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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 predissemination 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 Toluene was released in 2000. 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.

Jehdethoragee

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
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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
o 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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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 MRLSs.

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 toluene. The panel consisted of the following members:

1. Luis Haro Garcia, Ph.D., Departamento de Salud Pdblica, Facultad de Medicina, Universidad
Nacional Autonoma de México, México DF, México;

2. Zemin Wang, M.D., Ph.D., DABT, Department of Environmental Health, Indiana University,
Bloomington, Indiana; and

3. Scott E. Bowen, Ph.D., Associate Professor and BCN Area Chair, President, Michigan Chapter of
the Society for Neuroscience, WSU Psi Chi Advisor, Department of Psychology, Wayne State
University, Detroit, Michigan.

These experts collectively have knowledge of toluene’s physical and chemical properties, toxicokinetics,
key health end points, mechanisms of action, human and animal exposure, and quantification 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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TOLUENE 1

1. PUBLIC HEALTH STATEMENT FOR TOLUENE

This public health statement summarizes the Division of Toxicology and Human Health Science’s
findings on toluene, describes the effects of exposure to it, and describes what you can do to limit that

exposure.

The U.S. Environmental Protection Agency (U.S. EPA) identifies the most serious hazardous waste sites
in the nation. U.S. EPA then includes these sites the National Priorities List (NPL) and targets it for
federal clean-up activities. U.S. EPA has found toluene in at least 1,012 of the 1,699 current or former
NPL sites. The total number of NPL sites evaluated for toluene is not known. But the possibility remains
that as more sites are evaluated, the number of sites at which toluene is found may increase. This
information is important; these sites may be sources of exposure, and exposure to toluene may be

harmful.

When a contaminant is released from a large area such as an industrial plant or from a container such as a
drum or bottle, it enters the environment. But such a release doesn’t always lead to exposure. You can
only be exposed to a contaminant when you come in contact with it. That contact—and therefore that

exposure—can occur when you breathe, eat, or drink the contaminant, or when it touches your skin.

Exposure to toluene can affect different people in different ways. Whether you are harmed will depend
on such factors as the dose (how much), the duration (how long), and how you happen to contact it.
Harm might also depend on whether you’ve been exposed to any other chemicals, as well as your age,

sex, diet, family traits, lifestyle, and state of health.

WHAT IS TOLUENE?

Toluene is a clear, colorless liquid with a distinctive smell. It is a good solvent (a substance that can
dissolve other substances). Toluene occurs naturally in crude oil and in the tolu tree. It is produced in the
process of making gasoline and other fuels from crude oil and in making coke from coal.

Toluene is used in making paints, paint thinners, fingernail polish, lacquers, adhesives, and rubber and in
some printing and leather tanning processes. It is used in the production of benzene, nylon, plastics, and
polyurethane and the synthesis of trinitrotoluene (TNT), benzoic acid, benzoyl chloride, and toluene

diisocyanate. It is also added to gasoline along with benzene and xylene to improve octane ratings.
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WHERE IS TOLUENE FOUND?

Toluene can be released into the air, water, and soil at places where it is produced or used. Toluene is

commonly found in air, particularly when there is heavy vehicular traffic. Monitoring data of outdoor air
in the United States shows that toluene is present at average levels of approximately 1-35 parts per billion
by volume (ppbv). Indoor air samples can contain higher levels of toluene in places where products such

as paint thinners, solvents, or tobacco products are used.

Toluene can enter surface waters and groundwater (wells) from solvent and petroleum products spills.
Toluene can also leak from underground storage tanks at gasoline stations and other facilities. When
toluene-containing products are placed in landfills or waste disposal sites, toluene can enter the soil and
water near the waste site. It is possible for toluene to be broken down in subsurface (below ground) water
primarily by anaerobic microorganisms. Toluene will readily evaporate into the air or be degraded by
microorganisms in surface waters. Leaking underground storage tanks can contaminate the soil with
toluene and other petroleum-product components. Toluene in surface soils rapidly evaporates into the air.

Toluene is readily broken down to other chemicals by microorganisms in the soil.

HOW MIGHT | BE EXPOSED TO TOLUENE?

Toluene enters the environment when you use materials that contain it, such as paints, paint thinners,
adhesives, fingernail polish, and gasoline; it evaporates rapidly from these materials and becomes mixed

with the air you breathe.

Individuals who work with gasoline, paint, lacquer, or dyes have greater exposures to toluene, as do

individuals who smoke or intentionally inhale products containing toluene for its euphoric effects.

HOW CAN TOLUENE ENTER AND LEAVE MY BODY?

Toluene can enter your body from the air, water, or soil. You are exposed to toluene by breathing outdoor
or indoor air containing this substance. Gasoline contains toluene and so do some other products used in
occupational or home settings (e.g., solvents, paint thinners). Inhalation and dermal exposure is possible

when using these products.
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Toluene is not frequently detected in drinking water. If you are using a well that has been contaminated
by toluene from an accidental spill, you may ingest some; however, this route of exposure is less likely

than breathing in toluene from air. Toluene evaporates quickly from soils. Therefore, it is unlikely you
will be exposed to it from soil, unless you come in contact with soil near a hazardous waste site

containing it or an accidental spill.

When you breathe toluene, it is taken directly into your blood from your lungs. Similarly, when you

touch products containing toluene (e.g., nail polish remover) or bathe in water containing toluene, toluene
can pass through your skin into your bloodstream. When you ingest food or drink containing toluene, it is
also absorbed from your Gl tract into your bloodstream. Factors such as your age, sex, body composition,

and health status affect what happens to toluene once it is in your body.

After being taken into your body, the majority of toluene is removed from your body within a day;
however, a small amount may accumulate in fat tissue with daily exposure. Toluene may leave your body
unchanged in the air you breathe out or in your urine after some of it has been changed to other
chemicals. Generally, your body turns toluene into less harmful chemicals such as hippuric acid. More

information on how toluene can enter and leave your body can be found in Chapter 3.

HOW CAN TOLUENE AFFECT YOUR HEALTH?

A serious health concern is that toluene may have an effect on your nervous system (brain and nerves).
Nervous system effects can be temporary, such as headaches, dizziness, or unconsciousness. However,
effects such as incoordination, cognitive impairment, and vision and hearing loss may become permanent
with repeated exposure, especially at concentrations associated with intentional solvent abuse. High
levels of toluene exposure during pregnancy, such as those associated with solvent abuse, may lead to
retardation of mental abilities and growth in children. Other health effects of potential concern may

include immune, kidney, liver, and reproductive effects.

Single exposures to toluene or repeated exposures over a few weeks can cause headaches and sleepiness,
and can impair your ability to think clearly. Whether or not toluene does this to you depends on the
amount you take in, how long you are exposed, and your genetic susceptibility and age. One very
dangerous activity is to expose yourself to a large amount of toluene in a short time by deliberately
inhaling/sniffing paint or glue. At first, you will feel light-headed. If exposure continues, you can

become dizzy, sleepy, or unconscious, and you might even die. Toluene causes death by interfering with
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the way you breathe and the way your heart beats. When exposure is stopped, the sleepiness and

dizziness will go away and you will feel normal again.

Low to moderate, day-after-day exposure to toluene in your workplace can cause tiredness, confusion,
weakness, drunken-type actions, memory loss, nausea, and loss of appetite. These symptoms usually
disappear when exposure is stopped. You may experience some hearing and color vision loss after long-
term daily exposure to toluene in the workplace. Combinations of toluene and some common medicines
like aspirin and acetaminophen may increase the effects of toluene on your hearing. Researchers do not
know if the low levels of toluene that you breathe at work will cause any permanent effects on your brain
or body after many years. If you choose to repeatedly breathe in toluene from glue or paint thinners, you
may permanently damage your brain. You may also experience problems with your speech, vision, or

hearing, have loss of muscle control, loss of memory, poor balance, and decreased mental ability.

Some studies in people have shown reproductive effects, such as an increased risk of spontaneous

abortions, from exposure to toluene in the workplace. However, other factors, such as exposure to other
chemicals, smoking, and alcohol use, may have affected the results of the studies, so it is not possible to
say whether toluene has reproductive effects in people. Additionally, exposure to high levels of toluene

could possibly damage your kidneys and liver.

The effects of toluene on animals are similar to those seen in humans. The main effect of toluene is on
the brain and nervous system, but animals exposed to moderate or high levels of toluene also show
harmful effects in their liver, kidneys, and lungs and impaired immune function. Animal studies do not

indicate that toluene exposure results in reproductive effects.

Studies in workers and animals exposed to toluene generally indicate that toluene is not carcinogenic
(cancer-causing). The International Agency for Research on Cancer determined that toluene is not
classifiable as to its carcinogenicity in humans (Group 3). The U.S. EPA determined there is inadequate
information to assess the carcinogenic potential of toluene. The American Conference of Governmental
Industrial Hygienists determined that toluene is not classifiable as a human carcinogen (A4). The U.S.

National Toxicology Program has not considered the carcinogenic potential of toluene.

See Chapters 2 and 3 for more information on health effects of toluene.
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HOW CAN TOLUENE AFFECT CHILDREN?

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

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

Children may breathe air contaminated with toluene by family use of glues, paints, or cleaning solvents,
or by accidents involving products containing toluene. Toluene vapors are heavier than air and since
young children are closer to the ground or floor because of their height, they may breathe more toluene
than adults during accidental exposures. Also, children have faster breathing rates than adults and may
therefore breathe in more toluene. Older children and adolescents may be exposed to toluene if they
breathe household products containing it to get “high”. Nursing mothers who breathe toluene in
workplace air may transfer some toluene in breast milk to their infants. Toluene is not stored in the body.
Toluene in the body either rapidly leaves or is turned into less harmful chemicals. Thus, nursing mothers,
who do not currently work in jobs with toluene and who do not deliberately breathe large amounts of
toluene, are expected to transfer very little toluene in breast milk.

The effects of toluene on children have not been studied very much, but toluene is likely to produce the
same types of effects on the brain and nervous system in children as it does in adults. Some older
children and adolescents who have repeatedly breathed large amounts of toluene to get high have
developed loss of muscle control, loss of memory, poor balance, and decreased mental abilities. Some of
these changes may last for a long time after toluene has left the body. Young animals exposed to toluene

have shown changes in behavior, hearing loss, and chemical changes in their brains.

Human fetuses and newborn babies may be more sensitive to toluene than adults, because their bodies
may not be as able to turn toluene into less harmful chemicals. Some animal studies suggest that young
animals might be more susceptible to toluene effects on health; however, shortly after birth, human babies
begin to develop the ability to turn toluene into less harmful chemicals. By the time children are 1-

3 years of age, they may be equal to adults in this ability.

Some mothers who breathed large amounts of toluene during pregnancy to get high have had children
with birth defects, including retardation of mental abilities and growth. Results from animal studies have
found similar effects in newborn animals that had mothers that breathed large amounts of toluene during

pregnancy; however, when the animal mothers breathed small amounts of toluene during pregnancy, no
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birth defects were found in their newborn animals. When pregnant animals breathe small amounts of

toluene during pregnancy, studies show that very little toluene reaches the developing fetus.

More information on the effects of toluene on children can be found in Chapter 3.

HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO TOLUENE?

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

department to investigate.

Toluene is a solvent that is used in making paints, paint thinners, fingernail polish, lacquers, adhesives,
and rubber. Toluene is added to gasoline and is used in some printing and leather tanning processes.
Follow instructions on product labels to minimize exposure to toluene. Families can reduce their risk of
exposure to toluene by using consumer products containing the chemical (such as paints, glues, inks, and
stain removers) in well-ventilated areas. When not in use, toluene-containing products should be tightly
covered to prevent evaporation into the air. Household chemicals should be stored out of the reach of
young children to prevent accidental poisonings. Storing items that contain toluene in the shed or an
outside location may reduce exposure. Always store household chemicals in their original labeled
containers. Never store household chemicals in containers that children would find attractive to eat or

drink from, such as old soda bottles. Keep your Poison Control Center’s number next to the phone.

Cook foods if possible. Evaporation due to cooking tends to decrease the amount of toluene found in hot
foods or water. Use bottled water if you have concerns about the presence of toluene in your tap water.
Prevent children from eating or playing in the dirt if you live near a waste site that has been contaminated

with toluene.
Your children may be exposed to toluene by inhaling products that contain it. Sometimes, older children

sniff household chemicals in an attempt to get high. Talk with children about the dangers of sniffing

chemicals.
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ARE THERE MEDICAL TESTS TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO
TOLUENE?

Toluene and its breakdown products (metabolites) can be measured in blood and urine. However, the
detection of toluene or its metabolites cannot predict the kind of health effects that might develop from
that exposure. Because toluene and its metabolites leave the body fairly rapidly, the tests need to be

conducted within days after exposure.

For more information on the different substances formed by toluene 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.

The EPA has recommended a drinking water guideline value of 1 mg/L for toluene. OSHA has set a legal

limit for workers of 200 ppm for toluene in air averaged over an 8-hour workday. NIOSH has set a
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recommended limit of 100 ppm for toluene in air averaged over a 10-hour workday. ACGIH

recommends that toluene in workplace air not exceed 20 ppm (average levels over 8 hours).

More information on federal and state government regulations and guidelines for toluene in air and water
can be found in Chapter 8.

WHERE CAN | GET MORE INFORMATION?

If you have any questions or concerns, please contact your community or state health or environmental
guality department, or contact ATSDR at the address and phone number below. ATSDR can also provide
publicly 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

e 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 TOLUENE IN THE UNITED
STATES

Toluene is a clear colorless liquid possessing high vapor pressure and low to moderate water solubility. It
is used as a solvent and as an additive in gasolines to improve octane ratings. It is also frequently used to

produce other chemicals such as benzene and toluene diisocyanate.

Given its vapor pressure, toluene tends to partition to the atmosphere. Automobile emissions are the
principal source of toluene in ambient air, with levels fluctuating in proportion to automobile traffic.
Toluene can also be a common indoor contaminant, and indoor air concentrations are often several times
higher than outside air. This is likely due to release of toluene from common household products (paints,

paint thinners, adhesives, and nail polish in which it is used as a solvent) and from cigarette smoke.

In the atmosphere, toluene is principally degraded by reaction with photochemically generated hydroxyl
radicals, but may also degrade through reaction with nitrate radicals and ozone. When released to water
surfaces, toluene is expected to volatilize quickly. It may also be biodegraded under aerobic and
anaerobic conditions, but hydrolysis is not an important environmental fate process. Toluene does not
bioconcentrate or bioaccumulate significantly in aquatic organisms. If released to soil, toluene is
expected to volatilize quickly. In the case of a large spill, some toluene may leach into groundwater
because it possesses high mobility in soils. Biodegradation in soils may also occur with half-lives ranging

from a few hours to several days depending upon the environmental conditions.

The general population is primarily exposed to toluene through the inhalation of ambient air. Ingestion of
toluene from contaminated water and food is possible; however, this is a less likely exposure route since
toluene is not frequently detected in drinking water and food. Dermal exposure from gasoline or solvents
that contain toluene is also possible. Occupational exposure to toluene is expected to be greater than
general population exposure for persons employed in heavy traffic occupations (e.g., toll attendants,

automobile workers etc.) and persons who frequently use solvents or other products that contain toluene.

2.2 SUMMARY OF HEALTH EFFECTS

Death. Case studies that reported on deaths in humans due to exposure to toluene have generally not

provided information on dose. In one instance, ingestion of approximately 625 mg/kg resulted in death
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within 30 minutes. The cause of death appeared to be profound disruption of central nervous system

function.

An acute 7-hour inhalation LCsg value of 5,320 ppm has been reported for mice and acute oral LDsg
values in adult rats ranged from 5,500 to 7,400 mg/kg. In 13-week gavage studies, all rats and mice that
received 5,000 mg/kg died within the first week. Mortality was also high for groups receiving

2,500 mg/kg, with 8/10 male rats, 1/10 female rats, and 4/10 male and female mice dying before the end
of the study. A dose of 1,250 mg/kg/day was lethal in 1/10 female mice, but no deaths occurred in male

mice or in rats of either sex.

Systemic Effects.

Respiratory Effects. The primary effect of toluene on the respiratory tract following inhalation is
irritation. Studies with volunteers and exposed workers have demonstrated that toluene is a mild-to-
moderate respiratory irritant. Early animal studies reported respiratory irritation and pulmonary lesions in
rats exposed to high concentrations of toluene. The findings of one study are supported by more recent
observations of nasal lesions (including metaplasia of olfactory epithelium and degeneration of
respiratory epithelium) in rats exposed to concentrations ranging from 600 to 1,200 ppm, 6.5 hours/day,
5 days/week for 2 years. Mice exposed by the same exposure protocol to a similar range of
concentrations, however, did not display upper or lower respiratory tract lesions. In shorter duration
studies, reversible nasal olfactory degeneration was observed in mice exposed to 1,000 ppm, 5 hours/day,
5 days/week for 4 weeks and inflammatory cell infiltration in peribronchial and alveolar regions, alveolar
edema, and interstitial fibrosis and necrosis was observed in rats exposed to 3,000 ppm, 8 hours/day,

6 days/week for 12 weeks.

Only limited data regarding respiratory effects following oral exposure to toluene were located.
Following lethal ingestion of approximately 625 mg/kg toluene, lung congestion and hemorrhage were
reported in an adult male. Mucosal lesions and pronounced edema were observed during a bronchoscopy
following a nonlethal ingestion of paint thinner by a 15-month-old girl. No respiratory effects were
reported in mice or rats after oral exposure to toluene at dosage levels up to 2,500 mg/kg/day for

13 weeks or 590 mg/kg/day for 6 months. No changes in lung weight or histology were reported in

female mice exposed to 600 mg/kg/day via gavage for 14 days, compared with controls.
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Cardiovascular Effects. Inhalation exposure to toluene at concentrations >1,000 ppm has been
associated with alterations of the heart rhythm in both humans and animals, but exposure of rats or mice
to concentrations as high as 12,000 ppm (3 hours/day) for intermediate durations up to 1,200 ppm (6—
6.5 hours/day) for chronic durations produced no histological changes in heart tissue. Additionally, no
histological changes in the heart were observed in FO and F1 parental rats or F1 and F2 weanlings
exposed to 100-2,000 ppm toluene for 95 days (6 hours/day; pre-mating and mating, gestation, and
lactation) in a multigenerational study. There may be intraspecies differences in the cardiac response to
toluene that make some individuals more susceptible than others to potentially fatal arrhythmias; the

degree of hypoxia may also be important.

Cardiac effects have been noted following oral exposure to doses >1,200 mg/kg. Cardiac edema and
congestion were observed in rats given single gavage doses of 5,200 mg/kg, compared with controls.
Increased relative heart weights were noted in rats exposed to toluene at 1,250 mg/kg/day for 13 weeks
and myocardial degeneration was present in mice exposed to 5,000 mg/kg/day. All of the mice receiving
5,000 mg/kg/day died during the first weeks of exposure. No effects on the weight or gross morphology
of the heart were noted in rats receiving 590 mg/kg/day for 6 months, and no significant treatment-related
findings were observed in electrocardiograms or cardiac histology in rats given single oral doses of up to
1,000-1,200 mg/kg.

Gastrointestinal Effects. Gastric pain was reported by a man who accidently ingested 30 mL of an
organic solvent containing toluene and other chemicals. Gastrointestinal effects were not reported in

other case studies of oral exposure.

The only gastrointestinal effect reported after exposure to toluene was ulceration of the forestomach of
rats exposed to 600 and 1,200 ppm by inhalation for 2 years. Similar effects were not seen in mice
exposed under the same conditions or in rats or mice orally exposed to 2,500 mg/kg/day for 13 weeks.
Additionally, no gastrointestinal effects were observed in FO and F1 parental rats or F1 and F2 weanlings
exposed to 100-2,000 ppm toluene for 95 days (6 hours/day; pre-mating and mating, gestation, and

lactation) in a multigenerational reproductive toxicity study.

Hematological Effects. Before the mid-1950s, chronic occupational exposure to toluene was associated
with hematological effects. However, these effects are now attributed to benzene, a common contaminant
of toluene at that time. More recent studies of workers exposed to toluene or to mixed solvents

containing toluene have not found consistent evidence for abnormal hematological parameters.
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Following acute exposures, no effects on leukocyte counts were observed in volunteers exposed to

800 ppm toluene for 3 hours, and two workers accidentally exposed to about 1,862 ppm for 2-3 hours had
normal values for hematological variables. Decreased leukocyte and white blood cell counts were
observed in dogs and rats repeatedly exposed to airborne toluene, but have not been observed consistently
in other studies of rats and mice repeatedly exposed by inhalation or by oral administration. In one study,
rats exposed to high concentrations (2,500 or 5,000 ppm) of toluene for 7 hours each day had decreased
leukocyte counts following exposure; however, the leukocyte numbers generally returned to normal by
the next day. The toxicological significance of a transitory decrease in numbers of leukocytes is not
apparent. In chronic-duration studies, rats exposed to 100 or 300 ppm toluene had significantly reduced
hematocrit levels, but no consistent effects on hematological variables were reported for mice or rats

exposed to toluene at levels up to 1,200 ppm for 15 months or 2 years.

Musculoskeletal Effects. Rhabdomyolysis (an acute disease of the skeletal muscles leading to
breakdown of muscle tissue, leading to release of myoglobin into the blood and urine) was reported in
two case studies of chronic toluene abuse: a man who had been sniffing glue containing toluene for
18 years, and a 48-year-old man who was a chronic toluene abuser who had been inhaling one tube of
toluene-containing glue per day in the month preceding admission.

No musculoskeletal effects were reported in mice or rats after inhalation exposure up to 1,200 ppm for
15 months or 2 years or oral exposure to toluene at dosage levels up to 2,500 mg/kg/day for 13 weeks.
Additionally, no musculoskeletal effects were reported in FO and F1 parental rats or F1 and F2 weanlings
exposed to 100-2,000 ppm toluene for 95 days (pre-mating and mating), gestation, and lactation in a
multigenerational study. However, bone mineral density and bone mineral content were significantly
(p<0.05) decreased in the right femoral neck of mice exposed to 300 ppm toluene 6 hours/day for

8 weeks.

Hepatic Effects. Studies of chronic toluene abusers, occupationally exposed workers, and laboratory
animals have provided little support for irreversible liver damage due to inhaled toluene. Some studies of
workers who were occupationally exposed to average concentrations between about 30 and 350 ppm
toluene reported liver effects such as increased serum levels of alkaline phosphatase (AP), but others
recorded no adverse effects on serum liver enzyme levels. Results from studies of animals exposed by
inhalation for acute, intermediate, or chronic durations indicate that daily 6-8-hour exposures to
concentrations above 300 ppm, but not below, can lead to increased liver weights and induction of hepatic

cytochrome P450 levels. There are a few reports of toluene-induced effects that may be associated with
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liver damage (e.g., increased serum levels of liver enzymes in rats exposed to 2,000 ppm for 48 hours,
rats exposed to 3,000 ppm, 1 hour/day for 30 days, and rats exposed to 300 ppm, 6 hours/day for 4 weeks;
increased hepatic fibrosis and apoptosis in rats exposed to 3,000 ppm, 1 hour/day for 30 days or

8 hours/day, 6 hours/week for 12 weeks; and increased endoplasmic reticulum in hepatocytes after
exposure of rats, mice, and rabbits to 795 ppm 8 hours/day for 7 days), but no significant
histopathological liver changes or liver weight changes were observed in well-conducted chronic-duration
studies in which rats and mice were exposed to concentrations as high as 1,200 ppm, 6.5 hours/day,

5 days/week for 2 years. Results from intermediate-duration oral studies in rats and mice support the idea
that toluene does not cause degenerative liver effects, but, at sufficiently high doses, produces liver

weight increases that are likely associated with enzyme induction.

Studies of liver effects following oral exposure in humans are limited to two case studies. The liver of an
adult male who died from toluene ingestion (625 mg/kg) was found to be enlarged on autopsy; however,
clinical chemistry did not reveal abnormal liver function in a 15-month-old girl following accidental
ingestion of paint thinner. Evidence from intermediate-duration animal studies indicates that exposure to
toluene results in increased liver weights; however, reported effective dose levels vary widely between
studies, species, and sex. Increased liver weight has been reported in male mice exposed to

105 mg/kg/day in drinking water for 28 days, but not 5, 22, or 84 mg/kg/day. Following exposure to 0,
312, 625, 1,250, 2,500, or 5,000 mg/kg/day via gavage for 12 weeks, significant increases in liver weight
were observed in male and female rats exposed to >625 and >1,250 mg/kg/day, respectively, and male
and female mice exposed to >1,250 and >312 mg/kg/day, respectively. No treatment-related changes in
liver weight were observed in female rats exposed to 590 mg/kg/day via gavage for 6 months. No
treatment-related gross or histopathological lesions of the liver were reported in any oral study.

An acute oral study in rats reports that single gavage doses of 5,200 mg/kg produced slight degeneration
of hepatocytes, mononuclear cell infiltration, increased apoptosis, and increased serum levels of AST and
ALT; however, no alterations in liver weight or histology were reported in pregnant rats exposed to
1,250 mg/kg/day toluene via gavage from gestation day (GD) 16 to 19 or female mice exposed to

600 mg/kg/day toluene via gavage for 14 days. Increased hepatic cell apoptosis was also reported in rats

exposed to 650 mg/kg/day via gavage for 45 days.
Renal Effects. Studies of chronic toluene abusers, occupationally exposed workers, and laboratory

animals have provided little support for irreversible kidney damage due to inhaled toluene. Chronic abuse

of toluene can produce acidosis, but in most cases, renal dysfunction is transient, and normal function
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returns when exposure ceases. Studies of workers occupationally exposed to 100-200 ppm toluene,
which assessed changes in tests of kidney function, have not shown consistent effects across studies.
Animal studies indicate that inhalation of toluene causes concentration-dependent kidney damage in rats,

but only after repeated exposure to concentrations >600 ppm for at least 6 hours/day.

The majority of oral exposure studies in animals do not report renal effects. No treatment-related changes
in kidney weight were reported in female rats exposed to 590 mg/kg/day via gavage for 6 months, male
and female mice exposed up to 2,500 mg/kg/day via gavage for 13 weeks, male mice exposed to 5-

105 mg/kg/day in drinking water for 28 days, or female mice exposed to 600 mg/kg/day via gavage for
14 days. However, following exposure to 0, 312, 625, 1,250, 2,500, or 5,000 mg/kg/day via gavage for
12 weeks, significant increases in kidney weight were observed in male and female rats exposed to

>625 and >1,250 mg/kg/day, respectively. No changes in histopathology or renal function were reported
in any intermediate-duration study. However, evidence for renal pathology was reported in dams exposed
to 1,250 mg/kg/day toluene via gavage from GD 16 to 19. Kidneys from toluene-exposed dams
demonstrated swollen tubules, tissue adhesion to Bowman's capsule, and areas of solidification within
glomeruli that were not observed in control dams. No exposure-related changes were observed in kidney

weight.

Endocrine Effects. Current data do not provide consistent evidence of endocrine disruption in toluene-
exposed humans. Elevated plasma levels of triiodothyronine (T3), but not free thyroxine (T4) or thyroid
stimulating hormone (TSH), were observed in male printers exposed to 36 ppm toluene compared to an
unexposed referent group. No change was observed in serum prolactin levels. Studies of blood levels of
reproductive hormones in repeatedly exposed workers or acutely exposed human subjects have not

provided strong and consistent evidence of exposure-related effects.

Similarly, evidence for endocrine effects in animals following acute- or intermediate-duration inhalation
exposure to toluene is not consistent across studies and does not clearly identify toluene as an endocrine
disrupting chemical. Elevated prolactin levels were reported in rats after exposure to 80 ppm toluene

6 hours/day 5 days/week for 4 weeks or 801,000 ppm 6 hours/day for 3 days. However, no changes in
prolactin levels were found in rats after exposure to 40-320 ppm 6 hours/day 5 days/week for 4 weeks,
500 ppm toluene 6 hours/day for 3 days, or 1,000 ppm 6 hours/day for 5 days. No statistically significant,
dose-related changes in serum levels of, luteinizing hormone (LH), follicle stimulating hormone (FSH),
corticosterone levels, growth hormone, or TSH were reported in male Sprague-Dawley rats exposed up to

3,000 ppm toluene 6 hours/day for 3 days or 1,000 ppm 6 hours/day for 5 days. Serum
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adrenocorticotropic hormone (ACTH) and corticosterone levels, along with increased adrenal weight and
adrenocortical cell size, were observed in in male rats exposed to 1,500 ppm 4 hours/day for 7 days. This
exposure scenario was shown to cause, in companion studies, neuronal damage and an increase in
glucocorticoid receptor in the hippocampus, suggesting a possible disruption in the neuroendocrine axis.
However, no effects on endocrine glands (pancreas, adrenal, or thyroid) were reported in other studies of
rats exposed to 200-5,000 ppm toluene for 7 hours/day for 5 weeks, FO and F1 parental rats or F1 and F2
weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-mating and mating), gestation, and
lactation, mice exposed to up to 2,500 ppm for 14 weeks, rats exposed to up to 3,000 ppm for 15 weeks,

or mice and rats exposed to up to 1,200 ppm for 2 years.

Limited data are available regarding endocrine effects following oral exposure. Serum corticosterone and
ACTH levels were significantly elevated in male mice exposed to 105 mg/kg/day toluene in drinking
water for 28 days, compared with controls. Levels were not significantly elevated following exposure to
5 or 22 mg/kg/day. Microscopic examination revealed no effects on the adrenal or thyroid glands in rats

and mice administered 312-2,500 mg/kg/day toluene by gavage for 13 weeks.

Dermal Effects. Skin irritation can occur in humans and animals dermally exposed to toluene. In
humans, this may be due to the degreasing action of toluene and its removal of protective skin oils.
However, exposure to toluene vapors of 100-2,000 ppm for 95 days (pre-mating and mating, gestation,
and lactation) in a multigenerational study had no effects on the skin in FO and F1 parental rats or F1 and
F2 weanlings. Repeated or continuous contact with undiluted toluene in guinea pigs and mice leads to
swelling, inflammatory cell infiltration, and increased epidermal thickness.

Ocular Effects. Humans have reported eye irritation following exposure to toluene vapors at
concentrations >100 ppm. This is probably the result of direct contact of toluene vapor with the outer
surface of the eye and thus, is not a true systemic effect. Slight to moderately severe irritation of rabbit
eyes has been reported following direct application of toluene to the conjunctiva. Reports of color vision
deficits in occupationally exposed workers have been postulated to involve toluene interference with

dopaminergic mechanisms of retinal cells or toxic demyelination of optic nerve fibers.

Body Weight Effects. Findings regarding body weight effects in animals following inhalation exposure
are inconsistent across studies. Weight loss has been reported to occur in rats following acute-duration
exposure of 1,500-2,000 ppm; and intermediate-duration exposure (3—-23 weeks) to toluene

concentrations ranging from 200 to 12,000 ppm. In mice, weight loss has been reported following
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intermediate-duration exposure (8—14 weeks) to toluene concentrations ranging from 100 to 12,000 ppm.
In contrast, no exposure-related effects on body weights were observed in rats or mice following
intermediate-duration exposure (20-95 days) at concentrations ranging from 1,000 to 6,000 ppm or

chronic-duration exposure (2 years) up to 1,200 ppm.

The majority of oral exposure animal studies do not report body weight effects. No dose-related changes
in body weight were reported in male rats following single gavage administration of up to 1,000 mg/kg,
female mice exposed to 600 mg/kg/day via gavage for 14 days, male mice administered 5-105 mg/kg/day
toluene in their drinking water for 28 days, or female rats and female mice given gavage doses of up to
2,500 mg/kg/day for 13 weeks. However, body weights were 16% lower in male mice given

1,250 mg/kg/day and 19% lower in male rats given 2,500 mg/kg/day by gavage for 13 weeks. Maternal
weight gain was 24% lower in rats given 520 mg/kg/day toluene by gavage from GD 6 to 19, compared
with control rats, but there was no change in maternal body weight gain in rat dams exposed to

1,250 mg/kg/day toluene via gavage from GD 16 to 19.

Immunological and Lymphoreticular Effects. Only limited data are available on the immuno-
logical effects of toluene in humans. These studies do not identify consistent or strong evidence for
toluene effects on immune system end points such as counts of blood lymphocytes or levels of blood

immunoglobulins.

In animals, there is evidence that toluene may lead to immune depression. A series of studies evaluated
immune end points in male CD-1 mice (5/group) administered toluene in their drinking water for 28 days
at concentrations of 0, 5, 22, or 105 mg/kg/day or 0, 22, or 84 mg/kg/day. In one study, significantly
decreased thymus weight and significantly depressed immune responses were observed in all in vitro
immune assays (mitogen-stimulated lymphocyte proliferation, mixed lymphocyte reaction, interleukin 2
[IL-2] production assay, and antibody plaque-forming cell [PFC] response) at 105 mg/kg/day, compared
with controls. IL-2 production and mitogen-stimulated lymphyocyte proliferation were also significantly
increased at 22 mg/kg/day, compared with controls. Significantly depressed immune responses were
observed in the PFC assay and mixed lymphocyte reaction at 84 mg/kg/day. The mixed lymphocyte
reaction was also significantly depressed at 22 mg/kg/day. In another study, the IL-2 production assay
was significantly depressed at 105 mg/kg/day. Taken together, these studies consistently reported
diminished immune responses in multiple in vitro immune assays following in vivo exposure to 84—

105 mg/kg/day in drinking water for 28 days, compared with controls. A couple of immune assays were

altered at 22 mg/kg/day, but findings were not consistent between the studies. Additionally, the antibody
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PFC assay was significantly altered at 84 and 105 mg/kg/day, but not at 22 mg/kg/day. The PFC in vitro
assay is considered the most predictive assay of impaired immune function. Collectively, results from
these studies support a no-observed-adverse-effect level (NOAEL) of 22 mg/kg/day for immune effects.
Decreased resistance to mortality from respiratory infection by Streptococcus zooepidemicus was
observed in a study of mice exposed for 3 hours to toluene concentrations as low as 2.5 ppm, but not

1 ppm. However, in an acute oral study, exposure to 600 mg/kg/day via gavage for 14 days did not
diminish immune response in in vitro immune assays or decrease host resistance to Listeria
monocytogenes, Streptococcus pneumoniae, Plasmodium yoelii, BL6F10 melanoma cells, or PYB6

fibrosarcoma in female mice, compared with controls.

No evidence for exposure-related adverse changes in weight or histology of the spleen or thymus has been
reported in animals exposed by inhalation for intermediate or chronic durations. Thymus weight was
significantly decreased in male mice exposed to 105 mg/kg/day via gavage for 28 days, but not to 5-

84 mg/kg/day. No changes in spleen weight were observed at any dose. No changes in thymus or spleen
weight were observed in female mice exposed to 600 mg/kg/day via gavage for 14 days or rats or mice
exposed up to 2,500 mg/kg/day via gavage for 13 weeks. No gross or histopathological lesions of the
spleen or thymus were reported in any oral study.

Neurological Effects. Dysfunction of the central nervous system is a critical human health concern
following acute, intermediate, or chronic inhalation exposure to toluene. Chronic toluene abuse in
humans has been associated with neurotoxic symptoms, narcosis, permanent damage to the central
nervous system, and death. Self-reported neurological symptoms and reduced ability in tests of cognitive
and neuromuscular function have been observed in humans occupationally exposed to average
concentrations as low as 40-150 ppm. Performance deficits in tests of neurobehavior have also been
observed in volunteers acutely exposed to controlled concentrations >50 ppm and in laboratory animals

repeatedly exposed to >1,000 ppm toluene.

Studies of occupationally exposed workers also indicate that chronic exposure to average concentrations
as low as 50-130 ppm damages hearing and color vision presumably involving, at least in part, effects on
neurological components of these systems.

Numerous studies in animals have also reported neurological alterations following acute, intermediate, or

chronic inhalation exposure to toluene. Consistently reported effects following acute exposure include

overt signs of neurotoxicity (ataxia, tremors, inability to walk); increased, followed by decreased,
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locomotor activity at >500 ppm; impaired learning and/or memory at 125-4,000 ppm; and impaired
motor coordination and reflexes at >100 ppm. However, studies of rodents exposed for intermediate
durations to concentrations as high as 1,000 ppm have not found strong and consistent evidence for
exposure-related changes for these neurological end points. Hearing loss in animals has been observed
following acute- and intermediate-duration exposure to toluene at concentrations of >250 ppm in guinea
pigs and >1,000 ppm in rats. Observed hearing loss may not be solely due to neurological damage, as
exposure to 500-2,000 ppm leads to altered energy production and damage in cochlear hair cells. Other
effects that have been reported include alterations in visual-evoked brain potentials (VEPS), altered pain
perception, decreased olfactory sensitivity, altered sleep patterns, altered brain weight and volume in rats,
altered levels of glial fibrillary acidic protein (GFAP) and markers of oxidative stress, and altered levels

of neurotransmitters, precursors, and receptors.

Limited data are available regarding neurological effects following oral exposure. Neurological effects
were reported in three case reports of toluene ingestion: severe depression of central nervous system
function was the probable cause of death for a 51-year-old man who ingested approximately 60 mL

(625 mg/kg) of toluene; a man who accidently ingested 30 mL of an organic solvent containing toluene
and other chemicals was drowsy and complained of dizziness; and depressed consciousness, lethargy,
hypotonia, and nystagmus were observed in a 15-month-old girl following accidental ingestion of paint
thinner. Effects reported following acute-duration oral exposure in animals include transient increases in
motor activity in rats; decreased in the flash-evoked brain potential (FEP) wave pattern amplitudes in
male rats; and outer hair cell (OHC) loss in the cochlea of rats. However, no changes in brain weight or
histology were reported in female mice exposed to 600 mg/kg/day via gavage for 14 days, compared with
controls. Effects reported following intermediate-duration oral exposure in animals include regional
specific neurotransmitter alterations; increased relative brain weights in male and female rats and male,
but not female, mice; cellular necrosis in the hippocampus and cerebellum of male and female rats; and

overt signs of neurotoxicity.

Reproductive Effects. Current data do not provide convincing evidence that acute or repeated
inhalation exposure to toluene may cause reproductive effects in humans. Limited evidence in humans
indicates that occupational exposure to toluene (and other solvents) may lead to an increased incidence of
spontaneous abortion or decreased fecundity in female workers. A few studies in animals exposed to
toluene via inhalation at concentrations >2,000 ppm reported effects on male and female reproductive
tissues, including abundant vacuoles, lytic areas, and mitochondrial degeneration in the antral follicles of

the ovaries of female rats and reduced sperm count, motility, and quality and altered reproductive organ

**DRAFT FOR PUBLIC COMMENT***



TOLUENE 19

2. RELEVANCE TO PUBLIC HEALTH

weight and histology in male rats. However, changes in sperm count and epididymus weight were not
accompanied by any change in indices of reproductive performance (e.g., fertility) in male rats exposed to
2,000 ppm for 60 days before mating. The majority of animal studies provided little evidence for toluene
reproductive toxicity. Studies in rats exposed repeatedly by inhalation to toluene, including a
2-generation reproductive toxicity study, have shown no evidence of adverse effects on mating or fertility
at tested concentrations as high as 1,200-2,000 ppm. In addition, the majority of numerous gestational

exposure studies in rodents reported no exposure-related changes in reproductive indices.

Available data from oral exposure studies in animals do not provide evidence of reproductive effects
following toluene exposure. No significant differences in the mean number of implantations per dam,
corpora lutea per dam, live fetuses per litter, total number of resorptions per dam, and/or pre- or post-
implantation loss were reported when rats and mice were exposed to toluene during gestation. Increased
relative testicular weights were reported in male mice exposed to 1,250 and 2,500 mg/kg/day by gavage
for 13 weeks. However, no effects on the weight of the prostate, testes, uterus, or ovaries were observed
in rats and female mice exposed to 312—-2,500 mg/kg/day. Reproductive performance was not evaluated
in these 13-week studies.

Developmental Effects. There are a number of published reports of birth defects, similar to those
associated with fetal alcohol syndrome, that have been described in children born to women who
intentionally inhaled large quantities of toluene or other organic solvents during pregnancy. Defects
described include microcephaly, central nervous system dysfunction, growth deficiency, cranofacial and
limb abnormalities, and reversible renal tubular acidosis. Studies of women exposed during pregnancy to
much lower concentrations of toluene in the workplace are restricted to a retrospective study of 14 women
in Finland occupationally exposed to mixed solvents that suggested that solvent exposure may increase

risk for central nervous system anomalies and neural tube closure defects.

The reports of birth defects in solvent abusers suggest that high-level exposure to toluene during
pregnancy can be toxic to the developing fetus. The available human data, however, do not establish
causality between low-level or occupational exposure to toluene and birth defects, because of the small
sample size and the mixed solvent exposure experienced by the subjects, the lack of other studies of
possible birth defects in children of occupationally exposed women, and the likelihood that the high
exposure levels experienced by pregnant solvent abusers (4,000-12,000 ppm) overwhelm maternal
protection of the developing fetus from absorbed toluene. Experiments with pregnant mice demonstrated

that 10-minute exposures to 2,000 ppm resulted in low uptake of toluene into fetal tissue and suggest that,

**DRAFT FOR PUBLIC COMMENT***



TOLUENE 20

2. RELEVANCE TO PUBLIC HEALTH

at lower exposure levels, absorbed toluene is preferentially distributed to maternal adipose tissue before

distribution to the developing fetus.

A number of developmental toxicity studies with rats, mice, and rabbits involving toluene exposure by
inhalation during gestation have been conducted to further describe developmentally toxic effects from
toluene and exposure-response relationships. The results indicate that toluene did not cause maternal or
developmental toxic effects in animals at exposure levels <1,000 ppm administered for 6—7 hours/day
during gestation. Predominant effects reported at concentrations ranging from 1,000 to 3,000 ppm
include retarded fetal growth and skeletal development and altered development of behavior in offspring,
and were almost always accompanied by signs of maternal toxicity. Other animal studies reported that
continuous, 24-hour/day exposure during gestation caused maternal body weight depression and effects
on fetuses including depressed body weight and delayed skeletal ossification at toluene concentrations as
low as 133-399 ppm in rats, mice, and rabbits. Increased malformations and fetal death have been
observed when animals were exposed during gestation to higher concentrations modeling solvent abuse
(8,000-16,000 ppm, 15-30 minutes/day).

In animal studies of oral exposure during gestation, toluene was not a developmental toxicant when
administered orally at 1,800 or 2,350 mg/kg/day to pregnant mice during the period of organogenesis in
two developmental screening studies. In a comprehensive developmental toxicity study in rats, a
statistically significant increase in the incidence of dilated renal pelvis in the left kidney was observed in
fetuses from dams exposed to 1,250 mg/kg on GDs 16-19 via gavage, compared with controls. No
changes were observed in any other developmental end point. In other studies, exposure of pregnant rats
to gavage doses of 650 mg/kg/day toluene in corn oil on GDs 6-19 produced offspring with decreased
body weights, delayed ossification, smaller brain volumes, decreased forebrain myelination per cell, and

decreased cortical cell proliferation and migration, compared with controls.

Performance deficits in a few neurobehavioral tests were observed in one study in offspring of pregnant
mouse dams exposed by inhalation to 2,000 ppm, but not 200 or 400 ppm, for 60 minutes 3 times/day on
GDs 12-17. Performance deficits were not observed in offspring of pregnant rat dams exposed by
inhalation to up to 2,000 ppm for 6 hours/day during gestation. Drinking water exposure during gestation
and lactation at doses of 106 mg/kg/day resulted in changes in postweaning open-field locomotor activity

in rat offspring.
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Cancer. Human and animal studies generally do not support a concern for the carcinogenicity of
toluene. Thirteen human epidemiology studies were located that assessed toluene exposure as a possible
risk factor for cancer: five cohort studies of workers exposed predominantly to toluene and eight studies
involving subjects exposed to mixtures of solvents including toluene. Cancers of most sites were not
significantly associated with toluene exposure in any study, and there was weak consistency in the
findings of those studies that did find association of a particular cancer type with toluene exposure. The
information from these studies is inadequate to assess the carcinogenic potential of toluene,
predominantly because of the lack of consistent findings across the studies and the likelihood that many
of the studied groups were exposed to multiple chemicals. The validated animal inhalation bioassays
were negative; however, one available oral study showed a nondose-related increase in a variety of
tumors. Dermally administered toluene markedly inhibits skin tumorigenesis in the two-stage mouse
model utilizing phorbol-12-myristate-13-acetate (PMA) as a promoter. The reduction in tumorigenesis
was observed in mice initiated with dermal applications of benzo(a)pyrene or 7,12-dimethylbenz(a)-
anthracene. Thus, the data do not support a firm conclusion regarding the carcinogenicity of toluene. As
such, the U.S. EPA determined that there is inadequate information to assess the carcinogenic potential of
toluene, IARC determined that toluene is not classifiable as to its carcinogenicity in humans (Group 3),
and ACGIH determined that toluene is not classifiable as a human carcinogen (A4). The NTP has not
considered the carcinogenic potential of toluene.

Major health effects of toluene inhalation in humans and animals and ingestion in animals and the lowest
concentrations at which these effects have been observed are shown in Figures 2-1 and 2-2. An estimate
of exposure levels posing minimal risk to humans (MRL) are also presented in these figures. An MRL is
an estimate of the daily human exposure that is likely to be safe over a certain period of exposure. MRLs
are not intended to define clean-up or action levels, but are intended only to serve as a screening tool to
help public health professionals decide where to look more closely. Therefore, MRLs are set at levels

well below where effects have been observed.

2.3 MINIMAL RISK LEVELS (MRLs)

Estimates of exposure levels posing minimal risk to humans (MRLSs) have been made for toluene. 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. MRLSs 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
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Figure 2-1. Health Effects of Breathing Toluene

Effects in Humans Concentration in Air (ppm) Effects in Animals

Developmental effects® in offspring of ~4,000
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chronic exposure
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) 133 Developmental effects® after gestational
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Meurological effects’ after acute exposure

Neurological effects? in healthy | 75
volunteers after acute exposure

Meurological effects” after occupational 50

exposure; respiratory effects’ after acute
exposure

40 Neurological effects! after intermediate

EXposure

Meurological effects® in toluene-sensitive 15

subjects after acute exposure

2ppm () Acute MRL
1ppm () Chronic MRL
2Birth defects similar to fetal alcohol syndrome
°Nasal lesions
“Nephropathy
dIncreased liver weight, induction of hepatic P450 levels, increased serum levels of liver
enzymes

2Depressed fetal body weight and delayed skeletal ossification
fIncreased locomotor activity

2 Impairments in psychomotor testing

" Altered measures of visual and auditory electrophysiology
Hrritation of nose and throat

I Altered open-field behavior

¥ Impairments in neuropsychological testing
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Figure 2-2. Health Effects of Ingesting Toluene

Dose (mg/kg/day)
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Effects in Animals
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Neurobehavioral effects® after pre- and
post-gestational drinking water exposure

Hepatic effects® after intermediate
drinking water exposure

Immune system effectsf after
intermediate duration exposure in
drinking water

) Acute MRL

0.2 mg'kg/day % Intermediate MRL

*Decreased body weights, delayed ossification, smaller brain volumes, decreased forebrain
myelination per cell, and decreased cortical cell proliferation and migration

®Increased kidney weight

cAltered measures of visual electrophysiology
dIncreased open-field activity (lack of habituation)

=Increased liver weight

Diminished immune responses in multiple in vitro immune assays following in vivo exposure
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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.

Adverse effects on the nervous system are critical effects of concern from acute, intermediate, or chronic
exposure to toluene. Acute exposure is associated with reversible neurological symptoms progressing
from fatigue, headaches, and decreased manual dexterity to narcosis with increasing exposure levels.
Reversible neurological impairment from acute exposure likely involves the direct interaction of toluene
with nervous system membranes. Degenerative changes in white matter regions of the brain have been
correlated with the severity of persistent neurological impairment in individuals who abused solvents and
have repeatedly inhaled toluene at high exposure levels (4,000-12,000 ppm). Results from studies of
groups of occupationally exposed workers suggest that chronic exposure to toluene at lower exposure
levels (from about 50 to 200 ppm) can produce subtle changes in neurological functions including
cognitive and neuromuscular performance, hearing, and color discrimination. Supporting data come from
studies of toluene-exposed animals showing changes in behavior, hearing loss, and subtle changes in

brain structure, electrophysiology, and levels of neurotransmitters.

Other effects of concern include immune system effects, liver effects, kidney effects, and developmental
effects. Evidence from a few animal studies suggests that repeated exposure to toluene can suppress the
immune system, although current data from human studies are limited and inconclusive. Various reports
indicate hepatic and renal effects following inhalation and oral exposure to toluene; however, there is
little support for irreversible damage to the liver or kidney. Case reports of birth defects in children of
mothers who abused toluene during pregnancy suggest that exposure to high levels of toluene may be
toxic to the developing fetus. Results from animal studies indicate that toluene is not a teratogenic agent,
but can retard fetal growth and skeletal development and adversely influence behavior of offspring at

exposure levels that produce maternal toxicity.
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Available evidence does not support adverse effects on reproductive performance as a noncancer health

effect of concern from toluene exposure.

Issues relevant to children are explicitly discussed in Section 3.7, Children’s Susceptibility and

Section 6.6, Exposures of Children.

Inhalation MRLs

e An MRL of 2 ppm (7.6 mg/mq) has been derived for acute-duration (14 days or less) inhalation
exposure to toluene.

This MRL is based on a study by Little et al. (1999) in which the effects of toluene on human subjects
with a history of solvent exposure and adverse reactions to toluene (i.e., clinically sensitive to toluene)
were assessed in a battery of neuropsychological tests prior to and after a 20-minute exposure to 15 ppm
toluene (see Appendix A). The battery of tests included immediate and delayed prose memory, reaction
time, letter cancellations, digit symbol, focal length, and STROOP color and color-word tasks.
Statistically significant (p<0.05) impairments were measured in immediate and delayed prose memory
(number of items recalled decreased 31%), the digit symbol test (number of correct items decreased
11%), and the letter cancellation test (percent correct decreased 5%) following a 15-minute exposure to
15 ppm toluene, compared with pre-exposure scores. A near-significant 15% increase in reaction time
was also observed (p=0.06). No significant difference between pre- and post-exposure values was found
for focal length or the STROOP tests. The minimally adverse lowest-observed-adverse-effect level
(LOAEL) of 15 ppm was divided by an uncertainty factor of 9 (3 for use of a minimally adverse LOAEL
and 3 to account for human variability [a full uncertainty factor of 10 is not necessary as the observed
effects were noted in a susceptible/sensitive group of individuals]) to derive the MRL of 2 ppm. More
details of the development of this MRL can be found in Appendix A.

¢ No MRL has been derived for intermediate-duration (15-364 days) inhalation exposure to
toluene.

No data were considered suitable for use in deriving an intermediate-duration MRL for inhalation
exposures. ATSDR believes that the chronic inhalation MRL would also be protective for intermediate-

duration exposures.
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e An MRL of 1 ppm (3.8 mg/m?) was derived for chronic-duration (365 days or more) inhalation
exposure to toluene.

The chronic inhalation MRL is based on a NOAEL of 45 ppm toluene for neurological effects based on a
series of studies by the same group of investigators assessing subjective neurological symptoms,
performance on psychomotor tasks, color vision, and hearing in groups of German photogravure printers
employed for an average duration of 13.5 years (Schéper et al. 2003, 2004, 2008; Seeber et al. 2004,
2005; Zupanic et al. 2002). These studies compared neurological end points in workers with high
exposure to toluene (printers, n=106-181) with workers with low exposure to toluene (end-processors,
n=86-152). Current toluene air exposure levels for printers and end-processors were 24.6-26 and 3—

3.5 ppm, respectively (measured twice yearly from 1996 to 2001). Historical exposure levels for printers
prior to 1995 and prior to 1975 were 40 and 140 ppm, respectively. Historical exposure levels for end-
processors prior to 1995 and prior to 1975 were 5 and 40 ppm, respectively. Using job history and
current exposure and historical exposure levels, individual time-weighted average (TWA) exposure levels
were calculated. The average TWA levels for printers and end-processors were calculated to be 45 and
10 ppm for subjects included in analyses by Schaper et al. (2003, 2008), 45 and 9 ppm for subjects
included in analyses by Seeber et al. (2004, 2005) and Zupanic et al. (2002), and 43 and 9 ppm for
subjects included in analyses by Schéper et al. (2004). Schéper et al. (2003, 2008) did not find any
statistically significant differences in audiometric readings from four readings over 5 years in

181 printers, compared with 152 end-processors; Schaper et al. (2004) did not find any differences in
color vision assessed 4 times over 5 years in 154 printers, compared with 124 end-processors; and Seeber
et al. (2004, 2005) and Zupanic et al. (2002) did not find any increase in subjective neurological
complaints or decreased performance in psychomotor tasks in 106—-154 printers, compared with 86—

124 end-processors. The NOAEL of 45 ppm was adjusted for continuous exposure (45 ppm x 5 days/

7 days x 8 hours/24 hours = 10.7 ppm) and was divided by an uncertainty factor of 10 to account for
human variability to derive the MRL of 1 ppm.

Most of the data on health effects in humans chronically exposed to toluene come from occupational
studies or medical reports of solvent abusers. In both situations, concurrent exposure to other chemicals
can limit the usefulness of the data for development of guidelines or standards. In addition, there are
other confounding variables, especially in the occupational setting, such as alcohol consumption patterns,
employment history, diet, use of medications, noise, and fluctuations in atmospheric toluene levels during
different portions of the day, all of which complicate evaluation of dose-response patterns. These
complexities were considered in selecting the studies for derivation of the MRL (see Appendix A for

more details).
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EPA (2005) has recommended a similar chronic RfC of 5 mg/m? (1.33 ppm) based on the arithmetic
mean (34 ppm) of the NOAELSs from a subset of the highest quality studies investigating neurological
effects in workers occupationally exposed predominantly to toluene (Abbate et al. 1993; Boey et al. 1997;
Cavalleri et al. 2000; Eller et al. 1999; Foo et al. 1990; Murata et al. 1993; Nakatsuka et al. 1992; Neubert
et al. 2001; Vrca et al. 1995; Zavalic et al. 1998a). ACGIH (2007) has recommended a Threshold Limit
Value (TLV) of 20 ppm toluene based on subclinical changes in blue-yellow color vision and the
potential for spontaneous abortion in female workers (Campagna et al. 2001; Cavalleri et al. 2000; Ng et
al. 1992b). This value is designed to be protective for healthy adult workers exposed 8 hours/day,

5 days/week for up to 45 years. Adjusting the value for a continuous exposure lasting up to 70 years
yields a value of 4 ppm (25 ppm x 5 days/7 days x 8 hours/24 hours x 45 years/70 years = 4 ppm). This
figure is slightly higher than the current chronic-duration MRL, but does not include an uncertainty factor
to protect susceptible populations. Use of an uncertainty factor of 10 (10 for human variability) would

arrive at a value to 0.4 ppm, which is slightly lower than the current MRL.

Oral MRLs

o An MRL of 0.8 mg/kg has been derived for acute (14 days or less) oral exposure to toluene.

This MRL was based on a LOAEL of 250 mg/kg from a study of FEP wave forms in male Long-Evans
rats administered doses of 0, 250, 500, or 1,000 mg/kg toluene by gavage (Dyer et al. 1988). FEP tests
were administered 45 minutes later as a test of the ability of the nervous system to process visual
information. The amplitude of the N3 peak of the FEP was decreased by toluene exposure at all doses
(p<0.0001). This decrease in peak amplitude was not dose-related. Dyer et al. (1988) also carried out a
time-course study in which toluene was administered to male Long-Evans rats (16 per group) at doses of
0 and 500 mg/kg by gavage, and FEP tests were performed 4, 8, 16, and 30 hours later. In the time course
study, 500 mg/kg also decreased the amplitude of the FEP; at this dose, little change in magnitude of peak
N3 depression had occurred 8 hours posttreatment; by 16 hours, recovery was complete. The LOAEL of
250 mg/kg was divided by an uncertainty factor of 300 (3 for use of a minimally adverse LOAEL, 10 for
interspecies extrapolation, and 10 for intraspecies variability) to derive the MRL of 0.8 mg/kg. More

details of the development of this MRL can be found in Appendix A.
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¢ An MRL of 0.2 mg/kg/day has been derived for intermediate-duration (15-364 days) oral
exposure to toluene.

This MRL was based on a NOAEL of 22 mg/kg/day from a series of studies evaluating immune end
points in male CD-1 mice administered toluene in their drinking water for 28 days at concentrations of 0,
5, 22, or 105 mg/kg/day (Hsieh et al. 1989, 1991) or 0, 22, or 84 mg/kg/day (Hsieh et al. 1990a). In
Hsieh et al. (1989, 1990a), rats were weighed, sacrificed, and examined for gross pathological lesions at
28 days. Spleen and thymus were weighed and hematology was performed. Spleens were assessed for
cellularity, and splenocytes were used in in vitro immune assays (mitogen-stimulated lymphocyte
proliferation, mixed lymphocyte reaction, IL-2 production assay, and antibody PFC response). Hsieh et
al. (1990a) also measured the in vitro cell-mediated cytolosis response. In Hsieh et al. (1991), immune
function was only assessed using the IL-2 assay in cultured splenocytes. In Hsieh et al. (1989),
significantly decreased thymus weight and significantly depressed immune responses were observed in all
in vitro immune assays at 105 mg/kg/day, compared with controls. IL-2 production and mitogen-
stimulated lymphyocyte proliferation were also significantly increased at 22 mg/kg/day compared with
controls. In Hsieh et al. (1990a), significantly depressed immune responses were observed in the PFC
assay and mixed lymphocyte reaction at 84 mg/kg/day. The mixed lymphocyte reaction was also
significantly depressed at 22 mg/kg/day. In Hsieh et al. (1991), the IL-2 production assay was
significantly depressed at 105 mg/kg/day. Taken together, these studies consistently reported diminished
immune responses in multiple in vitro immune assays following in vivo exposure to 84—105 mg/kg/day in
drinking water for 28 days, compared with controls. A couple of immune assays were altered at

22 mg/kg/day, but findings were not consistent between the three Hsieh studies. Additionally, the
antibody PFC assay was significantly altered at 84 and 105 mg/kg/day, but not at 22 mg/kg/day (Hsieh et
al. 1989, 1990a). The PFC in vitro assay is considered the most predictive assay of impaired immune
function (Luster et al. 1992). Collectively, results from these studies support a NOAEL of 22 mg/kg/day
for immune depression. The NOAEL of 22 mg/kg/day was divided by an uncertainty factor of

100 (10 for interspecies extrapolation and 10 for intraspecies variability) to derive the MRL of 0.2
mg/kg/day. More details of the development of this MRL (including consideration of other effects as
bases of the intermediate-duration oral MRL) can be found in Appendix A.

o No MRL was derived for chronic-duration (365 days or more) oral exposures because there were

no suitable data for toluene.

EPA (2005) has recommended a chronic oral reference dose (RfD) of 0.08 mg/kg/day based on a
benchmark dose limit (BMDL) of 238 mg/kg/day for increased kidney weight in male rats from the
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13-week NTP (1990) study. The derivation included an uncertainty factor of 3,000 (10 for interspecies
extrapolation, 10 for intraspecies variability, 10 for use of a subchronic study, and 3 for database
uncertainties). If the UF for subchronic to chronic is removed, the value is 0.8 mg/kg/day, which is well

within an order of magnitude of the derived intermediate MRL of 0.2 mg/kg/day.
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3. HEALTH EFFECTS

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 toluene. 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.

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. LOAELSs 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

Adverse effects on the nervous system are critical effects of concern from inhalation exposure to toluene
as evidenced by results from studies of workers acutely or chronically exposed to toluene in workplace
air, studies of volunteers under controlled acute exposure conditions, and studies of chronic solvent
abusers predominantly exposed to toluene. Observed effects include reversible neurological symptoms
from acute exposure progressing from fatigue, headache, and decreased manual dexterity to narcosis with
increasing exposure level, degenerative changes in white matter in chronic solvent abusers, and subtle
changes in neurological functions including cognitive and neuromuscular performance, hearing, and color
discrimination in chronically exposed workers. Studies of toluene-exposed animals provide supporting
data showing changes in behavior, hearing loss, and subtle changes in brain structure, brain
electrophysiology, and brain chemistry. Case reports of birth defects and developmental delays in
children of mothers who abused solvents, including toluene, during pregnancy suggest that exposure to
high levels of toluene may be toxic to the developing fetus. A number of developmental toxicity studies
with rats, mice, and rabbits exposed to airborne toluene indicate that toluene was not a developmental
toxicant at levels below those inducing maternal toxicity. At doses that impaired maternal body weight
gain, developmental effects observed included retarded fetal growth and skeletal development and altered
development of behavior in offspring. At high concentrations modeling solvent abuse, increased

malformations and fetal death were also observed.
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3.2.1.1 Death

Limited data are available on toluene-associated deaths due to solvent abuse or occupational exposure and
these studies do not indicate exposure concentrations. Paterson and Sarvesvaran (1983) reported on a
teenager who died following an episode of glue sniffing. In Virginia, 39 deaths were attributed to
inhalant abuse from 1987 to 1996 (Bowen et al. 1999a). The majority of deaths (70%) occurred at

<22 years of age, and males accounted for 95% of all inhalant abuse deaths; however, only two deaths
were attributed to intentional toluene inhalation. In Japan, a man died of cardiac arrest after painting a
bathroom using a sealer containing 65% toluene (Shibata et al. 1994) and a woman died of adrenal
hemorrhage after sniffing thinner containing 67% toluene (Kamijo et al. 1998). In Great Britain,
approximately 80 deaths per year have been associated with solvent abuse (Anderson et al. 1985).
Approximately half these cases were attributed to cardiac arrhythmias, central nervous system depression,
asphyxia, and hepatic and renal failure (Anderson et al. 1982). Among the 52 cases with a toxicological
report, 42 mentioned toluene (Anderson et al. 1982). Toxicokinetic extrapolation from blood toluene
concentration in a dead patient was used to estimate that 1 hour of exposure to 1,800-2,000 ppm toluene
may be fatal to humans (Hobara et al. 2000a, 2000b).

There are only a few animal inhalation studies that have examined the lethality of toluene, and there is
evidence from an intermediate-duration study suggesting that mice may be more sensitive than rats. An
inhalation LCs value (concentrations causing death in of 50% of the animals) of 5,320 ppm has been
reported for mice (Svirbely et al. 1943). In 14 to 15 week studies, exposure to 3,000 ppm toluene for
6.5 hours/day, 5 days/week, caused 80% mortality in male rats, 60% mortality in male mice, and 100%
mortality in female mice, but no deaths among female rats (NTP 1990). Death also occurred among
female mice exposed to 625 (10%), 1,250 (10%), and 2,500 (40%) ppm toluene (NTP 1990).

LOAEL values for deaths in the NTP (1990) study and the LCso from the Svirbely et al. (1943) report are
recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.2 Systemic Effects

Data are available pertaining to respiratory, cardiovascular, hematological, musculoskeletal, hepatic,
renal, endocrine and ocular effects in humans and animals after inhalation exposure to toluene. In
addition, there are data on gastrointestinal, dermal, body weight, and other systemic effects in animals

after inhalation exposure to toluene. All systemic effects are discussed below. The highest NOAEL
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. : (Route) :
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Mouse 7hr 5320 (LC50) Svirbely et al.1943
(Swiss-
Webster)
Systemic
2 Human 6 hr Resp 40M 100 M (irritation of the nose) Andersen et al. 1983
Ocular 40M 100 M (irritation of the eyes)
3 Human 6.5 hr Resp 100 M (irritation of the nose and Baelum et al. 1985
(Oceup) throat)
Ocular 100 M (irritation of the eyes)
4 Human -8 hr Resp 200 M (mild throat irritation) Carpenter et al. 1944
Ocular 200 M (eye irritation)
5 Human 2hr Resp 1862 M Meulenbelt et al. 1990 Non-fatal case report.
Cardio 1862 M (sinus tachycardia)
Hemato 1862 M
Hepatic 1862 M (liver enlargement)
Ocular 1862 M (ocular irritation)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
6 Human 3hr Resp 1862 M Meulenbelt et al. 1990 Non-fatal case report.
Cardio 1862 M (sinus bradycardia)
Hemato 1862 M
Hepatic 1862 M
Ocular 1862 M (ocular irritation)
7 Human 4.5 hr Resp 50 M (irritation of the throat) Muttray et al. 2005
8 Human 6.5 hr Renal 102 M Nielsen et al. 1985 Endpoint examined:
renal excretion rates of
albumin and
beta-2-microglobulin
examined.
9 Human 2hr Resp 48 M (mucous membrane Orbaek et al. 1998
irritation)
10 Human 2hr Resp 48 F (mucous membrane Osterberg et al. 2003

irritation)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species reduency NOAEL Less Serious Serious Reference
. : (Route) .

Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

11 Human 6 hr/d Resp 100 Rahill et al. 1996 No change in lung
function.

12 Human 3hr Resp 800 von Oettingen et al. 1942 No effects complaints
of irritation and no
change in respiratory
rate, minute volume,
leukocyte counts, blood
pressure, or pulse in 3
exposed subjects.

Cardio 800
Hemato 800
13 Rat 3d Endocr 500 M (increased serum Andersson et al. 1980 Endpoints assessed:
(Sprague- 6 hr/d corticosterone) Serum levels of
Dawley) corticosterone,
prolactin, growth
hormone, FSH, and LH.
14 Rat 5d Endocr 1000 M Andersson et al. 1980 Endpoints assessed:

(Sprague- 6 hr/d
Dawley)

Serum levels of
corticosterone,
prolactin, growth

hormone, FSH, and LH.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species 'reauency NOAEL Less Serious Serious Reference
. : (Route) :
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
15 Rat 3d Endocr 80 M (increased serum Andersson et al. 1983a Endpoints assessed:
prague- ; erum corticosterone,
S 6 fhr/d prolactin) S rticost
Dawley) prolactin, growth
hormone, FSH, and
LH.
16 RaF Zgr/d Endocr 1500 M (18% increase in adrenal Gotohda et al. 2005
(Wistar) weight and increased
adrenocortical cell size;
increased serum ACTH
and corticosterone)
Bd Wt 1500 M (8% decreased body
weight)
w RaF Z gr/d Hepatic 3000 M (increase biochemical Gotohda et al. 2009
(Wistar) markers of liver fibrosis)
18 RaF gg;&zo Endocr 1500 F (reduced maternal Hougaard et al. 2003
(Wistar) plasma corticosterone
levels)
19 Rat 6h/d, for3or7 e ioor 1000 M (signficantly increased Little et al. 1998

(Fischer- 344) d

serum corticosterone)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
20 Rat 48 hr Hemato 2000 M (increased hematocrit Tahti et al. 1983
(Sprague- and blood glucose)
Dawley)
Hepatic 2000 M (increased serum ALT
and AST)
Bd Wt 2000 M (body weight decrease
10%)
21 Rat g gr/d Hepatic 795 F (increased liver weight Ungvary et al. 1982
12%, increased smooth
and rough endoplasmic
reticulum)
22 Rat 6 hr Hepatic 4000  (increased CYP2E1 and Wang et al. 1996
(Wistar) decreased CYP 2 C11in
liver)
23 Mouse g gr/d Hepatic 795 F (increased liver weight Ungvary et al. 1982
11% and cytochrome
P-450 30%)
24 Dog 1hr Hemato 200 500 (decreased leukocytes) Hobara et al. 1984a
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

3IN3INT0L

Exposure/ LOAEL

Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) IS i

ystem (ppm) (ppm) (ppm) Chemical Form Comments
D 4h

25 9 r Hemato 700  (decreased leukocytes) Hobara et al. 1984a
26 Rabbit Z&gr/d Hepatic 795 F (increased liver weight Ungvary et al. 1982

14%, cytochrome P-450-
35%, and cytochrome

b5- 25%)
Immuno/ Lymphoret
27 Rat gﬂ;&” 600 F (significant decrease Ono et al. 1995
(Sprague- thymus weights in dams)
Dawley)
28 Mouse 3hr 1F 2.5 F (decrease to mortality Aranyi et al. 1985
(CD-1) from infection with S.
zooepidemicus)
Neurological
29 Human 6 hr 40 M 100 M (headaches, dizziness, Andersen et al. 1983
intoxication)
30 Human 6.5hr 100 M (intoxication, dizziness, Baelum et al. 1985
(Occup) decreased manual
performance and color
perception)
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Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) Chemical Form Comments
sl Human 8 hr 100  (impaired performance Dick et al. 1984
on visual-vigilence task)
32 Human 7hr 75  (dose-related impairment Echeverria et al. 1991
of performance on
recognition, pattern
memory, and one-hole
test results)
33 Human 20 min 100M 300 M (increased simple and Gamberale and Hultengren
choice reaction time) 1972
34 Human 4 hr 80 M Iregren 1986 Endpoints evaluated:
choice reaction time,
simple reaction time,
color-word vigilance, or
memory reproduction.
35 Human 4 hr 40 F Lammers et al. 2005a Endpoints evaluated:
battery of
neurobehavioral tasks,
sleep quality

questionnaire.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
36 Human gohr _ 110 M Lammers et al. 2005a Endpoints evaluated:
min on, battery of
30 min off neurobehavioral tasks,
sleep quality
questionnaire.
. b ]
37 Human 20 min 15  (decreased performance Little et al. 1999
on neuropsychological
tests in toluene-sensitive
subjects)
38 Human 28-41 min 332 M Muttray et al. 1999 Endpoint evaluated:
(Occup) color vision before and
after cleaning a print
machine with toluene.
39 Human 4.5 hr 50 M Muttray et al. 2005 Endpoints evaluated:
subjective symptoms,
pupillographic
sleepiness test.
40 Human 4 hr 80 M Olson et al. 1985 Endpoints evaluated:

subjective symptoms,
Simple reaction time,
choice reaction time,
and
memory-reproduction.

S103443 H1TV3IH '€

3IN3INT0L

54



Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)
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Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain (Route) i
g ( ) System (ppm) (ppm) (ppm) Chemical Form Comments

41 Human 2hr 48 M (self-reported fatigue in Orbaek et al. 1998 Endpoints assessed:
individuals with toxic ﬁ]u}‘?Jeeacl:ttll‘]\;/esSubeeF:;tz r'r;?‘ d
encephalopath

P pathy) subjects with toxic
encephalopathy.

42 Human 2hr 48 M Osterberg et al. 2000 Endpoints assessed:
Attention and motor
speed in healthy
subjects and subjects
with toxic
encephalopathy.

43 Human 2hr 48 F (self-reported fatigue in Osterberg et al. 2003 Endpoints assessed:
individuals with mutliple subjective symptoms
chemical sensitivity) ?nnotoar sepne:) dniﬁnhealthy

subjects and subjects
with MCS.

44 Human 6 hr 100  (decreased perfomance Rahill et al. 1996
on neuropsychological
tests)

45 Human 3or8hr 100 200 (drowsiness, headache, von Oettingen et al. 1942

confusion, weakness)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
46 Monkey 50 min . .
1000 F 2000 F (cognitive and motor 3000 F (overt signs of Taylor and Evans 1985
(Cynomolgus) skills impaired) neurotoxicity)
47 Rat S 900 M (altered patterns of sleep Arito et al. 1988
and wakefulness)
48 Rat 14 hr 1000 M (decreased F2 amplitude Boyes et al. 2007
(Long- Evans) in VEPs)
49 Ra.lt 2 hr 110 M (decreased REM sleep) Ghosh et al. 1989
(Fischer- 344) (W)
50 Rat 2hr 110 M (changes in sleep Ghosh et al. 1990
(Fischer- 344) pattern)
51 Rat 451dhr or 100 M (nystagmus and altered Hogie et al. 2009
(DA/HAN) : oo
3 hr/d opticokinetic response)
52 Rat 30 min 1000 M (impaired leaming and Huerta-Rivas et al. 2012
(Wistar)

memory, decline in
conditioned avoidance
response)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

x»+LNFNNOD O179Nd HOH LAV Axxx

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
53 Rat 12 ﬂr/d 1000 M (diminished auditory Johnson 1992
(Sprague- response)
Dawley)
54  Rat g g”,bvk 1000 M (diminished auditory Johnson et al. 1988
(Sprague- response)
Dawley) 16 hr/d
55 Rat 20 min 1000 (increased locomotor Kim et al. 1998
activity)
o6 Rat 4 hr 125 M (a temporary decline in Kishi et al. 1988
(Wistar) conditioned avoidance
response)
57 Rat g hid. for3or7 1000 M (decreased GFAP in Little et al. 1998
(Fischer- 344) thalamus and increased
corticosterone)
58 Rat 10d 1500 M Lund and Kristiansen 2008 Endpoints examined:
(Wistar) 6 hr/d brainstem auditory

responses, distortion
product otoacoustic
emissions.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
59 Rat 4hr 810 M 1660 M (decreased lift reflex, 3100 M (overt signs of Mullin and Krivanek 1982
(CD) vertical bar placing, and neurotoxicity)
horizontal rod grasping)
60 Rat 30 min 500 M (changes in flash-evoked Rebert et al. 1989b
(Fischer- 344) and
somatosensory-evoked
potentials)
61 Rat 4 hr 1000 M (sleep pattern Takeuchi and Hisanaga 1977
disturbances- reduced
slow wave sleep and
increased paradoxical
phase)
62 Rat 24 hr 480 (decreased performance Wood et al. 1983
in rewarded task)
63 Mouse 30 min 250 500 (increased locomotor Bowen and Balster, 1998
CFW activity)
(ChasRiver
Swiss) albino
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
64  Mouse 30 min 1000M 2000 M (decreased anxiety) Bowen et al. 1996
(CFW)
65 '\I/I\/Iouliel 30 min 100 M (increased locomotor Bowen et al. 2010 Baéb/DCB%i‘JCﬁYBLfJ’
(Multiple) activity) 2fr}ects at iders1ti?i\<i,vt(je
LOAEL; Swiss Webster
mice showed similar
effects at higher
concentrations.
66 Mouse 5d .
. 100 M 1000 M (increased locomotor Bushnell et al. 1985
(C57BL/6N) 72 min/d gctivity)
67 Mouse 30 min 1000 M 2000 M (increased locomotor Conti et al. 2012
(C57BL/6N) activity)
68 Mou.se 30 min 500 M 1000 M (increased nociception) Cruz et al. 2001
(Swiss-
Webster)
69 Mouse _ szhr/d 1000 F (accelerated hearing loss Lietal. 1992
(CBAICA; in genetically
C57BL/6J) predisposed mice)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(?gqouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
0 Mouse 30 min 1000 M (increased locomotor Lopez-Rubalcava and Cruz
(129/Sv-ter) activity) 2000
71 Mouse 8 hr 500 M Matsuoka et al 1997 Endpoints examined:
ddy GFAP, c-jun, and c-fos
mRNA levels in
cerebrum.
2 Mou.se 30 min 500 1000 (increased nociception) Paez-Martinez et al. 2003
(Swiss-
Webster)
73 Mouse A 1000M 2000 M (increased locomotor Tomaszycki et al. 2013
(Swiss- min activity)
Webster)
M ) .
e X 300M 560 M (increased activity) Wood and Colotla 1990
75 Gr.1 Pig g ﬁr/d 250 (transient mid- and McWilliams et al. 2000
(pigmented) high-frequency hearing
loss)
76 Other 10d i Endpoints examined:
8 or 12 hr/d 2000 Davis et al. 2002 p

auditory brainstem
responses in
chinchillas.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species 'reauency NOAEL Less Serious Serious Reference
. : (Route) :
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
Reproductive
77 Human shr 50 (altered LH secretion) Luderer et al. 1999
78 Rat Gd 6-15 . Pregnancy outcomes
(Cri:CD (SD) 6 hr/d 3000 F API 1991; Roberts et al. 2007 exa?nined%l
BR VAF/Plus)
79 Rat od 615 3500 F 5000 F (increased API 1992
(Crl:CD BR post-implantation loss;
VAF/Plus) total fetal resorption in
6/9 dams)
80 Rat gd/dS-ZO 12000 F Bowen and Hannigan 2013; ~ Pregnancy outcomes
(Sprague- 12 30 mi Bowen et al. 2005, 2007, examined.
Dawley) or 5u min 2009a, 2009b
81 Rat Gd7-20 P t
1800 F Dalgaard et al. 2001 regnancy outcomes
(Wistar) 6 hr/d 9 examined.
82 RaF ((53?1 7&20 1500 F Hougaard et al. 2003; Pregnancy outcomes
(Wistar) r Ladefoged et al. 2004 examined.
83 Rat Gd 7-17 2000 F Ono et al. 1995 Pregnancy outcomes
(Sprague- 6 hr/d examined.
Dawley)
84  Rat Gd 6-20 1500 F Saillenfait et al. 2007 Pregnancy outcomes
(Sprague- 6 hr/d examined.
Dawley)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
85 RaF ggr/d 3000 F (structural variations in Tap et al. 1996
(Wistar) antral follicles in ovary)
86 Rat Gd 9-21 1200 Thiel and Chahoud 1997 Pregnancy outcomes
(Wistar) 6 hr/d examined.
87 Mouse Gd 7-16 p t
400 F Courtney et al. 1986 regnancy outcomes
(CD-1) 7 hrid 00 Y examined.
88 Mouse Gd 12-17 2000 F Jones and Balster, 1997 Pregnancy outcomes
(CD-1) gé’d . examined.
min
89 Rabbit Gd 6-18 500 F Klimisch et al. 1992 Pregnancy outcomes
6 hr/d examined.
9  Rabbit Sf h7r',§0 133 F 266  (4/8 dams aborted) Ungvary and Tatrai 1985
Developmental
91 Rat Gd 6-15 400 API 1978 Endpoints examined:
(CRL:coBS 6hr/d number of implantation
CD (SD) BR) sites, live and dead

fetuses, and
resorptions;fetuses
were weighed and
examined for external
malformations.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) (ppm) (ppm) (ppm) Chemical Form Comments
92 Rat- gﬂr%ﬁ 1500 3000 (decreased fetal weight AP1 1991; Roberts et al. 2007
(Crl:CD (SD) and increased incidence
BR VAF/Plus) of fetuses with unossified
sternebrae)
93  Rat Gd 6-15 2000 3500 (20% decrease in fetal APl 1992
(Cr:cDBR 6 hr/d body weight, total
VAF/Plus) absorption at higher
exposure levels)
94 Rat ggds-zo 8000 (decreased postnatal 12000 (increased number of Bowen and Hannigan 2013
(Sprague- 30 min growth) litters with malformed,
Dawley) runted, or dead pups)
95 Rat 2G>3d8;§0 8000 (impaired negative 12000 (decreased pup body Bowen et al. 2005
(Sprague- 15 min geotaxis in offspring) weight, increased
Dawley) number of litters with

malformed, runted, or
dead pups, impaired
negative geotaxis in
offspring)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuiz)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
%  Rat g;cjds-zo 8000 12000  (decreased pup birth Bowen et al. 2007 Endpoints examined:
(Sprague- xid- weight; decreased pup weight on Ppd 1
Dawley) 15 min sensitivity to and 21, open-field
amphetamine-induced activity on Ppd 22, 42,
locomotion in males on 2nmdpg2iamine induced
PND28 .
) locomotion on Ppd 28.
97 Rat 2chd8-20 8000 (decreased fetal weight 12000 (decreased fetal weight ~Bowen et al. 2009a
(Sprague- x/cay and length, decreased and length, d d
30 min gth, d gth, decrease
Dawley) placental weight) placental weight,
increased skeletal
malformations and soft
tissue anomalies)
98 Rat ;3):1/(?-20 8000 (altered reward-seeking Bowen et al. 2009b Endpoints examined:
(DSprelague- 15 min behavior and increased stagdqrc: dev't
awiey) impulsivity in offspring) \?vr;it‘i)r?gljr-]fgl"-reward task
and
amphetamine-induced
locomotion on Ppd 60.
9 RaF gﬂr?d- 20 1800 M (decreased neonatal Dalgaard et al. 2001 Endpoints examined:
(Wistar) weight, increased pup weight, external

apoptosis in cerebral
granule layer of
cerebellum at Ppd 21)

malformations, paired
testes weight and
histopathology, brain
weight, and brain
apoptosis.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL

Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
100  Rat Gd 7-20 1500 (reduced pup birth Hougaard et al. 2003 No other

(Wistar) 6 hr/d weight) developmental
endpoints were
examined.

101 Rat Gd 1-8, 24 hr/d 399 (increased incidence of 399 F (5/14 dams died) Hudak and Ungvary 1978

CFY fetuses with skeletal

retardation)
102 Rat Gd 9-14, 24 hr/d 399 (increased incidence of Hudak and Ungvary 1978

CFY fetal skeletal anomalies)

103 Rat ©d 8-20 8000 12000 (decreased pup birth Jarosz et al. 2008 Endpoints examined:

(Sprague- 2x/day . pup weight on Ppd 1

] weight)

Dawley) 15 min adn 30, metabolism in
offspring (energy
expenditure, respiratory
quotient, body fat
content).

104 Rat GG(:]J&ZO 1500  (reduced postnatal Ladefoged et al. 2004 Endpoints examined:

(Wistar) growth, increased pup weight Ppd 1, 7,

apoptosis in the
cerebellum of offspring)

23, external
malformations, spatial
learning in PNW5
female, brain apoptosis
on Ppd 6, 22, 24, 27.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(i:)cy NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
105 Rat Gd 7-17 D ificed
2000 Ono et al. 1995 ams sacririced on
(Sprague- 6 hr/d GD20; standard
Dawley) developmental
endpoints assessed.
106  Rat Gd 7-17 . Endpoint: ined:
600 2000 d d ht Ono et al. 1995 napoints examined:
(Sprague- 6 hr/d (decreased pup weight) pup weight, growth,
Dawley) dev't, survival, reflex
dev't Ppd 6-10, Pnw 4
neurobehavior, and
Ppd 21 and 56 hemato,
biochem, and organ wt.
107 ?Sa;rague gﬂre/sd-zo 500 1500  (decreased fetal weight) Saillenfait et al. 2007
Dawley)
los Rt Sﬁr?(;” 600 1000 (decreased pup weight 1200 (significantly increased ~ Thiel and Chahoud 1997 Endpoints examined:
(Wistar) and delayed vaginal postnatal/preweaning pup weight, survival,
opening) mortality in offspring) development, ontogeny
of reflexes,
neurobehavior, and F1
mating and fertility.
109 Mouse ?ﬂ;&m 200 (increased number of Courtney et al. 1986
(CD-1) litters with fetuses with

dilated renal pelvis)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) (ppm) (ppm) (ppm) Chemical Form Comments
110 Mouse Gd 6-13, 24 hr/d 133 (decreased fetal body 399  (maternal mortality) Hudak and Ungvary 1978
CFLP weight)
11 Mouse g)gd12-17 400 2000  (performance deficits in  Jones and Balster, 1997 Endpoints examined:
(CD-1) 50 min tests of reflexes, muscle pup weight, growth,
strength and motor reflex ontogency,
coordination in offspring) neurobehavior.
112 Mouse %‘i%ﬁ 133 266 (decreased fetal body Ungvary and Tatrai 1985
weight and retardation of
fetal skeletal
development)
113 Rabbit %th-JS 500 Klimisch et al. 1992
114 Rabbit 1Gf d7 -20 133 F 266 F (4/8 does aborted) Ungvary and Tatrai 1985
24 hr/d

INTERMEDIATE EXPOSURE

Death
115

116

Rat

15 wk

(Fischer- 344) g diwk

Mouse

(B6C3F1)

.5 hr/d

14 wk
5 diwk
6.5 hr/d

3000 M (8/10 died)

3000 M (6/10 died)
625 F (1/10 died)

NTP 1990

NTP 1990
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
Systemic
117 Human 2-14 mo Hepatic 167 F Seiji et al. 1987 Endpoint evaluated:
8 hr/d clinical chemistry.
(Occup)
118 Rat 95d . Endpoint luated i
R 2000 APl 1985; Roberts et al. 2003 Endpoints evaluated in
(CD) 7 diwk esp 2-generation study:
6 hr/d body, liver, kidney, and
reproductive organ
weight and organ
histology in FO/F1
parents and F1/F2
weanlings.
Cardio 2000
Gastro 2000
Musc/skel 2000
Hepatic 2000
Renal 2000
Endocr 2000
Dermal 2000
Ocular 2000
Bd Wt 2000
119 Rat 42d
Bd Wt 1000 M API 1997
(Fischer- 344) 5 d/wk
6 hr/d
120  Rat 13 wk Bd Wt 1000 M Beasely et al. 2010

(Long- Evans) 5 d/wk
6 hr/d
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/

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

Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

121 Rat 4 wk
(Long- Evans) 5 d/wk Bd Wt 1000 M Beasley et al. 2012

6 hr/d
122 Rat 8 wk Resp 12000 M Bruckner and Peterson 1981b  Endpoints evaluated:
(albino) 5 d/W_k body weight, organ
70 min/d weight and histology;
upper respiratory tract
histology not assessed.
Cardio 12000 M
Hepatic 12000 M (11% decrease in liver
weight, elevated liver
enzymes in serum)
Renal 12000 M (27% decrease in kidney
weight)
Bd Wt 12000 M (20% reduction in body
weight gain)

123 Rat 4 wk Endocr 320 M Hillefors-Berglund et al. 1995  No change in serum
(Sprague- 5 diwk prolactin levels.
Dawley) 6 hr/d

Bd Wt 320 M

124 Rat 30d )

(Wistar) 24 hrld Hepatic 400 M lkeda et al. 1986
Bd Wt 200 M (decreased body weight

gain)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/

Key 5 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

125 RaF ioh(rj/d Bd Wt 1500 M (body weight decrease Ishigami et al. 2005
(Wistar) 18%)

126 RaF 12 wk Resp 3000 M (increased pulmonary Kanter 2011a
(Wistar) 6 d/wk i i

inflammation, edema,
8 hr/d ) X ;
fibrosis, and necrosis)

127 RaF 6132d>l\\/lvkk Hepatic 3000 M (enlarged hepatic Kanter 2012
(Wistar) sinusoids filled with blood

8 hr/d .y :
and minimal hepatic
fibrosis, increased
number of apoptotic liver
cells)

128 Rat gg g y Hepatic 320 M Kyrklund et al. 1987 Endpoint assessed:
(Sprague- r liver weight.
Dawley)

Bd Wt 320 M (10% decreased body
weight)

129 RFE_“ _— S Bd Wt 8000 M (23% decreased body ~ Mattsson et al. 1990
(Fischer- 344) ¥ 5 35 min, 4-9 weight gain)

x/d
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetr;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
130  Rat 15 wk : ; Endpoints evaluated:
i 5 diwk Resp 1250 2500 (9-15% increased relative NTP 1990 p d:
(Fischer- 344) hd lung weight) body and organ weight,
6.5 hr/d organ histology,
hematology, clinical
chemistry, urinalysis.
Cardio 1250 2500 (6-11% increased relative
heart weight)
Gastro 3000
Hemato 3000 M 1250 F (decreased leukocytes)
625 F
Hepatic 625 M 1250 M (9% increase in relative
liver weight)
1250 F
2500 F (16% increase in relative
liver weight)
Renal 625 1250 (increased relative kidney
weights)
Endocr 3000
Bd Wt 1250 2500 (15% decreased in body 3000 M (25% decrease in body
weight) weight)
131 Rat 21d o
Ocular 600 2000 F (lacrimation Ono et al. 1996
(Sprague- 6 hr/d ( )

Dawley)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
132 Rat 0, Hemato 2000 M Ono et al. 1996
(Sprague- L
Dawley)
Renal 600 M 2000 M (increase in kidney
weights, necrosis of
kidney tubules)
Bd Wt 2000 M
133 Rat g é"/k ‘ Resp 300 Poon et al. 1994 Endpoints evaluated:
(Sprague- Wi organ weight and
Dawley) 6 hr/d histology, upper
respiratory tract
histology.
Hemato 300
Hepatic 30 300 (significantly increased
serum alkaline
phosphatase in males
&variation hepatocellular
size in females)
Renal 300
Endocr 300 M 30 F (mild reduction in follicle
size in thyroid)
Bd Wt 300
134 Rat 23 wk .
(Fischer- 344) 7 diwk Bd Wt 2200 M (decreased body weight Pryor 1991
8 hrid gain)
60, 30, 15
min/hr
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
135 RF?“ _— qn e Bd Wt 2000 M (decreased body weight Pryor 1991
(Fischer- )8hr/d gain)
136 Rat 309, Hepatic 1000 M (hepatocyte Tas et al. 2011
(Wistar) degeneration, pericentral
fibrosis, increased
markers of apoptosis)
137 RaF ?Oh;j/d Hepatic 1000 M (hepatocyte Tas etal. 2013a
(Wistar) degeneration, increased
number of apoptotic liver
cells)
138  Rat g\év/bvk Endocr 80 (increase in serum von Euler et al. 1994
I(Dsa%?egyu)e_ 6 hr/d prolactin levels)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
139 E\la;) g\év/l\(,vk Resp 600 (irritation of the lung) 2500  (pulmonary lesions) von Oettingen et al. 1942 Egi‘:t’ci)'?éz;"glr;:‘fd:
7 hr/d histology.
Hemato 600 2500 (transient decrease in
leukocytes)
Hepatic 5000
Renal 600 (renal casts)
Endocr 5000
140  Mouse 2;’1\";3 Musc/skel 300 M (decreased bone mineral Atay et al. 2005
(BALBY/c) L

density and content in
femoral neck)

141 Mouse 40 d
(Swiss- 30 min/d Bd Wt 6000 M
Webster)

Bowen and McDonald 2009
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
142 Mouse 8 wk Resp 12000 M Bruckner and Peterson 1981b  Endpoints evaluated:
(ICR) 5 diwk body weight, organ
70 min/d weight and histology;
upper respiratory tract
histology not assessed.
Cardio 12000 M
Hepatic 12000 M (decreased liver weight)
Renal 12000 M (decreased kidney
weight)
Bd Wt 12000 M (20% reduction in body
weight)
143 Mouse 8 wk Resp 4000 M Bruckner and Peterson 1981b Endpoints evaluated:
(ICR) 3 hr/d body weight, organ
5 diwk weight and histology;
upper respiratory tract
histology not assessed.
Cardio 4000 M
Hepatic 4000 M (increased relative liver
weight, elevated serum
glutamic oxaloacetic
transaminase)
Renal 4000 M
Bd Wt 4000 M (5-10% decrease in body

weight gain)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)
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Exposure/ LOAEL

Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
144  Mouse 12 wk Resp 50 F Fujimaki et al. 2007 Endpoints examined:

(C3H/HeN) 5 diwk histology of nose,
6 hr/d trachea, lung.

145  Mouse goh?/d Hemato 10 M (decreased white blood Horiguchi and Inoue 1977

cells and thrombocytes)

Bd Wt 1000 M
146 Mouse 4 wk Resp 1000 F (inflammation and Jacquot et al. 2006
5 d/wk
(OF-1) 5 hrid decreased cell number in
olfactory epithlium)
147 Mouse gg gr/d Hepatic 150 F (increased liver Kjellstrand et al. 1985

weight-9.6%)

3IN3INT0L
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
148 Mouse 14 wk Resp 1250 M 2500 M (5% increase in relative NTP 1990 Endpoints evaluated:
(B6C3F1) 5 d/iwk ) body and organ weight,
6.5 hr/d lung weight) )
-2 hr organ histology,
hematology, clinical
100 F (12% increase in relative chemistry, urinalysis.
lung weight)
Cardio 2500 M 2500 F (14% increase in relative
heart weight)
1250 F
Gastro 2500
Hemato 2500
Hepatic 625 M 1250 M (9% increase in relative
liver weight)
100 F
625 F (6% increase in relative
liver weight)
Renal 2500 M 1250 F (7% increase in relative
kidney weight)
625 F
Endocr 2500
Bd Wt 1250 M 2500 M (12% decreased in body

weight)

100 F (13% decrease in body
weight)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Keytg Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

3IN3INT0L

Immuno/ Lymphoret

149  Rat 95d 2000 API 1985; Roberts et al. 2003  Endpoints evaluated:
(CD) 7 diwk thymus and spleen
6 hr/d histology in FO/F1
parents and F1/F2
weanlings.
150 Rat 42d Endpoint evaluated:
1000 M AP| 1997 ndpoint evaluated:
(Fischer- 344) 2 ﬁ%“ thymus weight.
I
151 Rat 15 wk Endpoint: luated:
3000 NTP 1990 ndpoints evaluated:
(Fischer- 344) 5 diwk spleen and thymus
6.5 hr/d weight and histology.

152 RSat 2Oh?/d 600 2000 M (decrease in thymus Ono et al. 1996
(Da?/;?gyu)e- weights)

153 Rat 4 wk 300 Poon et al. 1994 Endpoints evaluated:
(Sprague- 5 diwk spleen and thymus
Dawley) 6 hr/id weight and histology.

154  Rat 5 wk 5000 von Oettingen et al. 1942 Endpoints evaluated:
(NS) 5 d/iwk spleen and thymus

7 hrid weight and histology.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
155 Mouse 14 wk Endpoint luated:
2500 NTP 1990 ndpoints evaluated:
(B6C3F1) 5 diwk spleen and thymus
6.5 hr/d weight and histology.
Neurological
156  Rat 95d 2000 API 1985; Roberts et al. 2003  Endpoints evaluated in
(CD) 7 diwk 2-generation study:
6 hr/d brain wieght, brain and
spinal cord histology in
FO/F1 parents and
F1/F2 weanlings.
157 Rat gzd;’ ‘ 100 M (changes in GFAP levels 3000 M (overt signs of API 1997
(Fischer- 344) © O/W in brain) neurotoxicity)
6 hr/d y
158 Rat g évll\(/vk 900 M (prolonged slow-wave Arito et al. 1988
sleep and paraoxical
8 hr/d -
sleep latencies)
159  Rat 4 or 13 wk 1000 M Beasely et al. 2010 Endpoints evaluated:
(Long- Evans)g g/‘/’ék neurobehavioral battery.
I
160  Rat 4 wk 1000 M Beasley et al. 2012 Endpoints evaluated:
(Long- Evans)g g/\/lék neurobehavioral battery.
r
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
161  Rat 184Wt|1(r/wk 40  (decreased rearing Berenguer et al. 2003
(Dsagz?gy)e- behavior)
162 Rsat ]84WI|1(r/wk 40  (decreased rearing Berenguer et al. 2004
I(3 a%?egyU)e- activity)
163 Rat . 1000 M (loss of hair cells in organ Campo et al. 1997
(Long- Evans) 6 hrid of Corti)
164  Rat 22 gr/d 320 M (decreased weight of Kyrklund et al. 1987
(Sprague- brain and cerebral
Dawley) cortex)
165 Rat 90d isti Endpoint: ined:
500 M Lund and Kristiansen 2008 ndpoints examinea:
(Wistar) 5 d/wk brainstem auditory
6 hr/id responses, distortion
product otoacoustic
emissions.
166 Rat 50d 600 M Miyagawa et al. 1995 Endpoint examined:

(Fischer- 344) 24 hr/d

learning and memory
(radial arm maze).
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/

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

Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

167 Rat 15 wk 1250 2500 (ataxia, increased NTP 1990 Endpoints assessed:
(Fischer- 344) 5 d/wk relative brain weight) brain weight and

6.5 hr/d histology, clinical signs.

168 Ral 18 Juk + 5wk 700M 1000 M (diminished auditory Pryor et al. 1984b

(Fischer- 344) /' A/W! response)
14 hr/d P

169 Rat 4 wk 80 Rogers et al. 1999 Endpoints examined:
(Sprague- 5 d/wk operant training
Dawley) 6 hr/d (appetitively-motivated

lever-press).

170  Rat 13 wk 1000 M Tahti et al. 1983 Endpoint examined:
(Sprague- 8 hr/d motor coordination
Dawley) (tilting plane test,

rotarod test).

171 Rat 4 wk 80 M (decreased cortical area von Euler et al. 2000 No changes in brain
(Sprague- 5 diwk in parietal cortex weight, overall brain
Dawley) 6 hr/d impaired motor ' volume, or cortical

coordination) thickness.

172 Rat g glltvk 600 2500 (overt signs of von Oettingen et al. 1942
(NS) 7 hr/d neurotoxicity)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Chemical Form

Comments

Wiaderna and Tomas 2002

Wood and Cox 1995

Win-Shwe et al. 2010c

Win-Shwe et al. 2010d

McWilliams et al. 2000

Exposure/ LOAEL
Duration/
Key 6 Species Fr(eRqouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm)
173 RaF g\év/l\(/vk 25M 100 M (increased escape
(Wistar) 6 hr/d response in hot-plate
test)
174 :Tj‘)tn Evans)g’:’/\l"tk 178 M (increased nose poking)
g 2 hr/d
175 Mouse 14 wk
Mowse L 2500 NTP 1990
6.5 hr/d
176 Mouse 6 wk
50 M
(C3H/HeN) 5 diwk
6 hr/d
177 Mouse 3 dplus 90 M
(BALB/C) 4 wk (d/Wk)
30 min/d
178 GIT] Pig gg/tvk 500 (transient mid- and
(pigmented) 8 hrid high-frequency hearing

loss)

Endpoints assessed:
brain weight and
histology, clinical signs.

Endpoint examined:
learning and memory
(Morris water maze).

Endpoint examined:
learning and memory
(Morris water maze).
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouu(ig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
Reproductive
179 Rat 95d . Endpoint ined:
2000 API 1985; Roberts et al. 2003 ENndpoints examined:
(CD) 7 diwk reproductive
6 hr/d performance in
2-generation study (FO
and F1 parental
animals).
180  Rat Gd7-Ppd 18 1200 F Dalgaard et al. 2001 Pregnancy outcomes
(Wistar) 6 hr/d examined.
181 Rat Gd 7 -Ppd 18 P t
1200 F Hass et al. 1999 regnancy outcomes
(Wistar) 6 hr/d examined.
182 Rat 20d 1500 M Ishigami et al. 2005 Endpoints examined:
(Wistar) 4 hr/d reproductive organ
weights,
spermatogenesis.
183 Rat 12 wk 3000 M (impaired Kanter 2011b
(Wistar) 6 diwk s t i
8 hr/d permatogenesis,

decreased seminiferous
tubule diameter,
ultrastructural
abnormalites in testes)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
184 Rat 15 wk 1250 M 2500 M (15% increased testis NTP 1990 Endpoints evaluated:
(Fischer- 344) 5 d/wk weight) organ weight and
6.5 hr/d 3000 F histology; reproductive
function not assessed.
185  Rat goh(rj/d 600 M (slightly decreased (13%) 2000 M (significantly decreased ~ Ono et al. 1996
(Sprague- sperm count) (26%) sperm count and
Dawley) decrease (15%) in wts of
epididymes, but no effect
on indices of fertility)
186 Rat ?3’/5\”( 4000 M 6000 M (significantly decreased ~ Ono et al. 1999
(Sprague- 2 hrid sperm count (66%),
Dawley) motility (78%), and ovum
penetration (76%))
187 Mouse 8 wk Endpoint ined:
400 M API 1981 ndpoints examined:
(CD-1) S d/wk dominant lethal
6 hr/d mutations, pre- and
postimplantation losses
after mating with
unexposed females.
188 Mouse 14 wk Endpoint luated:
2500 NTP 1990 ndpoints evaluated:
(B6C3F1) 663 g/\r/:”;d organ weight and
.5 hr

histology; reproductive
function not assessed.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
Developmental
189 Rat 95 d plus 500 2000 (reduced fetal and pup API 1985; Roberts et al. 2003 ~ 2-generation
(CD) de1é2§1and body weights in F1 and reproduction study.
7%/wl£ F2 generations)
6 hr/d
190 Rat Gd 7 -Ppd 18 1200 M (decreased neonatal Dalgaard et al. 2001 Endpoints examined:
(Wistar) 6 hr/d body weight) pup weight, external
malformations,
offspring sperm
parameters at Ppd 100.
191 RaF gﬂ;d' Ppd 18 1200  (decreased neonatal Hass et al. 1999 Pregnancy outcomes
(Wistar) body weight, delayed examined.
development of reflexes
and increased locomotor
activity in offspring)
192 Rat Gd 1-21, 8hr/d 266 (increased incidence of Hudak and Ungvary 1978
CFY fetal skeletal retardation)
193 Rat Ppd 1-28 100 (decreased growth of Slomianka et al. 1990 Endpoints examined:
(Wistar) 12 hr/d hippocampus) body weight, brain

histology and
hippocampal volume
on Ppd 29.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
104 Rat e 500 M (reversible decrease in Slomianka et al. 1992 Endpoint examined:
(Wistar) r growth of hippocampus) Hippocampal volume

CHRONIC EXPOSURE

Systemic

195 Human
196 Human
197 Human
198 Human

NS
Renal 93 M
(Occup)
>3yr Hemato 600
ZSZ%ry(re;vg Resp 186  (mucosal irritation)
(Occup)
at least 20 yr .
(Ocoup) Cardio 24 M
Hepatic 24 M
Renal 24 M

Askergren et al. 1981a,b

Banfer 1961

Deschamps et al. 2001

Gericke et al. 2001

on Ppd 29 and 120.

Endpoints measured:
glomerular filtration
rate, albumin and
beta-2-microglobin
excretion.

Endpoints examined:
blood pressure, clinical
chemistry, glomerular
filtration rate.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key & Species 'reauency NOAEL Less Serious Serious Reference
. : (Route) .
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
199  Human 40 mo Hemato 83 F Matsushita et al. 1975 Endpoints evaluated:
(average) hematology, clinical
(Occup) chemistry.
Hepatic 83 F
200  Human 16 +/-13years o 44 Stengel et al.1998 No changes in
biomarkers of renal
damage when 17
subjects with
hypertension were
excluded.
201 Human 3-39yr Hepatic 29 M (increased levels of Svensson et al. 1992b
(Occup) alkaline phosphatase)
202 Human >10yr Hemato 110  (increased leukocytes) Tahti et al. 1981
203  Human NS Hemato 247 Ukai et al. 1993 Endpoints evaluated:
(Occup) hematology, clinical
chemistry.
Hepatic 24.7
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key t6 Species Frequency NOAEL Less Serious Serious Reference
. : (Route) .
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
204 Human 73-96 mo Hemato 46 M (significant decrease in Yin et al. 1987
(Oceup) relative number of
lymphocyte)
41 F (significant decrease in
relative number of
lymphocyte)
205 Rat 106 wk - Gi Endpoint luated:
R 300 CIIT 1980; Gibson and ndpoints evaluatea:
(Fischer- 344) 5 diwk esp Hardisty 1983 body and organ weight,
6 hr/d organ histology,
hematology, clinical
chemistry, urinalysis.
Cardio 300
Hemato 100 (decreased hematocrit)
Hepatic 300
Renal 300
Bd Wt 300
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
206 Rat Zyr i i Endpoints evaluated:
R 600 I'infl tion, NTP 1990 ndpoints evaluated:
(Fischer- 344) 5 diwk o Gegeneration of ifactory body and organ weight,
= and nasal respiratory organ hIStology,.
epithelium) hematology, clinical
chemistry, urinalysis.
Cardio 1200
Gastro 1200
Hemato 1200
Musc/skel 1200
Hepatic 1200
Renal 600 (increased severity of
nephropathy)
Endocr 1200
Bd Wt 1200

S103443 H1TV3IH '€
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain (Route) i
g ( ) System (ppm) (ppm) (ppm) Chemical Form Comments
207 ITjt hor- 344 ;%;Cv(l)( Resp 600  (mild-to-moderate NTP 1990 Enéjpoinctjs evaluate_d:ht
(Fischer- )6 5 hr/d degeneration of the 0dy and organ weignt,
: olfactory and respiratory gre?ram‘gtgllg;oylog?i/ﬁical
epithelium ’
pithelium) chemistry, urinalysis.
Cardio 1200
Gastro 1200
Hemato 1200
Musc/skel 1200
Hepatic 1200
Renal 1200
Endocr 1200
Bd Wt 1200
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
208 Mouse 2yr Endpoint luated:
R 1200 NTP 1990 ndpoints evaluated:
(B6C3F1) 5 diwk esp body and organ weight,
6.5 hr/d organ histology,
hematology, clinical
chemistry, urinalysis.
Cardio 1200
Gastro 1200
Hemato 1200
Musc/skel 1200
Hepatic 1200
Renal 1200
Endocr 1200
Bd Wt 1200

S103443 H1TV3IH '€
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
) : (Route) :
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
209 Mouse 15 mo - . Endpoints evaluated:
Resp 1200 M 1200 F (minimal hyperplasia of NTP 1990 p e
(B6C3F1)  Sdiwk the bronchial epithelium) body and organ weight,
6.5 hr/d 600 F organ histology,_
hematology, clinical
chemistry, urinalysis.
Cardio 1200
Gastro 1200
Hemato 1200
Musc/skel 1200
Hepatic 1200
Renal 1200
Endocr 1200
Bd Wt 1200
Immuno/ Lymphoret
210  Human 13 yr (average) 637 M Pelclova et al. 1990 Endpoint evaluated:
serum immunoglobulin
levels.
211 Human 16 +/-13 yr 44 Stengel et al. 1998 Endpoint evaluated:

serum IgE levels.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
212 Human 73-96 mo 46 M (significantly decreased Yin et al. 1987
(Occup) lymphocytes and
increased eosinophils)
41 F (significantly decreased
lymphocytes and
increased eosinophils)
213 Rat 2yr Endpoint luated:
1200 NTP 1990 ndpoints evaluated:
(Fischer- 344) 5 dfwk spleen and thymus
6.5 hr/d weight and histology.
214 Mouse 2yr 1200 F 120 M (increased incidence of NTP 1990 Endpoints evaluated:
(B6C3F1) 5 diwk pigmentation of the spleen and thymus
6.5 hr/d spleen) weight and histology.
Neurological
215 Human 12-14 yr 97 M (increased wave Abbate et al. 1993
(Occup) latencies for BAEPSs)
216 Human 4.9 yr (average) 90.9 (statistically significant Boey et al. 1997

performance deficits on
neurobehavioral tests)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

x»+LNFNNOD O179Nd HOH LAV Axxx

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) S i
ystem (ppm) (ppm) (ppm) Chemical Form Comments
217  Human 0-40 yr 27 Chouaniere et al. 2002 Endpoints examined:
(average = 14 battery of psychomotor
yr) function tasks,
(Occup) self-reported neurotoxic
symptoms.
218  Human >5 yr (average 186 Deschamps et al. 2001 Endpoints examined:
=20yr) subjective symptoms,
(Occup) battery of psychomotor
tests.
219 Human 57 yr 88 F (statistically significant Foo et al. 1990
(Oceup) performance deficits on
neurobehavioral tests)
220  Human at least 20 24 M Gericke et al. 2001 Endpoints examined:
years subjective symptoms,
(Occup) color vision, battery of
psychomotor tests.

221 Human 99 mo (mean)

20 75 (statistically significant Kang et al. 2005

(Occup) impairments in attention

and motor performance)

222 Human 40 mo Matsushita et al. 1975

(average) 83 F (abnormal tgndon reflex, .

decr. grasping power and
(Occup) agility of fingers, general

weakness)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain (Route) i
g ( ) System (ppm) (ppm) (ppm) Chemical Form Comments
223 Human 1-25yr 122 M (hearing loss) Morata et al. 1997
(Occup)
224 Human 1-36 yr 83 M (lowered coefficient of Murata et al 1993
(Oceup) variation in
electrocardiographic R-R
intervals and maximal
motor and sensory nerve
conduction velocities in
median nerve)
225  Human NS 46 F Nakatsuka et al. 1992 Endpoint evaluated:
(Occup) color vision.
226  Human unspecified 33 75  (impaired visual Neubert et al. 2001 Endpoints evaluated:
(Occup) perception) E:?tj:rc;lg? symptoms,
neurobehavioral tasks.
H 4-4 ) o . ] . _—
A AP 140 M (increased incidence of Orbaek and Nise 1989; Iniial examination was
se|f_reported neuro|ogica| Nordllng Nilson et al. 2010 !n ; Tollow-up was
(Occup) symptoms [initial]; in 2005.
statistically significant
performance deficits on
neurobehavioral tests
[follow-up] )
228  Human 134 yr 45 Schaper et al. 2003; 2008 Endpoint examined:
(average) audiometry.
(Occup)
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3IN3INT0L

Z8



x»+LNFNNOD O179Nd HOH LAV Axxx

Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuetg;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
229  Human 7o0r23yr 43 Schaper et al. 2004 Endpoint evaluated:
(mean) color vision.
(Occup)
230 Human (1;4 yr )(mean) 4é3 Seeber et al. 2004; 2005 Endgoilnég getxamined:
ccup symbol digl
substitution, switching
attention, memory
span, self-reported
symptoms.
231 Human (Geeup) 36 76  (increased self-reported Ukai et al. 1993
neurological symptoms)
232 Human (2e11\}2r);:;e) 50 (increased wave latency Vrca et al. 1995
range 4-30 yr and amplitude of visual
evoked potentials)
(Occup)
233 Human 4-30 years 50 (decrease in wave Vrca et al. 1996
amplitudes and
increased in wave
latencies of BAEP)
234 Human 3-33 years 50 (increased wave latency Vrca et al. 1997b

and decreased amplitude
of visual evoked
potentials)
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(aqouu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) (ppm) (ppm) (ppm) Chemical Form Comments
235 Human 73-96 mo 46 M (headaches, dizziness) Yin et al. 1987
(Occup)
41 F (headaches, dizziness)
236 Human 17 yr (average) 35 (increased color Zavalic et al. 1998a, c
(Oceup) confusion index)
237 Human 16.8 +/- 5.94 yr 120  (increased color Zavalic et al. 1998b
confusion index)
238 Human 15 yr (mean) c . ; inad-
45 M Zupanic et al. 2002 Endpoints examined:
(Occup) subjective symptoms,
manual dexterity.
239  Rat 2yr Endpoint: d:
1200 NTP 1990 ndpoints assessed:
(Fischer- 344) 5 d/wk brain weight and
6.5 hr/d histology, clinical signs.
240 Rat 15 mo 1200 NTP 1990 Endpoints assessed:
(Fischer- 344) 5 d/wk brain weight and
6.5 hr/d histology, clinical signs.
241 Mouse 2yr Endpoint: d:
1200 NTP 1990 ndpoints assessed:
(B6C3F1) g ‘é’m brain weight and
.5 hr

histology, clinical signs.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouu(ir;;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
242 Mouse 15 mo 1200 NTP 1990 Endpoints assessed:
(B6C3F1) 5 diwk brain weight and
6.5 hr/d histology, clinical signs.
Reproductive
243  Human at least 20 24 M Gericke et al. 2001 Endpoint examined:
years serum reproductive
(Occup) hormone levels in male
workers.
244 Human 40 mo i
(average) 83 F (dysmenorrhea) Matsushita et al. 1975
(Occup)
245 Human 6yr 88 F Ng et al. 1992a Endpoints examined:
(Occup) Cycle irregularities,
extent of uterine
bleeding, and the
presence of
dysmenorrhea.
246 Human 10 yr

88 (increased incidence of ~ Ngetal. 1992b
(Oceup) spontaneous abortions

(12.4/100) compared to 2

control groups (2.9/100

and 4.5/100))
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation

(continued)

Chemical Form

Comments

Svensson et al. 1992a

Svensson et al. 1992b

CIIT 1980; Gibson and
Hardisty 1983

Exposure/ LOAEL
Duration/
Key & Species Fr(%qouuetre‘;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm)
247 Fuman 355y3r7(r;"ed|an) 36 M (decreased levels of LH,
: FSH, and free
(Oceup) testosterone)
248 Human 3-39 yr 20 M
(Occup)
249 Rat 106 wk
300
(Fischer- 344) 5 diwk
6 hr/d
250 Rat 2yr
1200 NTP 1990
(Fischer- 344) 5 diwk
6.5 hr/d

Increasing workplace
air concentrations were
not significantly (p >
0.05) associated with
plasma concentrations
of repro hormones after
age adjustment.

Endpoints evaluated:
reproductive organ
weight and histology.

Endpoints evaluated:
organ weight and
histology; reproductive
function was not
assessed.
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Table 3-1 Levels of Significant Exposure to Toluene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(‘quuu‘?e‘;y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
251 Mouse 2yr 1200 NTP 1990 Endpoints evaluated:
(B6C3F1) 5 diwk organ weight and
6.5 hr/d histology; reproductive

function not assessed.

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

b Used to derive an acute inhalation minimal risk level (MRL); concentration (15 ppm) divided by an uncertainty factor of 9 (3 for use of a minimal LOAEL and 3 for human variability
[observed effects were noted in a susceptible/sensitive group of individuals, therefore a full uncertainty factor of 10 for human variability is not necessary]), resulting in an MRL of 2
ppm (7.6 mg/m3).

¢ Used to derive a chronic inhalation minimal risk level (MRL) along with 5 companion studies supporting a NOAEL of 45 ppm for neurological effects; concentration was adjusted to
a continuous exposure basis (45 ppm x 5d/7d x 8hr/24hr = 10.7 ppm) and divided by an uncertainty factor of 10 for human variability, resulting in an MRL of 1 ppm (3.8 mg/m3)

ACTH = adrenocorticotropic hormone; ALT = alanine amino transferase; AST = aspartate aminotransferase; BAEP = brainstem auditory evoked potential; Bd Wt = body weight;

Cardio = cardiovascular; d = day(s); Endocr = endocrine; F = Female; FSH = follicle stimulating hormone; Gastro = gastrointestinal; Gd = gestational day; GFAP = glial fibrillary acidic protein;
Gn Pig = guinea pig; Hemato = hematological; hr = hour(s); Immuno/Lymphoret = immunological/lymphoreticular; LC50 = lethal concentration, 50% kill; LH = luteinizing hormone;

LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); MCS = multiple chemical sensitivity; mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-
adverse-effect level; NS = not specified; Occup = occupational; Pnw = post-natal week; Ppd = post-parturition day; REM = rapid eye movement; Resp = respiratory; VEP = visual evoked
potential; wk = week(s); x = time(s); yr = year(s)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation
Acute (<14 days)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)

Acute (<14 days)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
Acute (<14 days)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
Acute (<14 days)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Toluene -
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Toluene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Toluene -
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values and all LOAEL values from each reliable study for systemic effects in each species and duration

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

Respiratory Effects.

Overview. In humans, respiratory tract irritation has been reported from exposure to toluene under
controlled and occupational exposure conditions (Andersen et al. 1983; Baelum et al. 1985; Carpenter et
al. 1944; Hellquist et al. 1983; Orbaek et al. 1998; Osterberg et al. 2003; Winchester and Madjar 1986).
In animal studies, evidence for histological damage to the nose or lung has been reported following
intermediate- and chronic-duration inhalation exposure to toluene, most clearly at concentrations

>600 ppm 6 hours/day (Fujimaki et al. 2007; Jacquot et al. 2006; Kanter 2011a; NTP 1990; Poon et al.
1994; von Oettingen et al. 1942).

Controlled Exposure Human Studies. Irritation of the nose and throat was reported in printers exposed
to 100 ppm toluene for 6.5 hours (Baelum et al. 1985) and in volunteers exposed to 200 ppm toluene for
7-8 hours (Carpenter et al. 1944). Exposure of volunteers to 40 ppm of toluene for 6 hours did not
produce statistically significant differences in the results of tests measuring nasal mucus flow and lung
function or in subjective evaluations of air quality, but irritation of the nose was noted at 100 ppm
(Andersen et al. 1983). Scores for throat irritation were significantly increased in 20 males during a
4.5-hour exposure to 50 ppm toluene, compared with pre-exposure scores, but no significant increases
were observed for nasal irritation or coughing (Muttray et al. 2005). Mucous membrane irritation of
progressive severity was reported by volunteers during exposure to progressively higher toluene
concentrations of 0, 3, 6, 12, 24, and 48 ppm toluene over a 90-minute period (Orbaek et al. 1998;
Osterberg et al. 2003); median maximal scores for mucous membrane irritation (scale of 0-100) at

48 ppm were about 70 for subjects with multiple chemical sensitivity diagnosis and about 30 for healthy
subjects (Osterberg et al. 2003). In other controlled-exposure studies, volunteers reported that they did
not experience respiratory or mucous membrane irritation during exposure to 800 ppm toluene for 3 hours
(von Oettingen et al. 1942) or 1,862 ppm for 2 hours (Meulenbelt et al. 1990). No changes in lung
function were reported for volunteers exposed to 100 ppm toluene for 6 hours, 30 minutes of which were

spent exercising (Rahill et al. 1996).
Occupational Exposure Human Studies. Ten paint-sprayers exposed to 13 detected solvents (primarily

0.8-4.8 ppm toluene and isobutylacetate) and dusts had morphological changes in the nasal mucosa
(Hellquist et al. 1983). However, there was no conclusive association between duration of exposure and
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mucosal abnormalities. Forty-two workers exposed to mixtures of solvents, of which toluene was
generally a major component, reported symptoms of nasal irritation, in addition to eye irritation, nausea,
skin conditions, dizziness, and headaches (Winchester and Madjar 1986). The concentrations of toluene
to which the workers were exposed ranged from 1 to 80 ppm (mean of 15 ppm). However, concurrent
exposure to a mixture of solvents and dusts in these studies precludes establishing an unequivocal causal
relationship between exposure to toluene and mucosal irritation. Eight workers from a print factory
exposed to <200 ppm toluene for >18 months had normal chest roentgenograms and did not report
breathing difficulty (Guzelian et al. 1988). In another study, increased mucosal irritation scores were
reported in 72 workers exposed to toluene for an average of 20 years, compared with 61 unexposed
referents (Deschamps et al. 2001). The toluene-exposed group consisted of 36 printer and machine
factory workers and 36 laboratory workers exposed to toluene (but no other solvent) at toluene
concentrations of 9-83 and 184-467 ppm, respectively. Since the exposed groups were analyzed together,
the LOAEL for this assessment is determined to be the average of the midpoints of the exposed ranges
(midpoint of 46 ppm for factory workers; midpoint of 325.5 ppm for laboratory workers; average of

186 ppm).

Intermediate-Duration Animal Studies. Following intermediate-duration exposure of animals to
concentrations >600 ppm 6 hours/day, signs of pulmonary or nasal inflammation have been observed in a
number of studies. Rats exposed to 600 ppm for 5 weeks, 7 hours/day showed irritation of the lungs and
rats exposed to 2,500 and 5,000 ppm had pulmonary lesions (von Oettingen et al. 1942). Rats exposed to
3,000 ppm 8 hours/day 6 days/week for 12 weeks showed signs of pulmonary inflammatory responses
including inflammatory cell infiltration in peribronchial and alveolar regions, alveolar edema, and
interstitial fibrosis and necrosis (Kanter 2011a). Mice exposed to 1,000 ppm 5 hours/day, 5 days/week
for 4 weeks showed time-dependent and reversible changes in the number of cells in, and the thickness of,
the nasal olfactory epithelium that were indicative of degenerative processes followed by regenerative
processes (Jacquot et al. 2006). Significantly (p>0.05) increased relative lung weights were reported in
male and female rats and male and female mice exposed to 2,500 and 3,000 ppm (6.5 hours/day,

5 days/week for 14-15 weeks); these concentrations also induced ataxia in rats and dyspnea and increased
early mortality in mice (NTP 1990). Relative lung weights were also increased at lower exposure levels
(100, 625, and 1,250 ppm) in female mice, but the degree of change did not increase with increasing
concentration (NTP 1990). The increased lung weights observed in the NTP (1990) studies were not
accompanied with increased incidences of histological lesions in the lung, trachea, or nose in the 2500- or
3,000-ppm groups, compared with controls. No signs of respiratory distress or histological abnormalities

were observed in the lungs of mice exposed to 4,000 ppm 3 hours/day, for 8 weeks, or in rats and mice
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exposed t012,000 ppm for seven 10-minute periods per day separated by a 20-minute recovery period
(Bruckner and Peterson 1981b). Additionally, no histological abnormalities in the lung were observed in
FO and F1 parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-
mating and mating), gestation, and lactation in a multigenerational study (APl 1985; Roberts et al. 2003).
However, these studies did not include a histological examination of the upper respiratory tract and may
therefore not have observed damage to this region. In addition, the lack of pulmonary abnormalities in
Bruckner and Peterson (1981b) at higher concentrations than those in the NTP (1990) studies may be

explained by the shorter daily duration of exposure (3 hours/day versus 6 hours/day).

Following intermediate-duration to concentrations <600 ppm, histological lesions in the respiratory tract
have not been observed consistently across studies. Sprague-Dawley rats exposed to 30 or 300 ppm
toluene 6 hours/day, 5 days/week for 4 weeks showed no clear-cut evidence for exposure-related
histological lesions in the nose, trachea, or lung (Poon et al. 1994). Incidences of epithelial degeneration
of the nasolacrimal ducts (with average severity scores in parentheses on a scale of 1=minimal, 2=mild,
3=moderate, and 4=marked) were 4/6 (0.5), 6/6 (1.50), and 3/6 (0.42) in control through high-
concentration males, respectively, and 1/6 (0.25), 5/6 (0.38), and 3/6 (0.33) in females, respectively. In
the trachea, subepithelial lymphoid proliferation was observed in 3/6 (0.15), 3/6 (0.35), and 3/6 (0.25)
male rats, respectively, and 5/6 (0.29), 3/6 (1.15), and 3/6 (0.71) female rats, respectively (Poon et al.
1994). In another study, no exposure-related changes were detected by light microscopy in the nose,
trachea, or lung of female C3H/HeN mice exposed to 0 or 50 ppm 6 hours/day 5 days/week for 12 weeks,
but significant (p<0.05) changes were found in a few bronchoalveolar lavage (BAL) indices of airway
inflammation and a few neurotrophic factors in exposed mice, compared with control mice (Fujimaki et
al. 2007). Significant changes after 12 weeks of exposure included increased numbers of inflammatory
cells and macrophages (~1.95 times control values), but no changes in the number of lymphocytes or
levels of 5/6 cytokines (tumor necrosis factor [TNF-a], monocyte chemoattractant protein [MCP-1],
macrophage inflammatory protein [MIP-1a], interleukin-1B and interleukin-6); levels of interferon-
gamma (IFN-y) were significantly lower than control levels (~0.7 times control value). BAL fluid from
exposed mice showed increased levels of neurotrophin-3 (~1.12 times control value) and decreased levels
of substance P (~0.5 times control value), but no significant changes in nerve growth factor (NGF) levels
(Fujimaki et al. 2007). The biological adversity of the observed changes in BAL fluid end points at

50 ppm is currently uncertain, but the histological results clearly identify 50 ppm 6 hours/day

5 days/week for 12 weeks as a NOAEL for histological signs of respiratory irritation in mice.
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Chronic-Duration Animal Studies. Inflammation of the nasal mucosa, erosion and metaplasia of the
olfactory epithelium, and degeneration of the respiratory epithelium were reported in male and female rats
exposed to 600 or 1,200 ppm for 15 months or 2 years (6.5 hours/day, 5 days/week) (NTP 1990). At the
end of 2 years, there were significant (p<0.05) increases in the incidence of erosion of the olfactory
epithelium (males: 0/50, 3/50, and 8/49; females: 2/49, 11/50, and 10/50 at 0, 600, and 1,200 ppm,
respectively) and degeneration of the respiratory epithelium (males: 15/50, 37/50, and 31/49; females:
29/49, 45/50, and 39/50 at 0, 600, and 1,200 ppm, respectively). Exposed female rats also showed
significant increases in inflammation of the nasal mucosa (27/49, 41/50, and 41/50 at 0, 600, and

1,200 ppm, respectively) and metaplasia of the olfactory epithelium (0/49, 1/50, and 5/50 at 0, 600, and
1,200 ppm, respectively). Exposed rats showed no increased incidences of lung lesions compared with
controls (NTP 1990). Increased incidences of nasal or lung lesions were not observed in mice exposed to
the same concentrations for 2 years, but minimal hyperplasia of the bronchial epithelium was observed in
4/10 female mice exposed to 1,200 ppm for 15 months (NTP 1990). No histopathological lesions were
observed in the upper respiratory tract or lungs of rats exposed for 2 years to 300 ppm toluene

(6 hours/day, 5 days/week) (CIIT 1980; Gibson and Hardisty 1983).

Cardiovascular Effects.

Overview. Cardiac arrhythmia has been reported as a cause of death in fatal acute inhalation of solvents
containing toluene (Anderson et al. 1982; Shibata et al. 1994). Following nonfatal acute exposures to
high concentrations of toluene (>1,500 ppm), transient tachycardia and bradycardia have been reported
(Einav et al. 1997; Meulenbelt et al. 1990). In addition, several cases of cardiac abnormalities associated
with chronic toluene abuse have been reported (see Vural and Ogel 2006 for review). However, repeated
inhalation exposure studies in laboratory animals at concentrations as high as 1,200 ppm do not provide
convincing support for a direct effect of toluene on the cardiovascular system (Bruckner and Peterson
1981b; CHT 1980; NTP 1990). One study of acute exposure of dogs to a lethal concentration of toluene
(~30,000 ppm) reported the induction of arrhythmia, but the authors suggested that this was due to a
predisposing arrhythmia-producing heart abnormality (Ikeda et al. 1990). Other studies of acute exposure
have reported a nonsignificant increase in heart rate in rats exposed to 66,276 ppm toluene for 30 minutes
(Vidrio et al. 1986) and a reduction of experimentally-induced arrhythmia in rats exposed to 6,867 ppm

toluene, 10 minutes before aconitine treatment to induce arrhythmias (Magos et al. 1990).

Cardiac arrhythmias were noted in two adult males who were found semi-conscious after suffering from

toluene intoxication (>7,000 mg/m? toluene, 1,862 ppm) while removing glue from tiles in a swimming
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pool (Meulenbelt et al. 1990). Response seemed to be variable between these individuals. One man was
exposed for 2 hours and exhibited a rapid heartbeat (sinus tachycardia), while the second man, exposed
for 3 hours, exhibited a slow heartbeat (bradycardia) (Meulenbelt et al. 1990). Severe sinus bradycardia
was also reported in a comatose man with severe toluene intoxication who had sniffed vapors from
approximately 250 mL of thinner containing more than 50% toluene (Einav et al. 1997). No effects on
systolic or diastolic blood pressure or pulse rate were reported in volunteers exposed to 800 ppm toluene
for 3 hours (von Oettingen et al. 1942), but several cases of cardiac abnormalities associated with toluene
abuse have been reported (see Vural and Ogel 2006 for review). No significant differences in prevalences
of subjects with abnormally high blood pressure were found between a group of German rotogravure
printers expected to have been exposed to toluene and a reference group of non-exposed paper industry
workers (Gericke et al. 2001).

Cardiovascular response was assessed in 25 dogs killed by rebreathing 1 L of air containing 30,000 ppm
toluene via an endotracheal tube (Ikeda et al. 1990). In most cases, death was due to hypoxia, but four of
the dogs developed transient arrhythmia and in one case, death was due to ventricular fibrillation. The
authors suggested that toluene had a direct effect on the septal and ventricular muscles of the heart, which
permitted the development of fatal arrhythmias in sensitive dogs (Ikeda et al. 1990). Inhalation by
anesthetized rats of 66,276 ppm toluene for 30 minutes (35 minutes inhalation of this concentration was
fatal) produced a nonsignificant increase in heart rate and changes in electrocardiographs indicative of
depressed ventricular conduction (Vidrio et al. 1986). However, in rats with arrhythmias induced by
aconitine injection or coronary ligation, a 15-minute exposure to 6,867 ppm toluene, 10 minutes before
aconitine treatment significantly reduced the number of ventricular ectopic beats (Magos et al. 1990).

No histological abnormalities were observed in the hearts of mice exposed to 4,000 ppm for 3 hours/day,
for 8 weeks or to mice and rats exposed to 12,000 ppm for 70 minutes/day for 8 weeks (Bruckner and
Peterson 1981b). Additionally, no histological abnormalities in the heart were observed in FO and F1
parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-mating and
mating), gestation, and lactation in a multigenerational study (APl 1985; Roberts et al. 2003). There were
also no histopathological lesions of the heart that could be attributed to toluene in rats exposed to

300 ppm for 24 months (6 hours/day) (CIIT 1980; Gibson and Hardisty 1983) or in rats or mice exposed
to up to 1,200 ppm for 24 months (6.5 hours/day) (NTP 1990). However, there were increased heart
weights in rats and female mice exposed to 2,500 ppm toluene for 14-15 weeks (6.5 hours/day) (NTP
1990).
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Gastrointestinal Effects. No studies were located regarding gastrointestinal effects in humans after

inhalation exposure to toluene.

The incidence of ulcers of the forestomach was marginally, but not significantly, increased in male rats
exposed to concentrations of 600-1,200 ppm toluene for 2 years (NTP 1990). These effects were not
reported in mice or female rats exposed under the same conditions or in rats and mice exposed for only
15 months. There were no gastrointestinal effects in rats and mice exposed to up to 2,500-3,000 ppm
toluene for 14-15 weeks (NTP 1990). Additionally, no histological abnormalities in the gastrointestinal
tract were observed in FO and F1 parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm toluene
for 95 days (pre-mating and mating), gestation, and lactation in a multigenerational study (API 1985;
Roberts et al. 2003).

Hematological Effects. Consistent evidence for hematological effects has not been reported after
inhalation exposure to toluene in the majority of recent human and animal studies. However, before the
mid-1950s, chronic occupational exposure to toluene was associated with hematological effects in some
studies (Greenburg et al. 1942; Wilson 1943). These effects are now attributed to concurrent exposure to
benzene, a common contaminant of toluene at that time (EPA 1985c). More recent studies of workers
exposed to toluene or to mixed solvents containing toluene have not found consistent evidence for
abnormal hematological parameters (Banfer 1961; Matsushita et al. 1975; Tahti et al. 1981; Ukai et al.
1993; Yin et al. 1987).

Human Studies. Following acute exposures, no effects on leukocyte counts were observed in volunteers
exposed to 800 ppm toluene for 3 hours (von Oettingen et al. 1942), and two workers accidentally
exposed to about 1,862 ppm for 2-3 hours had normal values for hematological variables (Meulenbelt et
al. 1990).

Consistent evidence for hematological effects has not been reported in workers chronically exposed to
toluene. Ukai et al. (1993) reported no hematologic effects in 452 toluene-exposed shoemakers and
printers (average exposure of 24.7 ppm) compared with unexposed controls from the same factories.
Exposure was estimated from personal monitoring data, and at least 90% of total solvent exposure was
due to toluene. No significant hematological effects were observed in workers engaged in shoemaking
(Matsushita et al. 1975) or printing (Banfer 1961) who were exposed to toluene for several years. The
studies were limited by small cohort size and a lack of historical exposure data. Shoemakers were

exposed to toluene concentrations that varied from 65 ppm (15-100 ppm) in winter to 100 ppm (10—
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200 ppm) in summer and printers were exposed to atmospheric concentrations of toluene up to 600 ppm,
but individual exposure monitoring was generally not performed. As a result, the studies had only limited
power to detect adverse hematological effects in toluene-exposed workers. Workers involved in printing,
shoemaking, and audio equipment production, and exposed to toluene at 41 ppm (females) or 46 ppm
(males) had significantly decreased relative (but not absolute) lymphocyte counts when compared to
controls; leukocyte counts were not different between exposed and nonexposed workers (Yin et al. 1987).
In contrast, workers exposed for several years to toluene (benzene concentration <0.01%) in a tarpaulin
factory had increased blood leukocyte counts (Tahti et al. 1981). Toluene exposure concentrations, which
ranged from 20 to 200 ppm, were similar to those reported by Banfer (1961). However, this study is
limited by small cohort size, a lack of historical exposure monitoring, and the probability that workers
were exposed to mixtures of chemicals. Lymphocyte and leukocyte counts were not significantly
(p>0.05) different in a group of 25 nonsmoking subjects with >5 years exposure to toluene in shoe-repair

facilities, compared with 25 nonsmokers without occupational exposure to toluene (Akbas 2004).

Animal Studies. Results of animal studies do not provide consistent evidence for hematological effects

following inhalation exposure to toluene.

Following acute inhalation exposure, increased hematocrit and blood glucose levels have been observed
in male rats exposed to 2,000 ppm toluene for 48 hours (Tahti et al. 1983). Erythrocyte membranes were
stronger and less susceptible to lysis in rats exposed to 2,000 ppm of toluene than in controls (Korpela

et al. 1983). This was demonstrated to be a reversible phenomenon since membrane strength returned to
normal after toluene had dissipated from the system (Korpela and Tahti 1984). Other lipophilic agents
such as anesthetics, tranquilizers, narcotics, and steroids have a similar effect on membrane strength
(Magos et al. 1990).

In another acute exposure study, decreased leukocyte counts were observed in dogs exposed acutely to
>500 ppm toluene for 1 hour or 700 ppm for 4 hours (Hobara et al. 1984a), but intermediate-duration
exposure studies provide conflicting evidence for this effect. Positive reports include concentration-
related decreases in thrombocytes in mice exposed to 10-1,000 ppm for 20 days (Horiguchi and Inoue
1977), reversible decreased leukocyte counts in rats exposed to 2,500 or 5, 000 ppm for 5 weeks (von
Oettingen et al. 1942), and decreased leukocytes in female rats exposed to concentrations >1,250 ppm for
15 weeks (NTP 1990). In contrast, no hematological effects were reported for male rats exposed to up to

3,000 ppm for 15 weeks or male or female mice exposed to up to 1,200 ppm for 14 weeks (NTP 1990),
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male rats exposed to 2,000 ppm 6 hours/day for 90 days (Ono et al. 1996), or rats exposed to 300 ppm
6 hours/day, 5 days/week for 4 weeks (Poon et al. 1994).

In chronic-duration studies, rats exposed to 100 or 300 ppm toluene had significantly reduced hematocrit
levels (CIIT 1980; Gibson and Hardisty 1983), but no consistent effects on hematological variables were
reported for mice or rats exposed to toluene at levels up to 1,200 ppm for 15 months or 2 years (NTP
1990).

Musculoskeletal Effects. A 29-year-old man who had been sniffing glue containing toluene
(concentration not specified) for 18 years and complained of severe muscle weakness was diagnosed with
rhabdomyolysis (an acute disease of the skeletal muscles evidenced by myoglobin in the blood and urine)
(Hong et al. 1996). Rhadomyolysis was also diagnosed in a 48-year-old man, who was a chronic toluene
abuser and had been inhaling one tube of toluene-containing glue per day in the month preceeding

admission (Karmakar and Roxburgh 2008).

No histological effects on bone were reported in mice or rats exposed to toluene at concentrations up to
1,200 ppm for 15 months or 2 years (NTP 1990). Additionally, no histological abnormalities were
observed in bone or skeletal tissue from FO and F1 parental rats or F1 and F2 weanlings exposed to 100—
2,000 ppm toluene for 95 days (pre-mating and mating), gestation, and lactation in a multigenerational
study (API 1985; Roberts et al. 2003). However, bone mineral density and bone mineral content were
significantly (p<0.05) decreased in the right femoral neck of mice exposed to 300 ppm toluene

6 hours/day for 8 weeks (Atay et al. 2005).

Hepatic Effects.

Overview. Studies of chronic toluene abusers or occupationally-exposed humans have provided
inconsistent evidence for liver damage due to inhaled toluene. Some studies of workers who were
occupationally exposed to average concentrations between about 30 and 350 ppm toluene reported liver
effects such as increased serum levels of AP (Guzelian et al. 1988; Svensson et al. 1992b), but others
recorded no adverse effects on serum liver enzyme levels (Gericke et al. 2001; Lundberg and Hakansson
1985; Matsushita et al. 1975; Seijii et al. 1987; Ukai et al. 1993). A number of animal studies have
reported increased liver sizes or histological changes in mice or rats repeatedly exposed to concentrations
ranging from 300 ppm 6 hours/day 5 days/week for 4 weeks to 3,000 ppm 6 hours/day for 15 weeks
(Bruckner and Peterson 1981b; Gotohda et al. 2009; Kanter 2012; Kjellstrand et al. 1985; NTP 1990;
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Poon et al. 1994; Tas et al. 2011, 2013a), but other studies have recorded no effects on liver histology in
rats or mice exposed to concentrations of up to 1,200 ppm for 2 years (CHT 1980; Gibson and Hardisty
1983; Kyrklund et al. 1987; NTP 1990).

Human Studies. Eight men from a printing factory employing 289 workers exposed to toluene at
concentrations of less than 200 ppm (further information on air toluene levels not reported) exceeded the
upper end of the normal range for blood levels of bilirubin, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and AP and had an ALT/AST ratio >1 (Guzelian et al. 1988). Liver biopsies
showed centrilobular and periportal fat accumulation and Kupffer cell hyperplasia. None of the men
reported drinking alcohol to excess, but they may have had minimal occupational exposure to methyl
alcohol, ethyl alcohol, diethyl ether, trichloroethylene, and lacquer thinners which could have confounded
the results. Serum AP values were significantly greater than controls in a group of 47 rotogravure
workers occupationally exposed to a TWA toluene concentration of 11-47 ppm (midpoint 29 ppm) for 3—
39 years than in controls (Svensson et al. 1992b). The difference in AP values remained significant when
the data were corrected to eliminate nine workers who reported consumption of alcoholic beverages. No
significant elevations in serum liver enzymes were found in another group of 452 shoemakers and printers
(exposed to average concentrations of 24.7 ppm toluene) compared with unexposed workers from the
same factories (Ukai et al. 1993). Serum ALT and AST levels were not altered printers and non-printers
exposed to median toluene levels of 24 and 4.1 ppm toluene for at least 20 years, compared with
unexposed referents (Gericke et al. 2001). Women working in a shoe factory for an average of >3 years
and exposed to toluene concentrations that varied from 65 ppm (15-100 ppm) in winter to 100 ppm (10—
200 ppm) in summer (average of winter and summer exposure, 83 ppm) showed no changes in several
serum variables indicative of liver damage compared with a control group of unexposed workers from the
same factory (Matsushita et al. 1975). A group of 157 female shoemakers exposed for 2-14 months to
toluene (7-324 ppm) had decreased serum levels of lactate dehydrogenase (LDH) as compared to
controls, but levels of eight other serum enzymes monitored as indices of liver damage were normal (Seiji
et al. 1987). These workers were also exposed to n-hexane, cyclohexane, and methyl ethyl ketone at
concentrations generally 1/10th of the toluene concentration. A group of 47 Swedish paint industry
workers exposed for >10 years to mixed organic solvents (xylene, toluene, isobutanol, n-butanol, ethanol,
ethylacetate, n-butylacetate, mineral spirits, methylacetate, methylene chloride, methyl ethyl ketone, and
isopropanol) did not have elevated serum concentrations of liver enzymes when compared with
nonexposed controls (Lundberg and Hakansson 1985). An early study of 106 painters exposed to toluene
in an airplane factory reported enlargement of the liver in 30.2% of the exposed men, versus 7% of the
control group (Greenburg et al. 1942). However, before the mid-1950s, chronic occupational exposure to
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toluene was associated with exposure to benzene, a common contaminant of toluene at that time (EPA

1985¢), and this is a confounding factor for this study.

Several case studies have reported effects on the liver from toluene exposure, although the exposure
concentration is generally unknown. Acute fatty liver during pregnancy was reported in a 26-year-old
woman exposed for at least 2 months to toluene in glue. A liver biopsy done 9 days postpartum showed
cytoplasmic change in the hepatocytes; however, there was no clinical or biochemical evidence of liver
disease 1 month later (Paraf et al. 1993). A painter who had been exposed to toluene for 5 years exhibited
hepatotoxicity, with fatty degeneration of hepatocytes and infiltration by lymphocytes (Shiomi et al.
1993). No effects on blood levels of bilirubin, AP activity, serum AST activity, or serum ALT activity
were reported for two workers accidentally exposed to 1,862 ppm toluene for 2—-3 hours; however, the

liver was enlarged upon palpation in one man (Meulenbelt et al. 1990).

Animal Studies. Acute exposure to toluene has been reported to produce biochemical and ultrastructural
changes in the livers of experimental animals. Mice, rats, and rabbits exposed to 795 ppm of toluene for
7 days showed increased liver weights and cytochrome P450 levels compared to unexposed controls
(Ungvary et al. 1982). Electron microscopy revealed ultrastructural changes (increased rough or smooth
endoplasmic reticulum) in the livers of all three species (Ungvary et al. 1982). Cytochrome bs levels
were also increased in exposed rats and rabbits but were not measured in mice (Ungvary et al. 1982).
Male rats exposed to 2,000 ppm toluene for 48 hours had increased serum levels of ALT and AST (Tahti
et al. 1983). Exposure of rats to 4,000 ppm toluene for 6 hours resulted in significant increases in hepatic
levels of cytochrome P450 (CYP) 2E1, increased hepatic activities of nitrosodimethylamine demethylase
and 7-pentoxyresorufin O-depentylase and decreased levels of CYP2C11 (Wang et al. 1996). Increased
expression of markers of fibrosis (a-smooth muscle actin, collagen, glucocorticoid receptors, and leptin
receptors) was observed in livers of male rats exposed to 1,500 ppm 4 hours/day for 7 days (Gotohda et
al. 2009). Rats exposed to 1,500 ppm toluene, 4 hours/day for 7 days demonstrated increased markers of
oxidative stress, including 8-Oxo-2'-deoxyguanosine (8-OH-dG) and superoxide dismutase in the liver;
however, no significant changes in lipid peroxidase or 4-hydroxy-nonenal levels were seen (Tokunaga et
al. 2003).

Intermediate exposure of animals to inhaled toluene has been associated with changes in liver weight,
histology, or biochemistry in some, but not all, studies. Increased liver weights were reported for male
mice exposed to 4,000 ppm toluene, 3 hours/day, 5 days/week for 8 weeks (Bruckner and Peterson
1981b), female mice exposed to 150 ppm continuously for 30 days (Kjellstrand et al. 1985), rats exposed
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to >1,200 ppm (males) or >2,500 ppm (females), or mice exposed to >625 ppm for 14 or 15 weeks (NTP
1990). In other studies, male rats and mice exposed to 12,000 ppm toluene for 8 weeks (seven 10-minute
exposures separated by 20-minute recovery periods) had decreased liver weights (Bruckner and Peterson
1981b), and no change in liver weight was observed in rats or mice exposed continuously to 150-

400 ppm (Ikeda et al. 1986; Kjellstrand et al. 1985; Kyrklund et al. 1987) or rats exposed to 30 or

300 ppm toluene 6 hours/day, 5 days/week for 4 weeks (Poon et al. 1994). No effect on the liver was
reported for rats exposed to 200-5,000 ppm toluene for 7 hours/day for 5 weeks (von Oettingen et al.
1942). Several other studies have reported histological or biochemical changes associated with liver
damage in animals after intermediate-duration inhalation exposure to toluene. These effects include:
increased serum AP activity in male rats exposed to 300 ppm for 6 hours/day, 5 days/week for 4 weeks
(Poon et al. 1994); centrilobular hepatocellular hypertrophy in male mice exposed to 2,500-3,000 ppm
6.5 hours/day 5 days/week for 14 weeks (NTP 1990); enlarged hepatic sinusoids filled with blood,
minimal hepatic fibrosis (mean severity score of 0.78 on a scale of 0 for no fibrosis through 4 for
complete cirrhosis), and increased apoptotic cells in livers in male rats exposed to 3,000 ppm 8 hours/day
6 days/week for 12 weeks (Kanter 2012); and increased serum activities of ALT and AST (but not AP),
hepatocyte degeneration, mild pericentral fibrosis, and increased levels of Bax protein (a marker of
apoptosis) and apoptotic cells in livers of male rats exposed to 3,000 ppm 1 hour/day for 30 days (Tas et
al. 2011, 2013a). No weight changes or histological abnormalities in the liver were observed in FO and
F1 parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-mating and
mating), gestation, and lactation in a multigenerational study (APl 1985; Roberts et al. 2003).

In chronic studies, no exposure-related increased incidences of gross or histopathological liver lesions or
changes in liver weight were found in rats exposed to toluene at 300 ppm 6 hours/day 5 days/week for

2 years (CIIT 1980; Gibson and Hardisty 1983) or rats or mice exposed to up to 1,200 ppm 6.5 hours/day,
5 days/week for 15 months or 2 years (NTP 1990).

Renal Effects.

Overview. Studies of chronic toluene abusers, occupationally exposed workers, and laboratory animals
have provided little support for irreversible kidney damage due to inhaled toluene. Chronic abuse of
toluene can produce acidosis, but in most cases, renal dysfunction was transient, and normal function
returns when exposure ceased (Baskerville et al. 2001; Dickson and Luks 2009; Goodwin 1988; Kamijo
et al. 1998; Meulenbelt et al. 1990; Patel and Benjamin 1986; Tang et al. 2005). Studies of workers

occupationally exposed to 100-200 ppm toluene, which assessed changes in tests of kidney function,
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have not shown consistent effects across studies (Askergren et al. 1981a, 1981b; Gericke et al. 2001;
Gonzalez-Yerba et al. 2006; Nielsen et al. 1985; Stengel et al. 1998). Animal studies indicate that
inhalation of toluene caused concentration-dependent kidney damage in rats, but only after repeated
exposure to concentrations >600 ppm for at least 6 hours/day (Bruckner and Peterson 1981b; CHIT 1980;
Gibson and Hardisty 1983; NTP 1990; Ono et al. 1996; von Oettingen et al. 1942).

Human Studies. Numerous cases have been reported where toluene abuse was associated with acidosis
(Baskerville et al. 2001; Dickson and Luks 2009; Gerkin and LoVecchio 1998; Goodwin 1988; Jone and
Wu 1988; Kamijima et al. 1994; Kamijo et al. 1998; Kaneko et al. 1992; Meulenbelt et al. 1990; Patel and
Benjamin 1986; Tang et al. 2005; Tsao et al. 2011). Acidosis generally reflects the inability of the
kidneys to maintain the pH balance of the blood due either to saturation of kidney transport of hydrogen
ions or a defect in tubular function. Associated changes with toluene-induced acidosis and renal tubular
dysfunction are low serum levels of potassium (hypokaelemia) and phosphate (hypophostaemia)
(Baskerville et al. 2001; Tang et al. 2005; Tsao et al. 2011). Severe renal tubular acidosis was observed
in five pregnant women who were chronic abusers of paints containing toluene (Goodwin 1988). When
paint-sniffing ended, normal acid-base balance returned within 72 hours, indicating that permanent
damage to the tubules had not occurred. Recovery of normal acid-base balance after abuse was stopped
also was reported in several other cases (e.g., Baskerville et al. 2001; Dickson and Luks 2009; Tsao et al.
2011). However, one 19-year-old male chronic solvent abuser was found, through a renal biopsy, to have
severe tubular interstitial nephritis and focal tubular necrosis indicative of prolonged irritation of the
kidney (Taverner et al. 1988). This patient required hemodialysis to correct hematuria and oliguria which
was present at the time of his hospital admission. Hemodialysis was also required for a 22-year-old male
chronic solvent abuser with acidosis and hypokalemia (Gerkin and LoVecchio 1998). A 22-year-old
woman, who had sniffed approximately 6 L of toluene during the previous month, was found to have
metabolic acidosis and histological evidence of tubular injury. The acidosis normalized, but both
proximal and distal tubular dysfunction persisted (Kamijima et al. 1994). Proteinuria, hematuria, and
urinary calculi were reported in three solvent abuse case studies (Kaneko et al. 1992); the abused product
was primarily toluene in one case. An autopsy of a 19-year-old woman, who had sniffed thinner
containing 67% toluene for 5 years, revealed severe renal tubular degeneration and necrosis (Kamijo et al.
1998).

A group of 43 printing trade workers exposed to inks containing toluene, alcohols, and ethyl acetate for

9-25 years were experimentally exposed to 382 mg/m? (102 ppm) of toluene for 6.5 hours (Nielsen et al.

1985). No significant differences in excretion of albumin and -2-microglobulin were observed either
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before or after exposure when the workers were compared to controls matched by age, educational level,
and smoking habits (Nielsen et al. 1985).

In a longitudinal study of 92 printers exposed to 97-232 mg/m? (26-62 ppm) toluene, markers of early
renal damage (microalbumin, N-acetyl-b-D-glucosaminidase, and alanine-aminopeptidase) were not
significantly elevated in urine, but creatinine clearance was higher among exposed workers than

74 unexposed control subjects (Stengel et al. 1998). Multiple regression analysis indicated a slight
increase in N-acetyl-b-D-glucosaminidase urinary levels with increasing cumulative toluene exposure
(+2% per 100 ppm x years), but this relationship was not apparent when 17 subjects with hypertension

were excluded from the analysis.

Albumin excretion levels were significantly increased in a group of 134 workers exposed to 5-23 ppm
styrene (52 plastic boat manufacturers), 80-106 ppm toluene (42 printers), or unspecified levels of xylene
and toluene (40 paint manufacturers), compared with 48 unexposed referents (Askergren et al. 1981a).
However, when the solvent-specific subgroups were analyzed separately, only the styrene-exposed
workers varied significantly from control. B-2-microglobulin excretion levels where not significantly
altered compared with controls when workers were analyzed together or by solvent-specific exposure
group (Askergren et al. 1981a). Similarly, no significant changes in glomerular filtration rate between a
group of 107 workers exposed to styrene (33 plastic boat manufacturers), toluene (34 printers), and
xylene and toluene (40 paint manufacturers), compared with 48 unexposed referents (Askergren et al.
1981b). For the studies by Askergren et al. (1981a), a NOAEL for renal function in this assessment was
determined to be the midpoint of the toluene exposure range in printers (93 ppm). Glomerular filtration
rate and serum creatinine levels were also not altered in printers and non-printers exposed to median
toluene levels of 24 and 4.1 ppm toluene for at least 20 years, compared with unexposed referents
(Gericke et al. 2001).

An increased (p<0.05) prevalence of abnormally high urinary activities of N-acetyl-p-D-glucosaminidase
(NAG) was observed in a group of 50 toluene-exposed shoe workers (exposure level unspecified),
compared with 25 control subjects (26/50 versus 4/25; Gonzalez-Yerba et al. 2006). However, the
prevalences of abnormally high urinary albumin excretion, another indicator of renal damage, were not

significantly different between the exposed and control groups.

Animal Studies. The only renal effects reported in an acute-duration study were increased markers of

oxidative stress, including 8-OH-dG and superoxide dismutase, in the kidneys of rats exposed to
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1,500 ppm toluene, 4 hours/day for 7 days; however, no significant changes lipid peroxidase or
4-hydroxy-nonenal levels were seen (Tokunaga et al. 2003). In intermediate-duration animal studies,
histological changes in the kidney have not been observed consistently across studies. Reports of toluene-
induced renal histological changes include renal casts in rats exposed to 600— 5,000 ppm 7 hours/day for
5 weeks (von Oettingen et al. 1942) and slight to mild necrosis of kidney tubules (5/8 versus 0/8 in
controls) with increased kidney weights in male rats exposed to 2,000 ppm toluene (but not 600 ppm),

6 hours/day for 90 days (Ono et al. 1996). No exposure-related renal histological changes were observed
in mice exposed to 4,000 ppm 3 hours/day for 8 weeks showing decreased absolute, but not relative,
kidney weight (Bruckner and Peterson 1981b); mice and rats showing decreased absolute kidney weights
following exposure to 12,000 ppm for 70 minutes/day, 5 days/week for 8 weeks (Bruckner and Peterson
1981b); female mice showing increased relative kidney weight following exposure to 1,250 ppm

6.5 hours/day 5 days/week for 14 weeks (NTP 1990); male or female rats showing increased relative
kidney weight after exposure to concentrations between 1,250 to 3,000 ppm 6.5 hours/day 5 days/week
for 15 weeks (NTP 1990); male or female rats exposed to 30 or 300 ppm 6 hours/day 5 days/week for

4 weeks (Poon et al. 1994); or FO and F1 parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm
toluene for 95 days (pre-mating and mating), gestation, and lactation in a multigenerational study (API
1985; Roberts et al. 2003).

In chronic-duration animal inhalation studies, evidence for exposure-related renal histological changes is
not consistent across studies. No exposure-related renal histological lesions were found in rats exposed to
300 ppm 6 hours/day 5 days/week for 2 years (CIIT 1980; Gibson and Hardisty 1983) or mice exposed to
up to 1,200 ppm 6.5 hours/day 5 days/week for up to 2 years (NTP 1990). In male and female rats in the
2-year NTP (1990) study, nearly all control and exposed rats showed nephropathy at sacrifice, but the
mean severity score for nephropathy was statistically significantly (p<0.05) increased in the high-
exposure group (1,200 ppm), compared with the controls (3.2 versus 2.8 in males and 2.7 versus 2.4 in
females). In addition, the incidence of renal tubule casts increased with increasing exposure level in male
rats: 1/50 in controls; 2/50 at 600 ppm; and 5/50 at 1,200 ppm (NTP 1990).

Endocrine Effects. A 29-year-old man who had been sniffing glue containing toluene (concentration
not specified) for 18 years was diagnosed with hypothyroidism (Hong et al. 1996). An autopsy of a
19-year-old woman who had been sniffing thinner (67% toluene) for 5 years revealed histological
evidence of massive bilateral adrenal hemorrhage with severe degeneration and necrosis of the adrenal
cortex (Kamijo et al. 1998). Serum levels of T3 were significantly increased in printers exposed to

toluene for an average of 25 years (current median exposure level, 36 ppm), compared with unexposed
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controls (Svensson et al. 1992a). Serum levels of T4, TSH, and prolactin were not altered between
exposed and referent groups; however, TSH levels were significantly inversely related with cumulative
toluene exposure. Serum levels of prolactin were not changed in workers exposed to median toluene

levels of 29 ppm for 3-39 years, compared with control subjects (Svensson et al. 1992b).

Several studies of blood levels of reproductive hormones in repeatedly exposed workers or acutely
exposed human subjects have not provided strong and consistent evidence of exposure-related effects.

These studies are discussed in Section 3.2.1.5, Reproductive effects.

Workers exposed to a mixture of styrene (0-5.9 ppm), toluene (0-2.02 ppm), and xylene (0-32.65 ppm)
demonstrated an increase in fasting insulin and glucose levels compared with unexposed controls (Won et
al. 2011). A homeostasis model assessment of insulin resistance levels (HOMA-IR) was significantly
higher in the exposed group. After adjustment for age, smoking, alcohol consumption, waist and hip
circumference, weight, and regular exercise, fasting glucose levels were still significantly higher in the
exposed group, but HOMA-IR was no longer significant. Adjusted analysis was not reported for fasting
insulin levels. The results of this study are confounded by mixed exposure and its significance is

therefore uncertain.

Evidence for endocrine effects in animals following acute- or intermediate-duration inhalation exposure
to toluene is not consistent across studies and does not clearly identify toluene as an endocrine-disrupting

chemical.

Serum prolactin levels were significantly (p<0.05) increased (by 62% compared with control values) in
male Sprague-Dawley rats, 17 days after exposure to 80 ppm toluene 6 hours/day 5 days/week for

4 weeks (Von Euler et al. 1994). A companion study found no significant changes in serum prolactin
levels in rats 29-40 days after exposure to 40, 80, 160, or 320 ppm by the same exposure protocol
(Hillefors-Berglund et al. 1995).

Significant (p<0.05) decreases (28 or 47%) in rat brain GFAP induced by exposure to 1,000 ppm toluene,
6 hours/day for 3 or 7 days was associated with significantly increased serum levels of corticosterone
(about 393 or 600% increased, compared with control) (Little et al. 1998). Thymus and adrenal weights

in exposed rats were not significantly different from nonexposed control values.
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Male rats exposed to 1,500 ppm 4 hours/day for 7 days showed significantly (p<0.05) increased adrenal
weight (118.2% of control) and adrenocortical cell size (150.7% of control), but not adrenocortical cell
number; increased serum levels of ACTH (151.5% of control) and corticosterone (176.1% of control);
increased adrenal gland levels of mMRNA for a steroid metabolism enzyme, cytochrome P450 side-chain
cleavage (P450scc; 131.5% of control); and decreased body weight (92.1% of control) (Gotohda et al.
2005). This exposure scenario was shown to cause, in companion studies, neuronal damage and an
increase in glucocorticoid receptor in the hippocampus, suggesting a possible link between the elevated
serum levels of ACTH and corticosterone and elevated hippocampal glucocorticoid receptor mMRNA
(Gotohda et al. 2000a, 2000b, 2002).

No statistically significant (p<0.05) changes in serum levels of prolactin, LH, or FSH were reported in
male Sprague-Dawley rats exposed to 500 ppm toluene 6 hours/day for 3 days or to 1,000 ppm

6 hours/day for 5 days, compared with values in nonexposed controls (Andersson et al. 1980). Mean
serum level of corticosterone was significantly increased (162% of control value) in 500-ppm rats, but the
mean level in 1000-ppm rats (79% of control value) was not significantly different from the control mean
(Andersson et al. 1980).

No statistically significant (p>0.05) trends for changed levels of FSH, LH, corticosterone, growth
hormone, or TSH with increasing exposure level were found in male Sprague-Dawley rats exposed to 80,
500, 1,500, or 3,000 ppm toluene 6 hours/day for 3 days (Andersson et al. 1983b). A significant (p<0.01)
trend for increased serum prolactin levels with increasing exposure level was found. Mean prolactin level
in 3,000-ppm rats was about 250% of the control value, whereas means in 80-, 500- and 1,500-ppm rats
were about 180, 150, and 160% of the control mean, respectively.

In pregnant Wistar rats exposed to 0 or 1,500 ppm 6 hours/day on GDs 7-20, significantly (p<0.05)
depressed serum levels of corticosterone were found in exposed dams when measured on GD 14 (88% of
control) and GD 18 (60% of control) (Hougaard et al. 2003). Other endocrine end points were not

measured in this study.

Female, but not male, rats exposed to 30 or 300 ppm toluene for 6 hours/day, 5 days/week for 4 weeks

showed a treatment-related reduction in follicle size of the thyroid (Poon et al. 1994).

No effect on the adrenal glands was reported for rats exposed to 200-5,000 ppm toluene for 7 hours/day

for 5 weeks (Von Oettingen et al. 1942). In a multigenerational study, no histological abnormalities on
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the pancreas, adrenal, or thyroid glands were observed in FO and F1 parental rats or F1 and F2 weanlings
exposed to 100-2,000 ppm toluene for 95 days (pre-mating and mating), gestation, and lactation (API
1985; Roberts et al. 2003). Mice exposed to up to 2,500 ppm for 14 weeks (NTP 1990), rats exposed to
up to 3,000 ppm for 15 weeks, and mice and rats exposed to up to 1,200 ppm for 2 years (NTP 1990)

showed no histological abnormalities in the pancreas, adrenal, or thyroid glands.

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

exposure to toluene.

In a multigenerational study, no effects on the skin were observed in FO and F1 parental rats or F1 and
F2 weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-mating and mating), gestation, and
lactation (API 1985; Roberts et al. 2003).

Ocular Effects. Humans exposed for 6-8 hours to toluene concentrations of >100 ppm developed
irritation of the eyes (Andersen et al. 1983; Baelum et al. 1985; Carpenter et al. 1944; Meulenbelt et al.
1990). No irritation was reported with 6 hours of exposure to 40 ppm toluene (Andersen et al. 1983).
Reports of color vision deficits in occupationally exposed workers have linked increased color confusion
with chronic exposure to toluene (Campagna et al. 2001; Cavalleri et al. 2000; Muttray et al. 1997, 1999;
Zavalic et al. 1998a, 1998b, 1998c). These studies are discussed in the Section 3.2.1.4, Neurological
Effects.

Pregnant rats exposed to 2,000 ppm 6 hours/day for 21 days showed lacrimation (Ono et al. 1996), but no
lacrimation or discharge was reported for male, female, or pregnant female rats exposed to 100—

2,000 ppm, 6 hours/day for 95 days (APl 1985; Roberts et al. 2003). Results from studies of visual
impairment in rats after acute or intermediate inhalation exposure to toluene are discussed in

Section 3.2.1.4, Neurological Effects.

Body Weight Effects. No studies were located regarding body weight effects in humans after

inhalation exposure to toluene.

Findings regarding body weight effects in animals are inconsistent. Body weights in rats decreased
compared with controls following inhalation exposure to toluene concentrations of 2,000 ppm for

48 hours (Tahti et al. 1983); 1,500 ppm, 4 hours/day for 7 or 20 days (Gotohda et al. 2005; Ishigami et al.
2005); 2,000 ppm, 8 hours/day, 7 days/week for 11 or 23 weeks (Pryor 1991); 320 ppm, 24 hours/day for
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30 days (Kyrklund et al. 1987); 8,000 ppm 2-2.5 hours/day, 5 days/week for 13 weeks (Mattsson et al.
1990); 12,000 ppm 70 minutes/day, 5 days/week for 8 weeks (Bruckner and Peterson 1981b); and

2,500 ppm, 6.5 hours/day for 15 weeks (NTP 1990). Significantly decreased body weight gain was
observed in male rats continuously exposed to 200 or 400 ppm for 30 days (lkeda et al. 1986). Decreased
body weights were seen in female and male mice exposed 6.5 hours/day for 14 weeks to concentrations
>100 and 2,500 ppm, respectively (NTP 1990), and in male mice exposed to 4,000 ppm, 3 hours/day or
12,000 ppm 70 minutes/day for 8 weeks (Bruckner and Peterson 1981b). In contrast, no exposure-related
effects on body weights were observed in rats or mice exposed to 1,000 ppm toluene for 6 hours/day,

5 days/week, for 20, 28, 42, or 90 days (APl 1997; Beasely et al. 2010, 2012; Horiguchi and Inoue 1977),
mice exposed to up to 6,000 ppm toluene 30 minutes/day for 40 days (Bowen and McDonald 2009), rats
exposed to up to 2,000 ppm toluene 6 hours/day for 90 or 95 days (API 1985; Ono et al. 1996; Roberts et
al. 2003), or rats or mice exposed to up to 1,200 ppm toluene 6-6.5 hours/day for 15 months or 2 years
(CHT 1980; Gibson and Hardisty 1983; NTP 1990); mean body weights in exposed animals were within

10% of control means.

Other Systemic Effects. No studies were located regarding other systemic effects in humans or

animals after inhalation exposure to toluene.

3.2.1.3 Immunological and Lymphoreticular Effects

Overview. Human studies of immunological end points in toluene-exposed subjects do not identify
consistent or strong evidence for toluene effects on immune system end points such as counts of blood
lymphocytes or levels of blood immunoglobulins (Little et al. 1999; Pelclova et al. 1990; Stengel et al.
1998; Yin et al. 1987). In animal studies, evidence for toluene effects on the immune system includes the
finding of decreased resistance to mortality from respiratory infection by S. zooepidemicus in a study of
mice exposed for 3 hours to toluene concentrations as low as 2.5 ppm, but not 1 ppm (Aranyi et al. 1985).
No evidence for exposure-related adverse changes in weight or histology of the spleen or thymus has been
reported in animals exposed by inhalation for intermediate (NTP 1990; Poon et al. 1994; von Oettingen et
al. 1942) or chronic durations (NTP 1990). In a series of studies from a single laboratory, intermediate-
duration inhalation exposures of normal or allergy-challenged [ovalbumin (OVA)-immunized and
challenged] mice to toluene concentrations <100 ppm have been reported to modulate immune system
end points, but mechanistic understanding of the observed changes is insufficient to determine their
biological adversity (Fujimaki et al. 2009a, 2009b, 2010, 2011; Liu et al. 2010; Takeda et al. 2013; Win-
Shwe et al. 2007a, 2010a, 2010b, 2012a, 2012b; Yamamoto et al. 2009).
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Occupational Human Exposure Studies. No differences in serum IgG, IgA, or IgM values were noted
between a group of 42 rotogravure printers exposed to concentrations of 104-1,170 ppm (midpoint,

637 ppm) for an average of 13 years and a group of 16 office and technical workers exposed to toluene
concentrations ranging from 2.1 to 4.3 ppm at the same facility (Pelclova et al. 1990). Blood IgE levels in
92 printers exposed to 97-232 mg/m? (26-62 ppm) toluene for an average of 16 years were not
significantly elevated compared to unexposed controls, but a dose-response relationship was observed
between cumulative toluene exposure and IgE levels (Stengel et al. 1998). Relative lymphocyte counts in
blood (but not absolute counts) were significantly decreased in a group of workers who were involved in
shoemaking, printing, or audio equipment production and were predominately exposed to toluene (Yin

et al. 1987). Mean toluene exposures were 41 ppm for females and 46 ppm for males over an average of
82 months.

A number of other studies have examined immune-related end points in toluene exposed workers, but the
results of these studies are confounded by mixed exposure to other solvents. A decrease in the

T lymphocyte count of workers occupationally exposed to a mixture of benzene (0-116 ppm), toluene (0-
160 ppm), and xylene (0-85 ppm) was observed (Moszczynsky and Lisiewicz 1984). However, no signs
of diminished immunological function or disturbances in immune skin reactions against such antigens as
tuberculin or distreptase were observed in the subjects studied. The reduction of T lymphocytes may
have been the result of the depressive effect of benzene on the lymphocyte system. Workers exposed to a
mixture of 0.8-40 ppm toluene (0.003-0.16 mg/L), 56—940 ppm benzene (0.18-3.0 mg/L), and 40—

609 ppm xylene (0.18-3.0 mg/L) had significantly lower serum IgG and IgA levels than unexposed
controls (Lange et al. 1973). Leukocyte agglutinins for autologous leukocytes and increased
leukoagglutination titer in human sera after incubation with the solvents were also observed (Lange et al.
1973). No effects on natural killer cell activity or serum levels of IL-2 or y-IFN were observed in shoe
factory workers, compared with a control group of workers not exposed to solvents (Yucesoy et al. 1999).
Mean 8-hour TWA breathing zone concentrations of solvents in shoe workplaces were about 58 ppm for
n-hexane, 27 ppm for toluene, and 11 ppm for methyl ethyl ketone. Mean concentrations of hippuric acid
and 2.5-hexadione in exposed workers were about 2- and 3-fold higher than concentrations in nonexposed
controls (Yucesoy et al. 1999). Multiple linear regression analysis showed significantly (p<0.05)
decreased production of TNF, but not IL-10 or IL-12, in cultured peripheral blood mononuclear cells
from a high accumulated exposure group of paint factory workers, compared with a low-exposure group
(Haro-Garcia et al. 2012). Mean 8-hour TWA concentrations of solvents in the factory were about

12 mg/m?3 for benzene, 28 mg/m3 (7 ppm) for toluene, and 19.5 mg/m?3 for xylene. Mean urinary
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concentrations of S-phenylmercapturic acid were about 3.4 and 2.4 umol/mol creatinine in the high- and
low-exposure groups, respectively (Haro-Garcia 2012). Workers exposed to a mixture of styrene (0—
5.9 ppm), toluene (0-2.02 ppm), and xylene (0-32.65 ppm) demonstrated a significant increase in serum
TNFao compared with unexposed controls (Won et al. 2011). No change was observed in IL-1p or IL-6.
However, alterations in serum TNFao were significantly associated with urinary phenylglyoxylic acid
levels, not urinary hippuric acid levels, indicating that alterations are associated with styrene exposure

rather than toluene exposure (Won et al. 2011).

Controlled Exposure Human Studies. Serum levels of T-cell proteins specific for a benzoic acid-human
serum albumin antigen were elevated following a 20-minute exposure to 15 ppm in a group of 20 subjects
who were clinically sensitive to toluene, compared with a group of 16 subjects who were not sensitive to
toluene (Little et al. 1999). No significant differences in levels of 1gG specific to the antigen were found
between the groups following exposure to toluene. These findings may indicate sensitization to benzoic

acid, a metabolite of toluene.

Animal Studies. Single 3-hour exposures of mice to 2.5, 10, 25, 50, 100, 250 or 500 ppm toluene,
immediately before inhalation exposure to aerosols of S. zooepidemicus, significantly (p<0.05) decreased
the resistance to mortality from the respiratory infection (Aranyi et al. 1985). For example, the respective
mortality percentages in exposed and control groups were: 500 ppm, 56.8 and 20.7%; 50 ppm, 25.0 and
6.4%; and 2.5 ppm, 26.1 and 12.6%. A 3-hour exposure to 1.0 ppm toluene once or for 5 or

20 consecutive days did not significantly change the resistance to infection-induced mortality, compared
with control, nonexposed mice. In another assay, mice were exposed to varying concentrations (0,1, 2.5,
5, 10, 25, 50, 100, 250, or 500 ppm) of toluene for 3 hours, followed immediately by inhalation exposure
to aerosols of *S-labeled Klebsiella pneumonia and determination of the percent of bacteria killed in the
lungs 3 hours later (Aranyi et al. 1985). Exposure before infection to toluene at all concentrations except
5 and 50 ppm significantly (p<0.05) decreased the pulmonary bactericidal activity, but no clear dose-
response relationship was apparent. For example, the percentages of bacteria killed in 3 hours in
respective exposed and control groups were: 500 ppm, 85.9 and 71.9%; 100 ppm, 87.3 and 73.4%;

50 ppm, 82.3 and 84.1%; and 2.5 ppm, 84.6 and 79.2%. A 3-hour exposure to 1.0 ppm toluene once or
for 5 or 20 consecutive days before infection did not consistently produce significant (p<0.05) changes in
pulmonary bactericidal activities against K. pneumonia. The results show most clearly that acute
exposure to toluene concentrations >2.5 ppm decreased the resistance to mortality from respiratory

infection with S. zooepidemicus.
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No changes in weight or histology of the spleen were recorded for rats exposed to 30-5,000 ppm toluene,
6—7 hours/day for 4-5 weeks (Poon et al. 1994; von Oettingen et al. 1942) or for rats and mice exposed to
toluene concentrations up to 3,000 ppm for 14-15 weeks (NTP 1990). In rats and mice exposed to
concentrations of toluene up to 1,200 ppm, 6.5 hours/day for 2 years, an increased incidence of

pigmentation of the spleen was observed in male mice exposed to concentrations >120 ppm (NTP 1990).

Decreased thymus weights were observed in male rats exposed to 2,000 ppm 6 hours/day for 90 days
(Ono et al. 1996) and in dams exposed to 600 ppm 6 hours/day during GDs 7-17 (Ono et al. 1995).
However, no effects on the thymus were reported in rats and mice exposed 6 hours/day to up to

1,200 ppm for 2 years or up to 3,000 ppm toluene for 14-15 weeks (NTP 1990) or in male rats exposed to
1,000 ppm toluene for 6 hours/day for up to 42 days (APl 1997).

In a multigenerational study, no histological abnormalities were observed the thymus or spleen from FO
and F1 parental rats or F1 and F2 weanlings exposed to 100-2,000 ppm toluene for 95 days (pre-mating
and mating), gestation, and lactation (APl 1985; Roberts et al. 2003).

The highest NOAEL values and all LOAEL values for each reliable study for immunological effects in
each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

In a series of studies from a single laboratory, intermediate-duration inhalation exposures of normal or
allergy-challenged (OVA-immunized and challenged) adult mice to toluene concentrations <100 ppm
have been reported to modulate a number of immune system end points (Fujimaki et al. 2009a, 2009b,
2010, 2011; Liu et al. 2010; Takeda et al. 2013; Win-Shwe et al. 2007a, 2010a). Examined end points
included BAL fluid cell counts, mRNA or protein levels for inflammatory cytokines, anti-microbial
peptides, neurotrophins, neurotrophin receptors or other immune regulatory transcription factors in lung,
BAL fluid or hippocampus, and plasma levels of antibodies. Another series of studies from the same
laboratory examined immune system end points in postnatal day (PND) 21 male BALB/c mice exposed to
0, 5, or 50 ppm toluene 6 hours/day on GD 14 through 21 (Yamamoto et al. 2009) or on GDs 14-18,
PNDs 2-6, or PNDs 8-12 (Win-Shwe et al. 2010b, 2012a, 2012b). Examined end points included brain,
thymus, or spleen weights, plasma levels of antibodies, and mRNA levels for cytokines and transcription
factors in the spleen or hippocampus. Current mechanistic understanding of the observed findings in
these studies, which include evidence for non-monotonic dose-related changes in several end points

(described in more detail in the following paragraphs), is insufficient to determine their possible
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biological adversity, and NOAEL or LOAELSs from these studies are not included in Table 3-1 or
Figure 3-1.

In allergy-challenged male C3H/HeN mice exposed nose-only to 0, 9, or 90 ppm 30-minutes on days 0, 1,
2, 7,14, 21, and 28, significantly (p<0.05) changed numbers of macrophages were found in BAL fluid
samples from 9-ppm mice (~50% increased over non-exposed control) and 90-ppm mice (~25%
decreased over control) (Win-Shwe et al. 2007a). Significantly increased numbers of macrophages also
were found in BAL fluid in normal C3H/HeN mice exposed to 9 ppm (~130% increased) and 90 ppm
(~260% increased). No significant exposure-related changes were found in other cellular end points in
BAL fluid from exposed normal or allergy-challenged mice: numbers of total inflammatory cells,
neutrophils, lymphocytes, or eosinophils. Levels of mRNAs for certain cytokines in lungs of allergy-
challenged mice were significantly changed in 9-ppm mice (IL-5, ~100% increased) and 90-ppm mice
(IFN-y, ~70% decreased), but no exposure-related changes were noted in mRNAs for IL-4 or IL-12. In
allergy-challenged mice, significant (p<0.05) changes were found in plasma levels of total IgE at 90 ppm
(~100% increased), anti-OVA IgE at 9 ppm (~500% increased), total 1gG; at 9 and 90 ppm (~75%
increased at each concentration), and anti-OVA 1gG; at 9 ppm (~90% increased); no significant changes
were found in plasma levels of total IgG; and anti-OVA IgG2. In allergy-challenged mice, toluene
exposure led to several significant biochemical changes in the lungs, including increased plasma NGF in
9-ppm mice (~200% increased) and decreased lung levels of mMRNA for brain-derived nerve factor
(BDNF, ~40% decreased) and tropomyosin-related kinase A (Trk A, ~50% decreased) in 9- and 90-ppm
mice; no significant exposure-related changes were found in lung levels of mMRNAs for NGF,
neurotrophin-3 (NT-3), or Trk B. The neurotrophins were measured in these studies to investigate a
hypothesis that low-level toluene exposure may aggravate airway inflammation responses in allergy-
challenged mice by modulating signaling pathways in neurological and immune systems (i.e., modulating

neuroimmune cross talk).

In another study with allergy-challenged male C3H/HeN mice exposed nose-only to 0 or 9 ppm for

30 minutes on days 0, 1, 2, 7, 14, 21, and 28, significantly (p<0.05) increased total cell and macrophage
counts (both ~200% increased) were found in BAL fluid from 9-ppm mice, compared with controls
(Fujimaki et al. 2009a). No significant exposure-related changes were found in numbers of
polymorphonuclear leukocytes and lymphocytes. Levels of BDNF in BAL fluid from 9-ppm mice were
also significantly increased (~130%). Levels of NGF in BAL fluid were not increased in exposed mice,
but plasma levels of NGF were significantly increased by about 120% above levels in hon-exposed mice.
Exposure-related effects were diminished by treatment with anti-CD4 antibody. The latter result suggests
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that the observed toluene-induced effects may involve CD4+ cells, which have been reported to produce
BDNF and NGF.

In allergy-challenged male C3H/HeN mice exposed nose-only to 0, 9, or 90 ppm 30 minutes/day on

days 0,1, 2,7, 14, 21, 28, 35, 42, 49, and 56, significant (p<0.05) exposure-related changes were found in
lung levels of MRNAs for NGF (~70% increased over nonexposed controls), the NGF receptor, Trk A
(~100% increased), CCL2 (~140% increased), and CCL3 (~90% increased) at 9 ppm, but not at 90 ppm
(Fujimaki et al. 2009b). No significant exposure-related changes were found in lung levels of mMRNA for
p75 neurotrophin receptor (p75NTR). Light microscopy of lungs from allergy-challenged mice exposed
to 9 ppm showed peribronchial inflammation with eosinophil infiltration, but incidences of mice with this
condition were not reported by the study authors. In mice that were not allergy challenged
(“unchallenged” mice), exposure to 9 ppm led to slight hyperplasia of bronchial epithelia without
accumulation of macrophages and neutrophils. Immunohistological examination for NGF-positive cells
showed a “few” NGF-positive bronchial epithelial cells in 9-ppm unchallenged mice and “marked
increase” in 9-ppm allergy-challenged mice. The study report did not mention histological findings for
the 90-ppm unchallenged or allergy-challenged mice.

Similarly, C3H/HeN mice exposed nose-only to 0 or 9 ppm for 30 minutes/day on days 0, 1, 2, 7, and 14
ordays 0,1, 2,7, 14,21, 28, 35, 42, and 49 demonstrated qualitative damage to the tracheal epithelial
structure in exposed groups with >50% of the epithelial cells in the trachea being “remarkably damaged”
in mice exposed up to day 49 (Takeda et al. 2013). Again, incidences of mice with these findings were
not reported by the study authors. The allergy-challenged group did not differ from the toluene-only
group. No damage was observed with a single 30-minute exposure to 9 ppm, and no lymphocyte
infiltration was observed in any group. This study also examined protein expression of biophylaxis
factors in the lungs, including toll-like receptor 2 (TLR2), a defensin (NP-3), and B defensins (BD 1-4).
BD-2 was significantly decreased with exposure until day 14 or 49 (~10 and 50%, respectively) while
BD-4 was significantly increased (~80%) with the shorter exposure group, but significantly decreased
(~35%) with longer exposure. No changes were observed in NP-3, BD-1, BD-3, or TLR2 levels. Protein

expressions in allergy-challenge mice were not reported.

Thymus cells, but not spleen cells, from normal male C3H/HeN mice exposed to 50 ppm 6 hours/day,
5 days/week for 3 weeks (in inhalation chambers) showed enhanced proliferation in culture (measured by
rate of thymidine incorporation into DNA) by concanavalin A (Con A), compared with cells from

nonexposed mice (Liu et al. 2010). Thymocytes from toluene-exposed mice also showed increased levels
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of the cytokine, IL-2, in response to Con A, and enhanced DNA-binding activities of transcription factors
involved in IL-2 production (NF-kB, STATS5, and NF-AT), compared with thymocytes from non-exposed
mice (Liu et al. 2010).

Cultured spleen cells from male B10.BR mice exposed to 50 ppm toluene 6 hours/day, 5 days/week for
6 weeks in inhalation chambers showed significantly enhanced LPS-stimulated proliferation in normal
mice and decreased LPS-stimulated proliferation in allergy-challenged, compared with spleen cells from
B10.BR mice exposed to 0 or 5 ppm toluene (Fujimaki et al. 2010). In contrast, cultured spleen cells
from normal or allergy-challenged male C57BI1/10 mice exposed to 0, 5, or 50 ppm by the same protocol
for 6 weeks showed no significant (p>0.05) difference in Con A- or LPS-stimulated proliferation.
Spleens from allergy-challenged B10.BR mice exposed to 5 ppm showed significantly increased mRNA
levels, compared with controls, for transcription factors Foxp3, STATS5, and STATS6, but no changes in
these transcription factors were apparent in spleens from normal or allergy-challenged B10.BR mice

exposed to 50 ppm or in normal or allergy-challenged C57BI1/10 mice (Fujimaki et al. 2010).

Levels of hippocampal mRNAs for two neurotrophins and their receptors (NGF, Trk A, BDNF, and

Trk B) were significantly (p<0.05) increased in normal male C3H/HeN mice exposed to 500 ppm

6 hours/day 5 days/week for 6 weeks inhalation chambers, but not after exposure to 5 or 50 ppm (Win-
Shwe et al. 2010a). In allergy-challenged male C3H/HeN mice, hippocampal mRNA levels for NGF
were significantly increased in 50-ppm mice, but not in 5- or 500-ppm mice. Exposure of normal male
BALB/c and C57BL/10 mice by the same protocol to 5, 50, or 500 ppm did not produce significant
(p>0.05) changes in these end points, except for increased MRNA for BDNF in 500-ppm normal BALB/c
mice. The results demonstrate differences among mouse strains in responsiveness of these end points to

toluene exposure.

Significantly (p<0.05) increased number of total cells in BAL fluid samples (~50% increased over the
non-exposed control value) was observed in allergy-challenged male C3H/HeN mice exposed to 50 ppm
toluene 6 hours/day, 5 days/week for 6 weeks, but no significant changes were observed in allergy-
challenged mice exposed to 5 or 500 ppm, or to allergy-challenged mice after 3 weeks of exposure to any
of the three tested concentrations (5, 50, or 500 ppm; Fujimaki et al. 2011). No significant changes were
found in numbers of other cell types found in BAL fluid (macrophages, lymphocytes, neutrophils,
eosinophils) at any of the three tested concentrations in allergy-challenged mice after 3 or 6 weeks of
exposure. No significant (p>0.05) exposure-related changes in BAL fluid cell counts were noted in

normal mice exposed to 5, 50, or 500 ppm. Also reported for 50-ppm allergy-challenged mice were
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increased hypertrophy and hyperplasia in bronchial epithelium and mucus secretion in lungs without
accumulation of alveolar inflammatory cells (but incidence was not reported) and significantly increased
lung levels of fibronectin (35% increased compared with 0-ppm allergy-challenged mice), but not
fibronectin. The report did not mention histological findings in lungs of 5- or 500-ppm mice.
Significantly (p<0.05) increased splenic mMRNA levels for immune regulatory transcription factors
(STAT3, STAT4, STATS5, STAT6E, GATA3, Foxp3, IL-4, and IL-12) were measured in 50-ppm allergy-
challenged mice; in 5- or 500-ppm mice mMRNA levels for most of these transcription factors in spleens
were not significantly different from levels in spleens of 0-ppm allergy-challenged mice. In exposed
allergy-challenged mice, the only significant (p<0.05) change in levels of plasma immunoglobins was for
increased total 1gG1 at 50 ppm (~90% increased); no significant exposure-related changes were found in
levels of total IgE, 1gG2,, or antigen-specific antibodies (anti-OVA IgE, anti-OVA IgG,, anti-OVA
19G2a). The authors concluded that although exposure to 50 ppm toluene increased the expression of
transcription factors in the spleen and plasma levels of total 1gGs, the overall results “did not show a

strong correlation between toluene exposure and exacerbation of allergic responses.”

Yamamoto et al. (2009) examined spleen weight, plasma antibody levels, and splenic mRNA levels for
cytokines and transcription factors in PND 21 male mice exposed to 0, 5, or 50 ppm 6 hours/day on
GD 14 through PND 21 with or without exposure to peptidoglycan (PGN, a putative suppressor of type 2
humoral allergic responses). Findings for PND 21 mice exposed to toluene without peptidoglycan
exposure were:
o increased absolute (29% increased) and relative (24% increase) spleen weight at 50 ppm,
compared with 0- or 5-ppm mice (see Table 3-2);

o significantly decreased plasma levels of IgE and IgG2a antibodies at 50 ppm and significantly
increased levels of 1IgG1 antibodies at 5 and 50 ppm; and

o significantly decreased splenic MRNA levels for transcription factors T-bet, GATA-3, and Foxp,
but no exposure-related changes in splenic mRNA levels of cytokines IFN-y, IL-12, I1L-4, or IL-5.

When the dams and offspring were exposed to PGN several times during gestation and through PND 21,
a different pattern of findings emerged in PND 21 male offspring:

o increased absolute (>32% increase) and relative (>35% increase) spleen weights in all
PGN-+toluene groups, compared with 0-ppm toluene alone controls, but no significant differences
among the PGN-+toluene groups (see Table 3-2);

o no significant differences in IgE levels among PGN+ toluene groups; significantly decreased

plasma levels of 1gG1 at PGN+50 ppm and IgG2a at PGN+5 ppm and PGN+50 ppm, compared
with PGN+0 ppm controls;
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Table 3-2. Mean Spleen Weight (SE) for PND 21 Mice (n=6/Group) Exposed to
Toluene 6 Hours/Day on GD 14 Through PND 21 With and Without Exposure

to PGN
Exposure group Spleen weight (mg) Relative spleen weight (% spleen: body weight)
0 ppm 74.73 (3.63) 0.81 (0.043)
5 ppm 68.75 (3.10) 0.71 (0.028)
50 ppm 96.40 (5.84)2 1.01 (0.054)°
0 ppm + PGN 105.03 (5.39)° 1.16 (0.055)°
5 ppm + PGN 105.68 (3.65)2 1.15 (0.037)a
50 ppm + PGN 98.62 (5.31) 1.09 (0.058)

3p<0.01, compared with 5-ppm toluene group, as reported by study authors.
bp<0.01, compared with 0-ppm toluene group, as reported by study authors.

GD = gestation day; PGN = peptidoglycan; PND = postnatal day SE = standard error

Source: Yamamoto et al. 2009
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o significantly decreased splenic MRNA levels for Foxp3 at PGN+5 ppm and PGN+50 ppm,
compared with PGN+0 ppm, but no exposure-related changes in splenic mMRNA levels of
cytokines IFN-y, IL-12, IL-4, IL-5, T-bet or GATA-3 among PGN+toluene groups.

This study found toluene-induced increased spleen weight in offspring at 50 ppm, but no apparent
response of spleen weight to toluene with co-exposure to PGN, a suppressor of type 2 humoral allergic
responses. Mechanistic understanding is insufficient to determine the adversity of the observed pattern of
changes in plasma immunoglobulins and splenic mMRNA levels for transcription factors related to type 1

and type 2 immune responses in the spleen.

Win-Shwe et al. (2010b) examined weights of brain, lung, thymus, and spleen, and hippocampal mRNA
levels for neurotrophic factors, inflammatory cytokines, astrocyte marker GFAP, microglia marker Ibal,
and several other transcription factors in PND 21 male mice exposed to 0, 5, or 50 ppm 6 hours/day on
GDs 14-18, PNDs 2—-6, or PNDs 8-12. No significant (p>0.05) exposure-related changes were found in
body weight or weights of brain, lung, thymus, or spleen. Statistically significant changes (compared
with nonexposed controls) were reported in hippocampal mRNA levels for the following neuroimmune
factors in PND 21 male mice:

o increased NGF at 50 ppm with PND 2-6 exposure and at 5 ppm (but not 50 ppm) with PND 8-12
exposure;

increased BDNF at 5 and 50 ppm with PND 8-12 exposure;

e increased CCL3 at 5 ppm with PND 8-12 exposure;

o increased TNF-a at 50 ppm with PND 2-6 exposure and at 5 ppm with PND 8-12 exposure;
e increased GFAP at 5 ppm with PND 8-12 exposure;

e increased Ibal at 50 ppm with GD 14-18 exposure and at 5 ppm with PND 8-12 exposure;
e increased HO-1 at 50 ppm with PND 2-6 and 5 ppm with PND 8-12;

e increased TLR4 at 5 ppm with PND 8-12 exposure; and

o increased NF-xB at 50 ppm with PND 2-6 and at 5 and 50 ppm with PND 8-12 exposure.

Most of the examined neuroimmune factors were upregulated at 5 ppm (but not 50 ppm) with PND 8-12
exposure. Of the 10 factors examined, only one (CCL2) was not upregulated. It is unclear why exposure
to 50 ppm in this period did not upregulate most of the factors upregulated by 5 ppm with PND 8-12
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exposure. Exposure during GDs 14-18 upregulated only GFAP at 5 ppm and Ibal at 50 ppm, whereas
exposure during PNDs 2—6 upregulated only NGF, TNF-a, HO-1, and NF-«xB at 50 ppm.

Win-Shwe et al. (2012a) examined lung, spleen, and thymus weights, plasma levels of antibodies,
percentage distribution of splenic T lymphocytes, and splenic mMRNA levels for inflammatory cytokines
and transcription factors in PND 21 male mice exposed to 0, 5, or 50 ppm 6 hours/day on GDs 14-18,
PNDs 2-6, or PNDs 8-12. The only significant (p<0.05) exposure-related changes found in body weight
or weights of thymus, left lung, or spleen were decreased weight of thymus and spleen at 5 ppm (but not
50 ppm) with PND 8-12 exposure. The magnitudes of these decreases were not reported. Statistically
significant changes (p<0.05, compared with nonexposed controls) reported in blood and splenic immune
system end points in PND 21 male mice included:

e decreased plasma levels of total 1gG2a antibodies at 5 ppm (but not 50 ppm) with PND 2—-6

exposure and increased levels at 5 ppm (but not 50 ppm) with PND 8-12 exposure;

o decreased plasma levels of total 1IgG1 antibody at 5 and 50 ppm with GDs 14-18 and PND 8-12
exposure and at 50 ppm with PND 2-6 exposure;

e decreased percentage CD+4 splenic T lymphocytes at 50 ppm with PND 2-6 and 8-12 exposure;
e decreased percentage CD8+ T lymphocytes at 50 ppm with PND 8-12 exposure;

e decreased IL-12 mRNA levels in spleen at 5 and 50 ppm with PNDs 2—6 and 8-12 exposure; and

e decreased T-bet and Foxp3 mRNA levels in spleen at 5 and 50 ppm with PND 2-6 and 8-12
exposure.

No significant exposure-related changes were found in IFN-y or GATA3 mRNA levels in spleen.

Exposure during PNDs 8-12 produced changes in a greater number of examined end points in PND 21
mice than exposure during GDs 14-18 (decreased plasma total 1gG1 at 5 and 50 ppm) or PNDs 2—-6
(decreased 1gG2a antibodies, 1gG1 antibodies, and percentage of CD+4 lymphocytes in spleen at 5 ppm,
and decreased splenic IL-12, T-bet, and Foxp3 mRNA at 5 and 50 ppm) (Win-Shwe et al. 2012a). End
points modulated with PND 8-12 exposure were:

e decreased thymus and spleen weight at 5 ppm;
e increased IgG2a antibodies at 5 ppm;

e decreased plasma IgG1 antibodies and decreased splenic MRNA levels for IL-12, T-bet, and
Foxp3 at 5 and 50 ppm; and

e decreased percentage of CD+4 and CD8+ lymphocytes in the spleen at 50 ppm.
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Following the same gestational and postnatal exposure protocol, MRNA levels of neurotrophic factors
(NGF, BDNF), pro-inflammatory cytokines (CCL2, CCL3, TNF-a), NGF transcription factor NF-kB,
neurogenesis modulator toll-like receptor 4 (TLR4), oxidative stress marker HO-1, astrocyte marker
GFAP, and microglia marker Iba-1 were determined in the hippocampus of offspring on PND 21 (Win-
Shwe et al. 2012b). Significantly increased mRNA levels (~133-600%) were reported for NGF, BDNF,
TNF-a, CCL3, NF-kB, TLR4, GFAP, Iba-1, and HO-1 in the 5 ppm group exposed from PND 8 to 12,
NGF, TNF-o,