to dietary pentaBDE doses up to 100 mg/kg/day for 90 days
(WIL Research Laboratories 1984).

Kidney weight changes following intermediate-duration exposure are inconsistent. A significant 10%

decrease in relative kidney weight was observed in mice exposed to diBDE at 1.2 mg/kg/day for 28 days
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via gavage (Zhang et al. 2014). Absolute organ weights were not reported; however, no body weight
effects were observed. In contrast, no change in kidney weight was reported in rats following exposure to
pentaBDE at gavage doses up to 120 mg/kg/day for 20-90 days (Daubie et al. 2011; Stoker et al. 2004,
2005) or dietary penta- or octaBDE at doses up to 750 mg/kg/day for 28-90 days (IRDC 1976, 1977;
WIL Research Laboratories 1984). Similarly, no change in FO or F1 kidney weight was observed in rats
exposed to pentaBDE at doses up to 25 mg/kg/day via gavage from 70 days prior to mating through

PND 42 (Bondy et al. 2013) or mink exposed to dietary pentaBDE at doses up to 0.31 mg/kg/day from

4 weeks prior to mating to PNW 6 or 33 (Zhang et al. 2009). In other studies, significantly increased
kidney weights have been reported, including a dose-related increase in absolute liver weight in rats
exposed to pentaBDE doses up to 200 mg/kg/day for 28 days via gavage (dose at which effect was first
observed was not reported; maximum increase of 11.5% in males and 15.6% in females) (Van der ven et
al. 2008b), a significant 15% increase in relative, but not absolute, kidney weight following exposure to
pentaBDE at 250 mg/kg/day for 28 days via gavage (Oberg et al. 2010), and a significant 18% increase in
relative kidney weight following exposure to a dietary penta-decaBDE mixture (52.1% pentaBDE, 44.2%
decaBDE, 0.4% octaBDE) at 20 mg/kg/day for 70 days (absolute kidney weight not reported) (Ernest et
al. 2012).

To determine if PBDE exposure alters vitamin A homeostasis in rats in a manner similar to the related
PBBs (Agency for Toxic Substances and Disease Registry 2004), vitamin A levels were measured in
kidney tissue following exposure to pentaBDE at 0, 2.5, 25, or 250 mg/kg/day via gavage (Oberg et al.
2010). No significant changes in kidney vitamin A levels were observed at any dose.

DecaBDE: No renal histopathological changes were observed in rats or mice exposed to dietary
decaBDE at doses up to 8,000 or 9,500 mg/kg/day, respectively, for 13 weeks (NTP 1986). A 28-day
study that evaluated histology of “major organs” did not report any exposure-related kidney effects in rats
exposed to decaBDE at doses up to 60 mg/kg/day via gavage (Van der ven et al. 2008a). Studies of low
purity (=77%) commercial decaBDE mixtures found kidney pathology (hyaline degenerative cytoplasmic
changes) in male rats exposed to dietary levels of 800 mg/kg/day for 30 days (Norris et al. 1973,1975a),
but not in rats exposed to <90 mg/kg/day for 28-30 days (IRDC 1976; Norris et al. 1973, 1975a).
Interpretation of this finding is complicated by the fact that hyaline degenerative cytoplasmic changes are

not uncommon in adult male rats and might be induced by a mechanism specific to certain aged male rats.

No exposure-related changes were observed in serum urea or creatinine levels in rats exposed to

decaBDE at doses up to 100 mg/kg/day for 28-90 days via gavage (Van der ven et al. 2008a; Wang et al.
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2010). Additionally, no exposure-related changes were observed in kidney weights in rats exposed to
decaBDE at doses up to 600 mg/kg/day for 28-90 days via gavage (Lee et al. 2010; Van der ven et al.
2008a; Wang et al. 2010, 2011b; Zhang et al. 2013b), FO or F1 mice exposed to decaBDE at doses up to
1,500 mg/kg/day from GD 0 to 17 via gavage (Tseng et al. 2008), or dietary decaBDE at doses up to
800 mg/kg/day for 28-30 days (IRDC 1976; Norris et al. 1973, 1975a).

Chronic-Duration Animal Studies

Lower-brominated PBDEs: No chronic-duration studies analyzing renal effects were located for lower-
brominated PBDEs.

DecaBDE: No renal histopathological changes were observed in rats or mice exposed to dietary
decaBDE at doses up to 2,550 or 7,780 mg/kg/day, respectively, for 2 years (NTP 1986). The only other
chronic study of decaBDE found that exposure to dietary doses up to 1 mg/kg/day of the 77% pure
mixture for 2 years caused no exposure-related changes in kidney histology or weight in rats (Kociba et
al. 1975; Norris et al. 1975a).

Summary. No studies are available on hepatic effects of PBDESs in humans. While there is limited

evidence from animal studies that lower-brominated PBDEs can cause kidney damage at high exposure
levels, data are inconsistent and there is no evidence of impaired renal function. Animal studies do not
indicate that decaBDE causes renal toxicity. Taken together, animals studies indicate that renal effects

are not likely to occur in humans at environmentally-relevant exposure concentrations.

Endocrine Effects.

Human Studies. Numerous studies have been performed to evaluate the relationship between
concentrations of PBDE in body tissues and circulating hormone levels in human populations. While
these studies have demonstrated that PBDE can perturb the human endocrine system and affect hormone
levels, the specific findings are not consistent across studies. For example, even limiting the discussion to
studies that evaluated both PBDE concentrations and thyroid hormone levels in serum samples collected
only from adult men, studies have reported positive associations with T4 (Turyk et al. 2008), negative
associations with T4 (Abdelouahab et al. 2011), and no association with T4 (Hagmar et al. 2001). These
studies also reported either negative association with T (Turyk et al. 2008) or no association with Ts

(Abdelouahab et al. 2011; Hagmar et al. 2001), and either negative association with TSH (Hagmar et al.
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2001; Turyk et al. 2008) or no association with TSH (Abdelouahab et al. 2011). Populations in these
studies were 308 adult male consumers of sport fish from U.S. Great Lakes with serum > PBDE ranging
from 15.8 to 1,360 ng/g lipid (0.13-10.15 ng/g) with a median of 38.4 ng/g lipid (0.26 ng/g) (Turyk et al.
2008), 48 adult men recruited through an infertility clinic in Quebec with median serum Y PBDE of
0.302 ng/mL and maximum of 2.250 ng/mL (Abdelouahab et al. 2011), and 110 adult men from Latvia
and Sweden having varying consumption of Baltic Sea fish with serum BDE 47 ranging from 0.10 ng/g
lipid (10" percentile) to 5.16 ng/g lipid (90™ percentile) and a median of 1.04 ng/g lipid (Hagmar et al.
2001).

Similarly, studies of serum PBDE and serum thyroid hormones in populations including adults of both
sexes found: (1) a negative association with free T4 and no association with T4, T3, or TSH in 114 elderly
residents of the upper Hudson River area of New York State (3_PBDE range of 0.04-9.80 pg/L and
median of 0.19 pg/L in 48 women; range of 0.04—4.74 pg/L and median of 0.16 pg/L in 66 men) (Bloom
et al. 2013); (2) no association with free or total T4, Ts, or TSH in 36 New York anglers living in counties
adjacent to Lakes Erie or Ontario with median serum Y PBDE of 15 ng/g lipid and maximum of

2,303 ng/g lipid (Bloom et al. 2008); (3) a positive association with T3 (for BDE 47 only) and no
association with free T4 or TSH in 623 Nunavik Inuits with geometric mean BDE 47=2.16 and BDE
153=2.05 pg/kg lipid (Dallaire et al. 2009); (4) no association with T4, T3, or TSH in 11 Swedish
electronics recycling workers sampled repeatedly over 1.5 years (> PBDE median=7.2 pmol/g lipid
weight at start of employment and 9.7 pmol/g lipid weight at the conclusion of the study) (Julander et al.
2005); (5) a positive association with TSH in 23 Chinese e-waste workers (3 PBDE median=382 ng/g
lipid with range of 77-8,452 ng/g lipid) versus 26 controls (3 PBDE median=158 ng/g lipid with range of
18-436 ng/g lipid) (Yuan et al. 2008); (6) a positive association with T, (for BDE 126 and BDE 205 only)
and no association with free T4, Ts, free T3, or TSH in another group of 239 Chinese e-waste workers
(3>.PBDE median=189.79 ng/g lipid with range of 0-6,016 ng/g lipid) and 93 farmers from the e-waste
area (3. PBDE median=164.64 ng/g lipid with range of 0-8,600 ng/g lipid) versus 116 controls (>PBDE
median=122.37 ng/g lipid with range of 0-1,398 ng/g lipid) (Wang et al. 2010); and (7) a negative
association with T3 (for BDE 17 and BDE 153 only) and no association with free T4 or TSH in

124 residents of northern China with serum Y PBDE median=7.16 ng/g lipid with range of 2.09—

160.3 ng/g lipid (Huang et al. 2014). Similar studies performed in children found a positive association
with serum PBDE for serum TSH in 195 6-8-year-old children from an e-waste recycling area in China
(3> PBDE mean=664.28 ng/g lipid) and also in 174 children from a control area (3,PBDE

mean=375.81 ng/g lipid) (Han et al. 2011), positive associations with Tz and free T4 (for BDE 99 only)
and no association with T4 or TSH in 17 Dutch teenagers with serum Y PBDE ranging from 4.9-22.1 ng/g
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lipid and a mean of 10.5 ng/g lipid (Leijs et al. 2012), and negative or no association with free T
(depending on type of analysis), positive or no association with TSH, and no association with free T4 in
515 Flemish teenagers with a median serum Y PBDE of 7 ng/L and maximum of 125 ng/L (Kicinski et al.
2012).

A couple of studies were located in which exposure was estimated from concentrations of PBDE in house
dust, rather than serum samples. In the earlier study, Meeker et al. (2009) found a positive association
between PBDE in house dust and serum levels of free T4, but no association with Tz or TSH in 24 men
recruited through an infertility clinic. Median and maximum concentrations of PBDE in dust collected
from houses of study subjects were 500 and 7,620 ng/g dust for BDE 47, 838,and 9,220 ng/g dust for
BDE 99, and 180 and 2,830 ng/g dust for BDE 100. A later study by these same researchers found
positive associations between dust concentrations of pentaBDE (sum of BDE 47, BDE 99, and BDE 100;
median and maximum concentrations of 1,049 and 22,300 ng/g in dust) and octaBDE (sum of BDE 183
and BDE 201; median and maximum concentrations of 30.5 and 1,181 ng/g in dust) and serum free Ty,
and also between pentaBDE and T3 and octaBDE and TSH in 38 additional men recruited through the
infertility clinic (Johnson et al. 2013). There were no significant associations between thyroid hormones
and exposure to decaBDE (sum of BDE 206, BDE 207, BDE 208, and BDE 209; median and maximum
concentrations of 1,800 and 38,483 ng/g in dust) in this study.

As in other populations, findings in pregnant women differed across studies. Both free and total T, were
significantly and positively associated with PBDE (several individual congeners and their sum) in serum
collected during the 3™ trimester (>34 weeks) of pregnancy in a North Carolina cohort of 137 primarily
African-American expectant mothers with serum Y PBDE ranging from 3.59 to 693.95 ng/g lipid and a
median of 36.56 ng/g lipid (Stapleton et al. 2011). Associations for free and total T3 and TSH were not
significant in this cohort. In contrast, a study of a California cohort of 270 mostly Latina women tested at
the 27" week of pregnancy (serum Y PBDE range of 3.6-1338.6 ng/g lipid, median of 25.2 ng/g lipid)
found no association between PBDE and free or total T4 (Chevrier et al. 2010). However, all PBDE
congeners identified and their sum were significantly negatively associated with TSH in this study.
Further analysis showed that women in the highest quartile of PBDE exposure had significantly increased
odds of subclinical hyperthyroidism (defined as low TSH and normal free T,) relative to women in the
first quartile. A study of 105 pregnant women in South Korean that looked at blood samples collected the
day before delivery (serum Y PBDE median=2.13 ng/g lipid with 25"-75" percentile range of 1.35—

4.34 ng/g lipid) found significant negative associations for PBDE with free and total T3, a significant

positive association with free T4, and no association with T, or TSH (Kim et al. 2013). There were no
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correlations between PBDE and free and total T, and free and total Ts in maternal serum samples
(3>:PBDE range from 15 to 580 ng/g lipid, median=37 ng/g lipid) collected just prior to delivery in another
study of 12 patients from Indiana (Mazdai et al. 2003).

Abdelouahab et al. (2013) compared maternal serum concentrations of PBDE collected at <20 weeks of
pregnancy (for ) PBDE, median=30.92 ng/g lipid, maximum=726.09 ng/g lipid, n=380) with thyroid
hormone levels in maternal blood at <20 weeks of pregnancy and in maternal blood collected at delivery
for 260 pregnancies in Quebec. At <20 weeks of pregnancy, they found significant negative associations
between PBDE and Ts and Ta, but significant positive associations between PBDE and free T3z and free
T However, using the thyroid hormone levels from the maternal samples at delivery, they found
negative associations between maternal serum PBDE at <20 weeks and maternal free and total Ts and T4

at delivery. There was no significant association with TSH for either of the samples.

A few studies included analysis of maternal serum samples collected after delivery. Kim et al. (2012a)
found significant positive relationships between serum PBDE (BDE 49 only) and free T4, and between
PBDE (BDE 154 and BDE 153 only) and TSH, and a significant negative relationship between PBDE
(BDE 153 only) and Ts in maternal blood samples collected from 12 South Korean mothers after delivery
(for Y PBDE, range=1.88-53.54 ng/g lipid, mean=18.79 ng/g lipid). There were no such correlations
between serum PBDE and thyroid hormone levels in post-delivery blood samples collected from

26 mothers of infants born with congenital hypothyroidism (for Y PBDE, range=3.81-1563 ng/g lipid,
mean=65.16 ng/g lipid) (Kim et al. 2012a). In a second study in which maternal blood samples were
collected after delivery (for 21 South Korean mothers undergoing Cesarean section), there was no
correlation between PBDE concentrations and thyroid hormone (free T, T3, and TSH) levels in the
maternal serum (Kim et al. 2012a). In this study, ) PBDE in maternal blood ranged from 1.8 to

17.66 ng/g lipid, with a median of 7.81 ng/g lipid. Kim et al. (2011a) reported a significant positive
correlation between concentrations of BDE 153 in breast milk (mean ~0.25 ng/g lipid) and serum TSH

collected post-delivery in another group of South Korean mothers.

In addition to the maternal effects, several of these studies and others reported on thyroid hormone
changes in developing offspring, as identified by umbilical cord or neonatal blood samples in relation to
PBDE concentrations in maternal serum, cord serum, or breast milk. The data on thyroid hormone effects

in developing offspring are presented in Section 3.2.2.6 on Developmental Effects.
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Few human data were located on endocrine end points other than thyroid (discussed above) or sex
hormones (discussed in Section 3.2.2.5, Reproductive Effects). Lim et al. (2008) performed an analysis
of cross-sectional U.S. NHANES 2003-2004 data that showed significant increases in risk of diabetes
and metabolic syndrome associated with serum concentrations of BDE 153 (but not BDE 28, BDE 47,
BDE 99, or BDE 100) based on 156 and 237 cases, respectively, in a population of 1,367 adults examined
for diabetes status and, for metabolic syndrome, a subset of 637 participants with a morning fasting blood
sample. In both analyses, the risk of disease was higher with exposure to 25"-50" percentile BDE 153
concentrations (median=3.6 ng/g lipid) and 50-75" percentile BDE 153 concentrations (median=6.6 ng/g
lipid) than >75™ percentile BDE 153 concentrations (median=24.6 ng/g lipid). Adjusted odds ratios
(ORs) were 2.6, 2.7, and 1.8 for diabetes and 2.5, 2.4, and 1.7 for metabolic syndrome in the respective
quartiles. Subsequent cross-sectional and prospective studies have found no relationship between serum
PBDE (BDE 47 and BDE 153) concentrations and diabetes in cohorts of 1,988 elderly people in Finland
(Airaksinen et al. 2011) and 725 in Sweden (Lee et al. 2011). In the Finnish study, 308 participants with
diabetes had median serum concentrations of 2.7 ng/g lipid BDE 47 and 1.5 ng/g lipid BDE 153, while
1,680 nondiabetic participants had median serum concentrations of 2.9 ng/g lipid BDE 47 and 1.7 ng/g
lipid BDE 153 (Airaksinen et al. 2011). Details were not available for the Swedish study (Lee et al.
2011).

In conclusion, although numerous studies have attempted to evaluate the relationship between tissue
concentrations of PBDE and endocrine changes in humans, no clear pattern has emerged. Studies have
found different results even in similar populations (e.g., adult men or pregnant women) from the same
part of the world (e.g., North America or Asia) exposed to similar concentrations of PBDE. Although the
specific findings are not consistent across studies, the bulk of the data have demonstrated that PBDE can

interact with the human endocrine system to affect hormone levels.

Acute-Duration Animal Studies

Lower-brominated PBDEs: No exposure-related changes in thyroid weight or histology were observed in
female rats exposed to penta- or tetraBDE doses up to 36 mg/kg/day for 14 days via gavage (Darnerud
and Sinjari 1996; Hallgren and Darnerud 1998; Hallgren et al. 2001). No other acute studies evaluating

thyroid weight or histology were identified.

Altered thyroid hormone levels have been reported following acute exposure to lower-brominated

PBDEs. Significant reductions in serum T, of 19-92% have been reported following gavage exposure to
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penta-, octa-, or tetraBDE at doses >10 and >0.8 mg/kg/day in rats and mice, respectively, for 1-14 days
(Darnerud and Sinjari 1996; Fowles et al. 1994; Hallgren and Darnerud 1998, 2002; Hallgren et al. 2001;
Hoppe and Carey 2007; Richardson et al. 2008; Stoker et al. 2004, 2005; Zhou et al. 2001). The
decreases in serum T4 were associated with reduced ex vivo binding of T4 to the plasma thyroid hormone
transporter protein TTR (Hallgren and Darnerud 1998). Significant reductions in serum T3 were observed
in rats exposed to penta- and octaBDE at doses >100 and >60 mg/kg/day, with maximum reductions up to
25-30% at 300 and 100 mg/kg/day, respectively, for 4 days via gavage (Zhou et al. 2001). No changes in
serum Tz were observed in rats exposed to pentaBDE at lower doses (<60 mg/kg/day) for 5 days via
gavage (Stoker et al. 2004). No compound-related changes were observed in serum TSH levels in rats or
mice exposed to penta- or octaBDE at doses up to 300 mg/kg/day for 4-14 days via gavage (Darnerud
and Sinjari 1996; Hallgren and Darnerud 1998, 2002; Hallgren et al. 2001; Stoker et al. 2004; Zhou et al.
2001). In a low-dose study, male rats did not show exposure-related changes in serum Ta, T3, or TSH
levels measured 45 days after a single exposure pentaBDE at doses up to 1.2 mg/kg/day via gavage
(Alonso et al. 2010).

Following a single gavage exposure to pentaBDE on GD 6, reductions in serum T4 levels were observed
at doses >0.06 mg/kg in rat dams on PND 1 (23-33%), but not PND 22, and F1 males and females at
0.3 mg/kg/day on PND 22 (19-23%), but not PND 1 or 14; no changes in serum T3 were observed in
dams or F1 rats at any time-point at doses up to 1.2 mg/kg (Kuriyama et al. 2007). Maternal serum T4
was also reduced on GD 20 in rat dams exposed to pentaBDE doses >60 mg/kg/day from GD 6.5 to 19.5
via gavage, but not on GD 12 in rat dams exposed to up to 120 mg/kg/day on GDs 6.5-11.5 (Ellis-
Hutchings et al. 2009). Exposure to pentaBDE at doses up to 120 mg/kg/day on GDs 6.5-11.5 or 6.5—
19.5 did not significantly alter maternal serum T3, TSH, or TTR levels (Ellis-Hutchings et al. 2009).

A limited amount of information is available on hormonal effects of PBDEs other than thyroid. There
were no clear chemical-related changes in serum corticosterone levels in female mice that were exposed
to pentaBDE at doses up to 72 mg/kg/day via gavage for 14 days (Fowles et al. 1994). Limited data
regarding serum reproductive hormone levels after acute-duration exposure to lower-brominated PBDEs

are discussed in Section 3.2.2.5 (Reproductive Effects).

DecaBDE: No exposure-related changes in serum T4, T3, or TSH were observed in female rats exposed
to decaBDE at doses up to 100 mg/kg/day via gavage for 4 days (Zhou et al. 2001). In neonatal male rats
exposed to doses of 0, 6, or 20 mg/kg/day from PND 2 to 15, serum T4 was reduced by ~8 and 22% at

6 and 20 mg/kg/day, respectively (Rice et al. 2007). This finding was reported as a dose-related trend,;
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however, pair-wise statistics were not reported. No exposure-related changes in serum T4 levels were
observed in similarly exposed neonatal females (Rice et al. 2007). In pregnant mice exposed to decaBDE
at 0, 150, 750, 1,500, or 2,500 from GD 7 to 9 via gavage, maternal serum T, was significantly reduced
by ~11 and 14% on GD 16 in the 1,500 and 2,500 mg/kg/day groups, respectively (data reported
graphically) (Chi et al. 2011). In the 2,500 mg/kg/day group, serum T3 levels were also significantly
reduced by ~40% (Chi et al. 2011).

Intermediate-Duration Animal Studies

Lower-brominated PBDEs: In a comprehensive 90-day study in rats, incidences of thyroid follicular cell
hyperplasia were 0/10, 2/10, 2/10, and 5/10 in males and 0/10, 0/10, 1/10, and 4/10 in females exposed to
dietary pentaBDE at 0, 2, 10, and 100 mg/kg/day, respectively (WIL Research Laboratories 1984). 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. In a 28-day dietary study, thyroid
hyperplasia was equivocally increased in male rats that were exposed to 90 mg/kg/day of penta- or
octaBDE (IRDC 1976). Incidences of slight or moderate hyperplasia in the 0, 9, or 90 mg/kg/day dose
groups were 0/5, 1/5, and 3/5 in pentaBDE-exposed males and 0/5, 0/5, and 3/5 in the octaBDE-exposed
males, respectively; no increases were seen in females (IRDC 1976). In males rats exposed to pentaBDE
at doses of 0, 3, 30, or 60 mg/kg/day for 15 days via gavage, follicular cell hypertrophy and hyperplasia
were observed in the 30 and 60 mg/kg/day groups (13/15 and 10/15, respectively); however, incidences in
control and low-dose groups were not reported (Becker et al. 2012). Additionally, when this study was
repeated in a different laboratory, no treatment-related histological changes were observed in the thyroid
from the 60 mg/kg/day group (animals from 3- and 30-mg/kg/day group were not evaluated) (Becker et
al. 2012). Follicular cell hypertrophy was observed in 50% of F1 rats exposed to pentaBDE at

50 mg/kg/day for 18 weeks (GD 6 to PNW 16) via gavage; hypertrophy was not observed in any controls
(Dunnick et al. 2012).

Other histological and morphological changes observed in the thyroid included increased epithelial
thickness of inner follicles of the thyroid in male rats exposed to a dietary penta-decaBDE mixture
(52.1% pentaBDE, 44.2 decaBDE, and 0.4% octaBDE) at 20 mg/kg/day for 70 days (incidence data not
reported) (Ernest et al. 2012); altered morphology of the epithelium (tall columnar rather than the normal
cuboidal type) in 4/35 male and 1/35 female rats exposed to estimated dietary octaBDE doses of 600 and
750 mg/kg/day, respectively, for 28 days (IRDC 1977); an increased incidence of cellular debris in the
follicular lumen of the thyroid in female mice exposed to dietary tetraBDE at 450 mg/kg/day for 28 days
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(Maranghi et al. 2013); a significant 60-66% increase in the follicular epithelial height score, a 23-44%
decrease in the colloid area, and a 12.5-13.3% increased incidence of follicular degeneration in male and
female rats exposed to pentaBDE at 60 mg/kg/day via gavage for 31 or 20 days, respectively (Stoker et al.
2004); an increase in the observed degree of vacuolation in the thyroid of female mink exposed to

0.31 mg/kg/day for 16-17 weeks (4 weeks pre-mating through PNW 6) (Zhang et al. 2009); and a
borderline significant (p=0.057) increase in thyroid follicular epithelial cell height in F1 mink exposed to
0.06 mg/kg/day via gavage during a one-generation study (4 weeks pre-mating through PNW 33) (Zhang
et al. 2009). Additionally, the epithelial height of the inner follicles of the thyroids showed a biphasic
response in rats following dietary exposure to a penta-decaBDE mixture (52.1% pentaBDE,

44.2 decaBDE, and 0.4% octaBDE) at 0. 02, 0.2, 2, or 20 mg/kg/day for 70 days (Ernest et al. 2012).
Compared with controls, the epithelial height was significantly decreased at 0.02 mg/kg/day and
significantly increased at 20 mg/kg/day (other doses were not significantly different from controls;
guantitative data not reported) (Ernest et al. 2012). In contrast to findings in other studies, no exposure-
related changes in thyroid histology were observed in male or female rats exposed to pentaBDE doses up

to 200 mg/kg/day for 28 days via gavage (Van der ven et al. 2008b).

Relative, but not absolute, thyroid weights were significantly elevated by 50% in male and females
exposed to dietary pentaBDE at 100 mg/kg/day for 90 days (WIL Research Laboratories 1984). Eight
weeks postexposure, thyroid weights were still significantly elevated by 40% in female, but not male,
rats; no exposure-related changes were observed 24 weeks postexposure (WIL Research Laboratories
1984). Rats that were exposed to octaBDE in 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 of
15-31 and 32-56%, respectively, 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 (increased 67 and 13% in males
and females, respectively). However, no exposure-related thyroid weight changes were observed in rats
exposed to pentaBDE at doses up to 200 mg/kg/day for 15-28 days via gavage (Becker et al. 2012; Van
der ven et al. 2008b), in rats exposed to dietary penta- or octaBDE at doses up to 90 mg/kg/day for

28 days (IRDC 1976), or in FO or F1 mink exposed to dietary pentaBDE at doses up to 0.31 mg/kg/day in
one generation studies (4 weeks pre-mating through PNW 6 or 33) (Zhang et al. 2009).

Following exposure to pentaBDE doses of 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day for
28 days via gavage, hyperemia in the zona reticularis of the adrenal gland was observed in ~50% of
exposed male rats across all dose groups and occasionally in exposed female rats, but not in any control

rats (incidence data for exposed animals not reported) (VVan der ven et al. 2008b). In females, there was a
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dose-related increase in necrotic lesions in the zona reticularis, with pyknosis at 67 mg/kg/day and
widespread necrosis at 200 mg/kg/day (Van der ven et al. 2008b). The authors reported that the
combined incidence of hyperemia and zona reticularis necrosis was statistically significantly increased at
the higher doses (precise doses not specified). No histological changes were observed in the adrenal

gland of female mice exposed to dietary tetraBDE at 450 mg/kg/day for 28 days (Maranghi et al. 2013).

Mink that were exposed to dietary pentaBDE for 9 weeks had increased absolute and relative adrenal
weights at 0.78 mg/kg/day (25 and 67%, respectively); no changes were observed at <0.63 mg/kg/day
(Martin et al. 2007). No exposure-related adrenal weight changes were observed in rats exposed to
pentaBDE at doses up to 240 mg/kg/day for 28-31 days via gavage (Stoker et al. 2005; Van der ven et al.
2008b), in rats exposed to dietary penta- or octaBDE at doses up to 90 mg/kg/day for 28 days (IRDC
1976), or in male or female rats exposed to dietary octaBDE doses up to 600 and 750 mg/kg/day,
respectively, for 13 weeks (IRDC 1977). Adrenal weight was not assessed in any other intermediate-

duration studies identified.

Serum T4 levels were significantly reduced by 22-91% in rats exposed to pentaBDE at gavage doses of
>3 mg/kg/day for 15-125 days (Becker et al. 2012; Driscol et al. 2009; Hoppe and Carey 2007; Stoker et
al. 2004) or dietary pentaBDE at doses >20 mg/kg/day for 90 days (WIL Research Laboratories 1984).
Similarly, serum T, levels were significantly reduced by 22% in rats exposed to a dietary penta-decaBDE
mixture (52.1% pentaBDE, 44.2 decaBDE, and 0.4% octaBDE) at 20 mg/kg/day for 70 days (Ernest et al.
2012). In a 28-day study, rats were exposed to pentaBDE at 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or

200 mg/kg/day via gavage (Van der ven et al. 2008b). Study authors report dose-related decreases in
serum T, levels (maximal reduction of 88—-89%); however, the doses at which these effects were observed
were not reported. Instead, results were reported in terms of BMD analysis (BMD/BMDLgp10%=

1.4/1.1 mg/kg/day in males and 2.7/1.8 mg/kg/day in females) (Van der ven et al. 2008b). Serum T;
levels were significantly reduced by 14-25% and serum TSH levels were significantly increased by 63—
144% in male rats exposed to pentaBDE via gavage at >30 mg/kg/day for 15-31 days (Becker et al. 2012;
Stoker et al. 2004). However, other studies reported no significant changes in serum Tz and/or TSH levels
in rats exposed to pentaBDE at doses up to 200 mg/kg/day for 20-28 days via gavage (Stoker et al. 2004;
Van der ven et al. 2008b), dietary pentaBDE at doses up to 100 mg/kg/day for 90 days (WIL Research
Laboratories 1984), or to a dietary penta-decaBDE mixture (52.1% pentaBDE, 44.2 decaBDE, and 0.4%
octaBDE) at doses up to 20 mg/kg/day for 70 days (Ernest et al. 2012).
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Altered thyroid hormone levels have also been reported in FO animals following exposure to lower-
brominated PBDES in one-generation and gestational/lactation exposure studies. Following exposure to
pentaBDE at 0, 0.5, 5, or 25 mg/kg/day via gavage for 70 days prior to mating through PND 42, serum T4
levels were significantly reduced in FO males at >5 mg/kg/day (50-87%) and females at 25 mg/kg/day
(67%) (Bondy et al. 2011, 2013). In rat dams exposed to pentaBDE at 18 mg/kg/day via gavage from
GD 6 to PND 18, serum T4 levels were significantly decreased by 45%; no changes were observed in
serum T3, TSH, or TTR (Ellis-Hutchings et al. 2006). Following exposure to pentaBDE via gavage from
GD 6 to PND 21, maternal serum T4 levels were significantly reduced by >31% at >10.2 mg/kg/day, and
maternal serum TSH levels were significantly increased by 127% at 30.6 mg/kg/day (Kodavanti et al.
2010; Zhou et al. 2002). No exposure-related changes were observed in serum T3 (Kodavanti et al. 2010;
Zhou et al. 2002). In rat dams exposed to tetraBDE via gavage from GD 1 to PND 14, maternal T4 levels
were significantly reduced on PND 1 and 7 by 28-31% at doses >3.2 mg/kg/day; no changes were
observed in serum T3 levels (Wang et al. 2011a). In mice, no exposure-related changes were observed in
maternal serum T levels after exposure to pentaBDE at 452 mg/kg/day via gavage from GD 4 to PND 17
(Skarman et al. 2005). In one-generation dietary pentaBDE studies in mink (4 weeks premating through
PNW 6), significant reductions in plasma Ts, but not T, were observed in FO females exposed to

0.31 mg/kg/day (Zhang et al. 2009).

Numerous studies have also reported decreased serum T3 and/or T4 levels in pups after gestational and
lactational exposure to penta- or tetraBDE at doses as low as 0.3 mg/kg/day in rats and at 452 mg/kg/day
in mice (Blanco et al. 2013; Bondy et al. 2011, 2013; Ellis-Hutchings et al. 2006; Kodavanti et al. 2010;
Miller et al. 2012; Poon et al. 2011; Shah et al. 2011; Skarman et al. 2005; Szabo et al. 2009; Wang et al.
2011a; Zhou et al. 2002). Changes observed in mink juveniles included decreases in serum Tg, as in the
adults, but also an increase in serum T in juvenile females (Zhang et al. 2009). See Section 3.2.2.6

(Developmental Effects) for more details.

Consistent, exposure-related changes were not observed between studies that evaluated serum
reproductive hormone levels after intermediate-duration exposure to lower-brominated PBDEsS; see

Section 3.2.2.5 (Reproductive Effects) for more details.

DecaBDE: Dose-related increases in thyroid hyperplasia were reported for male Sprague-Dawley rats
exposed to dietary decaBDE at 80 or 800 mg/kg/day for 30 days (Norris et al. 1973, 1975a), 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
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hyperplasia in the rats exposed to >80 mg/kg/day for 30 days could be related to the low purity
composition of the older commercial decaBDE mixture tested by Norris et al. (1973, 1975a) (i.e., 77.4%
decaBDE, 21.8% nonaBDE, and 0.8% octaBDE, compared to the >94% decaBDE composition used in
the NTP studies). Similarly, observed incidences of diffuse follicular cell hypertrophy were not
significantly elevated in rat dams exposed to dietary decaBDE from GD 10 to PND 21 at doses up to

146 mg/kg/day, compared with control (Fujimoto et al. 2011). However, in young male rats exposed to
decaBDE at doses of 0, 100, 300, or 600 mg/kg/day via gavage for 33 days (PNDs 10-42), multiple areas
of degenerated follicular epithelium and slight attenuation of the follicular epithelium were observed in

the thyroid glands of rat exposed to 300 or 600 mg/kg/day (incidence data not reported) (Lee et al. 2010).

In young male rats exposed to decaBDE at doses of 0, 100, 300, or 600 mg/kg/day via gavage for 33 days
(PND 10-42), absolute and relative thyroid weights were significantly increased by 60 and 40%,
respectively, in the 600 mg/kg/day group (Lee et al. 2010). Increased absolute and relative thyroid
weights were also reported in rat dams exposed to dietary decaBDE at 2, 15, or 146 mg/kg/day from

GD 10 to PND 21; findings were significant at 2 mg/kg/day (21-22% decrease) and 146 mg/kg/day (21%
decrease) (Fujimoto et al. 2011). No exposure-related changes in thyroid weight were observed in rats
exposed to dietary decaBDE at doses up to 90 mg/kg/day for 28 days (IRDC 1976).

Unlike the lower-brominated PBDEs, serum T4 levels were not altered in rats exposed to decaBDE at
gavage doses up to 600 mg/kg/day for 28-90 days (Lee et al. 2010; Van der ven et al. 2008a; Wang et al.
2010, 2011b). Serum Ts levels were significantly reduced by up to 25% in female, but not male, rats
exposed to decaBDE at 60 mg/kg/day via gavage for 28 days (Van der ven et al. 2008a), and no changes
in serum T3 levels were observed in male rats exposed to decaBDE at doses up to 100 mg/kg/day via
gavage for 90 days (Wang et al. 2010, 2011b). In young male rats exposed to decaBDE for 33 days
(PNDs 10-45) via gavage, serum T3 was significantly reduced by up to 45% at doses >100 mg/kg/day and
serum TSH was significantly increased by ~70% following exposure to >300 mg/kg/day decaBDE for

33 days (PNDs 10-42) (Lee et al. 2010). In developing animals, significant reductions in serum T3 levels
were observed following gestational and lactational exposure to decaBDE at 146 mg/kg/day in rats and
1,500 mg/kg/day in mice; no changes were observed in serum T4 or TSH (Fujimoto et al. 2011; Tseng et

al. 2008); see Section 3.2.2.6 (Developmental Effects) for more details.
In young male rats exposed to decaBDE at doses of 0, 100, 300, or 600 mg/kg/day via gavage for 33 days

(PNDs 10-42), absolute and relative adrenal weights were significantly increased by 14 and 20%,

respectively, in the 600 mg/kg/day group (Lee et al. 2010). No exposure-related changes in adrenal
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weight were observed in rats exposed to dietary decaBDE at doses up to 90 mg/kg/day for 28 days (IRDC
1976). In mice, no significant changes in adrenal weight were observed in dams exposed to decaBDE at
doses up to 1,500 mg/kg/day from GD 0 to 17 (Tseng et al. 2008).

Pancreatic effects were evaluated in rats exposed to decaBDE at doses of 0, 0.05, 1 or 20 mg/kg/day via
gavage for 8 weeks (Zhang et al. 2013a). Serum insulin levels were significantly reduced by 50-60% at
>1 mg/kg/day, and blood glucose levels were elevated by 12-21% at >0.05 mg/kg/day (Zhang et al.
2013a). Consistent with these findings, morphological changes in the pancreas were observed at

>1 mg/kg/day, including blurred boundaries among pancreatic islet cells (incidence not reported).
Microarray analysis of liver tissue indicated significant alterations in genes from the canonical pathway

for type | diabetes mellitus (Zhang et al. 2013a).

Chronic-Duration Animal Studies

Lower-brominated PBDEs: No chronic-duration studies analyzing endocrine effects were located for

lower-brominated PBDEsS,

DecaBDE: Hyperplasia of the thyroid was 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 >94% pure commercial 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 in male Sprague-Dawley rats, or <2,550 mg/kg/day in female rats (NTP
1986).

Summary. While human data are inconsistent, they suggest that PBDESs can interact with thyroid
hormone homeostasis. These data, along with available animal studies, indicate that the thyroid is a target
of concern for PBDE exposure, especially lower-brominated PBDEs. One study reported pancreatic
effects, including altered insulin regulation and pancreatic lesions, following intermediate decaBDE
exposure; however, no other animal studies evaluated these end points. Limited human evidence is
inconclusive regarding potential associations between diabetes and PBDE exposure; however,

considering the animal data, the pancreas may be a target of concern for oral PBDE exposure. There is
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little evidence for endocrine effects other than those mediated by the thyroid and pancreas; data for
altered reproductive hormones in humans and animals exposed to PBDEs are inconclusive (see
Section 3.2.2.5, Reproductive Effects).

Dermal Effects. No studies were located regarding dermal effects in humans after oral exposure to
PBDEs.

Histopathological examinations showed no dermal changes in rats following gavage exposure to
<200 mg/kg/day of pentaBDE for 28 days (Van der ven et al. 2008b), dietary exposure to

<100 mg/kg/day of pentaBDE for 90 days (WIL Research Laboratories 1984), or dietary exposure to
<750 mg/kg/day of octaBDE for 13 weeks (IRDC 1977). No studies examining dermal effects after

exposure to decaBDE were located.

Based on animal studies, dermal effects are unlikely with oral exposure to PBDEs.

Ocular Effects. 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

<100 mg/kg/day of pentaBDE for 90 days (WIL Research Laboratories 1984) or <750 mg/kg/day of
octaBDE for 13 weeks (IRDC 1977). Similarly, 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% octaBDE) for 2 years (Kociba et al. 1975; Norris et al. 1975a).

Based on animal studies, ocular effects are unlikely with oral exposure to PBDEs.

Body Weight Effects. No studies were located regarding body weight effects in humans after oral
exposure to PBDEs.

Acute-Duration Animal Studies
Lower-brominated PBDEs: Percent body weight gain was significantly decreased by 2-19% in female

rats following gavage exposure to pentaBDE at 2000 mg/kg for 1 day, pentaBDE at 200 mg/kg/day for
7 days, pentaBDE at 8-200 mg/kg/day for 14 days, or octaBDE at 40-200 mg/kg/day for 7 or 14 days
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(Bruchajzer et al. 2010, 2011, 2012). However, no changes in percent body weight gain were observed in
female rats exposed to pentaBDE at doses up to 200 mg/kg/day for 7 or 14 days via gavage in another
study by the same investigators (Bruchajzer 2011). Additionally, body weight effects were not reported
in any other acute-duration study. No changes in body weight or body weight gain were observed in rats
exposed to penta- or tetraBDE at doses up to 240 mg/kg/day for 3—14 days via gavage (Bruchajzer 2011;
Hallgren and Darnerud 2002; Hallgren et al. 2001; Hoppe and Carey 2007; Stoker et al. 2004; Stoker et
al. 2005; Zhou et al. 2001) or in mice exposed to penta-, tetra-, or octaBDE at doses up to 100 mg/kg/day
for 4-14 days via gavage (Hallgren and Darnerud 2002; Fowles et al. 1994; Hallgren et al. 2001,
Richardson et al. 2008; Zhou et al. 2001).

In pregnant rats exposed to pentaBDE at 0, 10, 100, or 200 mg/kg/day via gavage from GD 6 to 15,
maternal body weight gain was significantly decreased by 20 and 30% in the 100 and 200 mg/kg/day
groups (Argus Research Laboratories 1985a). Pregnant rats exposed to octaBDE at 0, 2.5, 10, 15, 25, or
50 mg/kg/day via gavage from GD 6 to 15 showed a significantly 40% reduction in maternal body weight
gain at 50 mg/kg/day (WIL Research Laboratories 1986). In pregnant rabbits, exposure to octaBDE at

15 mg/kg/day via gavage from GD 7 to 19 also resulted in a 7% decreased in maternal body weight gain
(statistics not provided); no body weight effects were observed at <5 mg/kg/day (Breslin et al. 1989). In
other studies, maternal body weight was not affected in rats by gestational exposure via gavage to
pentaBDE at doses up to 120 mg/kg/day (Blanco et al. 2012, Ellis-Hutchings et al. 2009) or tetraBDE at
0.7 mg/kg/day (Talness et al. 2008).

DecaBDE: No change in body weight or body weight gains were observed in rats exposed to decaBDE at
doses up to 1,000 mg/kg/day for 4-14 days via gavage (Bruchajzer et al. 2010; Zhou et al. 2001) or in rats
and mice exposed to dietary decaBDE doses up to 16,000 and 19,000 mg/kg/day, respectively, for 7—-

14 days (NTP 1986; Sakamoto et al. 2013). DecaBDE did not alter maternal body weight in mice
exposed to doses up to 1500 mg/kg/day from GD 0 to 17 via gavage (Tseng et al. 2006).

Intermediate-Duration Animal Studies

Lower-brominated PBDEs: Percent body weight gain was significantly decreased by 8-19% in rats
exposed to pentaBDE at 8-200 mg/kg/day or octaBDE at 40-200 mg/kg/day for 21 or 28 days via gavage
(Bruchajzer 2011; Bruchajzer et al. 2012). However, in another study by the same investigators that
exposed female rats to O, 8, 40, or 200 mg/kg/day for 21 or 28 days via gavage, percent body weight gain
was only significantly decreased at 200 mg/kg/day (Bruchajzer et al. 2010). Another 28-day gavage
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study reported no body weight gain changes in female rats at pentaBDE doses up to 200 mg/kg/day;
however, significant changes were observed in male rats after the 28-day exposure to 0.27-

200 mg/kg/day (Van der ven et al. 2008b). The BMDgrpio% and BMDLrpios for decreased body weight
gain in male rats were 61.3 and 9.7 mg/kg/day, respectively (data were reported in terms of BMD analysis
only; raw data were not reported). At higher doses (=600 mg/kg/day), rats exposed to dietary octaBDE
for 13 weeks showed >12% decreases in weight gain (IRDC 1977). In mink, dietary pentaBDE exposure
at doses of 0.63 and 0.78 mg/kg/day for 9 weeks showed significant body weight decreases of 21 and
28%, respectively; no body weight effects were observed in mink exposed to dietary concentrations of
0.08 mg/kg/day (Martin et al. 2007).

Body weight effects were not reported in other intermediate-duration studies. No changes in body weight
or body weight gain were observed in rats exposed to pentaBDE at doses up to 250 mg/kg/day for 15—

90 days via gavage (Becker et al. 2012; Daubie et al. 2011; Hoppe and Carey 2007; IRDC 1976; Oberg et
al. 2010; Stoker et al. 2004, 2005; WIL Research Laboratories 1984), in mice exposed to tetra- or diBDE
at doses up to 30 mg/kg/day for 28-30 days via gavage (Wang et al. 2013; Zhang et al. 2014), in rats
exposed to dietary penta- or octaBDE or a penta-decaBDE mixture (52.1% pentaBDE, 44.2% decaBDE,
and 0.4% octaBDE) at doses up to 90 mg/kg/day for 28-125 days (Driscol et al. 2009; Ernest et al. 2012;
IRDC 1976), or in mice exposed to dietary tetraBDE at doses up to 450 mg/kg/day (Maranghi et al.
2013).

Maternal body weight effects were not observed following gavage exposure to pentaBDE during
gestation and lactation in rats at doses up to 30.6 mg/kg/day (Ellis-Hutchings et al. 2006; Kodavanti et al.
2010; Zhou et al. 2002) or in mice at doses up to 452 mg/kg/day (Branchi et al. 2005; Skarman et al.
2005). In one-generation studies, no body weight effects were observed in FO or F1 rats following
pentaBDE exposure to gavage doses up to <50 mg/kg/day (Bondy et al. 2011, 2013; Dunnick et al. 2012),
in FO dams following administration of doses up to 11.4 mg/kg/day via pentaBDE-dosed vanilla wafers
(Poon et al. 2011), in FO or F1 mink exposed to dietary pentaBDE doses of <0.31 mg/kg/day (Zhang et al.
2009), or in female FO mice fed cornflakes dosed with 1 mg/kg/day of tetraBDE for 4 weeks prior to
mating through PND 21 (Koenig et al. 2012; Ta et al. 2011)

DecaBDE: One study reported significant decreases in growth in rats exposed to decaBDE via gavage for
90 days (Wang et al. 2011b). “Whole-body growth rates,” defined by the study authors as the average
growth rate after 90 days, were reported as 1.57, 0.59, and 0.76% in the 0, 10, and 50 mg/kg/day groups,
respectively (Wang et al. 2011b). No changes in body weight or body weight gain were observed in other
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studies of rats exposed to decaBDE doses up to 1,000 mg/kg/day for 21-90 days via gavage (Bruchajzer
et al. 2010; Lee et al. 2010; Van der ven et al. 2008a; Wang et al. 2010; Zhang et al. 2013a), in mice
exposed to decaBDE at doses up to 1,500 mg/kg/day for 15-60 days via gavage (Heredia et al. 2012;
Liang et al. 2010; Tseng et al. 2006), or in rats and mice exposed to dietary decaBDE at doses of

<8,000 and <9,500 mg/kg/day, respectively, for 28-90 days (NTP 1986; Sakamoto et al. 2013; Watanabe
et al. 2010a). Dietary ingestion of 77.4% decaBDE mixture (containing 21.8% nonaBDE and 0.8%
octaBDE) 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).

Mean maternal weight was suppressed by ~10% in mice exposed to dietary decaBDE doses of 290 or
2,900 mg/kg/day from GD 10 to PND 21; however, the study authors did not report whether or not this
finding was statistically significant (raw data not available for statistical analysis) (Watanabe et al.
2010b). A significant 12% decrease in body weight was also reported in rat dams exposed to decaBDE at
300 mg/kg/day via gavage for 3 weeks prior to mating until PND 21 (Liu et al. 2012). In other studies,
decaBDE did not alter maternal body weight in rats exposed to doses up to 1,000 mg/kg/day from GD 10
to PND 21 via gavage (Biesemeir et al. 2011; Fujimoto et al. 2011) or in mice exposed to dietary
decaBDE at doses up to 260 mg/kg/day from GD 10 to PND 21 (Watanabe et al. 2008).

Chronic-Duration Animal Studies

Lower-brominated PBDEs: No chronic-duration studies analyzing body weight effects were located for
lower-brominated PBDEs.

DecaBDE: Body weight effects were not observed in rats and mice that were exposed to dietary
decaBDE doses of <2,550 and <7,780 mg/kg/day, respectively, for 103 weeks (NTP 1986).

Summary. No studies are available on body weight effects of PBDES in humans. Although some acute-
and intermediate-duration animal studies reported decreased body weight, several others reported no
exposure-related changes in body weight. No changes in body weight were observed in chronic studies.
Based on the body of evidence from animal studies, body weight effects are unlikely to occur following

oral exposure to PBDEs at environmentally-relevant doses.

Metabolic Effects. No studies were located regarding metabolic effects in humans after oral exposure
to PBDEs.
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Animal Studies

Lower-brominated PBDEs: Exposure to pentaBDE via gavage for 28 days at doses of 0, 0.27, 0.82, 2.47,
7.4,22.2,66.7, or 200 mg/kg/day caused significant, dose-related decreases in blood glucose levels in
male rats (Van der ven et al. 2008b). Results, reported in terms of BMD analysis, indicated a BMD of
179.55 mg/kg/day and a BMDL o of 66.7 mg/kg/day (raw data and statistics for individual dose groups
were not reported). No significant changes in blood glucose levels were found in female rats exposed to
doses up to 200 mg/kg/day (Van der ven et al. 2008b). Reduced serum glucose levels were also reported
in male rats exposed to 20 mg/kg/day of a dietary PBDE mixture containing 52.1% penta-decaBDE
(DE-71), 44.2% decaBDE (BDE 209), and 0.4% octaBDE (DE-79) for 70 days; no changes were
observed at <2 mg/kg/day (Ernest et al. 2012).

Exposure to pentaBDE via gavage at 250 mg/kg/day for 28 days caused hypercalcemia, hyper-
magnesemia, and hyperphosphatemia in male rats and hyperatremia and hypokalemia in female rats
(Oberg et al. 2010). No changes in blood calcium, magnesmium, potassium, phosphorus, or sodium
levels were observed at doses <25 mg/kg/day (Oberg et al. 2010). No significant changes in blood
calcium, magnesium, or phosphorus levels were observed in male rats exposed to <20 mg/kg/day of a
dietary penta-decaBDE mixture containing 52.1% pentaBDE (DE-71), 44.2% decaBDE (BDE 209), and
0.4% octaBDE (DE-79) for 70 days (Ernest et al. 2012).

A single study evaluated fat pad weight and adipocyte number, size, viability, lipolysis, and glucose
oxidation in male rats following exposure to pentaBDE at 14 mg/kg/day via gavage for 2 or 4 weeks
(Hoppee and Carey 2007). No exposure-related effects were noted at 2 weeks. At 4 weeks, significant
observations included increased adipocyte lipolysis and decreased adipocyte glucose oxidation; however,

no changes in fat pad weight or the number, size, or viability of adipocytes were observed.

DecaBDE: DecaBDE exposure via gavage for 8 weeks caused elevated blood glucose levels at
>0.05 mg/kg/day in male rats (Zhang et al. 2013a). Elevated glucose levels were increased 12-21%
compared with controls, and were accompanied by significantly decreased serum insulin levels at

>1 mg/kg/day; see Section 3.2.2.2, Endocrine System Effects for more details.

Summary. Data regarding metabolic effects of PBDE are too limited to adequately characterize if PBDE

exposure could alter metabolism in humans.
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3.2.2.3 Immunological and Lymphoreticular Effects

Human Studies. A significant negative statistical association (not further described) was found between
serum concentrations of PBDE and number of circulating lymphocytes in a subset of 18 of a cohort of

33 children (18 girls and 15 boys) born in the Amsterdam/Zaandam area of the Netherlands and aged 14—
19 years at the time of this study (Leijs et al. 2009). Serum PBDE concentrations (determined as the sum
of congeners 28, 47, 85, 99, 100, 153, 154, and 183) ranged from 5 to 74 ng/g lipid with a mean of

13.9 ng/g lipid. Congener-specific analysis showed the main contributors to be BDE 183, BDE 154, and
BDE 85. There were no other effects on leukocyte count or differential. Although dioxins and PCBs
were also assessed, no association with lymphocytes was found for these chemicals. No effects on
pokeweed mitogen-stimulated DNA proliferation or IgG immunoglobulin synthesis were found in human
lymphocytes exposed to BDE 47 or BDE 85 in vitro (Fernlof et al. 1997).

Acute-Duration Animal Studies

Lower-brominated PBDEs: Limited information is available on effects of acute-duration exposure to
lower-brominated PBDEs on immunologic function in animals. A single gavage dose of 0.8-500 mg/kg
pentaBDE did not affect the plaque-forming splenic cell antibody response to injected sheep red blood
cells in mice (Fowles et al. 1994). Mice that were given 18, 36, or 72 mg/kg/day doses of pentaBDE via
gavage for 14 days had significantly reduced antibody response to sheep red blood cells (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 exposure to <72 mg/kg/day on NKC activity to murine YAC-1
target cells; NKC activity was not evaluated in the single-dose study. Another 14-day study was
conducted in which mice and rats were administered pentaBDE at 0, 18, or 36 mg/kg/day via 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 1gG in pokeweed-stimulated splenocyte cultures
from the mice exposed to 36 mg/kg/day. Mice that were similarly exposed to tetraBDE at 18 mg/kg/day
via gavage for 14 days had significantly reduced numbers of total splenocytes as well as CD4+, CD8+,
and CD45R+ cells in spleen (Darnerud and Thuvander 1998), but no changes in spleen or thymic weight
(Hallgren et al. 2001).
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DecaBDE: No acute-duration studies analyzing immune effects were located for lower-brominated
PBDEs.

Intermediate-Duration Animal Studies

Lower-brominated PBDEs: Immune function was evaluated in male mink exposed to dietary pentaBDE
for 9 weeks (Martin et al. 2007). Initial exposure concentrations were 0, 1, 10, or 100 ppm; however,
after the first week of exposure, the 100 ppm group was switched to 5 ppm for weeks 2—-9 because of food
avoidance and weight loss concerns. Dose levels in the 1, 5/100, and 10 ppm groups were calculated to
be 0.08, 0.63, and 0.78 mg/kg/day, respectively, based on estimated daily intake ranges (Martin et al.
2007). Mink were assessed weekly during exposure for antibody-mediated immunity to KLH (a carrier
protein from keyhole limpet that binds to haptens and is used to stimulate a response from the immune
system in the form of antibody production) and at 9 weeks for PHA skin response. No dose-related
effects were observed for antibody production to KLH; however, at each time-point tested, antibody
production in the 0.63 mg/kg/day group (the 100 ppm/5 ppm group) was significantly increased compared

with controls. No exposure-related changes were observed in the skin response to PHA challenge.

Martin et al. (2007) also reported a significant increase in the incidence of spleen hyperplasia in mink
from the 0.63 and 0.78 mg/kg/day groups, with 25 and 40% incidence, respectively, compared with 0%
incidence in the controls. In the 0.78 mg/kg/day group, the number of germinal centers in the spleen was
also significantly increased. In mice, histological and morphometric changes were observed in the spleen
and thymus of females exposed to dietary tetraBDE at 450 mg/kg/day for 28 days (only dose tested;
males not evaluated) (Maranghi et al. 2013). In the spleen, follicular hyperplasia with germinal center
development was observed in 9/10 exposed mice, compared with 4/10 controls, and lymphocytic
infiltration involving the red pulp was observed in 5/10 exposed mice, compared with 0/10 controls. In
the thymus, 7/9 exposed mice showed Hassal’s bodies, compared with 2/10 controls, and 5/9 showed
lymphocytic apoptosis, compared with 0/10 controls. The ratio between area of cortex and medulla in the
thymus was significantly increased by 43% in exposed mice, compared with controls. In the thyroid,
cellular debris was observed in the follicular lumen of 5/7 exposed mice, compared with 0/10 controls
(Maranghi et al. 2013). In other studies, no exposure-related changes were observed in spleen, thymus,
lymph node, and/or bone marrow tissue histology in rats exposed to pentaBDE at gavage doses up to

250 mg/kg/day for 28 days (Oberg et al. 2010; Van der ven et al. 2008b), pentaBDE at dietary doses up to
100 mg/kg/day for 90 days (WIL Research Laboratories 1984), or octaBDE at dietary doses up to

750 mg/kg/day for 13 weeks (IRDC 1977). Additionally, no exposure-related changes were observed in
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the histology of the spleen, thymus, Peyer’s patches, or mesenteric lymph nodes in rat dams exposed to
pentaBDE at doses up to 25 mg/kg/day via gavage for 70 days prior to mating through PND 21

(~21 weeks) (Bondy et al. 2013). In offspring, a significant dose-related trend was observed in the
incidence of apoptotic lymphocytes and tingible macrophages in the thymus of PND 43 males, but not

females (Bondy et al. 2013); see Section 3.2.2.6 (Developmental Effects) for more details.

Martin et al. (2007) reported a significant 29% increase in relative, but not absolute, spleen weight in
mink exposed to dietary pentaBDE at 0.78 mg/kg/day for 9 weeks. In a 28-day study, rats were exposed
to pentaBDE at 0, 0.27, 0.82, 2.47, 7.4, 22.2, 66.7, or 200 mg/kg/day via gavage (Van der ven et al.
2008b). Study authors reported a dose-related decrease in thymus weight in male rats (maximal decrease
of 19.4%); however, the lowest dose at which the effect was observed was not reported. Instead, results
were reported in terms of BMD analysis (BMD/BMDLrp20%=194.2/110 mg/kg/day). No dose-related
changes were reported for female thymus weight, male or female spleen weight, or T-cell, B-cell, or
macrophage population distribution in the spleen in either sex (Van der ven et al. 2008b). In other
studies, no exposure-related changes were observed in spleen or thymus weights in rats exposed to penta-
or diBDE at gavage doses up to 250 mg/kg/day for 28 days (Oberg et al. 2010; Zhang et al. 2014), in rats
exposed to pentaBDE at gavage doses up to 0.015 mg/kg/day for 90 days (Daubie et al. 2011), in rats
exposed to dietary penta- or octaBDE at doses up to 100 mg/kg/day for 28 or 90 days (IRDC 1976; WIL
Research Laboratories 1984), in rats exposed to a dietary penta-decaBDE mixture (52.1% pentaBDE
[DE-71], 44.2% decaBDE [BDE 209], 0.4% octaBDE [DE-79]) at doses up to 20 mg/kg/day for 70 days
(Ernest et al. 2012), in rats exposed to dietary octaBDE at doses up to 750 mg/kg/day for 13 weeks (IRDC
1977), or in mice exposed to dietary tetraBDE at 450 mg/kg/day for 28 days (Maranghi et al. 2013).
Additionally, no exposure-related changes in spleen or thymus weights were observed in rat dams or
offspring exposed to pentaBDE at 18 mg/kg/day via gavage from GD 6 to PND 21 (Ellis-Hutchings et al.
2006), in rat dams exposed to pentaBDE at doses up to 25 mg/kg/day via gavage for 70 days prior to
mating through PND 21 (~21 weeks) (Bondy et al. 2013), or in mink sows exposed to dietary pentaBDE
at doses up to 0.31 mg/kg/day for 4 weeks prior to mating through PNW 6 (Zhang et al. 2009). Although
immune function was not altered, increased thymus weights, as well as altered serum immunoglobin
levels and lymphocyte proliferation, were observed in the offspring of rat dams exposed to pentaBDE at
doses >5 mg/kg/day via gavage for 70 days prior to mating through PND 21 (~21 weeks) (Bondy et al.
2013); see Section 3.2.2.6 (Developmental Effects) for more details.

In a poorly-reported study, immune end points were evaluated in mouse dams and offspring following
exposure to pentaBDE at 0, 50, 100, or 200 mg/kg/day via gavage from GD 6 to PND 21 (Hong et al.
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2010). The absolute and relative spleen weights were significantly decreased in the 100 and

200 mg/kg/day groups and the thymi of exposed dams were “weighed decreasingly” (quantitative data
were not reported). No histopathological alterations were observed in the spleen or thymus. The study
abstract reports decreased cellularity of the spleen and thymus in dams; however, cellularity data for the
dams are not reported in the results section of the paper. No statistically significant increases in T- or
B-cell lymphocyte proliferation were observed, and no exposure-related changes in T-cell, B-cell, or
macrophage population distribution were observed in the spleen. The study authors reported decreases in
serum IgM levels, but statistical significance was not reported. No changes in serum IgG1 were
observed. The study authors also noted some immune effects in offspring, including decreased spleen
weight and cellularity and altered serum immunoglobin levels on PND 21 in groups exposed to

>100 mg/kg/day and increased T-cell proliferation following in vitro exposure to concanavalin A (ConA)

at 200 mg/kg/day on PND 63; see Section 3.2.2.6 (Developmental Effects) for more details.

DecaBDE: One week following exposure to dietary decaBDE at 0 or 1,800 mg/kg/day for 28 days, mice
were intranasally infected with the RSV (Watanabe et al. 2010a). No exposure-related differences in
pulmonary viral titers were observed 5 days post-infection (Watanabe et al. 2010a). In contrast,
pulmonary viral loads were increased post-infection in PND 28 offspring of mouse dams exposed to
dietary decaBDE at doses >260 mg/kg/day from GD 10 to PND 21 (Watanabe et al. 2008, 2010b); see
Section 3.2.2.6 (Developmental Effects) for more details.

In rats exposed to decaBDE at 0 or 300 mg/kg/day via gavage for 21 days prior to mating through

PND 21, the distribution of T-lymphocytes in the thymus was significantly altered in exposed rat dams,
with significantly decreased CD3+, CD4+, CD4+/CD8+, CC3+/CD8+, and CD3+/CD4+ T-cells and
significantly increased CD4-/CD8- T-cells compared with control dams (Liu et al. 2012). CD161+ NKCs
were also significantly decreased, compared with controls. Additionally, the lymphocyte stimulation
index in response to in vitro PHA exposure was significantly reduced by ~2-fold in lymphocytes
harvested from exposed rat dams, compared with control dams (Liu et al. 2012). In another study, no
dose-related changes were reported for T-cell, B-cell, or macrophage population distribution in the spleen
of rats exposed to decaBDE at doses up to 60 mg/kg/day via gavage for 28 days (Van der ven et al.
2008a).

Following exposure to decaBDE at 300 mg/kg/day via gavage for 21 days prior to mating through

PND 21, serum IgM and IgG were significantly decreased by 28 and 4%, respectively, compared with
controls (Liu et al. 2012). No exposure-related changes were observed in IFN- vy or IL-4 (Liu et al. 2012).
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Histopathological examinations of spleen, thymus, lymph node, and/or bone marrow tissues showed no
effects in rats or mice exposed to dietary decaBDE at doses up 8,000 or 9,500 mg/kg/day, respectively,
for 13 weeks (NTP 1986). In rat dams exposed to decaBDE at 0 or 300 mg/kg/day via gavage for 21 days
prior to mating through PND 21 (~11 weeks), the exposed group showed significantly increased
“histological scores” in the spleen and thymus compared with controls (methods of histological scoring
and incidences of lesions were not reported) (Liu et al. 2012). Lesions observed in the thymus of exposed
rats included thickened thymus capsule, decreased lymphoid tissue in the cortex with adipose tissue
replacement, increased medulla size, and obscured corticomedullary junction. The spleen showed
decreased size and number of lymphoid nodules, thinner lymphatic sheath around arteries, and fibrotic

tissue with macrophages in the medulla.

In a 28-day study, rats were exposed to decaBDE at 0, 1.87, 3.45, 7.5, 15, 30, or 60 mg/kg/day via gavage
(Van der ven et al. 2008a). The study authors reported a dose-related decreased in thymus weight in
female rats (maximal decrease of 16.6%); however, the lowest dose at which the effect was observed was
not reported. Instead, results were reported in terms of BMD analysis (BMD/BMDLgpzo%=

75/43 mg/kg/day). No dose-related changes were reported for male thymus weight or male or female
spleen weight (Van der ven et al. 2008a). Absolute and relative spleen weights were significantly
decreased by 12 and 27%, respectively, in rat dams exposed to decaBDE at 300 mg/kg/day via gavage for
21 days prior to mating through PND 21 (~11 weeks); no exposure-related changes were observed in
thymus weight (Liu et al. 2012). In other studies, no exposure-related changes in spleen weight were
observed in rats exposed to decaBDE at doses up to 20 mg/kg/day via gavage for 8 weeks (Zhang et al.
2013a) or in mouse dams or PND 71 male offspring exposed to decaBDE at doses up to 1,500 mg/kg/day
from GD 0 to 17 via gavage (Tseng et al. 2008).

In a poorly-reported study, immune end points were evaluated in mouse dams and offspring following
exposure to decaBDE at 0, 500, 2,500, or 12,500 mg/kg/day via gavage on GD 6 to PND 21 (Hong et al.
2010). No exposure-related changes were reported for maternal spleen or thymus weight or histology.
T-cell lymphocyte proliferation (in response to ConA) was “slightly” increased. No statistically
significant increases in B-cell lymphocyte proliferation were observed and no exposure-related changes in
T-cell, B-cell, or macrophage population distribution were observed in the spleen. The study authors
reported increased serum IgG1 and IgM levels; however, statistics were not reported and changes do not
appear dose-related in graphically-presented data. In offspring, altered spleen cell populations were noted
on PND 21; see Section 3.2.2.6 (Developmental Effects) for more details.
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Chronic-Duration Animal Studies

Lower-brominated PBDEs: No chronic-duration studies analyzing immune effects were located for

lower-brominated PBDEs.

DecaBDE: Following chronic ingestion of decaBDE for 103 weeks, an increased incidence of splenic
hematopoiesis was observed in female rats at >1,200 mg/kg/day (12/49, 24/48, and 17/50 at 0, 1,200, and
2,550 mg/kg/day, respectively); only the incidence in the mid-dose group was statistically significant. In
male rats, the incidence of splenic fibrosis was significantly increased at 2,240 mg/kg/day (5/49, 8/50, and
13/49 at 0, 1,120, and 2,240 mg/kg/day, respectively) (NTP 1983). The incidence of lymphoid
hyperplasia in the mandibular lymph node was also significantly increased in male rats at

2,240 mg/kg/day (4/50, 6/50, and 13/49 at 0, 1,120, and 2,240 mg/kg/day, respectively) (NTP 1983). No
exposure-related histolopathological lesions were observed in male or female mice following chronic
ingestion of decaBDE for 103 weeks at doses up to 6,650 and 7,780 mg/kg/day, respectively (NTP 1983).

Summary. Evidence from animals suggest that PBDE exposure may cause immune suppression,
particularly in infants or children (see Section 3.2.2.6, Developmental Effects for more details), but data
are limited and inconsistent. Additionally, comprehensive immunological evaluations have not been
performed and human data are extremely limited. Therefore, currently available information is
insufficient to adequately characterize the human immunotoxic potential of PBDEs. 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.

3.2.2.4 Neurological Effects

Human Studies. No association was found between serum PBDE concentrations (BDE 28, BDE 47,
BDE 66, BDE 85, BDE 99, BDE 100, BDE 138, BDE 153, BDE 154, and their sum) and
neuropsychological function assessed by 34 tests of cognitive and motor function, affective state, and
olfactory function in a study population of 144 volunteers (67 males and 77 females) between the ages of
55 and 74 who lived for at least 25 years in the upper Hudson valley of New York State (Fitzgerald et al.
2012). Median total serum PBDE concentration in the study population was 23.9 ppb (lipid weight), with
the detection limit exceeded in 89% of the population. Neurobehavioral function in adolescents was

studied by Kicinski et al. (2012). The study population included 515 secondary school students
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. : (Route) :
Figure (Strain) System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat once 6200 (44-day LD50) British Industrial Biological
(Wistar) (GO) Research Association 1977
PentaBDE (DE-71)
2 :a‘ t ‘()gge) 5000  (4/5 died) IRDC 1975b
partan PentaBDE (technical)
3 Rat once 5000 (14-day LD50) Pharmakon Research
(Spr?gue- (GO) International Inc. 1984
Dawley) PentaBDE (Saytex 115)
Systemic
4 (Rat E’”Ce) Hepatic 12M Albina et al. 2010
Sprague- GO
Dawley) PentaBDE (BDE99)
Renal 0.6 M (phagolysosomes in
renal tubules)
5 Fat ?nce) Hepatic 12M Alonso et al. 2010 Nr? biologic?]lly relevant
Sprague- GO changes in hepatic
Dawley) PentaBDE (BDE99) serum chemistry.
Renal 0.6 M 1.2 M (increased total protein in
urine)
Endocr 0.6 M (reduced serum
testosterone)
6 Rat (13%%_15 Bd Wt 10 100 (20% reduction in Argus Research Laboratories
(CD) (GO) maternal body weight 1985a

gain)

PentaBDE (Saytex 115)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
! Rsat (13‘::Jde-19 Bd Wt 2F Blanco et al. 2012
(D;vrv?eg;)e- (GO) PentaBDE (BDE99)
° :,f,l:star) I g/d Hepatic 8F 40 F (porphyria) Bruchajzer 2011
(GO) PentaBDE (technical)
Bd Wt 200 F
’ ?V??star) it/dd Hepatic 8 F (porphyria) Bruchajzer 2011
(GO) PentaBDE (technical)
Bd Wt 200 F
10 ?Zt ; I S/d Hepatic 40 F 200 F (fatty degeneration) Bruchajzer et al. 2010
(Wistan) PentaBDE (technical)
Bd Wt 40 F 200 F (7% decrease in body
weight gain)
1 T:;t ; ﬁ(/?j Hepatic 40F 200 F (fatty degeneration) Bruchajzer et al. 2010
(Wistar) PentaBDE (technical)
Bd Wt 40 F 200 F (10% decrease in body
weight gain)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetr;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
R . ) .
12 Vf/l:star gndcf)bservation Hepatic 200 F 2000 F (fatty degeneration) Bruchajzer et al. 2011
( ) (GO) PentaBDE (technical)
Bd Wt 200 F 2000 F (11% decrease in body
weight gain)
200 F 2000 F (11% decrease in body
weight gain)
13 R\):l‘t . Z g/d Hepatic 2FE 8 F (porphyria) Bruchajzer et al. 2012
(Wistar) (GO) OctaBDE (technical)
Bd Wt 8F 40 F (9% decrease in body
weight gain)
14 R\Zt . it/% Hepatic 8F 40 F (porphyria) Bruchajzer et al. 2012
(Wistar) (GO) OctaBDE (technical)
Bd Wt 8F 40 F (5% decrease in body
weight gain)
15 ;?Sa;rague 14;(/% Hepatic 76.6 M Carlson, 1980b
Dawley) (GO) OctaBDE (technical)
* ?sa;rague it/cij Hepatic 56.4 M Carlson, 1980b
Dawley) (GO) PentaBDE (technical)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouu(ig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
1 ?Sa;)trague 14;(/0:1 Endocr 18  (reduced serum T4) Darnerud and Sinjari 1996
Dawley) (GO) PentaBDE (Bromkal 70)
18 Rat 6d i i N re-related
Endocr 120 F Ellis-Hutchings et al. 2009 0 exposure-relate
(Sprague- Gd 6.5-11.5 PentaBDE (DE-71) changes in serum
Dawley) (GO) thyroid hormone levels.
Bd Wt 120 F
19 ?Se:)trague ié‘;(/o(lj Endocr 6F 18 F (reduced serum T4, Hallgren and Darnerud 2002
; reduced T4 protein TetraBDE (BDE47
Dawley) (G) binding) ( )
Bd Wt 18 F
20 (RSaptrague it/% Hepatic 18 F (reduced liver vitamin A) Hallgren et al. 2001
Dawley) (GO) PentaBDE (Bromkal 70-5DE)
Endocr 18 F (reduced serum T4)
Bd Wt 36 F
21 Rat i \)'(\;Ié Endocr 14 M (reduced serum T4) Hoppe and Carey 2007 No exposure-related
(Sprague- PentaBDE (technical) changes in fat pad
Dawley) (GO) weight, adipocyte
number, size, viability,
lipolysis or glucose
oxidation.
Bd Wt 14 M
Metab 14 M

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Keyto Species Fr(%qouuetr;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
22 zat t OGnCOe Bd Wt 5000 IRDC 1975a
partan (GO) OctaBDE (technical)
23 Fszat t E)Gn(c)e) Bd Wt 500 IRDC 1975b
partan PentaBDE (technical)
b .
24 R\)l‘;’llt X grécg Endocr 0.06 F (reduced serum T4) Kuriyama et al. 2007
(Wistar) (GO) PentaBDE (BDE99)
25 Rat é%ds 5 Bd Wt o5 Life Science Research Israel
(CD) - Ltd. (1987)
(GO) OctaBDE (FR-1208)
26 R\)/f/litstar I?’r? d22-26 Endocr 3F 30 F (reduced serum T4) Stoker et al. 2004
( ) (GO) PentaBDE (DE-71)
Bd Wt 60 F
27 T/i:star gr?d 2327 Endocr 3M 30 M (reduced serum T4) Stoker et al. 2004
( ) (GO) PentaBDE (DE-71)
Bd Wt 60 M
28 T/i:star f g/d Endocr 30 M 60 M (increased serum LH) Stoker et al. 2005
( ) (GO) PentaBDE (DE-71)
Bd Wt 60 M

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/
Duration/
Keyto Species Fr(%qouu(i:)cy NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) Chemical Form Comments
29 Rat 9d Bd Wt 240 M Stoker et al. 2005 Hershberger Assay
(Wistar) 1xd PentaBDE (DE.71 (castrated rats,
(GO) enta (DE-71) supplemented with s.c.
testosterone)
30 E/i:star) g&cg Bd Wt 07F Talsness et al. 2008
©0) TetraBDE (BDE47)
31 Rat (13%%_15 Bd Wt 25 50  (40% reduced maternal WIL Research Laboratories
(CD) <o body weight gain) 1986
(GO) OctaBDE (DE-79)
32 (Fﬁa)tng ?ng/d Endocr 10F 30 F (reduced serum T4) Zhou et al. 2001
Evans) (GO) PentaBDE (DE-71)
Bd Wt 300 F
33 ?L?)tng ig/d Endocr 3F 10 F (reduced serum T4) Zhou et al. 2001
Evans) (GO) OctaBDE (DE-79)
Bd Wt 300 F
34 IV(I:(:J?S‘:LIGN it/% Endocr 18  (reduced serum T4) Darnerud and Sinjari 1996
( ) (GO) PentaBDE (Bromkal 70)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Ff(%qouui’;;’y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
35 Mouse once Hepatic 500 F Fowles et al. 1994
C57BL/6 (G0) PentaBDE (DE-71)
Endocr 100 F 500 F (reduced serum T4)
Bd Wt 500 F
36 Mouse i4/?1 Hepatic 72 F Fowles et al. 1994
(CS7BL/6N) X PentaBDE (DE-71)
(GO)
Endocr 18 F (reduced serum T4)
Bd Wt 72 F
37 MCC;“?S;L/GN 1‘;,% Hepatic 18F 36 F (reduced liver vitamin A) Hallgren et al. 2001
( ) (GO) PentaBDE (Bromkal 70-5DE)
Endocr 18 F (reduced serum T4)
Bd Wt 36 F
38 ('\goslst/GN) i‘;/?j Endocr 18 F (reduced serum T4) Hallgren et al. 2001
(GO) TetraBDE (BDE47)
Bd Wt 18 F

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(ir;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
39 (MCOSUYSBeLIG) 1 Endocr 10F  100F (reduced serum T4) Richardson et al. 2008
(GO) TetraBDE (BDE47)
Bd Wt 100 F

Immuno/ Lymphoret

40  Rat i”;( /‘i'j 36 Darnerud and Thuvander 1998 No exposure-related
(Sprague- PentaBDE (Bromkal 70-5DE)  C12N9es in spleen or

Dawley) (GO) thymus weight, number
or distribution of
lymphocyte
subpopulations, or in
vitro 1gG production.

41 Mouse 14d 18 36 (reduced in vitro Darnerud and Thuvander 1998
(C57BL/6N) 1 x/d duction of 1aG i
GO production ot 1gG In PentaBDE (DE-71)
(GO) mitogen- stimulated
splenocytes)
42 ('\"0“39 oy ?”Ce) 500 F Fowles et al. 1994 Nr? exposurel-related
C57BL/6N GO change in spleen or
PentaBDE (DE-71) thymus weights or
antibody respose to
sheep red blood cells.
43 'véoslfsl_ o wd 36F 72 F (reduced antibody Fowles et al. 1994
( ) (©0) response to sheep red PentaBDE (DE-71)
blood cells, decreased
thymus weight)

s$3a4ad
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

s$3a4ad

S103443 H1TV3IH '€

Exposure/ LOAEL
Duration/

Key & Species Fr(%qouu(ir;;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments

44 (I\/Iouse o 14‘;/(21 18 F Hallgren et al. 2001 Nr? exposure-rlelated
C57BL/6N changes in spleen or

(GO) TetraBDE (BDE47) thymus weight

Neurological

45 Rat once 12M Belles et al. 2010 rI:l_o crangeS_in brain
(DS;VTIEI?;)E— ©o PentaBDE (BDE99) fulitcotig?])sgloéblrs],ervation

battery, open-field
testing, passive
avoidance test, or
Morris water maze.

Reproductive

46 ?Sagrague ?Gnge) 0.6 F (decreased serum Alonso et al. 2010

B testosterone
Dawley) ) PentaBDE (BDE99)

47 Rat 14d oF Blanco et al. 2012 No treatment-related
(Sprague- Gd 6-19 PentaBDE (BDE99) changes in gravid
Dawley) (GO) uterine weight or

number of implantation
or resorptions.

48 I(Tlfll:star) fg/d 30M 60 M (increased serum LH) Stoker et al. 2005

(GO) PentaBDE (DE-71)
49 ?V??star) 2 gld 30 M (20% decrease in ventral Stoker et al. 2005 g:;?;i??;éssay
rostate weight _ v
(GO) P ght) PentaBDE (DE-71) supplemented with s.c.

testosterone)

101



Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)
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Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuiz)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
50 ?at ) g&cg 07F Talsness et al. 2008 Nr? dose-related
Wistar changes in ovary
(GO) TetraBDE (BDEA47) weight or histology.
51 Mouse 3d 300 F Mercado-Feliciano and Bigsby Mice were
(BALBJ/c) 1 x/d 2008a ovariectomized 3
(GO) weeks prior to
PentaBDE (DE-71) exposure; no change in
uterus weight or
uterus/vaginal
histology.
Developmental
52 Rat 10d 200 Argus Research Laboratories NO changes in number,
(CD) Gd 6-15 1985a sex, and weight of
(GO) fetuses, fetal death,
PentaBDE (Saytex 115) early and late
resorptions, gross
malformations, or
skeletal or visceral
abnormalities.
53 Rat (13%%_15 10 25  (increased resorptions Argus Research Laboratories
(CD) o and reduced fetal body 19850
(GO) weight) OctaBDE (Saytex 115)
54 ?Si:rague (1;;%_19 1 2 (delayed ossification, Blanco et al. 2012
- liver and heart PentaBDE (BDE99
Dawley) (GO) hypertrophy) ( )

s$3a4ad
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/

Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments

55 Rat IYDr?d 6-12 30 M (impaired learning in Dufault et al. 2005
(Long- Evans) GO) visual discrimination task PentaBDE (DE-71)

at Pnd 30-83)

56  Rat g g 65115 120 Ellis-Hutchings et al. 2009 No exposure-related
(Sprague- . : PentaBDE (DE-71) changes in embryo
Dawley) (GO) viability, growth, or

morphology.

57 Rat (1;;| cé 6105 120 Ellis-Hutchings et al. 2009 No exposure-related
(Sprague- . . p BDE (DE-71 effects on fetal survival,
Dawley)  (GO) entaBDE (DE-71) growth, or

malformations.

58 RSatr grr]:(:jelo 1 (impaired learning and He et al. 2009
(D ;Wig;)e- (O) memory at 2 months) TetraBDE (BDE47)

59 Fsaptrague grrﬁlelo 1 (impaired learning and He et al. 2011

- memory and 23% TetraBDE (BDE47
Dawley) (GO) decrease in relative ( )
uterine weight at 2
months)
b )

60 Raitstar gr:jcg 0.06 (increased activity and Kuriyama et al. 2005

(Wistar) . impaired o PentaBDE (BDE99)
(GO) spermatogenesis in adult

offspring)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key & Species  'reduency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) hemical
g System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
61 Elfll:star) g&cg 0.06 0.3  (reduced serum T4 in Kuriyama et al. 2007
(GO) Pnd 22 offspring) PentaBDE (BDE99)
62 Rat é%%-lS 25 10 (minimal increased Life Science Research Israel
(CD) <o post-implantation loss) Ltd. (1987)
(GO) OctaBDE (FR-1208)
b
63 RaF cér;jcg 0.06 F (ultrastructural changes Talsness et al. 2005
(Wistar) in ovaries in F1 females PentaBDE (BDE99)
(GO) at Pnd 90, increased
resorptions in F1 females
mated to unexposed
males)
64 RaF oGchg 0.14 F (reduced number of Talsness et al. 2008
(Wistar) secondary ovarian TetraBDE (BDE47)
(GO) follicles at Pnd 38 and
ultrastructural changes in
the ovary at Pnd 100 in
offspring)
R i
65 (Satra e Igrr]1((:je10 0.8M 8 M (decreased spontaneous Viberg et al. 2005
D:fwlegy) ©) ﬁ;ﬂY{ﬁi{t;Q:f;""”ed PentaBDE (BDE99)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) hemical
g System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
66 Rat (13% OEIS 5 25 50 (reduced fetal weight and WIL Research Laboratories
(CD) increased skeletal 1986
(GO) variations associated OctaBDE (DE-79)
with maternal tox)
67 ;T_E(l)tng gb%_zo 1 10  (reduced serum T4 in Zhou et al. 2002
B fetuses R
Evans) (GO) ) PentaBDE (DE-71)
68 Mouse gr:((:jelo 6.8 M (decreased post-tetanic Dingemans et al. 2007
(C57BL/6N) and long term potential in TetraBDE (BDE47)
G) hippocampal slices at
Pnd 17-19)
69 Mouse 3?13610 0.8 M (altered spontaneous Eriksson et al. 2001c
(NMRI) ©) gcétlivity atﬂd)habituation at PentaBDE (BDE99)
-4 months
70 Mouse once Erik |. 2001
Prd 10 0.7M 10.5 M (altered spontaneous riksson et al. 2001c
(NMRI) © gc:‘tlivity atﬂd)habituation at TetraBDE (BDE47)
-4 months
71 ?:I\IOJZT) gr;](ées 8 M (altered spontaneous Eriksson et al. 2002b

activity and habituation at
©) 4 months)

PentaBDE (BDE99)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) hemical
g System (mg/kg) (mg/kg) (mg/kg) Chemical Form Comments
72 Mouse g?]fjelo 8 M (altered spontaneous Eriksson et al. 2002b
(NMRI) © ictivit){har;d habituation at PentaBDE (BDE99)
months
73 Mouse once 8 M Eriksson et al. 2002b No exposure-related
(NMRI) Pnd 19 PentaBDE (BDESY alterations in
©) enta ( ) spontaneous activity at
4 months.
74 Mouse Ig?:(:jelo 0.8M 12 M (altered spontaneous Eriksson et al. 2006
(NMRI) © icéivity atrrld)habituation at PentaBDE (BDE99)
-6 months
75 Mouse g';‘éelo 0.8 M (decreased activity and Fischer et al. 2008
(NMRI) impaired learning and PentaBDE (BDE99)
©) memory during at 2-6
months)
76 2/|COSU73|:L/6N) g’;‘éelo 1 M (increased motor activity Gee and Moser 2008
(©0) at 4 months) TetraBDE (BDE47)
7 Mouse once 30 M Gee et al. 2008 No exposure-related
(cs7BL/6N) Pnd 10 TetraBDE (BDE47 changes in offspring
(GO) etra ( ) body weight or serum

T3 or T4 levels.

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouu(ir;;:y NOAEL Less Serious Serious Reference
Figure (Strain) (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
M L
8 C05u7$BeL/6 g?}%elo 0.4 0.8 (decreased total activity Sand et al. 2004
( ) © at 2 months) PentaBDE (BDE99)
79 N’LOJ;T (Fir;]?jelo 8 M (decreased spontaneous Viberg et al. 2002b
( ) © activity, altered PentaBDE (BDE99)
habituation, and altered
response to cholinergic
agent at 2 months)
80 IVILOI\:;T (I;rr]ﬁ!elo 0.45 M (decreased spontaneous Viberg et al. 2003a
( ) ©) activity at 6 months) HexaBDE (BDE153)
81 Mouse once - |
C57/BL Pnd 10 0.4 0.8 (decreased spontaneous Viberg et al. 2004a
( ) © activity and impaired PentaBDE (BDE99)
habituation at 2-8
months)
82 MNO’\;IJ;T g?]?jelo 0.4M 12 M (decreased spontaneous Viberg et al. 2004b
( ) © activity, impaired PentaBDE (BDE99)
habituation, and

decreased density of
cholinergic nicotinic
receptors in
hippocampus at 4
months)

S103443 H1TV3IH '€
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
M .
83 NOI\l/IJIS?T I?,?]Eeg 16.8 M (decreased spontaneous Viberg et al. 2006
(NMRI) © activity and impaired OctaBDE (BDE203)
habituation at 2 months)
84 MNOI\;IJ;T grrlijelo 16.8 M (decreased spontaneous Viberg et al. 2006
(NMRI) ©) activity, impaired OctaBDE (BDE203)
habituation, and impaired
learning and memory at
2-3 months)
M -
85 (NOI\l/IJIS?T) g’;ffg 15.2 M (decreased spontaneous Viberg et al. 2006
©) activity at 2 months) HeptaBDE (BDE183)
% ?:LOJET) gr;%elo 152M Viberg et al. 2006 ’s\l:o(r:\?:rrl‘gc?uig activity or
(G) HeptaBDE (BDE183) habituation at 2
months.
T Ry Pas 185 M Viberg et al. 2009 Spontanesus molor
(G) NonaBDE (BDE206) behavior or habituation

at 2 months.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Keyts Species Fr(%qouuetr;;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg) (mg/kg) Chemical Form Comments
88 Mouse lgrr]1((:je10 18.5 M (decreased spontaneous Viberg et al. 2006
(NMRi) activity and impaired NonaBDE (BDE206)
(G) habituation at 2 months)
89 ?Na;vsit é%d7_19 5F 15 F (delayed ossification of Breslin et al. 1989
sternebrae with OctaBDE (technical
Zealand) (GO) decreased maternal ( )
weight gain)
INTERMEDIATE EXPOSURE
Systemic
90 Fsaptrague 15)(/% Endocr 3M 30 M (follicular cell hypertrophy Becker et al. 2012 ISI._tg;jy 1 (conducted at
- and hyperplasia in PentaBDE (DE-71
Dawley) (GO) thyroid, reduced serum ( )
T3 and T4, increased
serum TSH)
Bd Wt 60 M
a1 (Rsat isxgj Hepatic 3 M (centrilobular hepatocyte Becker et al. 2012 gt.lygy 2 (conducted at
prague- hypertroph -
Dawley) (GO) ypertrophy) PentaBDE (DE-71)
Endocr 3M 30 M (decreased serum T3
and T4, increased serum
TSH)
Bd Wt 60 M
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
92 Rsatra e I%ﬁq\gllk?O ) Hepatic 0.5M 5 M (hepatocellular Bondy et al. 2011, 2013
(D ;WI egy) " Pnd42 hypertrophy) PentaBDE (DE-71)
(GO)
Renal 25
Endocr 05M 5 M (reduced serum T4)
Bd Wt 25
93 F\Q;t o ilxﬁj Hepatic 8 F (porphyria) Bruchajzer 2011
(Wistar) ©0) PentaBDE (technical)
Bd Wt 8 F (decreased body weight
gain)
94 I?;:Star i%(/cii Hepatic 2 F 8 F (porphyria) Bruchajzer 2011
( ) ©0) PentaBDE (technical)
Bd Wt 2F 8 F (8% decrease in body
weight gain)
®oRe ad Bd Wt 40F  200F (12% decrease in body Bruchajzer et al. 2010
(Wistar) weight gain) PentaBDE (technical)
96 F\{;t ar iex/(fj Bd Wt 40F 200 F (14% decrease in body Bruchajzer et al. 2010
(Wistar) weight gain) PentaBDE (technical)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL 3
Duration/ rUn
Key & Species Fr(%qouu(ig;:y NOAEL Less Serious Serious Reference @
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
97 :/f/l:star) ilx/cjj Hepatic 2 F 8 F (porphyria) Bruchajzer et al. 2012
(GO) OctaBDE (technical)
Bd Wt 8F 40 F (9% decrease in body
weight gain)
98 ?Vststar) iSX/Ci‘ Bd Wt 8F 40 F (8% decrease in body Bruchajzer et al. 2012
(GO) weight gain) OctaBDE (technical)
S
T
Rat 90 d g
99 p GO) Hepatic 177 M Carlson 1980a =
prague- .
PentaBDE (tech | T
Dawley) ental (technical) -
m
|
0
100 Zat ggg Hepatic 141 M Carlson 1980a a
rague-
(D:fwlegy) (GO) PentaBDE (technical)
101 Rat %0d Hepatic 24 M Carlson, 1980a
(Sprague- (GO) .
Dawley) OctaBDE (technical)
102  Rat 90d Hepatic 192 M Carlson, 1980a
(Sprague- (GO) .
Dawley) OctaBDE (technical)
103 Fsat 2(;/% Hepatic 0.015 M Daubie et al. 2011 Nr:) expos_urﬁ—rela_ted
prague- changes in hepatic
Dawley) (GO) PentaBDE (BDES9) clinical chemistry
Bd Wt 0.015M
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/

Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments

104 lﬁl)tn Evans é’i?j 1_125 Endocr 17.5 M (reduced serum T4) Driscoll et al. 2009
(Long- )(F) PentaBDE (DE-71)

Bd Wt 26.2M
105 R\’:llitstar é%vgk by 16 Hepatic 50  (hepatocellular Dunnick et al. 2012
( ) 5-7 diwk hypertrophy and PentaBDE (DE-71)
(GO) vacuolization)
Endocr 50 (thyroid gland follicular
hypertrophy)
Bd Wt 50 M 50 F (14% decrease in body
weight)

106 RSatr g‘z% -Pnd1s Hepatic 18 F (reduced liver vitamin A) Ellis-Hutchings et al. 2006
(Sprague- PentaBDE (DE-71)
Dawley) (GO)

Endocr 18 F (reduced serum T4)
Bd Wt 18 F
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetre‘;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
107  Rat 70d Hepatic 20 M Ernest et al. 2012 No exposure-related
(Sprague- (F) changes in hepatic
52.1% penta-, 44.2% deca-, ‘o ;
Dawley) 0.4% octa-BDE clinical chemistry.
Endocr 2M 20 M (reduced serum T4;
increased epithelial
thickness of inner
follicles and vacuolation
of the luminal apices of
epithelial cells in thyroid)
Bd Wt 20M
Metab 2M 20 M (reduced serum glucose
level)
108 ;?Satra ue (Z(E)d Hepatic 2.5 25 (decreased hepatic Fattore et al. 2001
D;)W'egy) vitamin A content) PentaBDE (Bromkal 70-5DE)
109 Rat iV\% Endocr 14 M (reduced serum T4) Hoppe and Carey 2007
(Sprague- - ¥ PentaBDE (technical
Dawley) (GO) ental (technical)
Bd Wt 14 M
Metab 14 M (increased adipocyte

lipolysis, decreased
adipocyte glucose
oxidation)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
110 ?(?é) (Zf)d Hepatic 9 (increased liver weight IRDC 1976
and enlarged PentaBDE (technical)

parenchymal cells)

Renal 90
Endocr 90
Bd Wt 90
11 Rat 28d Hepatic 9 (increased liver weight
(CD) F and enlarged
parenchymal cells)
Renal 90
Endocr 90
Bd Wt 90

IRDC 1976
OctaBDE (technical)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
112 R(ij; 12 wk Resp 750 F IRDC 1977
(D) F) OctaBDE (technical)
Cardio 750 F
Gastro 750 F
Hemato 70F 750 F (reduced erythrocytes,
hematocrit and
hemoglobin)
Hepatic 5 M (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)
113 RLat £ ?é%% -pnd21 Endocr 1.7F 10.2 F (reduced serum T4) Kodavanti et al. 2010
(Long- Evans) (©0) PentaBDE (DE-71)
Bd Wt 306 F
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
114 Rat 28d Resp 250 Oberg et al. 2010
(Sprague-  1xd
Dawley) (GO) PentaBDE (Bromkal 70-5DE)
Cardio 250
Hemato 250
Hepatic 25 25  (centrilobular
hypertrophy, reduced
vitamin A content in liver)
Renal 250
Bd Wt 250
Metab 25 250 (hypercalcemia,
magnesemia, and
phosphatemia in males;
hyperatremia and
hypokalemia in females)
115 Rat ~11 wk Bd Wt 114 F Poon et al. 2011 Rats were given
(Long- Evans) Pmd 28 - pentaBDE-dosed
Pnd 21 PentaBDE (DE-71) vanilla wafers.
(IN)
116 R\)/f/litstar g,?“? 2941 Endocr 3F 30 F (reduced serum T4) Stoker et al. 2004
( ) (GO) PentaBDE (DE-71)
Bd Wt 60 F
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

x»+LNFNNOD O179Nd HOH LAV Axxx

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
117 (R\/;al:star) g:rL]éj 23.53 Endocr 3 M (reduced serum T4) Stoker et al. 2004
(GO) PentaBDE (DE-71)
Bd Wt 60 M
118 E/fllitstar) gﬁ éj 23-53 Endocr 60 M (reduced serum T4) Stoker et al. 2005
(GO) PentaBDE (DE-71)
Bd Wt 120 M

s$3a4ad
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

x»+LNFNNOD O179Nd HOH LAV Axxx

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
119 (Rat ) (28)0' Resp 200 Van der Ven et al. 2008b NOAEL values fgr Bd
Wistar G Wt, Hepatic, Endocr,
PentaBDE (DE-71) and Metab effects are
BMDL(RD10%) values
for decreased Bd Wi,
vitamin A in liver,
serum T4 and glucose.
Cardio 200
Gastro 200
Musc/skel 200
Hepatic 0.05 M
Renal 200
Endocr 11 M
Dermal 200
Bd Wt 9.7M
Metab 66.7 M
120 Ra.t é‘tidl -Pnd1a Endocr 3.2 F (reduced serum T4) Wang et al. 2011a
(Wistar) n
(F) TetraBDE (BDE47)

s$3a4ad
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
g System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
121 Rat 90d Resp 100 WIL Research Laboratories
(SpréliQUE- F) 1984
Dawley) PentaBDE (DE-71)
Cardio 100
Gastro 100
Hemato 100
Musc/skel 100
Hepatic 2 (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)
Rat 36d
122 a Gd6-pPnd21 Endocr 10F 30 F (reduced maternal serum Zhou et al. 2002
(Long- " T4) PentaBDE (DE-71)
Evans) (GO)
Bd Wt 30F
123 Mouse 36d i Administered vi
Bd Wt 18F Branchi et al. 2005 ministered via
(CD-1) Gd 6 - Pnd 21 "self-administration”

PentaBDE (BDES9) from a modified syringe

or gavage.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu‘ig;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) Chemical Form Comments
124 Mouse 70-80d i Mice were fed 1-2
(c57BL/6J) Pmd 28 - Bd wt 1F Koenig et al. 2012 tetraBDE dosed
Pnd 21 TetraBDE (BDEA47) cornflakes.
(IN)
125 Mouse 28d Hepatic 450 F (hepatocyte vacuolation, Maranghi et al. 2013
(BALB/c) (F) pyknotic nuclei in the TetraBDE (BDE47)
hepatocytes, periportal
lymphocytic infiltration)
Endocr 450 F (cellular debris in the
follicular lumen of thyroid;
increased serum
testosterone and E2)
Bd Wt 450 F
126  Mouse 29d Endocr 452 F Skarman et al. 2005 BDE-99; No change in
(NMRYI) Gd 4 -Pnd 17 maternal serum T4
~every 3d PentaBDE (BDE99) levels.
(GO)
Bd Wt 452 F
127 Mouse 29d Endocr 152 F Skarman et al. 2005 Bromkal 70-5DE; no
(NMRYI) Gd4-Pnd17 change in maternal
~every 3 d PentaBDE (Bromkal 70-5DE) serum T4 levels.
(GO)
Bd Wt 452 F
128  Mouse 70-80 d Bd Wt 1E Taetal. 2011 Dams were fed
(C57BL/6J) Pmd28- tetraBDE-dosed
Pnd 21 TetraBDE (BDE47) cornflakes.
(IN)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

s$3a4ad

Exposure/ LOAEL

Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
129 Mouse 30d Bd Wt 30M Wang et al. 2013

(C56BL/6) (GO) TetraBDE (BDE47)

130 Mouse 28d

Hepatic 1.2 M (swollen hepatic cells Zhang et al. 2014
(ICR) 1x/d P ( p ) .
(GO) DiBDE (BDE15)
Renal 1.2 M (10% decrease in relative
kidney weight)
Bd Wt 1.2M
131 N’L'gk ?F‘;Vk Bd Wt 008M  0.63 M (21% decrease in body Martin et al. 2007
(NS) weight) PentaBDE (DE-71)
132 Mink '13%\1N74V\/_k Bd Wt 031F Zhang et al. 2009
(NS) Pnw 6 PentaBDE (DE-71)
)
133 Mink gi;€v44V\ik Bd Wt 0.06 Zhang et al. 2009
(NS) Pnw 33 PentaBDE (DE-71)
)
Immuno/ Lymphoret
134  Rat 21 wk o5 Bondy et al. 2011, 2013 No exposure-related
(Sprague- Pmd 70 - P BDE (DE-71 changes in spleen or
Dawley) Pnd 42 enta (DE-71) thymus weight or
(GO) histology.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuiz)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
135  Rat 28d 20 IRDC 1976 No exposure-related
(CD) F . changes in spleen
PentaBDE (technical) weight or spleen or
thymus histology.
136  Rat 28d 20 IRDC 1976 No exposure-related
(CD) (3] . changes in spleen
OctaBDE (technical) weight or spleen or
thymus histology.
137  Rat 28d 9 IRDC 1976 No exposure-related
(CD) (F) . changes in spleen
PentaBDE (technical) weight or spleen or
thymus histology.
138 Rat 13 wk 750 F IRDC 1977 No exposure-related
(CD) F) . changes in spleen
OctaBDE (technical) weight or spleen or
thymus histology.
139 ;?at ii/‘é 250 Oberg et al. 2010 Nr? exposure-rlelated
Sprague- changes in spleen or
Dawley) (GO) PentaBDE (Bromkal 70-5DE) thymus weight or

histology.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(‘quuu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
140  Rat 90d 100 WIL Research Laboratories ~ No exposure-related
(Sprague- (F) 1984 changes in thymus
Dawley) weight or spleen or
PentaBDE (DE-71) thymus histology.
141 Mouse 28d

450 F (follicular hyperplasia and
lymphocytic infiltration in
spleen; lymphocytic
apoptosis and Hassal's
bodies in thymus)

(BALBIc) F)

142 Mink 9 wk .
0.08 M 0.63 M (spleen hyperplasia)
(NS) ]
Neurological
143 Rat 90d
0.015M
(Sprague- 1xd
Dawley) (GO)
144 Rat 125d

175M 26.2 M (impaired attention and

(Long- Evans) Pnd 1-125 inhibitory control)

A

Maranghi et al. 2013
TetraBDE (BDE47)

Martin et al. 2007
PentaBDE (DE-71)

Daubie et al. 2011
PentaBDE (BDE-99)

Driscoll et al. 2009
PentaBDE (DE-71)

Immune function was
not altered (KLH
antibody induction,
PHA skin challenge).

No exposure-related
changes in elevated
plus-maze, open-field,
or Morris water maze
test.

S103443 H1TV3IH '€
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145  Rat iSX/OL 250 Oberg et al. 2010 Nr? exposyrg-related_ A
Sprague- changes in brain weight
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6Cl



x»+LNFNNOD O179Nd HOH LAV Axxx

Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/

Key & Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
146 Rat 28d 200 Van der Ven et al. 2008b No exposure-related

(Wistar) (G) changes in brain weight

PentaBDE (DE-71) or histology.
147 Fsegrague f(:(/c:j 0.1 M (impaired learning and Yan etal. 2012
- memory; decreased TetraBDE (BDE47
Dawley) (GO) glutamate receptor ( )
density in hippocampus)

148 Mink éQ v(\j/k28 ) 025 F Bull et al. 2007 No maternal

(NS) m PentaBDE (DE-71 cholinergic effects were

Pnw 6 enta (DE-71) observed.
(F)
Reproductive
149 Fsa;jrague 15)(/% 30 M 60 M (67% increase in serum Becker et al. 2012 ISLtg;iy 1 (conducted at
- prolactin; dose-related PentaBDE (DE-71
Dawley) (GO) increase in serum ( )
testosterone and FSH)

150 Rat iSIdd 60 M Becker et al. 2012 Study 2 (conducted at

(Sprague- X RTI); no dose-related

Dawley) (GO) PentaBDE (DE-71) changes in

reproductive organ
weight, histopathology,
or serum reproductive
hormone levels.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/
Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) Chemical Form Comments
151 (Rat I%%n v(\j/k70 25 Bondy et al. 2011, 2013 Nr? treatmen;-felate%
Sprague- - changes in the number
Dawley) Pnd 42 PentaBDE (DE-71) of pregnant females,
(GO) litters, or litter size.
152 Rat 36 d 2F Cheng et al. 2009 No exposure-related
(Sprague- Gd 6 - Pnd 21 PentaBDE (BDE99 changes in number of
Dawley) (GO) entaBDE ( ) litters, litter size, or sex
ratio.
e ?sat (7|S)d 20M Ernest et al. 2012 Nr? exposure-related
prague- changes in
Dawley) 324}/% peng’Bé‘LZ% deca-, reproductive organ
4% octa- weight, testicular
histology, or sperm
parameters.
154 (Rat) (23)d 20 IRDC 1976 Nr(]) exposure-related
CD F . changes in
PentaBDE (technical) reproductive organ
weight or histology.
155  Rat 28d 9 IRDC 1976 No exposure-related
(CD) (F) changes in

OctaBDE (technical)

reproductive organ
weight or histology.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species  'reauency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
g System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
156 Fat) (13)Wk 600 M IRDC 1977 Nr? exposure-related
CD F . changes in
750 F OctaBDE (technical) reproductive organ
weight or histology
157 Fsat §3X/C:j 250 Oberg et al. 2010 Nr(]) exposure-related
prague- changes in
Dawley) (GO) PentaBDE (Bromkal 70-5DE) reproductive organ
weight or histology.
158  Rat ~11 wk 114F Poon et al. 2011 Rats were given
(Long- Evans) Pmd 28 - PentaBDE (DE.71 pentaBDE-dosed
Pnd 21 ental (DE-71) vanilla wafers; no
(IN) change in number of
pregnancies,
implantation sites, or
live pups, litter size, or
sex ratio.
159 ?/fln . lzj(r)]g 9941 30F 60 F (delayed vaginal Stoker et al. 2004
(Wistar) (GO) opening) PentaBDE (DE-71)
160 F\Q;t ar :;Jr']éj 2353 3M 30 M (delayed preputial Stoker et al. 2004
(Wistar) (O) separation) PentaBDE (DE-71)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) Chemical Form Comments
161 RaF E,fuj’ 23.53 60 M (delayed PPS, 22-28% Stoker et al. 2005
(Wistar) (GO) decrease in prostate and PentaBDE (DE-71)
seminal vesicle weights)
162 Fat ) (Zé)d 9.6 M Van der Ven et al. 2008b Male N(OAEOLOisi?
Wistar BMDL(RD10%) for
PentaBDE (DE-71) increased % of
deformed sperm
heads; no
200 E exposure-related
changes in female
reproductive organ
weights or histology.
163  Rat 90d 100 WIL Research Laboratories ~ No exposure-related
(Spr?gu)e- (3] 1984 chan%es in
Dawley reproductive organ
PentaBDE (DE-71) weight or histology.
c
164 Rsat S 0.001 M (34% reduction in serum Zhang et al. 2013b
(D apvzzlaeg;)e- (0) testosterone) TetraBDE (BDE47)
165  Rat 36d 30E Zhou et al. 2002 No change in the
(Long- Gd 6 - Pnd 21 PentaBDE (DE-71) gestation length, litter
Evans) (GO) size, or sex ratio
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuiz)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
166 Mouse 36d 18F Branchi et al. 2005 Administered via
(CD-1) Gd 6 - Pnd 21 PentaBDE (BDE99 "self-administration”
enta ( ) from a modified syringe
or gavage; No change
in gestation length,
litter size, # live pups,
or sex ratio.
167  Mouse 70-80d 1E Koenig et al. 2012 Mice were fed 1-2
(C57BL/6J) Pmd 28 - tetraBDE dosed
Pnd 21 TetraBDE (BDE47) cornflakes; no change
(IN) in the number of
pregnancies, size of
litter, or sex ratio of
pups.
168  Mouse 28d 450 F (increased serum Maranghi et al. 2013
(BALB/c) F testosterone and E2) TetraBDE (BDE47)
169 Mouse 34d 50 F Mercado-Feliciano and Bigsby Mice_ were
(BALB/c) 1x/d 2008a ovariectomized 3
(GO) weeks prior to
PentaBDE (DE-71) exposure; no change in
uterus weight or
uterus/vaginal
histology.
170 Mouse 29d 452 F Skarman et al. 2005 BDE-99; no change in
(NMRI) Gd 4-Pnd 17 maternal serum T4
~every 3d PentaBDE (BDE99) levels.
(GO)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
T e da-p
~every 3d PentaBDE (Bromkal 70-5DE) rate, gestation length,
(GO) or litter size.
172 Mouse 70-80d 1F Taetal. 2011 Dams were fed
(C57BL/6J) Pmd 28 - TetraBDE (BDE47 tetraBDE-dosed
Pnd 21 etra ( ) cornflakes; no change
(IN) in gestation length,
litter size, or sex ratio.
173 N(ISOSl:SSI:LIG 323 0.0015M  0.045 M (germ cell loss and Wang et al. 2013
( ) (GO apoptosis in testes) TetraBDE (BDE47)
174 ?"C‘;”;Beue) o . 003F  O0.LF (58% decrease in liters Woods et al. 2012 Females camying on
surviving until Pnd 8
Pnd 21 g ) TetraBDE (BDEA47) Mecp2 gene were
(GO) mated to unexposed
wild-type males; LSE
values are based on
the wild-type offspring
only.
175 N’ijlgk é?n\gkzg i 0.05F 0.25 F (no litters produced) Bull et al. 2007
(NS) Pnw 6 PentaBDE (DE-71)
(F)
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
176 Mngk é?];\%v?ﬂk 0.06 F 0.31 F (complete litter loss) Zhang et al. 2009
(NS) P 6 PentaBDE (DE-71)
(F)
Developmental
1rr Fsaptrague ?é%% -Pnd 21 1 2 (altered neurobehavior, Blanco et al. 2013
: decreased hippocampal PentaBDE (BDE99
Dawley) (GO) BDNF, and decreased ( )
serum T3, T4, and free
T4 in offspring at Pnd
21-23)
178 RSat I%invc\i/k70 i 0.5M 5 M (decreased serum T4 in Bondy et al. 2011, 2013
(Sprague- Pnd 42 male offspring on Pnd PentaBDE (DE-71)
Dawley) 43)
(GO)
R
179 (Saptrague g%% - Pnd 21 2 M (delayed appearance of Cheng et al. 2009
- reflexes, impaired PentaBDE (BDE99
Dawley) (GO) learning/memory at Pnd ( )
36-37, and oxidative
stress in the
hippocampus at Pnd 37)
180 Rat 7d i No learni ttenti
15 M Driscoll et al. 2012 0 learning or attention
- Pnd 6-12 ici -
(Long- Evans) 0) PentaBDE (DE-71) deficits at Pnd 40-95.
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Table 3-2 Levels of Significant Exposure to Lower Brominated Diphenyl Ethers - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
181 (Rsa;trague g?a % pnd 18 18  (decreased serum T4 in Ellis-Hutchings et al. 2006 s:téfho; rtgﬁpd\;i\l/QrZ in
- ff 1 -
Dawley) (GO) offspring) PentaBDE (DE-71) maintained on a
vitamin A deficient diet.
182 RLat £ g%% - Pnd 21 1.7 10.2  (reduced serum T4 in Kodav