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UPDATE STATEMENT

A Toxicological Profile for Aluminum, Draft for Public Comment, was released in September 2006. This
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 Environmental Medicine/Applied Toxicology Branch
1600 Clifton Road NE
Mailstop F-32
Atlanta, Georgia 30333
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FOREWORD

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

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

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

Each profile includes the following:

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

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

(© 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.

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

I A, = Con 3

Howard Frumkin M.D., Dr.P.H. Julie Louise Gerberding, M.D., M.P.H.
Director Administrator
National Center for Environmental Health/ Agency for Toxic Substances and
Agency for Toxic Substances and Disease Registry

Disease Registry

*_eqislative Background

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization
Act (SARA) of 1986 (Public Law 99 499) which amended the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public law directed ATSDR to
prepare toxicological profiles for hazardous substances most commonly found at facilities on the
CERCLA National Priorities List and that pose the most significant potential threat to human health, as
determined by ATSDR and the EPA. The availability of the revised priority list of 275 hazardous
substances was announced in the Federal Register on December 7, 2005 (70 FR 72840). For prior
versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866);
October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067);
October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); February 28, 1994 (59 FR 9486);
April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999(64 FR 56792);
October 25, 2001 (66 FR 54014) and November 7, 2003 (68 FR 63098). Section 104(i)(3) of CERCLA,
as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each substance on
the list.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

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

Primary Chapters/Sections of Interest

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

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

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

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

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

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

ATSDR Information Center
Phone: 1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY) Fax: (770) 488-4178
E-mail: cdcinfo@cdc.gov Internet:  http://www.atsdr.cdc.gov

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

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


http:http://www.atsdr.cdc.gov
mailto:cdcinfo@cdc.gov
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials
incident. Volumes I and 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, 200 Independence Avenue,
SW, Washington, DC 20201 ¢ Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

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

Referrals

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

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, EIk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.


http:http://www.aoec.org
mailto:AOEC@AOEC.ORG
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substance-specific Minimal Risk Levels (MRLS), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLS.
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consistency across profiles and adherence to instructions in the Guidance.

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 aluminum. The panel consisted of the following members:

1. Dr. Jerrold Abraham, Professor of Family Medicine, Upstate Medical University, Syracuse, New
York,
2. Dr. Michael Aschner, Director, Department of Pediatrics, Vanderbilt University Medical Center,

Nashville, Tennessee, and

3. Dr. Robert Yokel, Professor, Division of Pharmaceutical Sciences, University of Kentucky,
College of Pharmacy, Lexington, Kentucky.

These experts collectively have knowledge of aluminum'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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ALUMINUM 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about aluminum and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the nation.
These sites are then placed on the National Priorities List (NPL) and are targeted for long-term federal
clean-up activities. Aluminum (in some form, e.g., in compounds with other elements such as oxygen,
sulfur, or phosphorus) has been found at elevated levels in at least 596 of the 1,699 current or former NPL
sites. Although the total number of NPL sites evaluated for this substance is not known, the possibility
exists that the number of sites at which aluminum is found may increase in the future as more sites are
evaluated. This information is important because these sites may be sources of exposure and exposure to

this substance at high levels may be harmful.

When a substance is released either from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. Such a release does not always lead to exposure. You
can be exposed to a substance only when you come in contact with it. You may be exposed by breathing,
eating, or drinking the substance, or by skin contact. However, it should be noted that aluminum is a very
abundant and widely distributed element and will be found in most rocks, soils, waters, air, and foods.
You will always have some exposure to low levels of aluminum from eating food, drinking water, and

breathing air.

If you are exposed to aluminum, many factors will determine whether you will be harmed. These factors
include the dose (how much), the duration (how long), and how you come in contact with it. You must
also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, and
state of health.
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1.1 WHAT IS ALUMINUM?

Description

Uses
e Aluminum
metal

e Aluminum
compounds

* Consumer
products

Aluminum is the most abundant metal in the earth's crust and it is widely
distributed.

Aluminum is a very reactive element and is never found as the free metal in
nature. It is found combined with other elements, most commonly with
oxygen, silicon, and fluorine. These chemical compounds are commonly
found in soil, minerals (e.g., sapphires, rubies, turquoise), rocks (especially
igneous rocks), and clays.

Aluminum as the metal is obtained from aluminum-containing minerals,
primarily bauxite.

Aluminum metal is light in weight and silvery-white in appearance.

Aluminum is used to make beverage cans, pots and pans, airplanes, siding
and roofing, and foil.

Powdered aluminum metal is often used in explosives and fireworks.

Aluminum compounds are used in many diverse and important industrial
applications such as alums (aluminum sulfate) in water-treatment and
alumina in abrasives and furnace linings.

Aluminum is found in consumer products including:
* antacids
* astringents
* buffered aspirin
« food additives
* antiperspirants
» cosmetics

For more information on the physical and chemical properties of aluminum and its production, disposal,

and use, see Chapters 4 and 5.
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1.2 WHAT HAPPENS TO ALUMINUM WHEN IT ENTERS THE ENVIRONMENT?

Sources

Break down

o Air

» Water and
soil

Aluminum occurs naturally in soil, water, and air.

High levels in the environment can be caused by the mining and processing
of aluminum ores or the production of aluminum metal, alloys, and
compounds.

Small amounts of aluminum are released into the environment from coal-fired
power plants and incinerators.

Aluminum cannot be destroyed in the environment. It can only change its
form or become attached or separated from particles.

Aluminum particles in air settle to the ground or are washed out of the air by
rain. However, very small aluminum particles can stay in the air for many
days.

Most aluminum-containing compounds do not dissolve to a large extent in
water unless the water is acidic or very alkaline.

For more information on aluminum in the environment, see Chapter 6.

1.3 HOW MIGHT | BE EXPOSED TO ALUMINUM?

Food—primary
source of
exposure

Air

Unprocessed foods like fresh fruits, vegetables, and meat contain very little
aluminum.

Aluminum compounds may be added during processing of foods, such as:
* flour
* baking powder
» coloring agents
* anticaking agents

An average adult in the United States eats about 7-9 mg of aluminum per
day in their food.

Most people take in very little aluminum from breathing. Levels of aluminum
in the air generally range from 0.005 to 0.18 micrograms per cubic meter
(pg/m3), depending on location, weather conditions, and type and level of
industrial activity in the area. Most of the aluminum in the air is in the form of
small suspended particles of soil (dust).

Aluminum levels in urban and industrial areas may be higher and can range
from 0.4 to 8.0 ug/m°.
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The concentration of aluminum in natural waters (e.g., ponds, lakes,
streams) is generally below 0.1 milligrams per liter (mg/L).

People generally consume little aluminum from drinking water. Water is
sometimes treated with aluminum salts while it is processed to become
drinking water. But even then, aluminum levels generally do not exceed
0.1 mg/L. Several cities have reported concentrations as high as 0.4—
1 mg/L of aluminum in their drinking water.

People are exposed to aluminum in some cosmetics, antiperspirants, and
pharmaceuticals such as antacids and buffered aspirin.

* Antacids have 300-600 mg aluminum hydroxide (approximately 104—
208 mg of aluminum) per tablet, capsule, or 5 milliliter (mL) liquid dose.
Little of this form of aluminum is taken up into the bloodstream.

« Buffered aspirin may contain 10-20 mg of aluminum per tablet

* Vaccines may contain small amounts of aluminum compounds, no
greater than 0.85 mg/dose.

For more information on how you might be exposed to aluminum, see Chapter 6.

1.4 HOW CAN ALUMINUM ENTER AND LEAVE MY BODY?

Enter your body
e Inhalation

* Ingestion

* Dermal
contact

Leave your body

A small amount of the aluminum you breathe will enter your body through
your lungs.

A very small amount of the aluminum in food or water will enter your body
through the digestive tract. An extremely small amount of the aluminum
found in antacids will be absorbed.

A very small amount may enter through your skin when you come into
contact with aluminum.

Most aluminum in food, water, and medicines leaves your body quickly in
the feces. Much of the small amount of aluminum that does enter the
bloodstream will quickly leave your body in the urine.

For more information on how aluminum enters and leaves the body, see Chapter 3.
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1.5 HOW CAN ALUMINUM AFFECT MY HEALTH?

This section looks at studies concerning potential health effects in animal and human studies.

Workers
* Inhalation

Humans
 Oral

Laboratory
animals
* Inhalation

* Oral

Workers who breathe large amounts of aluminum dusts can have lung
problems, such as coughing or changes that show up in chest X-rays. The
use of breathing masks and controls on the levels of dust in factories have
largely eliminated this problem.

Some workers who breathe aluminum-containing dusts or aluminum fumes
have decreased performance in some tests that measure functions of the
nervous system.

Oral exposure to aluminum is usually not harmful. Some studies show that
people exposed to high levels of aluminum may develop Alzheimer’s
disease, but other studies have not found this to be true. We do not know
for certain that aluminum causes Alzheimer’s disease.

Some people who have kidney disease store a lot of aluminum in their
bodies. The kidney disease causes less aluminum to be removed from the
body in the urine. Sometimes, these people developed bone or brain
diseases that doctors think were caused by the excess aluminum.

Although aluminum-containing over the counter oral products are
considered safe in healthy individuals at recommended doses, some
adverse effects have been observed following long-term use in some
individuals.

Lung effects have been observed in animals exposed to aluminum dust.
Scientists do not know if these effects are dur to the aluminum or to the
animals breathing in a lot of dust.

Studies in animals show that the nervous system is a sensitive target of
aluminum toxicity. Obvious signs of damage were not seen in animals after
high oral doses of aluminum. However, the animals did not perform as well
in tests that measured the strength of their grip or how much they moved
around.

Further information on the health effects of aluminum in humans and animals can be found in

Chapters 2 and 3.
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1.6 HOW CAN ALUMINUM AFFECT CHILDREN?

This section discusses potential health effects in humans from exposures during the period from

conception to maturity at 18 years of age.

Effects in children Brain and bone disease caused by high levels of aluminum in the body have

Birth defects

been seen in children with kidney disease. Bone disease has also been
seen in children taking some medicines containing aluminum. In these
children, the bone damage is caused by aluminum in the stomach
preventing the absorption of phosphate, a chemical compound required for
healthy bones.

Aluminum is found in breast milk, but only a small amount of this aluminum
will enter the infant’s body through breastfeeding. Typical aluminum
concentrations in human breast milk range from 0.0092 to 0.049 mg/L.
Aluminum is also found in soy-based infant formula (0.46—0.93 mg/L) and
milk-based infant formula (0.058-0.15 mg/L).

We do not know if aluminum will cause birth defects in people. Birth defects
have not been seen in animals.

Very young animals appeared weaker and less active in their cages and
some movements appeared less coordinated when their mothers were
exposed to large amounts of aluminum during pregnancy and while nursing.
In addition, aluminum also affected the animal’'s memory. These effects are
similar to those that have been seen in adults.

It does not appear that children are more sensitive than adult animals.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO ALUMINUM?

Food

You cannot avoid exposure to aluminum because it is so common and
widespread in the environment.

Exposure to the levels of aluminum that are naturally present in food and
water and the forms of aluminum that are present in dirt and aluminum pots
and pans are not considered to be harmful.

Eating large amounts of processed food containing aluminum additives or
frequently cooking acidic foods in aluminum pots may expose a person to
higher levels of aluminum than a person who generally consumes
unprocessed foods and uses pots made of other materials (e.g., stainless
steel or glass). However, aluminum levels found in processed foods and
foods cooked in aluminum pots are generally considered to be safe.
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Consumer Limiting your intake of large quantities of aluminum-containing antacids and
products buffered aspirin and using these medications only as directed is the best
way to limit exposure to aluminum from these sources.

As a precaution, such products should have child-proof caps or should be
kept out of reach of children so that children will not accidentally injest them.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO

ALUMINUM?
Detecting All people have small amounts of aluminum in their bodies. It can be
exposure measured in the blood, bones, feces, or urine.
Measuring Urine and blood aluminum measurements can tell you whether you have
exposure been exposed to larger-than-normal amounts of aluminum, especially for

recent amounts.

Measuring bone aluminum can also indicate exposure to high levels of
aluminum, but this requires a bone biopsy.

Information about tests for detecting aluminum in the body is given in Chapters 3 and 7.

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

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

recommendations for toxic substances.

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 that is usually based on levels that
affect animals; they are then adjusted to levels that will help protect humans. Sometimes these not-to-
exceed levels differ among federal organizations because they used different exposure times (an 8-hour

workday or a 24-hour day), different animal studies, or other factors.
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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 provides it. Some

regulations and recommendations for aluminum include the following:

Drinking water The EPA has recommended a Secondary Maximum Contaminant Level
(SMCL) of 0.05-0.2 mg/L for aluminum in drinking water. The SMCL is not
based on levels that will affect humans or animals. It is based on taste,
smell, or color.

Consumer The FDA has determined that aluminum used as food additives and
products medicinals such as antacids are generally safe.

FDA set a limit for bottled water of 0.2 mg/L.

Workplace air OSHA set a legal limit of 15 mg/m?® (total dust) and 5 mg/m® (respirable
fraction) aluminum in dusts averaged over an 8-hour work day.

For more information on regulations and advisories, see Chapter 8.

1.10 WHERE CAN | GET MORE INFORMATION?

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

environmental quality department, or contact ATSDR at the address and phone number below.

ATSDR can also tell you the location of occupational and environmental health clinics. These clinics
specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous
substances.

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM. You may
request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information and technical
assistance number at 1-800-CDC-INFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing
to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Environmental Medicine
1600 Clifton Road NE

Mailstop F-32

Atlanta, GA 30333

Fax: 1-770-488-4178


mailto:cdcinfo@cdc.gov
http:www.atsdr.cdc.gov
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Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www.ntis.gov/


http:http://www.ntis.gov
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO ALUMINUM IN THE
UNITED STATES

Aluminum is ubiquitous; the third most common element of the earth's crust. It is naturally released to
the environment from the weathering of rocks and volcanic activity. Human activities such as mining
also result in the release of aluminum to the environment. Aluminum levels in environmental media vary
widely depending upon the location and sampling site. In general, background levels of aluminum in the
atmosphere are low, typically ranging from about 0.005 to 0.18 pg/m*. Much higher levels are routinely
observed in urban and industrial locations. Aluminum levels in surface water is usually very low

(<0.1 mg/L); however, in acidic waters or water high in humic or fulvic acid content, the concentration of
soluble aluminum increases due to the increased solubility of aluminum oxide and aluminum salts. Its

concentration in soils varies widely, ranging from about 7 to over 100 g/kg.

In the environment, aluminum exists in only one oxidation state (+3), and does not undergo oxidation-
reduction reactions. It can react with other matter in the environment to form various complexes. The
fate and transport of aluminum is largely controlled by environmental factors such as pH, salinity, and the
presence of various species with which it may form complexes. In general, the solubility and mobility of
aluminum in soil is greatest when the soil is rich in organic matter capable of forming aluminum-organic

complexes and when the pH is low, such as in areas prone to acid rain or in acidic mine tailings.

The general population is primarily exposed to aluminum through the consumption of food items,
although minor exposures may occur through ingestion of aluminum in drinking water and inhalation of
ambient air. Aluminum found in over-the-counter medicinals, such as antacids and buffered aspirin, is
used as a food additive, and is found in a number of topically applied consumer products such as
antiperspirants, and first aid antibiotic and antiseptics, diaper rash and prickly heat, insect sting and bite,
sunscreen and suntan, and dry skin products. The concentration of aluminum in foods and beverages
varies widely, depending upon the food product, the type of processing used, and the geographical areas
in which food crops are grown (see Section 6.4). Based on the FDA’s 1993 Total Diet Study dietary
exposure model and the 1987-1988 U.S. Department of Agriculture (USDA) Nationwide Food
Consumption Survey, the authors estimated daily aluminum intakes of 0.10 mg Al/kg/day for 6—
11-month-old infants; 0.30-0.35 mg Al/kg/day for 2-6-year-old children; 0.11 mg Al/kg/day for 10-year-
old children; 0.15-0.18 mg Al/kg/day for 14-16-year-old males and females; and 0.10-

0.12 mg Al/kg/day for adult (25-30- and 70+-year-old) males and females. Users of aluminum-
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containing medications who are healthy (i.e., have normal renal function) can ingest much larger amounts
of aluminum than in the diet, possibly as high as 12-71 mg Al/kg/day from antacid/anti-ulcer products

and 2-10 mg Al/kg/day from buffered analgesics when taken at recommended dosages.

Gastrointestinal absorption of aluminum is low, generally in the range of 0.1-0.4% in humans, although
absorption of particularly bioavailable forms such as aluminum citrate may be on the order of 0.5-5%.
Although large bolus doses of as much as half a gram of aluminum as aluminum hydroxide throughout
the day can be ingested during antacid therapy, absorption of aluminum hydroxide is usually <0.01% of
the intake amount. Bioavailability of aluminum varies depending mainly on the chemical form of the
ingested compound (i.e., type of anion) and the concurrent exposure to dietary chelators such as citric
acid, ascorbic acid, or lactic acid. The total body burden of aluminum in healthy human subjects is
approximately 30-50 mg. Normal levels of aluminum in serum are approximately 1-3 pug/L. Of the total

body burden of aluminum, about one-half is in the skeleton, and about one-fourth is in the lungs.

2.2 SUMMARY OF HEALTH EFFECTS

There are numerous studies that have examined aluminum’s potential to induce toxic effects in humans
exposed via inhalation, oral, or dermal exposure. Most of these findings are supported by a large number
of studies in laboratory animals. Occupational exposure studies and animal studies suggest that the lungs
and nervous system may be the most sensitive targets of toxicity following inhalation exposure.
Respiratory effects, in particular impaired lung function and fibrosis, have been observed in workers
exposed to aluminum dust or fumes; however, this has not been consistently observed across studies and
it is possible that co-exposure to other compounds contributed to observed effects. Respiratory effects
(granulomatous lesions) have also been observed in rats, hamsters, and guinea pigs. There is concern that
these effects are due to dust overload rather than a direct effect of aluminum in lung tissue. Occupational
studies in workers exposed to aluminum dust in the form of Mcintyre powder, aluminum dust and fumes
in potrooms, and aluminum fumes during welding provide suggestive evidence that there may be a
relationship between chronic aluminum exposure and subclinical neurological effects such as impairment
on neurobehavioral tests for psychomotor and cognitive performance and an increased incidence of
subjective neurological symptoms. With the exception of some isolated cases, inhalation exposure has
not been associated with overt symptoms of neurotoxicity. A common limitation of these occupational
exposure studies is that aluminum exposure has not been well characterized. The available animal

inhalation studies are inadequate for assessing the potential for aluminum-induced neurotoxicity because
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the only neurological end points examined were brain weight and histology of the brain; no function tests

were performed.

There is limited information on aluminum toxicity following dermal exposure. Application of aluminum
compounds to the skin, such as aluminum chloride in ethanol or alum, may cause rashes in some people.
Skin damage has been observed in mice, rabbits, and pigs exposed to aluminum chloride or aluminum
nitrate, but not following exposure to aluminum sulfate, aluminum hydroxide, aluminum acetate, or

aluminum chlorhydrate.

There is a fair amount of human data on the toxicity of aluminum following oral exposure. However, the
preponderance of human studies are in patients with reduced renal function who accumulated aluminum
as a result of long-term intravenous hemodialysis therapy with aluminum-contaminated dialysis fluid and,
in many cases, concurrent administration of high oral doses of aluminum to regulate phosphate levels
(i.e., reduce uptake of phosphate by binding it in the gut) and have limited usefulness in predicting
toxicity in the general population because the very large aluminum exposure levels and impaired renal
function results in aluminum accumulation. Dialysis encephalopathy syndrome (also referred to as
dialysis dementia) can result from this accumulation of aluminum in the brain. Dialysis encephalopathy
is a degenerative neurological syndrome, characterized by the gradual loss of motor, speech, and
cognitive functions. Another neurological effect that has been proposed to be associated with aluminum
exposure is Alzheimer’s disease. Although a possible association was proposed over 40 years ago, this
association is still highly controversial and there is little consensus regarding current evidence. A number
of studies have found weak associations between living in areas with elevated aluminum levels in
drinking water and an increased risk (or prevalence) of Alzheimer’s disease; other studies have not found
significant associations. In contrast, no significant associations have been found between tea
consumption or antacid use and the risk of Alzheimer’s disease; although the levels of aluminum in tea
and antacids are very high compared to drinking water, aluminum from these sources is poorly absorbed.
The available data do not suggest that aluminum is a causative agent of Alzheimer’s disease; however, it

is possible that it may play a role in the disease development.

Aluminum is found in several ingested over-the-counter products such as antacids and buffered aspirin;
clinical studies on health effects of aluminum medicinals in people with normal renal function have been
identified. These aluminum-containing products are assumed to be safe in healthy individuals at
recommended doses based on historical use. The assumed safety of aluminum is also partly due to the

generally regarded as safe (GRAS) status of aluminum-containing food additives. However, there is
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some indication that adverse effects can result from long-term use of aluminum-containing medications in
some healthy individuals. There are a number of case reports of skeletal changes (e.g., osteomalacia) in
adults and children with normal kidney function due to long-term antacid use for the treatment of
gastrointestinal disorders. These skeletal effects are secondary to hypophosphatemia and phosphate

depletion caused by aluminum impairing phosphorus absorption by binding with dietary phosphorus.

There is a rather extensive database on the oral toxicity of aluminum in animals. These studies clearly
identify the nervous system as the most sensitive target of aluminum toxicity and most of the animal
studies have focused on neurotoxicity and neurodevelopmental toxicity. Other adverse effects that have
been observed in animals orally exposed to aluminum include impaired erythropoiesis in rats exposed to
230 mg Al/kg/day and higher, erythrocyte damage (as evidenced by decreases in hemoglobin, hematocrit,
and erythrocyte osmotic fragility, and altered erythrocyte morphology) in rats exposed to

230 mg Al/kg/day and higher, increased susceptibility to infection in mouse dams exposed to

155 mg Al/kg/day, delays in pup maturation following exposure of rats to 53 mg Al/kg/day, and
decreases in pup body weight gain in rats and mice exposed to 103 mg Al/kg/day and higher.

Neurodegenerative changes in the brain, manifested as intraneuronal hyperphosphorylated neuro-
filamentous aggregates, is a characteristic response to aluminum in certain species and nonnatural
exposure situations generally involving direct application to brain tissue, particularly intracerebral and
intracisternal administration and in vitro incubation in rabbits, cats, ferrets, and nonhuman primates. Oral
studies in rats and mice have not found significant histopathological changes in the brain under typical
exposure conditions; however, altered myelination was found in the spinal cord of mouse pups exposed to
330 mg Al/kg/day on gestation day 1 through postnatal day 35. Overt signs of neurotoxicity are rarely
reported at the doses tested in the available animal studies (<330mg Al/kg/day for bioavailable aluminum
compounds); rather, exposure to these doses is associated with subtle neurological effects detected with
neurobehavioral performance tests. Significant alterations in motor function, sensory function, and
cognitive function have been detected following exposure to adult or weanling rats and mice or following
gestation and/or lactation exposure of rats and mice to aluminum lactate, aluminum nitrate, and aluminum
chloride. The most consistently affected performance tests were forelimb and/or hindlimb grip strength,
spontaneous motor activity, thermal sensitivity, and startle responsiveness. Significant impairments in
cognitive function have been observed in some studies, although this has not been found in other studies
even at higher doses. Adverse neurological effects have been observed in rats and mice at doses of 100-
200 mg Al/kg/day and neurodevelopmental effects have been observed in rats and mice at doses of 103—
330 mg Al/kg/day.
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A number of human studies have examined the occurrence of cancer among aluminum industry workers
and found a higher-than-expected cancer mortality rate, but this is probably due to the other potent
carcinogens to which they are exposed, such as polycyclic aromatic hydrocarbons (PAHSs) and tobacco
smoke. Awvailable cancer studies in animals have not found biologically relevant increases in malignant
tumors. The International Agency for Research on Cancer (IARC) concluded that aluminum production
was carcinogenic to humans and that pitch volatiles have fairly consistently been suggested in
epidemiological studies as being possible causative agents. The Department of Health and Human

Services and EPA have not evaluated the human carcinogenic potential of aluminum.

2.3 MINIMAL RISK LEVELS (MRLS)

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

methodology does not exist to develop MRLs for dermal exposure.

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

Inhalation MRLs
No acute-, intermediate-, or chronic-duration inhalation MRLs were derived for aluminum. Results from

human and animal studies suggest that the respiratory tract, particularly the lung, is a sensitive target of

airborne aluminum toxicity; human studies also suggest that the nervous system may also be a target of
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inhaled aluminum. Interpretation of the human data is complicated by the lack of exposure assessment
and the potential for concomitant exposure to other toxic compounds. Numerous studies have found
impaired lung function in a variety of aluminum workers (Abbate et al. 2003; Al-Masalkhi and Walton
1994; Bast-Pettersen et al. 1994; Bost and Newman 1993; Burge et al. 2000; Chan-Yeung et al. 1983;
Herbert et al. 1982; Hull and Abraham 2002; Jederlinic et al. 1990; Korogiannos et al. 1998; Miller et al.
1984b; Radon et al. 1999; Simonsson et al. 1985; Vandenplas et al. 1998). Other effects that have been
observed include occupational asthma (Abramson et al. 1989; Burge et al. 2000; Kilburn 1998;
Vandenplas et al. 1998) and pulmonary fibrosis (Al-Masalkhi and Walton 1994; De Vuyst et al. 1986;
Edling 1961; Gaffuri et al. 1985; Gilks and Churg 1987; Jederlinic et al. 1990; Jephcott 1948;
McLaughlin et al. 1962; Mitchell et al. 1961; Musk et al. 1980; Riddell 1948; Shaver 1948; Shaver and
Riddell 1947; Ueda et al. 1958; Vallyathan et al. 1982).

Acute-, intermediate-, and chronic-duration animal studies have also reported respiratory effects. These
respiratory effects include increases in alveolar macrophages, granulomatous lesions in the lungs and
peribronchial lymph nodes, and increases in lung weight (Drew et al. 1974; Klosterkotter 1960; Pigott et
al. 1981; Steinhagen et al. 1978; Stone et al. 1979). The lung effects observed in humans and animals are
suggestive of dust overload. Dust overload occurs when the volume of dust in the lungs markedly
impairs pulmonary clearance mechanisms. Lung overload is not dependent on the inherent toxicity of the
compound, and dust overloading has been shown to modify both the dosimetry and toxicological effects
of the compound (Morrow 1988). When excessive amounts of widely considered benign dusts are
persistently retained in the lungs, the resultant lung effects are similar to those observed following
exposure to dusts that are highly toxic to the lungs. Because it is unclear whether the observed respiratory
effects are related to aluminum toxicity or to dust overload, inhalation MRLs based on respiratory effects

were not derived.

Subtle neurological effects have also been observed in workers chronically exposed to aluminum dust or
fumes. These effects include impaired performance on neurobehavioral tests (Akila et al. 1999; Bast-
Pettersen et al. 2000; Buchta et al. 2003, 2005; Hanninen et al. 1994; Hosovski et al. 1990; Polizzi et al.
2001; Rifat et al. 1990; Riihiméki et al. 2000; Sjogren et al. 1990) and increased reporting of subjective
neurological symptoms (Bast-Pettersen et al. 1994, 2000; Hanninen et al. 1994; Hosovski et al. 1990;
Iregren et al. 2001; Rifat et al. 1990; Riihiméki et al. 2000; Sim et al. 1997; Sjogren et al. 1990, 1996;
White et al. 1992). Neurological exams in the available animal studies (Steinhagen et al. 1978; Stone et
al. 1979) have been limited to measurement of brain weight and/or histopathology of the brain; no

function tests were performed. The identification of neurotoxicity as a sensitive end point in workers
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exposed to aluminum dust and fumes is well supported by a large number of animal studies reporting a
variety of neurobehavioral alterations following oral exposure. However, the poor characterization of
aluminum exposure in the occupational exposure studies precludes using these studies to develop an

inhalation MRL for aluminum.

Oral MRLs

Data on health effects of ingested aluminum in humans are unsuitable for MRL consideration because
studies have centered on specific patient populations (i.e., dialysis, neurodegenerative disease) and are not
the types typically used in risk evaluation. Studies in patients with reduced renal function who
accumulated aluminum as a result of long-term intravenous hemodialysis therapy with aluminum-
contaminated dialysate and the use of aluminum-containing phosphate binding agents provide evidence
that aluminum is an important etiologic factor in dialysis-related health disorders, particularly the
neurological syndrome dialysis encephalopathy. The effects are manifested under unnatural exposure
conditions in which the gastrointestinal barrier is bypassed (exposure to aluminum in dialysate fluid) and
aluminum excretion is impaired by the poor renal function. There are case reports of skeletal changes
(e.g., osteomalacia) consequent to long-term ingestion of antacids in healthy adults and children with
normal kidney function (Carmichael et al. 1984; Chines and Pacifici 1990; Pivnick et al. 1995; Woodson
1998), but these effects are attributable to an interaction between aluminum and phosphate in the gut
(aluminum binds with phosphate in the gut resulting in decreased phosphate absorption and
hypophosphatemia). Although the use of aluminum medicinals in people is widespread, there are a
limited number of experimental studies that examined the potential toxicity of the aluminum in these

medicinals in individuals with normal renal function.

Derivation of an MRL(s) for aluminum based on animal studies is complicated by limitations in the
database, particularly the lack of information on aluminum content in the base diet. As discussed in the
introduction to Section 3.2.2, commercial laboratory animal feeds contain high levels of aluminum that
can significantly contribute to total experimental exposure. Due to the likelihood of significant base
dietary exposure to aluminum, studies with insufficient information on aluminum content in the base diet
must be assumed to underestimate the actual aluminum intake. The magnitude of the underestimate can
be considerable; for example, approximate feed concentrations of 250 and 350 ppm aluminum reported in
some rat and mouse studies, respectively (Colomina et al. 1998; Domingo et al. 1993; Oteiza et al. 1993),
are roughly equivalent to daily doses of 25 mg Al/kg/day (rats) and 68 mg Al/kg/day (mice), which

represents a significant portion of the lethal dose for these species. Consequently, although studies with



ALUMINUM 18

2. RELEVANCE TO PUBLIC HEALTH

inadequate data on base dietary levels of aluminum provide useful information on health effects of
aluminum, no-observed-adverse-effect levels (NOAELSs) and lowest-observed-adverse-effect levels
(LOAELSs) from these studies cannot be assumed to be accurate, are not suitable for comparing with
effect levels from studies that used diets with known amounts of aluminum, and are inappropriate for

MRL consideration.

The available data were considered inadequate for derivation of an acute-duration oral MRL for
aluminum. Two studies were identified that provided sufficient information on the levels of aluminum in
the basal diet. McCormack et al. (1979) and Domingo et al. (1989) did not find any significant alterations
in pup viability/lethality, pup body weight, or the incidence of malformation in rats exposed to 110 mg
Al/kg/day as aluminum chloride in the diet on gestation days 6-19 (McCormack et al. 1979) or 141 mg
Al/kg/day as aluminum nitrate administered via gavage on gestation days 6-15 (Domingo et al. 1989).
Neither study evaluated the potential neurotoxicity of aluminum following acute-duration exposure;
intermediate-duration studies provide strong evidence that the nervous system (in adults and developing

organisms) is the most sensitive target of aluminum toxicity.

e An MRL of 1 mg Al/kg/day has been derived for intermediate-duration oral exposure (15—
364 days) to aluminum.

A fair number of animal studies have examined the oral toxicity of aluminum following intermediate-
duration exposure. A subset of these studies that provide information on the aluminum content of the
basal diet and involved exposure to aluminum via the diet or drinking water will be the focus of this
discussion. With the possible exception of reproductive function, these studies have examined most
potential end points of aluminum toxicity. Systemic toxicity studies have not consistently reported
adverse effects in rats exposed to up to 284 mg Al/kg/day (Domingo et al. 1987b; Gomez et al. 1986;
Konishi et al. 1996), mice exposed to doses as high as 195 mg Al/kg/day (Oteiza et al. 1989), or dogs
exposed to doses as high as 88 mg Al/kg/day (Katz et al. 1984; Pettersen et al. 1990). An increased
susceptibility to bacterial infections was observed in mouse dams exposed to 155 mg Al/kg/day as
aluminum lactate in the diet on gestation day 1 through lactation day 21 (Yoshida et al. 1989). However,
a similar aluminum dose did not result in a change in susceptibility in virgin female mice exposed to

107 mg Al/kg/day as aluminum lactate in the diet for 6 weeks (Yoshida et al. 1989). Immunological
alterations (decreased spleen concentrations of interleukin-2, interferon g, and tumor necrosis factor and a
decrease in CD* cells) were observed in mice exposed to 200 mg Al/kg/day as aluminum lactate in the
diet on gestation day 1 through postnatal day 180 (Golub et al. 1993). There is limited information on the

potential for aluminum to induce reproductive effects. Although a number of studies have reported no
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alterations in the occurrence of resorption, litter size, sex ratio, or pup body weight, no studies have
examined fertility or potential effects on sperm morphology or motility. A significant alteration in
gestation length was observed in mice exposed to 155 or 330 mg Al/kg/day as aluminum lactate in the
diet on gestation day 1 through lactation 21 (Donald et al. 1989); in the aluminum exposed mice, 4 of the
17 litters were born earlier or later (days 17, 19, or 20 versus day 18 in controls) than control litters.
However, this has not been reported in other studies in mice or rats (Colomina et al. 2005; Golub and
Germann 2001; Golub et al. 19923, 1995).

The preponderance of available intermediate-duration studies has focused on the potential for aluminum
to induce neurological and neurodevelopmental effects. Although neurotoxicity of aluminum has not
been established in people with normal renal function, the data for dialysis encephalopathy (as well as
some occupational studies) establish that the human nervous system is susceptible to aluminum and
neurotoxicity is a well-documented effect of aluminum in orally-exposed in mice and rats. A wide
variety of behavioral tests were conducted in rats and mice, in which the most consistently affected
behaviors involve motor function. Alterations in forelimb and hindlimb grip strength have been observed
in adult mice exposed to 195 mg Al/kg/day as aluminum lactate in the diet for 90 days (Golub et al.
1992b), mice (6 weeks of age at study beginning) exposed to 195 mg Al/kg/day as aluminum lactate in
the diet for 5-7 weeks (Oteiza et al. 1993), the offspring of mice exposed on gestation day 1 through
lactation day 21 to 155 mg Al/kg/day (Donald et al. 1989; Golub et al. 1995) or 250 mg Al/kg/day (Golub
et al. 1995) as aluminum lactate, and the offspring of rats exposed to 103 mg Al/kg/day as aluminum
nitrate in drinking water (with added citric acid) for 15 days prior to mating and on gestation

day 1 through lactation day 21 (Colomina et al. 2005). Decreases in spontaneous motor activity were
observed in mice exposed to 130 mg Al/kg/day for 6 weeks (Golub et al. 1989) or 195 mg Al/kg/day for
90 days (Golub et al. 1992b). Motor impairments have also been detected in mice in the wire suspension
test in which offspring exposed to 130 mg Al/kg/day had a shorter latency to fall from the wire and in the
rotorod test in which offspring exposed to 260 mg Al/kg/day had a higher number of rotations (which
occur when the animals lost its footing, clung to the rod, and rotated with it for a full turn) (Golub and
Germann 2001). Neurobehavioral alterations that have occurred at similar dose levels include decreased
responsiveness to auditory or air-puff startle (Golub et al. 1992b, 1995), decreased thermal sensitivity
(Golub et al. 1992a), increased negative geotaxis latency (Golub et al. 1992a), and increased foot splay
(Donald et al. 1989). Additionally, one study found significant impairment in performance of the water
maze test in offspring of mice exposed to 130 mg Al/kg/day on gestation day 1 through lactation

day 21 (Golub and Germann 2001). Colomina et al. (2005) did not find alterations in this test in rats

exposed to 53 mg Al/kg/day; however, this study did not run probe tests, which showed significant
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alterations in the Golub and Germann (2001) study. Other studies have utilized passive avoidance tests or
operant training tests to evaluate potential impairment of cognitive function. However, the interpretation
of the results of these tests is complicated by an increase in food motivation in aluminum exposed mice
(Golub and Germann 1998).

There is also strong evidence that gestational and/or lactational exposure can cause other developmental
effects. Gestation and/or lactation exposure can result in significant decreases in pup body weight gain in
rats and mice (Colomina et al. 2005; Golub and Germann 2001; Golub et al. 1992a). The decreases in
pup body weight are often associated with decreases in maternal body weight during the lactation phase
of the study; however, decreases in body weight have also been observed in a cross-fostering study when
gestation-exposed pups were nursed by control mice (Golub et al. 1992a). Other studies involving
gestation and lactation exposure to aluminum did not find changes in pup growth in mice (Donald et al.
1989; Golub and Germann 1998; Golub et al. 1995). In rats, a delay in physical maturation, particularly
delays in vagina opening, testes descent, and incisor eruption, has been reported at 53 mg Al/kg/day
(Colomina et al. 2005). In the Colomina et al. (2005) study, a delay in vagina opening was observed in
rat offspring exposed to 53 mg Al/kg/day. The number of days to vagina opening was 31.1, 40.9, and
45.9 days in the control, 53, and 103 mg Al/kg/day groups, respectively. Delays in maturations were also
observed for testes descent (23.9, 22.8, and 27.1 days in the control, 53, and 103 mg Al/kg/day groups,
significant at 103 mg Al/kg/day) and incisor eruption in males (5.5, 6.1, and 5.3 days, significant at 53 mg
Al/kg/day, but not at 103 mg Al/kg/day). Significant delays in vagina opening and testes descent were
also observed at 103 mg Al/kg/day in the offspring of rats similarly exposed but with the addition of
restraint stress on gestation days 6—20. The mean number of days to maturation in the control, 53, and
103 mg Al/kg/day groups were 32.5, 40.4, and 44.9 days for vagina opening and 24.9, 23.2, and 27.7 days
for testes descent. However, another study by Colomina et al. (1999) did not find significant delays in
vagina opening or testes descent, but did find significant delays in pinna attachment and eye opening
following administration of 75 mg/kg/day (15 mg Al/kg/day) aluminum chloride via intraperitoneal
injection to mice on gestation days 6-15. Another study did not find delays in pinna attachment, eye
opening, or incisor eruption in the offspring of rats administered via gavage 73 mg Al/kg/day as
aluminum chloride (aluminum content of the diet was not reported) on gestation days 8-20 (Misawa and
Shigeta 1992). Collectively, these studies provide equivocal evidence that aluminum induces delays in

maturation.

The Golub et al. (1989), Golub and Germann (2001), and Colomina et al. (2005) studies identified the

lowest LOAELS for the critical effects (neurotoxicity, neurodevelopmental toxicity, and delays in
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maturation) and were considered as possible principal studies. Golub et al. (1989) identified the lowest
LOAEL for neurotoxicity. In this study in which mice were exposed to aluminum lactate in the diet for

6 weeks, significant decreases in total activity and vertical activity (rearing) were observed at 130 mg
Al/kg/day; no significant alterations were observed at 62 mg Al/kg/day. One limitation of this study is
that motor activity was the only neurobehavioral test evaluated; other studies have shown that grip
strength is one of the more sensitive end points. Golub and Germann (2001) examined a number of
sensitive end points of neurodevelopmental toxicity in the offspring of mice exposed to aluminum lactate
in the diet on gestation day 1 through lactation day 21, after which the pups were fed a diet containing the
same levels of aluminum as the dams on postnatal days 21-35. The study identified a NOAEL of 26 mg
Al/kg/day and a LOAEL of 130 mg Al/kg/day for alterations in tests of motor function (a shorter latency
to fall off a wire) and cognitive function (impaired performance in the water maze test). This study used a
suboptimal diet, which complicates the interpretation of the study results. The dietary levels of
phosphorus, calcium, magnesium, iron, and zinc were lower than the National Research Council’s
recommendation in an attempt to mimic the intakes of these nutrients by young women. The
investigators noted that even though the intakes of several nutrients were below the recommendations, the
diet was not deficient. The impact of the suboptimal diet on the developmental toxicity of aluminum is
not known. The observed effects are similar to those reported in other studies, as are the adverse effect
levels. In the Colomina et al. (2005) study, a significant decrease in forelimb grip strength was observed
in the offspring of rats exposed to 103 mg Al/kg/day as aluminum nitrate in the drinking water (with citric
acid added to increase aluminum absorption) for 15 days prior to mating and during gestation and
lactation; grip strength was not adversely affected at 53 mg Al/kg/day. This study also found significant
delays in vagina opening at 53 mg Al/kg/day. As previously noted, there are limited data to confirm or
refute the identification of delays in maturation as a critical effect of aluminum. The delays in maturation
may be secondary to decreases in maternal weight or food intake or decreases in pup body weight and/or
food intake; however, these data are only reported for some time periods. The Golub et al. (1989) study
was not selected as the principal study because the NOAEL of 62 mg Al/kg/day identified in this study is
higher than the dose associated with delayed maturation in the Colomina et al. (2005) study. The Golub
and Germann (2001) and Colomina et al. (2005) studies were selected as co-principal studies. A short

description of these studies follows.

In the Golub and Germann (2001) study, groups of pregnant Swiss Webster mice were exposed to 0, 100,
500, or 1,000 mg Al/kg diet on gestational days 0-21 and during lactation until day 21. On postnatal day
(PND) 21, one male and one female pup from each litter were placed on the same diet as the dam. The

offspring were exposed until PND 35. The composition of the diet was modified from the National
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Research Council's recommendations; the investigators noted that the nutrients were reduced to
correspond to the usual intake of these nutrients by young women. The average daily intakes of
phosphorus, calcium, magnesium, iron, and zinc in women aged 18-24 years are 83, 56, 71, 69, and 67%
of the recommended dietary allowance (RDA); these percents were used to modify the recommended
dietary intake for the mice used in this study. Doses of 26, 130, and 260 mg Al/kg/day are calculated by
averaging reported estimated doses of 10, 50, and 100 mg Al/kg/day for adults (i.e., at beginning of
pregnancy) and 42, 210, and 420 mg Al/kg/day maximal intake during lactation. The doses at lactation
were calculated using doses estimated in previous studies with similar exposure protocols performed by
the same group of investigators (Golub et al. 1995). At 3 months of age, the females were tested for
neurotoxicity using the Morris water maze. At 5 months of age, males were tested for motor activity and
function using rotarod, grip strength, wire suspension, mesh pole descent, and beam traversal tests. No
alterations in pregnancy weight gain or pup birth weights were observed. At PND 21, significant
decreases in pup body weights were observed at 130 and 260 mg Al/kg/day. No information on maternal
weight gain during lactation was reported; however, the investigators noted that the decrease in pup
weight was not associated with reduced maternal food intake. At PND 35, the decrease in body weight
was statistically significant at 260 mg Al/kg/day. On PND 90, female mice in the 260 mg Al/kg/day
group weighed 15% less than controls. Decreases in heart and kidney weights were observed at 260 mg
Al/kg/day in the females. Also, increases in absolute brain weight were observed in females at 26 mg
Al/kg/day and relative brain weights were observed at 26 or 260 mg Al/kg/day, but not at 130 mg
Al/kg/day. In the males, significant decreases in body weight were observed at 130 (10%) and 260 (18%)
mg Al/kg/day at 5 months; an increase in food intake was also observed at these doses. In the Morris
maze (tested at 3 months in females), fewer animals in the 260 mg Al/kg/day group had escape latencies
of <60 seconds during sessions 1-3 (learning phase) and a relocation of the visible cues resulted in
increased latencies at 130 and 260 mg Al/kg/day. Body weight did not correlate with latency to find the
platform or with the distribution of quadrant times. The investigators concluded that controls used salient
and/or nonsalient cues, 26 and 130 mg Al/kg/day animals used both cues, but had difficulty using only
one cue, and 260 mg Al/kg/day animals only used the salient cues. In the males tested at 5 months, a
significant decrease in hindlimb grip strength was observed at 260 mg Al/kg/day, an increase in the
number of rotations on the rotorod as observed at 260 mg Al/kg/day, and a shorter latency to fall in the
wire suspension test was observed at 130 and 260 mg Al/kg/day. The investigators noted that there were
significant correlations between body weight and grip strength and number of rotations. When hindlimb
grip strength was statistically adjusted for body weight, the aluminum-exposed mice were no longer
significantly different from controls; the number of rotations was still significantly different from control

after adjustment for body weight.
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In the Colomina et al. (2005) study, groups of female Sprague Dawley rats were exposed to 0, 50, or

100 mg Al/kg/day aluminum nitrate nonahydrate in drinking water; citric acid (710, 355, and

710 mg/kg/day in the control, 50, and 100 ppm groups, respectively) was added to the drinking water to
increase aluminum absorption. The adult rats were exposed to aluminum for 15 days prior to mating and
during gestation and lactation periods; after weaning, the pups were exposed to the same aluminum
concentration as the mothers from PND 21 through 68. The basal diet (Panlab rodent chow) contained
41.85 pg Al/g diet. Aluminum doses were calculated by adding the basal dietary aluminum doses
(calculated using reference values for mature Sprague-Dawley rats) to reported aluminum doses from
water; the total aluminum doses were 3, 53, and 103 mg Al/kg/day. In addition to aluminum exposure,
some animals in each group underwent restraint stress for 2 hours/day on gestation days 6—20; the
restraint consisted of placing the rats in cylindrical holders. The following neurobehavioral tests were
performed on the offspring: righting reflex (PNDs 4, 5, 6), negative geotaxis (PNDs 7, 8, 9), forelimb
grip strength (PNDs 10-13), open field activity (PND 30), passive avoidance (PND 35), and water maze
(only tested at 53 mg/kg/day on PND 60). The rats were killed on PND 68. No significant alterations in
body weight, food consumption, or water consumption were observed during gestation in the dams
exposed to aluminum. The investigators noted that decreases in water and food consumption were
observed during the lactation period in the rats exposed to 103 mg Al/kg/day, but the data were not shown
and maternal body weight during lactation was not mentioned. No significant alterations in the number of
litters, number of fetuses per litter, viability index, or lactation index were observed. Additionally, no
differences in days at pinna detachment or eye opening were observed. Age at incisor eruption was
significantly higher in males exposed to 53 mg/kg/day, but not in males exposed to 103 mg/kg/day or in
females. A significant delay in age at testes descent was observed at 103 mg/kg/day and vagina opening
was delayed at 53 and 103 mg/kg/day. A decrease in forelimb grip strength was observed at

103 mg/kg/day; no alterations in other neuromotor tests were observed. Additionally, no alterations in
open field behavior or passive avoidance test were observed. In the water maze test, latency to find the
hidden platform was decreased in the 53 mg/kg/day group on test day 2, but not on days 1 or 3; no

significant alteration in time in the target quadrant was found.

The Golub and Germann (2001) and Colomina et al. (2005) studies identify four end points that could be

used as the point of departure for derivation of the intermediate-duration oral MRL.:

(1) latency to fall off wire in wire suspension test; adverse effect level of 130 mg Al/kg/day, no
effect level of 26 mg Al/kg/day (Golub and Germann 2001);



ALUMINUM 24

2. RELEVANCE TO PUBLIC HEALTH

(2) latency to locate the platform following cue relocation in the water maze test; adverse effect
level of 130 mg Al/kg/day, no effect level of 26 mg Al/kg/day (Golub and Germann 2001);

(3) decreased forelimb grip strength; adverse effect level of 103 mg Al/kg/day, no effect level of
53 mg Al/kg/day (Colomina et al. 2005); and

(4) delay in vagina opening; adverse effect level of 53 mg Al/kg/day, no effect level not
identified (Colomina et al. 2005).

Benchmark dose (BMD) modeling was considered for each of these end points. As discussed in
Appendix A, BMD modeling was not used to identify the point of departure due to incomplete reporting

of the data or because the models did not provide adequate fit.

Using a NOAEL/LOAEL approach, the NOAEL of 26 mg Al/kg/day identified in the Golub and
Germann (2001) study was selected as the point of departure for the MRL. An MRL based on this
NOAEL should be protective for neurological effects, neurodevelopmental effects, and for delays in
maturation. Dividing the NOAEL by an uncertainty factor of 100 (10 to account for the extrapolation
from mice to humans and 10 for human variability) and a modifying factor of 0.3 to account for possible
differences in the bioavailability of the aluminum lactate used in the Golub and Germann (2001) study
and the bioavailability of aluminum from drinking water and a typical U.S. diet results in an MRL of

1 mg Al/kg/day. No studies were identified that estimated the bioavailability of aluminum lactate
following long-term dietary exposure; however, a bioavailability of 0.63% was estimated in rabbits
receiving a single dose of aluminum lactate (Yokel and McNamara 1988). Yokel and McNamara (2001)
and Powell and Thompson (1993) suggest that the bioavailability of aluminum from the typical U.S. diet
was 0.1%; the bioavailability of aluminum from drinking water ranges from 0.07 to 0.39% (Hohl et al.
1994; Priest et al. 1998; Stauber et al. 1999; Steinhausen et al. 2004). These data suggest that aluminum
lactate has a higher bioavailability than aluminum compounds typically found in drinking water or the
diet.

e An MRL of 1 mg Al/kg/day has been derived for chronic-duration oral exposure (365 days or
longer) to aluminum.

A small number of animal studies examined the chronic toxicity of aluminum. Schroeder and Mitchener

(19754, 1975b) examined the systemic toxicity of aluminum following lifetime exposure of rats and mice
to very low doses of aluminum sulfate in the drinking water. Although the levels of aluminum in the diet
were not reported, they are assumed to be low because the animals were fed a low-metal diet in metal-free

environmental conditions. Studies conducted by Roig et al. (2006) and Golub et al. (2000) primarily
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focused on the neurotoxicity of aluminum following lifetime exposure (gestation day 1 through

24 months of age). In the Golub et al. (2000) study, significant decreases in forelimb and hindlimb grip
strength, and a decrease in thermal sensitivity were observed in mice exposed to 100 mg Al/kg/day;
negative geotaxis was significantly altered at 18 months, but not at 24 months. No effect on horizontal
activity was observed. A 10% increase in body weight and a 20% decrease in body weight were observed
in the males and females, respectively. In a companion study by this group, no significant cognitive
impairments were found in the Morris water maze test; in fact, aluminum-exposed mice performed better
than controls in the learning tasks. Roig et al. (2006) also found no significant alterations in performance
on the Morris water maze in rats exposed to 100 mg Al/kg/day as aluminum nitrate in the drinking water
(with added citric acid). Although significant differences were found between the two aluminum groups
(50 and 100 mg Al/kg/day); this was primarily due to the improved performance (as compared to
controls, no significant differences) in the 50 mg Al/kg/day group. Roig et al. (2006) also found no

significant alterations in open field activity.

Based on the results of these chronic-duration studies, the decreases in forelimb and hindlimb grip
strength and the decrease in thermal sensitivity identified in the Golub et al. (2000) study were selected as
the critical effect for derivation of a chronic-duration oral MRL for aluminum. The selection of these end
points, and neurotoxicity in general, is well supported by the findings of a number of intermediate-
duration studies that indicate that this is one of the most sensitive targets of aluminum toxicity (Colomina
et al. 2005; Donald et al. 1989; Golub and Germann 2001; Golub et al. 1992a, 1995).

In the Golub et al. (2000) study, groups of 8 male and 10 female Swiss Webster mice were exposed to

7 or 1,000 pg Al/g diet as aluminum lactate in a purified diet. The investigators estimated adult doses of
<1 and 100 mg/kg/day. The mice were exposed to aluminum from conception (via feeding the dams)
through 24 months of age. Body weight, food intake, and clinical signs were determined during the last
6 months of the study. A neurobehavioral test battery (foot splay, temperature sensitivity, negative
geotaxis, and grip strength), 1 hour spontaneous activity measurement, and auditory startle tests were
conducted at 18 and 24 months. In a companion study, groups of 6-9 male and female Swiss Webster
mice or 7 male and female C57BL/6J mice (number per sex were not reported) were exposed to 7 or
1,000 pg Al/g diet as aluminum lactate in a purified diet (<1 and 100 mg/kg/day) from conception (via
feeding the dams) through 24 months of age. Body weight, food intake, and clinical signs were
determined during the last 6 months of the study. A neurobehavioral test battery (foot splay, temperature
sensitivity, negative geotaxis, and grip strength) and Morris maze testing were performed at 22—

23 months of age. In the principal study, no significant alterations in mortality were observed. A
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significant decrease in body weight was observed in the female mice (approximately 20%). In the males,
there was a significant increase in body weight (approximately 10%). No significant alterations in food
intake were observed in either sex. However, food intake/g body weight was significantly higher in the
aluminum-exposed mice. No significant alterations in the occurrence of clinical signs or indications of
neurodegenerative syndromes were found. Significant increases in relative spinal cord, heart, and kidney
weights were found. Significant alterations in negative geotaxis and tail withdrawal time in the
temperature sensitivity test (males only) were observed at 18 months. At 24 months, significant
alterations in forelimb and hindlimb grip strength and temperature sensitivity were found in male and
female mice. Forelimb and hindlimb grip strengths were decreased and thermal sensitivity was
decreased, as evidenced by an increase in tail withdrawal times. Auditory startle response tests could not
be completed in the older mice. Similarly, vertical spontaneous movement could not be measured; no
effect on horizontal movement was found. In the companion study, no alterations in neurobehavioral
battery test performance were observed; the investigators note that this may be due to the small number of
animals per group. In general, aluminum-exposed mice performed better on the water maze test than

controls.

A chronic-duration oral MRL was derived using the LOAEL of 100 mg Al/kg/day for decreased forelimb
and hindlimb grip strength and decreased thermal sensitivity identified in the Golub et al. (2000) study. A
BMD approach for deriving an MRL was not utilized because the Golub et al. (2000) study only tested
one aluminum group. The MRL of 1 mg Al/kg/day was calculated by dividing the LOAEL of 100 mg
Al/kg/day by an uncertainty factor of 300 (3 for use of a minimal LOAEL, 10 for extrapolation from
animals to humans, and 10 for human variability) and a modifying factor of 0.3 to account for possible
differences in the bioavailability of the aluminum lactate used in the Golub and Germann (2001) study
and the bioavailability of aluminum from drinking water and a typical U.S. diet. No studies were
identified that estimated the bioavailability of aluminum lactate following long-term dietary exposure;
however, a bioavailability of 0.63% was estimated in rabbits receiving a single dose of aluminum lactate
(Yokel and McNamara 1988). Yokel and McNamara (2001) and Powell and Thompson (1993) suggest
that the bioavailability of aluminum from the typical U.S. diet was 0.1%; the bioavailability of aluminum
from drinking water ranges from 0.07 to 0.39% (Hohl et al. 1994; Priest et al. 1998; Stauber et al. 1999;
Steinhausen et al. 2004). These data suggest that aluminum lactate has a higher bioavailability than

aluminum compounds typically found in drinking water or the diet.
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3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of aluminum. 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.

Once mineral-bound aluminum is recovered from ores, it forms metal compounds, complexes, or
chelates. Examples of the different forms of aluminum include aluminum oxide, aluminum chlorhydrate,
aluminum hydroxide, aluminum chloride, aluminum lactate, aluminum phosphate, and aluminum nitrate.
The metal itself is also used. With the exception of aluminum phosphide, the anionic component does not
appear to influence toxicity, although it does appear to influence bioavailability. Aluminum phosphide,
which is used as a pesticide, is more dangerous than the other forms; however, this is because of the
evolution of phosphine gas (a potent respiratory tract and systemic toxin) rather than to the exposure to

aluminum.

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
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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
the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.

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

No studies were located regarding death following acute- or intermediate-duration inhalation exposure to

various forms of aluminum in humans.

Several deaths have been reported after occupational exposure to a finely powdered metallic aluminum
used in paints, explosives, and fireworks (Mitchell et al. 1961); it should be noted that changes in
production technology have resulted in decreased occupational exposures to finely powdered aluminum.
In one case, a 19-year-old male who worked in an atmosphere heavily contaminated with this powder
developed dyspnea after 2.5 years. This symptom grew worse, and the man had to stop working 3 months
later and died after a further 8 months. Before death, respiratory excursion was poor and chest X-rays

showed signs of pulmonary nodular interstitial fibrosis. Of a total of 27 workers examined in this factory,
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2 died and 4 others had radiological changes on chest X-rays. Total dust in the workplace air was 615—
685 mg Al/m?, and respirable dust was 51 mg Al/m®. Chemical analysis showed the dust to be 81%
metallic aluminum and 17% various oxides and hydroxides of aluminum. There have also been a number
of case reports of deaths of workers exposed to aluminum flake powder (McLaughlin et al. 1962),
welding fumes (Hull and Abraham 2002), or smelter fumes (Gilks and Churg 1987); it is likely that the

cause of death in these men was respiratory tract damage.

No studies were located that evaluated death from an intermediate-duration inhalation exposure in
animals to aluminum or its compounds. Of the experiments performed in animals, none has shown death
from inhalation exposure to aluminum or its compounds. For example, no deaths were reported following
an acute 4-hour exposure to up to 1,000 mg Al/m?* as aluminum oxide in groups of 12—18 male

Fischer 344 rats (Thomson et al. 1986) or following chronic exposure to 2.18-2.45 mg Al/m® as

refractory alumina fiber for 86 weeks in groups of 50 male and female Wistar rats (Pigott et al. 1981).

3.2.1.2 Systemic Effects

No studies were located regarding gastrointestinal, dermal, or body weight effects in humans or metabolic

effects in animals after acute-duration inhalation exposure to various forms of aluminum.

The highest NOAEL values and all LOAEL values for inhalation exposure from each reliable study for
systemic effects in each species and duration category for aluminum are shown in Table 3-1 and plotted

in Figure 3-1.

Respiratory Effects. No studies were located regarding respiratory effects following acute-duration

inhalation exposure to various forms of aluminum in humans.

A number of studies have examined the potential for airborne aluminum to induce respiratory effects in
chronically exposed workers. Exposure to aluminum fumes and dust occurs in potrooms where hot
aluminum metal is recovered from ore, in foundries where aluminum alloys are melted and poured into
molds, in welding operations, and the production and use of finely powdered aluminum. Because these
workers were also exposed to a number of other toxic chemicals including sulfur dioxide, polycyclic
aromatic hydrocarbons (PAHSs), carbon monoxide, hydrogen fluoride, and chlorine, it is difficult to

ascribe the respiratory effects to aluminum. Wheezing, dyspnea, and/or impaired lung function have been
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Table 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
ACUTE EXPOSURE
Systemic
1 Rat 9 x i Thomson et al. 1986
) 4 hr Resp 10 M 200 M (rr_\ultlfocal _ .
(Fischer- 344) microgranulomas in Aluminum flakes
lungs)
50 M (increased lactate
dehydrogenase, glucose-
6-phosphate
dehydrogenase, and
alkaline phosphatase
activity in lavage fluid)
2 Fé‘;’j;r 2 gr 6 hr/d Resp 33 M (alveolar wall thickening Drew et al. 1974
: and increased number of Aluminum chlorhvdrate
Syrian) (NS) macrophages; ’
bronchopneumonia)
Bd Wt 33 M (unspecified decreased
body weight)
3 H;;T;;ir 2 gr 6 hr/d Resp 3M 7 M (13% increased lung Drew et al. 1974
SSyrian) (NS) weight) Aluminum chlorhydrate
4 H(:erster i gr/d Resp 10 M (approximately 24% Drew et al. 1974
(Sy(r)iarf)n (NS) increased lung weight) Aluminum chlorhydrate
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Table 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m3) Chemical Form Comments
5 H(:Tjter 2 gr/d Resp 31  (alveolar wall thickening Drew et al. 1974
(Golden and increased number of Aluminum chlorhydrate
Syrian) macrophages and
heterophils)
6 E\la:vt\jn 2 gr/d Resp 43  (alveolar wall thickening, Drew et al. 1974
increased number of Aluminum chlorhydrate
Zealand) (NS) macrophage; 65% ’
increase in lung weight)
INTERMEDIATE EXPOSURE
Systemic
7 Re,lt gg‘/\cl)vk Resp 0.061 0.61 (increase in alveolar Steinhagen et al. 1978
(Fischer- 344) 6 hr/d macrophages; Aluminum chlorhydrate
granulomatous lesions in
(NS) lungs)
Cardio 6.1
Gastro 6.1
Hemato 6.1
Musc/skel 6.1
Hepatic 6.1
Renal 6.1
Endocr 6.1
Dermal 6.1
Ocular 6.1
Bd Wt 6.1
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Table 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) Chemical F
9 System (mg/m3) (mg/ms3) (mg/m3) emical Form Comments
8 Rat 6 mo : ; S 1. 1979
Fischer. 344) 5 dwk Resp 0.065 M 0.65 M (12% increased relative tone et al.
(Fi - )6 hr/d lung weight) Aluminum chlorhydrate
Hemato 5.4
Bd Wt 5.4
9 (CI;-lnazllgy) gg}\?vk Resp 0.061 0.61 (increase in alveolar Steinhagen et al. 1978
macrophages; Aluminum chlorhydrate
6 hr/d granulomatous lesions in g
(NS) lungs)
Cardio 6.1
Gastro 6.1
Hemato 6.1
Musc/skel 6.1
Hepatic 6.1
Renal 6.1
Endocr 6.1
Dermal 6.1
Ocular 6.1
Bd Wt 6.1
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Table 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
o eneo gmo Resp 0.65 5.4 (19-23% increased Stone et al. 1979
( y) 6 hr/d relative lung weight) Aluminum chlorhydrate
Hemato 5.4
Bd Wt 5.4
1 ?(:;Tj;ir gg;vskwk Resp 10 M (alveolar thickening and Drew et al. 1974
’ increased number of foci Aluminum chlorhydrate
Syrian) 6 hrid of macrophages and y
heterophils)
CHRONIC EXPOSURE
Systemic
12 Rat 86 wk :
Res| 2.45 Pigott et al. 1981
(Wistar) 5 diwk P . )
6 hr/d Aluminum oxide
(NS)
13 RFa,‘t er 344 ;iﬁkmo Resp 0.65 54  (108-274% increased Stone et al. 1979
(Fischer- )5 hr/d relative lung weight at Aluminum chlorhydrate
2 years)
Hemato 54
Bd Wt 0.65 54 (16-26% decrease in
body weight at 2 years)
14 GHn :;g ;Zd-ﬁ:kmo Resp 0.065 M (21% increased relative Stone et al. 1979
(Hartiey) 6 hr/d lung weight at 2 years) Aluminum chlorhydrate
Hemato 5.4
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Table 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key t5 Species Ff(aqouu‘igfy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
Bd Wt 5.4

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

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); Endocr = endocrine; Gn pig = guinea pig; Gastro = gastrointestinal; Hemato = hematological; hr = hour(s); LOAEL =
lowest-observed-adverse-effect level; M = male; mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = respiratory; wk
= week(s); x = time(s)
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Figure 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation
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Figure 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation (Continued)
Intermediate (15-364 days)
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Figure 3-1 Levels of Significant Exposure to Aluminum and Compounds -
Intermediate (15-364 days)

Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Aluminum and Compounds - Inhalation (Continued)

Chronic (<365 days)
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observed in potroom workers (Bast-Pettersen et al. 1994; Chan-Yeung et al. 1983; Radon et al. 1999;
Simonsson et al. 1985), foundry workers (Al-Masalkhi and Walton 1994; Burge et al. 2000; Halatek et al.
2006), workers exposed to fine aluminum dust (including grinders) (Jederlinic et al. 1990; Korogiannos et
al. 1998; Miller et al. 1984b), a worker spray painting with an aluminum paint (Bost and Newman 1993),
and welders (Abbate et al. 2003; Herbert et al. 1982; Hull and Abraham 2002; Vandenplas et al. 1998),
although other studies have not found a significant effect (Musk et al. 2000). Occupational asthma has
been reported in aluminum potroom workers (as reviewed by Abramson et al. 1989 and Kilburn 1998);
there is some debate whether the asthma is related to exposure to respiratory irritants, such as hydrogen
fluoride and chlorine, or due to aluminum exposure. Case reports provide suggestive evidence that
chronic exposure to aluminum may cause occupational asthma. An asthmatic reaction was observed
following a bronchial provocation test an aluminum foundry worker (Burge et al. 2000) and an aluminum
welder (Vandenplas et al. 1998).

Pulmonary fibrosis is the most commonly reported respiratory effect observed in workers exposed to fine
aluminum dust (pyropowder), alumina (aluminum oxide), or bauxite. However, conflicting reports are
available on the fibrogenic potential of aluminum. In some of the cases, the fibrosis was attributed to
concomitant exposure to other chemicals. For example, pulmonary fibrosis has been observed in a
number of bauxite workers or potroom workers (De Vuyst et al. 1986; Gaffuri et al. 1985; Gilks and
Churg 1987; Jederlinic et al. 1990; Jephcott 1948; Musk et al. 1980; Riddell 1948; Shaver 1948; Shaver
and Riddell 1947); in these workers, it is very likely that there was simultaneous exposure to silica and
that the latter was the causative agent rather than the aluminum. Some of the earliest cases of pulmonary
fibrosis were reported in German munition workers exposed to pyropowder (Goralewski 1947). Case
reports of fibrosis in workers exposed to finely ground aluminum have been also been reported by Edling
(1961), McLaughlin et al. (1962), Mitchell et al. (1961), and Ueda et al. (1958). However, other studies
have not found any radiological evidence of pulmonary fibrosis in workers exposed to alumina
(Meiklejohn and Posner 1957; Posner and Kennedy 1967) or fine aluminum powder (Crombie et al.
1944). Itis believed that the conflicting study results are due to differences in the lubricant used to retard
surface oxidation during milling (Dinman 1987). Stearic acid is the most commonly used lubricant in the
aluminum industry; the stearic acid combines with the aluminum to form aluminum stearate. Exposure to
the aluminum stearate does not appear to be fibrogenic to workers (Crombie et al. 1944; Meiklejohn and
Posner 1957; Posner and Kennedy 1967). In contrast, the previous and now discontinued use of a
nonpolar aliphatic oil lubricant, such as mineral oil, has been associated with fibrosis (Edling 1961;
McLaughlin et al. 1962; Mitchell et al. 1961; Ueda et al. 1958). Pulmonary fibrosis has also been

observed in an aluminum arc welder (Vallyathan et al. 1982), an aluminum production worker exposed to
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aluminum oxide fumes (Al-Masalkhi and Walton 1994), and in workers in an unspecified aluminum
industry (Akira 1995). There is also some evidence suggesting aluminum-induced pneumoconiosis (Hull
and Abraham 2002; Korogiannos et al. 1998; Kraus et al. 2000), pulmonary alveolar proteinosis (Miller et
al. 1984b), interstitial pneumonia (Herbert et al. 1982), and granulomas (Cai et al. 2007; Chen et al. 1978;
De Vuyst et al. 1987); however, these reports are based on a small number of cases, which limits their

interpretation.

Respiratory effects typically associated with inhalation of particulates and lung overload have been
observed in animals. The pulmonary toxicity of alchlor (a propylene glycol complex of aluminum
chlorhydrate), a common component of antiperspirants, was examined in hamsters in a series of studies
conducted by Drew et al. (1974). A 3-day exposure to 31 or 33 mg Al/m® resulted in moderate-to-marked
thickening of the alveolar walls due to neutrophil and macrophage infiltration and small granulomatous
foci at the bronchioloalveolar junction (a likely site of particulate deposition). A decrease in the severity
of the pulmonary effects was observed in animals killed 3, 6, 10, or 27 days after exposure termination.
Similar pulmonary effects were observed in rabbits exposed to 42 mg Al/m?® for 5 days (Drew et al. 1974).
Significant increases in absolute lung weights have been observed in hamsters exposed for 3 days to

>7 mg Al/m? (no effects were observed at 3 mg Al/m®) and in rabbits exposed to 43 mg Al/m? for 5 days
(no effects were observed in rabbits exposed to 48 or 39 mg Al/m? for 1 or 4 days, respectively). In rats
exposed to aluminum flakes for 5 days, there were alterations in the cytological (increase in the number of
polymorphonuclear neutrophils [PMNs]) and enzymatic (increased activity of alkaline phosphatase and
lactate dehydrogenase) content of the lavage fluid at >50 mg Al/m® and multifocal microgranulomas in
the lungs and hilar lymph nodes at >100 mg Al/m® (Thomson et al. 1986). The enzymatic changes in the
lavage fluid probably resulted from the presence of PMNSs, increased phagocytosis of alveolar

macrophages, and Type Il cell hyperplasia.

Similar pulmonary effects were observed in animals following intermediate-duration exposure. An
increase in the number of alveolar macrophages and heterophils were observed in hamsters exposed to

10 mg Al/m? as alchlor for 6 hours/day, 5 days/week for 2, 4, or 6 weeks (Drew et al. 1974). The severity
was directly related to exposure duration. Granulomatous nodules and thickening of the alveolar walls
due to infiltration of heterophils and macrophages were observed 2 weeks after termination of a 6-week
exposure. An increase in the number of alveolar macrophages and granulomatous lesions in the lungs and
peribronchial lymph nodes were also observed in rats and guinea pigs exposed to 0.61 or

6.1 mg Al/m® aluminum chlorhydrate for 6 hours/day, 5 days/week for 6 months (Steinhagen et al. 1978);

the severity of the alterations was concentration-related. In addition, statistically significant increases in
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absolute and relative lung weight were observed in the rats exposed to 6.1 mg Al/m?; the authors noted
that pulmonary edema was not observed in these rats. No statistically significant histological alterations
or changes in lung weight were observed at 0.061 mg Al/m®. Suggestive evidence of alveolar
macrophage damage was observed in rats following a 5-month exposure (6 hours/day, 5 days/week) to
either aluminum chloride (0.37 mg Al/m®) or aluminum fluoride (0.41 mg Al/m®); increases in lysozyme
levels, protein levels (aluminum chloride only), and alkaline phosphatase (aluminum chloride only) were
observed in the lavage fluid (Finelli et al. 1981). Alveolar proteinosis was observed in rats, guinea pigs,
and hamsters exposed to >15, 20, or 30 mg/m® of several types of aluminum flake powders; the particle
sizes ranged from 2.5 to 4.8 um (Gross et al. 1973). The investigators noted that aluminum powders did
not induce pulmonary fibrosis in the guinea pigs or hamsters; in rats, foci of lipid pneumonitis were
observed. A similar exposure to aluminum oxide did not result in alveolar proteinosis, pulmonary
fibrosis, or pneumonitis; effects were limited to foci consisting of alveoli filled with macrophages; the
particle size of the aluminum oxide dust was much smaller (0.8 um) than the aluminum flake powders.
Interpretation of this study is limited by the lack of incidence data and the high mortality observed in

treated and control animals.

There are limited data on the pulmonary toxicity of aluminum in animals following chronic exposure.
Increases in relative lung weights (21-274%) have been observed in rats and guinea pigs exposed to

5.1 mg Al/m® aluminum chlorhydrate for 6 hours/day, 5 days/week for approximately 2 years (Stone et al.
1979). Lung weights were not affected at 0.61 mg Al/m>. 1t should be noted that this study did not
conduct histological examinations of the lungs. Pigott et al. (1981) did not find evidence of lung fibrosis
in rats exposed to 2.18 or 2.45 mg/m® manufactured or aged Saffil alumina fibers; Saffil alumina fiber is a
refractory material containing aluminum oxide and about 4% silica. The animals were exposed for

86 weeks followed by a 42-week observation period.

Cardiovascular Effects. No studies were located regarding cardiovascular effects of various forms
of aluminum following acute- or intermediate-duration inhalation exposure in humans. Dilation and
hypertrophy of the right side of the heart were reported in male factory workers chronically exposed by
inhalation to aluminum flake powder and who eventually died (McLaughlin et al. 1962; Mitchell et al.
1961). The cardiac effects may have been secondary to pulmonary fibrosis and poor pulmonary function.
Epidemiological studies of aluminum industry workers failed to identify an increase in deaths related to
cardiovascular disease (Milham 1979; Mur et al. 1987; Rockette and Arena 1983; Theriault et al. 1984a).

Cohort sizes ranged from 340 to 21,829 men. Results of cardiovascular tests (electrocardiogram, blood
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pressure measurement) were similar between 22 aluminum workers exposed for 10 years or more and an

unexposed control group of 16 men (Bast-Pettersen et al. 1994).

No histological alterations were observed in the hearts of Fischer 344 rats or Hartley guinea pigs exposed
by inhalation (6 hours/day, 5 days/week) to 6.1 mg Al/m® as aluminum chlorhydrate for 6 months
(Steinhagen et al. 1978).

Gastrointestinal Effects. No studies were located regarding gastrointestinal effects of various forms
of aluminum following acute-, intermediate-, or chronic-duration inhalation exposure in humans or acute-
or chronic-duration inhalation exposure in animals. No histological changes were observed in the
gastrointestinal tissues of Fischer 344 rats or Hartley guinea pigs exposed by inhalation (6 hours/day,

5 days/week) to 6.1 mg Al/m® as aluminum chlorhydrate for 6 months (Steinhagen et al. 1978).

Hematological Effects. No studies were located regarding hematological effects of various forms of
aluminum following acute-duration inhalation exposure in humans. No adverse hematological effects
were noted in a group of seven workers following 6 months of exposure to aluminum fumes or dust
(Mussi et al. 1984). Exposure levels from personal sampling ranged from 1 to 6.2 mg Al/m?,
predominantly as aluminum oxide. Decreased red blood cell hemoglobin and increased erythrocyte
sedimentation rates were reported in the case of a male aluminum industry worker chronically exposed by
inhalation to aluminum flake powder (McLaughlin et al. 1962). A prolongation of prothrombin time was
seen in 30 of 36 aluminum workers chronically exposed by inhalation to alumina dust (Waldron-Edward
etal. 1971). The authors suggested that increasing serum aluminum levels may be used to provide

beneficial antithrombogenic effects (Waldron-Edward et al. 1971).

No studies were located regarding hematological effects in animals after acute-duration inhalation
exposure to aluminum or its compounds. No hematological effects were observed in Fischer 344 rats or
Hartley guinea pigs exposed by inhalation (6 hours/day, 5 days/week) to 6.1 mg Al/m® as aluminum
chlorhydrate for 6-24 months (Steinhagen et al. 1978; Stone et al. 1979).

Musculoskeletal Effects. No studies were located regarding musculoskeletal effects following
acute- or intermediate-duration inhalation exposure to various forms of aluminum in humans. Two case
reports have been identified in which finger clubbing was observed in male factory workers chronically
exposed to aluminum powder (De Vuyst et al. 1986; McLaughlin et al. 1962). Joint pain was reported by

a female worker exposed by inhalation to dried alunite residue (a hydrated sulphate of aluminum and
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potassium) for 18 months (Musk et al. 1980). Schmid et al. (1995) did not find any significant alterations
in bone mineral content (assessed via osteodensitometry) in workers exposed to aluminum powder

(average concentration 12.1 mg/m°) for an average duration of 12.6 years.

No studies were located regarding musculoskeletal effects following acute- or chronic-duration inhalation
exposure to aluminum or its compounds in animals. No histological changes were observed in the muscle
or bone of Fischer 344 rats or Hartley guinea pigs exposed by inhalation (6 hours/day, 5 days/week) to
6.1 mg Al/m® as aluminum chlorhydrate for 6 months (Steinhagen et al. 1978).

Hepatic Effects. No studies were located regarding hepatic effects in humans following acute- or
chronic-duration inhalation exposure to various forms of aluminum. Intermediate occupational inhalation
exposure to aluminum fumes, dusts, or powders did not affect liver function or hepatic microanatomy in a

group of seven workers as determined from biopsy samples (Mussi et al. 1984).

In animals, no histological or organ weight changes were observed in livers of Fischer 344 rats or Hartley
guinea pigs exposed by inhalation (6 hours/day, 5 days/week) to 6.1 mg Al/m® as aluminum chlorhydrate
for 6 months (Steinhagen et al. 1978). No acute- or chronic-duration inhalation studies examining the

liver were identified.

Renal Effects. No studies were located regarding renal effects in humans following acute-duration

inhalation exposure to various forms of aluminum.

No adverse effects on renal function or standard urine tests have been noted in humans following
intermediate-duration inhalation exposure to aluminum fumes or dust (Mussi et al. 1984) or chronic-
duration inhalation exposure to metallic aluminum powder (De Vuyst et al. 1987; McLaughlin et al.
1962).

No histological or organ weight changes were observed in kidneys of Fischer 344 rats or Hartley guinea
pigs exposed by inhalation (6 hours/day, 5 days/week) to 6.1 mg Al/m? as aluminum chlorhydrate for
6 months (Steinhagen et al. 1978).

Endocrine Effects. No studies were located regarding endocrine effects in humans following acute-

or intermediate-duration inhalation exposure to various forms of aluminum. Post-mortem enlargement of
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the thyroid was reported in the case of a male factory worker chronically exposed by inhalation to

aluminum flake powder (McLaughlin et al. 1962).

No studies were located regarding endocrine effects in animals following acute- or chronic-duration
inhalation exposure to aluminum or its compounds. No adverse histological changes were observed in the
adrenal, thyroid, or pituitary glands of Fischer 344 rats or Hartley guinea pigs exposed by inhalation

(6 hours/day, 5 days/week) to 6.1 mg Al/m? as aluminum chlorhydrate for 6 months (Steinhagen et al.
1978).

Dermal Effects. No studies were located regarding dermal effects in animals following acute- or
chronic-duration inhalation exposure to various forms of aluminum. No histologic changes of the skin
were observed in Fischer 344 rats or Hartley guinea pigs exposed by inhalation to 6.1 mg Al/m? as

aluminum chlorhydrate for 6 months (Steinhagen et al. 1978).

Ocular Effects. No studies were located regarding ocular effects in humans following acute- or
intermediate-duration inhalation exposure to various forms of aluminum. No adverse effects were
observed during an eye examination in a man chronically exposed by inhalation to metallic aluminum and

aluminum oxide powders (De Vuyst et al. 1987).

No studies were located regarding ocular effects in animals following acute- or chronic-duration
inhalation exposure to aluminum or its compounds. No histological changes were observed in the eyes of
Fischer 344 rats or Hartley guinea pigs exposed by inhalation to 6.1 mg Al/m® as aluminum chlorhydrate
for 6 months (Steinhagen et al. 1978).

Body Weight Effects. No studies were located regarding body weight effects in humans following
inhalation exposure to aluminum or its compounds. Unspecified body weight decreases were reported for
male Golden Syrian hamsters acutely exposed via whole-body inhalation to 3, 10, or 33 mg Al/m® as
alchlor, a common component of antiperspirants (Drew et al. 1974). In contrast, no body weight effects
were observed in Sprague-Dawley rats exposed by inhalation to 0.37 mg Al/m? as aluminum chloride or
0.41 mg Al/m? as aluminum fluoride dust for 5 months (Finelli et al. 1981), or in Fischer 344 rats or
Hartley guinea pigs exposed by inhalation to 6.1 mg Al/m? as aluminum chlorhydrate for 6 months
(Steinhagen et al. 1978) or to 0.61 mg Al/m® as aluminum chlorhydrate for up to 24 months (Stone et al.
1979). Significant reduction in body weight (>10%) was observed in Fischer 344 rats after 24 months of

exposure to 6.1 mg/m® as aluminum chlorhydrate. No effect on body weight was seen in Hartley guinea
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pigs similarly exposed (Stone et al. 1979). These NOAEL and LOAEL values are recorded in
Table 3-1 and plotted in Figure 3-1.

Metabolic Effects. No studies were located regarding metabolic effects in humans following acute-
or chronic-duration inhalation exposure to various forms of aluminum. No adverse effect on phosphate
metabolism was identified in humans following intermediate-duration inhalation exposure to aluminum
fumes or dust (Mussi et al. 1984).

3.2.1.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological/lymphoreticular effects in humans after acute- or
intermediate-duration inhalation exposure to various forms of aluminum. Helper T-lymphocyte alveolitis
and blastic transformation of peripheral blood lymphocytes in the presence of soluble aluminum
compounds in vitro were found in an individual with sarcoid-like epitheliod granulomas and exposed to
metallic aluminum and aluminum dust (De Vuyst et al. 1987). Additional testing 1 year after termination
of exposure indicated the man no longer had alveolitis. A significantly higher percentage of CD4CD8" T

lymphocytes were observed in aluminum electrolytic workers (He et al. 2003).

Several animal studies have found histological alterations in the lymphoreticular system, in particular
granulomas in the hilar lymph nodes; these effects are secondary to the pulmonary effects (Steinhagen et
al. 1978; Thomson et al. 1986) and resulted from the removal of aluminum from the lungs by alveolar

macrophages.

3.2.1.4 Neurological Effects

No studies were located regarding neurological effects in humans following acute- or intermediate-
duration inhalation exposure to various forms of aluminum. A number of studies have investigated the
neurotoxic potential in workers chronically exposed to aluminum. With the exception of isolated cases
(for example, McLaughlin et al. 1962), none of these studies reported overt signs of neurotoxicity in
workers exposed to aluminum dust (potroom and foundry workers) (Bast-Pettersen et al. 1994; Dick et al.
1997; Hosovski et al. 1990; Sim et al. 1997; White et al. 1992), in aluminum welders (Hanninen et al.
1994; Sjogren et al. 1996), or in miners exposed to Mclintyre powder (finely ground aluminum and
aluminum oxide) (Rifat et al. 1990). Higher incidences of subjective neurological symptoms (e.qg.,
incoordination, difficulty buttoning, problems concentrating, headaches, depression, fatigue) were

reported in aluminum potroom or foundry workers at aluminum smelters (Halatek et al. 2005; Iregren et
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al. 2001; Sim et al. 1997; Sinczuk-Walczak et al. 2003; White et al. 1992), workers exposed to aluminum
flake powder (Iregren et al. 2001), and aluminum welders (Bast-Pettersen et al. 2000; Riihiméki et al.
2000; Sjogren et al. 1990). Among the studies examining the potential association between neurological
symptoms and aluminum exposure estimates (urinary and/or blood aluminum levels), some found a
significant association (Riihiméki et al. 2000; Sinczuk-Walczak et al. 2003) and others did not (Bast-
Pettersen et al. 2000; Iregren et al. 2001; Kiesswetter et al. 2007).

Subclinical effects have been reported in various types of aluminum workers. Significant alterations in
performance tests assessing reaction time, eye-hand coordination, memory, and/or motor skills were
found in aluminum foundry workers (Hosovski et al. 1990; Polizzi et al. 2001), aluminum welders (Akila
et al. 1999; Bast-Pettersen et al. 2000; Buchta et al. 2005; Riihimaki et al. 2000; Sjogren et al. 1990),
electrolyte workers (He et al. 2003), and miners exposed to Mclntyre powder (Rifat et al. 1990). Three
studies of aluminum welders did not find significant decrements in neurobehavioral performance as
compared to controls; however, significant correlations between aluminum exposure estimates (urinary or
plasma aluminum levels or air aluminum levels) and memory and/or reaction-time tests were found (Bast-
Pettersen et al. 2000; Buchta et al. 2003; Hanninen et al. 1994). Other studies did not find alterations in
neuroperformance tests in aluminum potroom workers (Sim et al. 1997) or aluminum welders
(Kiesswetter et al. 2007); two studies in aluminum welders did not find effects on motor performance
(Buchta et al. 2003, 2005). A higher incidence of subclinical tremors was found in a study of potroom
workers (Bast-Pettersen et al. 1994); another study did not find a significant alteration (Dick et al. 1997).
Several studies have examined aluminum’s potential to induce quantitative EEG changes; some studies
found alterations (H&nninen et al. 1994; Riihimaki et al. 2000; Sinczuk-Walczak et al. 2003) and others
did not (Iregren et al. 2001). In general, the available occupational exposure studies poorly characterize
aluminum exposure. Some of the studies reported aluminum air concentrations for a single time period
(Dick et al. 1997; Sim et al. 1997; Sjogren et al. 1996; White et al. 1992) or a couple of time periods
(Buchta et al. 2003; Kiesswetter et al. 2007), but did not have earlier monitoring data when aluminum
exposures may have been higher. A meta-analysis using data from most of these studies found a
statistically significant decline in performance on the digit symbol neurobehavioral test (Meyer-Baron et
al. 2007). Although decreases in performance were observed for other neurobehavioral tests, the
differences were not statistically significant. The lack of adequate exposure monitoring data, potential
exposure to other neurotoxicants, and the different types of aluminum exposure make it difficult to draw

conclusions regarding the neurotoxic potential of inhaled aluminum in workers.
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Three studies have examined the possible association between occupational exposure to aluminum and
the risk of Alzheimer’s disease. Two case-control studies did not find a significant association between
occupational exposure to aluminum dust or fumes and the risk of Alzheimer’s disease (Graves et al. 1998;
Salib and Hillier 1996). Another study of former aluminum dust-exposed workers (retired for at least

10 years) found some impairment in some tests of cognitive function; the investigators raised the
possibility that cognitive impairment may be a pre-clinical indicator of Alzheimer’s disease (Polizzi et al.
2002).

No studies were located regarding neurological effects in animals following acute-duration inhalation
exposure to various forms of aluminum. No brain weight or histological changes were observed in
Fischer 344 rats or Hartley guinea pigs exposed by inhalation to up to 6.1 mg Al/m* as aluminum
chlorhydrate for 6 months (Steinhagen et al. 1978). No brain weight effects were observed in Sprague-
Dawley rats exposed by inhalation to 0.37 mg Al/m® as aluminum chloride or 0.41 mg Al/m® as
aluminum fluoride for 5 months, although tissues were not examined histologically (Finelli et al. 1981).
No brain weights were observed in Fischer 344 rats or Hartley guinea pigs exposed by inhalation to

6.1 mg Al/m® as aluminum chlorhydrate for up to 24 months (Stone et al. 1979).

3.2.1.5 Reproductive Effects

No studies were located regarding reproductive effects in humans following acute-, intermediate-, or

chronic-duration inhalation exposure to various forms of aluminum.

No reliable studies were located regarding reproductive effects in animals following acute- or chronic-
duration inhalation exposure to various forms of aluminum. No histological changes were observed in
reproductive tissues of Fischer 344 rats or Hartley guinea pigs exposed by inhalation to 6.1 mg Al/m? as
aluminum chlorhydrate for 6 months (Steinhagen et al. 1978). These NOAEL values are recorded in
Table 3-1 and plotted in Figure 3-1.

3.2.1.6 Developmental Effects

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

to various forms of aluminum.
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3.2.1.7 Cancer

No studies were located regarding cancer effects in humans following acute- or intermediate-duration

inhalation exposure to various forms of aluminum.

A reported high incidence of bladder cancer in a region of Quebec, Canada where aluminum production
takes place (Wigle 1977) resulted in the initiation of a case-control study (Theriault et al. 1984a).
Workers in five aluminum reduction plants were assessed with respect to incidence of bladder cancer.
The number of men working in the plants was 300-1,200 except for one plant with 7,800 workers. The
number of bladder cancer cases was collected from regional hospitals over a 10-year period, and the
number of current or former employees from the aluminum plants identified. For each case, three
controls who had never had bladder cancer were selected. Detailed occupational histories of each man
(case and controls) were collected from the companies and included each division, department, and job to
which the men had been assigned; smoking history; and estimated assessment of tar and PAH exposure
(based on benzene soluble material and benz(a)pyrene concentrations in workplace air) for each
occupation. An index of lifetime exposure of each worker to tar and PAHs was created. Over the 10-year
study period, 488 cases of bladder cancer were found in men from the designated regions. Of these,

96 were identified as being current or former aluminum company employees, and 11 were eliminated
from the study because they had worked <12 months at the companies. The distribution of tumors was as
follows: transitional epitheliomas grade | (n=3), grade Il (n=43), grade Il (n=18), and grade IV (n=21).
The mean age at diagnosis was 61.7 years, and the mean age at first employment in aluminum work was
28.2 years. The interval between beginning of employment in the aluminum industry and diagnosis was
23.9 years. A higher proportion of cases than controls were smokers. The risk for bladder cancer was
highest in workers in Soderberg reactor rooms (where the reduction process takes place), and risk
increased steadily with time worked in this department. The risk also increased steadily with estimated
exposure to tar and PAHs. The interaction between cigarette smoking and PAH exposure in the
generation of bladder cancer was more than additive.

Several studies on cancer mortality patterns have been conducted in aluminum reduction factory workers
(Gibbs and Horowitz 1979; Milham 1979; Mur et al. 1987; Rockette and Arena 1983). The workplace
inhalation exposure was to aluminum dust or fumes for chronic durations, but the exposure levels were
not determined. In addition to aluminum, most workers were concurrently exposed by inhalation to
known carcinogens, such as tobacco smoke or PAHs from coal tars. In a historical prospective study of

2,103 aluminum production workers, standardized mortality ratios (SMRs) of 117 for lung cancer
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(35 cases), 180 for pancreatic cancer (9 cases), and 184 for all lymphatic and hematopoietic cancers

(17 cases) were observed (Milham 1979). Smoking histories were not available, and only the SMR for
lymphatic and hematopoietic cancers were statistically significant. In a study that focused on mortality
from lung cancer in a group of 5,406 aluminum production workers (Gibbs and Horowitz 1979), a dose-
response relationship was observed between lung cancer mortality and both years of exposure to tar and
“tar-years” in specific occupations. A study of mortality patterns in 21,829 aluminum production workers
in the United States (Rockette and Arena 1983) indicated that the risk of lung cancer mortality increased
among workers with >25 years of experience in the carbon bake department, who presumably had higher
exposure to potential hydrocarbon carcinogens than other workers. Increased deaths from bladder and

hematolymphopoietic cancers were also reported.

Based on current evidence, the International Agency for Research on Cancer (IARC) has stated (IARC
1984) that “the available epidemiological studies provide limited evidence that certain exposures in the
aluminum production industry are carcinogenic to humans, giving rise to cancer of the lung and bladder.
A possible causative agent is pitch fume.” It is important to emphasize that the potential risk of cancer in
the aluminum production industry is probably due to the presence of known carcinogens (e.g., PAHS) in

the workplace and is not due to aluminum or its compounds.

No reliable studies were located regarding cancer effects in animals following acute- or intermediate-
duration inhalation exposure to aluminum or its compounds. An increase in cancer was not observed in
male and female Wistar rats exposed via whole-body inhalation to atmospheres containing 2.18—

2.45 mg Al/m® as alumina fibers (=96% aluminum oxide) for 86 weeks (Pigott et al. 1981).

3.2.2 Oral Exposure

Major sources of human oral exposure to aluminum include food (due to its use in food additives, food
and beverage packaging, and cooking utensils), drinking water (due to its use in municipal water
treatment), and aluminum-containing medications (particularly antacid/antiulcer and buffered aspirin
formulations) (Lione 1985b). Dietary intake of aluminum, estimated to be in the 0.10-0.12 mg Al/kg/day
range in adults (Pennington and Schoen 1995), has not been of historical concern with regard to toxicity
due to its presence in food and the generally recognized as safe (GRAS) status of aluminum-containing
food additives by the FDA. Users of aluminum-containing medications that are healthy (i.e., have normal

kidney function) can ingest much larger amounts of aluminum than in the diet, possibly as high as 12—
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71 mg Al/kg/day from antacid/antiulcer products and 2-10 mg Al/kg/day from buffered analgesics when

taken at recommended dosages (Lione 1985b).

The oral toxicity of aluminum in animals is well-studied, although many of the studies are limited by a
lack of reported information on aluminum content in the base diet. Commercial grain-based feeds for
laboratory animals contain high levels of aluminum that typically far exceed the aluminum content of the
human diet. Commercial laboratory animal chow can significantly contribute to total experimental
exposure, as well as provide excess and variable amounts of essential and nonessential trace minerals and
metal binding ligands that can alter aluminum uptake in comparison to diets that are semipurified or
purified in which trace metal levels are precisely determined (Golub et al. 1992b). Base diets containing
250-350 ppm Al were used in some rat and mouse studies, but this cannot be assumed to be a normal or
representative concentration range because analyses for aluminum were not routinely performed,
substantial brand-to-brand and lot-to-lot variations are apparent, and formal surveys of aluminum content
of laboratory animal feed are not available. For example, concentrations ranging from 60 to 280 ppm Al
for Panlab rodent standard diet (Colomina et al. 1998; Domingo et al. 1987a, 1993) and 120-8,300 ppm
for Purina Rodent Laboratory Chow (Fleming and Joshi 1987; Provan and Yokel 1990; Varner et al.
1994, 1998) have been reported. Due to the likelihood of significant base dietary exposure to aluminum,
studies with insufficient information on aluminum content in the base diet must be assumed to
underestimate the actual aluminum intake. The magnitude of the underestimate can be considerable. For
example, based on approximate values of 250 ppm (Colomina et al. 1998; Domingo et al. 1993) and

350 ppm (Oteiza et al. 1993) for Al in feed used in some studies in rats and mice, respectively, and using
reference values for food consumption and body weight in rats and mice (EPA 1988) for ingestion during
the period from weaning to 90 days, estimated doses of 25 mg Al/kg/day (rats) and 68 mg Al/kg/day
(mice) may be provided by diet alone. These figures can represent a significant portion of the intake for
which Table 3-2 reports health effects in animal studies. Consequently, although studies with inadequate
data on base dietary levels of aluminum provide useful information on health effects of aluminum,
NOAELSs and LOAELSs from these studies cannot be assumed to be accurate, they may not be suitable for
comparison with effect levels from studies that used diets with known amounts of aluminum, and are not
included in Table 3-2 and Figure 3-2. Studies for which data on base dietary aluminum content are
available are mainly limited to those conducted by Golub and coworkers (Donald et al. 1989; Golub and
Germann 1998, 2001; Golub et al. 1989, 1992a, 1992b, 1994, 1995, 2000; Oteiza et al. 1993) and
Domingo and coworkers (Colomina et al. 1992, 1994, 1998, 2005; Domingo et al. 1987a, 1987h, 1989,
1993; Gomez et al. 1986, 1991; Paternain et al. 1988; Roig et al. 2006).



Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

Exposure/ LOAEL
Duration/

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

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

ACUTE EXPOSURE

Death

1 Rat once 261  (LD50) Llobet et al. 1987
(Sprague-  (G) Alumi itrat
Dawloy) uminum nitrate

2 Rat once 370  (LD50) Llobet et al. 1987
(Sprague-  (G) Alumi hlorid
Dawloy) uminum chloride

3 Rat once 162  (LD50) Llobet et al. 1987
(Sprague-  (G) Aluminum bromid
Dawloy) uminum bromide

4 MOUISG once 286  (LD50) Llobet et al. 1987
(Swiss- (G) Alumi itrat
Webster) uminum nitrate

5 MOL!SG once 222 (LD50) Llobet et al. 1987
(Swiss- G) Alumi hlorid
Webster) uminum chloride

6 MOU_se once 164  (LD50) Llobet et al. 1987
(Swiss- (G) Alumi bromid
Webster) uminum bromide

7 Mouse once

(Dobra Voda) (G)

8 Mouse once
(Dobra Voda) (G)

770 M (LD50)

980 M (LD50)

Ondreicka et al. 1966
Aluminum chloride

Ondreicka et al. 1966
Aluminum sulfate
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(%qouuigfy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
9 R;\labbit OG”\(;:/? 540 F (5/5 died) Yokel and McNamara 1985
(Zezllgnd) W Aluminum lactate
Developmental
10 Rat Gd 6-19 110 McCormack et al. 1979
(DSarﬁgyu)e- (F) Aluminum chloride
11 Mou.se de\f;—15 141 F Domingo et al. 1989
(Swiss) (GW) Aluminum hydroxide
INTERMEDIATE EXPOSURE
Systemic
12 Rat 100d Bd Wt 97 M (decreased body weight Colomina et al. 2002 Citric acid was added
(NS) (W) gain in aged rats) Aluminum nitrate to water to increase
absorption.
13 Rsat 1\;)\/0 d Cardio 284 F Domingo et al. 1987b
(D a%zlaegyU)e- (W) Aluminum nitrate
Hemato 284 F
Hepatic 284 F
Renal 284 F
Bd Wt 284 F
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
9 System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
14 Rat 1mo Resp 133 F Gomez et al. 1986
(Sprague- (W) Alumi itrat
Dawley) uminum nitrate
Cardio 133 F
Gastro 133 F
Hemato 52 F 79 F (hyperemia in the red
pulp of the spleen)
Hepatic 79F 133 F (hyperemia in the liver,
periportal monocytic
infiltrate in liver)
Renal 133 F
Bd Wt 133 F
15 Rat 10 wk Musc/skel 90 M Konishi et al. 1996
(Wistar) (F) .
Aluminum lactate
Bd Wt 90 M
16 Rat 8 mo Hemato 230 F (decreased hemoglobin, Vittori et al. 1999
(Sprague- (W) hematocrit and Aluminum citrate
Dawley) haptoglobin levels,
increased reticulocyte
levels; inhibition of
CFU-E proliferation)
17 Mouse Gd1-Ld 21 Bd Wt 330 F Donald et al. 1989
(Swiss- (F) Alumi lactat
Webster) uminum lactate
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/
Duration/
Key 6 Species Fr(%qouuig;:y NOAEL Less Serious Reference
Figure (Strain) System (mgl/kg/day) (mg/kg/day) Chemical Form Comments
18 I\goqse 6ka Bd Wi 130 F Golub et al. 1989
S/V;th)ss?ér) ) Aluminum lactate
19 ngou_se ot Bd Wt 250 F (decreased body weight Golub et al. 1992a
s/v Q't')ssf;r) Gd 1- Ld 21 gain in lactating mice) Aluminum lactate
(F)
SN;vtl)ss?er) Aluminum lactate
21 Nsloqse 7};10 wk Bd Wt 170 F Oteiza et al. 1989
SNZVtI)Ss?(;r) ® Aluminum lactate
22 IVISot.!se 5For 7 wk Hemato 195 F Oteiza et al. 1993
svgtl)ss;r) (F) Aluminum chloride
Hepatic 195 F
Bd Wt 195 F
23 DBOQ | GFmO Cardio 88 Katz et al. 1984
(Beagle) (F) Aluminum phosphate
Hemato 88
Hepatic 88
Renal 88
Endocr 88
Ocular 88
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
24 DBog | 2;3 wk Cardio 75 Pettersen et al. 1990
(Beagle) (F) Aluminum phosphate
Hemato 75
Renal 75
Endocr 75
Immuno/ Lymphoret
25 Human 2 Xw/l((j 25 Gréske et al. 2000
(F) Aluminum hydroxide
26 Rsat 1\;)\/0 d 259 F Domingo et al. 1987b
(D a%?egyU)e- (W) Aluminum nitrate
27 Rsat 1V\r/no 52F 79 F (hyperemia in the red Gomez et al. 1986
(Da%?gyu)e- (W) pulp of the spleen) Aluminum nitrate
28 Mouse Gd 0-pnd 180 200  (in offspring: 19% Golub et al. 1993
%Z}th)ssst;r) (F) increased absolute Aluminum lactate

spleen weights;
depressed spleen cell
concentrations of
interleukin-2, interferon-g
and tumor necrosis
factor-a; deficiency of
CD4+ cells in T-cell
populations)
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral (continued)

Exposure/ LOAEL
Duration/

Key 6 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference

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

29  Mouse 6 wk 107 F Yoshida et al. 1989
S/?;vtl)ss;r) (F) Aluminum lactate

30 I\gou.se C::d 1-pnd 31 155 F (increased susceptibility Yoshida et al. 1989
slvgtl)sszr) (F) goa:)nasitenal infection in Aluminum lactate

Neurological

31 Rat 100d 97 M Colomina et al. 2002 Citric acid was added

NS (W) . ) to water to increase
( Al trat
uminum nitrate absorption.

32 Rat 6.5 mo 125 M Domingo et al. 1996 Citric acid was added
(Sprague- (W) Alumi itrat to water to improve
Dawley) uminum nitrate aluminum absorption.

33 Rat gari'% 215M  43.1 M (impairment of Mameli et al. 2006
(Wistar) w) post-rotatory nystagmus) Aluminum chloride

34 Mouse Gd1-Ld21 330 F Donald et al. 1989
S/?:IE)SS?(;F) (F) Aluminum lactate

35 MSou.se ’\::R 100 M Golub and Germann 1998
SN;vtl)ssZr) (F) Aluminum lactate
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(%qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
36 MSOL!S(E Gka 62F 130 F (decreased total activity Golub et al. 1989
SN;VI:I)SS?(;F) (F) and vertical activity) Aluminum lactate
37 l\goqse E%éi 11 -2211 250 F Golub et al. 1992a
wiss- - i
$Nebster) Gd 1- Ld 21 Aluminum lactate
(F)
38 ?/Slc\’,;zz ?ﬁ)d 195 F (decreased forelimb and Golub et al. 1992b
- hindlimb grip strengths Aluminum lactate
Webster) and startle response,
decreased total activity,
horizontal activity, and
percent interval with high
activity counts)
39 MSOL!S(E GFd 1-pnd 170 100 M 200 M (increased cage mate Golub et al. 1995
SN;VtI)SS;r) (F) aggression) Aluminum lactate
40 MSou.se (SFC)” 7wk 195 F (reduced forelimb and Oteiza et al. 1993
SN;vtl)ss?er) hindlimb grip strength) Aluminum chloride
41 Dog 26 wk 75 Pettersen et al. 1990

(Beagle) (F)

Aluminum phosphate
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/
Duration/

Key t6 Species Fr(%qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
Reproductive
42 "g°“_se (;J:d 1-Ld 21 155 F (altered gestational Donald et al. 1989

&N;th)ss;r) (F) length) Aluminum lactate
43 MSOU_SG ﬁ? 11 -2211 250 F Golub et al. 1992a

wiss- - ;
sNebster) Gd 1-Ld 21 Aluminum lactate
(F)

Developmental
44 Rat é5dd1_prLedmza1ting 103  (decreased forelimb grip Colomina et al. 2005 etk

(Sprague- strength, decreased pup Aluminum nitrate to watell' to increase

Dawley) (W) body weight) absorption.

53 (delay in vaginal
opening)
45 '(\Asoqzz (GF(; 1-Ld21 155  (decreased forelimb and Donald et al. 1989
WISS- increased hindlimb grip Aluminum lactate
Webster) strength and increased
foot splay in weanlings)

46 MOL!S€ Gd 1-pnd 35 330 M Golub and Germann 1998

%gtl)sszr) (F) Aluminum lactate
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key t6 Species Fr(??qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
47 M°‘fse G:d02-1l__g521, Zg 130  (impaired performance Golub and Germann 2001 Diet levels of
(Swiss- P on the water maze test in Aluminum lactate phosphorus, calcium,
Webster) (F) females, shorter latency magnesium, iron, and
to fall in wire suspension zinc were marginally
test in males) adequate.
48 l\/Slou‘se C::d 1-pnd 35 330 (altered myelination in Golub and Tarara 1999
SNZVtI)Ss?(;r) (F) spinal cord) Aluminum lactate
* I\gou.se gg 1:1&1 21 250 (decrease in pup weight, Golub et al. 1992a
slvévtl)sszr Ld 1-21 crown-rump length, _ Aluminum lactate
) forelimb grip strength in
(F) gestation exposed group,
increase in hindlimb grip
and tail withdrawal times
in gestation and lactation
exposed groups,
increase in negative
geotaxis latency in
lactation exposed
groups)
50 IVISou.se C::d 1-pnd 21 155  (decreased fore- and Golub et al. 1995
(WZ,”QZ?.;O (F) hindlimb grip strengths Aluminum lactate

and startle response)
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr((:zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
51 Mouse Gd 1- pnd 31 330 Yoshida et al. 1989 Assessed
%;th)sszr) (F) Aluminum lactate Immunotoxicity.
CHRONIC EXPOSURE
Systemic
52 RSat vc\;/g;n-irl;; 121yr of B Wt 103 M Roig et al. 2006 Citric acid was added
rague- - . . to water to increase
(DaF:NIegy) age or 2 yr of Aluminum nitrate absorption.
age
(W)
53 Rat 2.5yr Resp 06 Schroeder and Mitchener
(Long- Evans) (W) 1975a
Aluminum sulfate
Cardio 0.6
Hepatic 0.6
Renal 0.6
Bd Wt 0.6
54 MSOU_SG’ 2y ceptionto BA Wt 100 F (20% decrease in body Golub et al. 2000
glvévtl)ss?er) 24 mo weight gain) Aluminum lactate

(F)
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Table 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(eRqouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mgl/kg/day) (mg/kg/day) Chemical Form Comments
55 Moqse lifetime Resp 192 Schroeder and Mitchener
(Swiss) (W) 1975b
Aluminum sulfate
Cardio 1.2
Hepatic 1.2
Renal 1.2
Bd Wt 1.2
Neurological
56 Rat Gd 1-Ld 21 103 M Roig et al. 2006 Citric acid was added
(Sprague- weaning-1 yr of . . to water to increase
Dawley) age or 2 yr of Aluminum nitrate absorption.
age
(W)
57 Mouse 2yr § i Golub et al. 2000
Swiss- conception to 100 (qufeased_ forelimb and .
sNebster) 24 mo hindlimb grip strength, Aluminum lactate
decreased thermal

(F)

sensitivity)

a The number corresponds to entries in Figure 3-2.

b Used to derive an intermediate-duration oral minimal risk level (MRL) of 0.9 mg Al/kg/day; dose divided by an uncertainty factor of 30 (3 for extrapolation from animals to humans
and 10 for human variability).

¢ Used to derive a chronic-duration oral MRL of 0.3 mg Al/kg/day; dose divided by an uncertainty factor of 300 (10 for the use of a LOAEL, 3 for extrapolation from animals to
humans, and 10 for human variability).

Bd Wt = body weight; Cardio = cardiovascular; CFU-E = colony-forming unit-erythroid; d = day(s); (F) = feed; F = Female; (G) = gavage; Gastro = gastrointestinal; Gd = gestational
day; (GW) = gavage in water; Hemato = hematological; Ld = lactation day; LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; Immuno/Lymphoret =
immunological/lymphoreticular; M = male; mo = month(s); NOAEL = no-observed-adverse-effect level; NR = not reported; pnd = post-natal day; Resp = respiratory; (W) = drinking
water; wk = week(s); x = time(s); yr = year(s)
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Figure 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral
Acute (214 days)
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Figure 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral (Continued)
Intermediate (15-364 days)
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Figure 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral (Continued)

Intermediate (15-364 days)
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Figure 3-2 Levels of Significant Exposure to Aluminum and Compounds - Oral (Continued)
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Although levels of human oral intake of aluminum may be characterized, it is important to recognize that
the amount of aluminum ingested does not provide an actual estimate of exposure without information on
bioavailability of the form of aluminum ingested. Similarly, effective doses in the animal studies,
including the exact underestimate of aluminum intake in animal studies with insufficient information on
aluminum in the base diet, cannot be known without information on bioavailability of the aluminum. As
discussed in Section 3.3.1.2, the bioavailability of aluminum is influenced by the form in which it is
ingested and the presence of other substances in the gastrointestinal tract, particularly complexing

moieties in foods, which may significantly enhance or hinder absorption.

3.2.2.1 Death

No aluminum-related deaths in healthy humans have been reported after oral exposure. One aluminum

compound that can be life threatening to humans is aluminum phosphide, a grain fumigant. Accidental or
volitional ingestion (to commit suicide) of large amounts has caused death (Chopra et al. 1986; Khosla et
al. 1988). The toxicity from this compound is due to the exposure to phosphine gas, which is produced in

the gastrointestinal tract after the aluminum phosphide is ingested.

Aluminum caused death in laboratory animals only at doses that are high compared to normal human
exposure. Data on acute lethality of ingested aluminum are summarized below. For aluminum bromide,
LDs (lethal dose, 50% kill) values of 162 and 164 mg Al/kg have been reported in Sprague-Dawley rats
and Swiss Webster mice, respectively (Llobet et al. 1987). For the nitrate form, LDs, values of 261 and
286 mg Al/kg have been reported for Sprague-Dawley rats and Swiss Webster mice, respectively (LlIobet
et al. 1987). For the chloride form, LDs, values of 370, 222, and 770 mg Al/kg have been reported for
Sprague-Dawley rats, Swiss Webster mice, and male Dobra VVoda mice, respectively (Llobet et al. 1987;
Ondreicka et al. 1966). The LDs, for aluminum sulfate in male Dobra VVoda mice was reported as

980 mg Al/kg (Ondreicka et al. 1966). Time to death and clinical signs were not reported in these studies.
A single gavage exposure to 540 mg Al/kg as aluminum lactate was fatal to all 5 lactating female New
Zealand rabbits tested (Yokel and McNamara 1985). Time to death was reported as 8-48 hours.

Intermediate-duration oral exposure to aluminum has also been shown to cause death. Mortality occurred
in female Swiss Webster mice exposed to aluminum lactate in the diet for 42 days throughout gestation
and lactation at doses of 184 or 280 mg Al/kg/day (Golub et al. 1987), but not at 330 mg Al/kg/day in a
different study (Donald et al. 1989) by the same group of investigators. Severe signs of neurotoxicity

(ataxia, paralysis) were noted prior to the deaths. The effects in the Golub et al. (1987) study appear to be
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related to semipurified diet composition. In particular, the formulation of the diet was revised by Donald
et al. (1989) (and in subsequent studies by Golub and coworkers) by adding a “more generous provision”
of several essential nutrients, particularly trace minerals (including calcium, magnesium, phosphate), to
avoid the toxicity associated with the aluminum in the original diet. One of nine pregnant Swiss Webster
mice that consumed 250 mg Al/kg/day as aluminum lactate in the revised purified diet died (Golub et al.
1992a). No mortality was observed in male Sprague-Dawley rats (7—10 per group) orally exposed to

70 mg Al/kg/day as aluminum chloride in water for 30, 60, or 90 days (Dixon et al. 1979), or up to

158 mg Al/kg/day as aluminum hydroxide in the feed for 16 days (Greger and Donnaubauer 1986); these
doses do not include aluminum in the base diet. No male or female Beagle dogs (4/sex/group) died
following dietary exposure to 75-80 mg Al/kg/day as sodium aluminum phosphate and base levels of
aluminum in the feed for 26 weeks (Pettersen et al. 1990). In chronic-duration studies, exposure to
aluminum at 100 mg Al/kg/day as aluminum lactate in the diet or 103 mg Al/kg/day as aluminum nitrate
with added citric acid in drinking water did not result in significant alterations in mortality (Golub et al.
2000; Roig et al. 2006).

All reliable LOAEL values for death in each species and duration category are recorded in Table 3-2 and
plotted in Figure 3-2.

3.2.2.2 Systemic Effects

The highest NOAEL values and all LOAEL values for oral exposure from each reliable study for
systemic effects in each species and duration category for aluminum are shown in Table 3-2 and plotted
in Figure 3-2; only studies providing information on the levels of aluminum in the base diet are included
in Table 3-2 and Figure 3-2.

Respiratory Effects. No studies were located regarding respiratory effects of various forms of
aluminum following intermediate- or chronic-duration oral exposure in humans. Acute-duration oral
exposure to aluminum phosphide has been shown to cause pulmonary edema in persons following
accidental or volitional ingestion (Chopra et al. 1986; Khosla et al. 1988). The toxicity was probably due

to the formation of highly toxic phosphine gas rather than to aluminum exposure.

No studies were located regarding respiratory effects of various forms of aluminum following acute-
duration oral exposure in animals. Intermediate- and chronic-duration studies found no organ weight or

histological changes in the lungs in rats exposed to 70 mg Al/kg/day as aluminum chloride in drinking
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water (base dietary aluminum not reported) for 30, 60, or 90 days (Dixon et al. 1979), rats exposed to

133 mg Al/kg/day as aluminum nitrate in drinking water and base diet for 1 month (Gomez et al. 1986),
rats or mice exposed to 0.6 and 1.2 mg Al/kg/day as aluminum potassium sulfate in drinking water (base
dietary aluminum not reported), respectively, for 2-2.5 years (Schroeder and Mitchener 1975a, 1975b), or
mice exposed to 979 mg Al/kg/day as aluminum potassium sulfate in the feed (base dietary aluminum not
reported) for 20 months (Oneda et al. 1994).

Cardiovascular Effects. No studies were located regarding cardiovascular effects of various forms
of aluminum following intermediate- or chronic-duration oral exposure in humans. Acute-duration oral
exposure to aluminum phosphide has been shown to cause tachycardia, hypotension, cardiovascular
electrocardiographic abnormalities, subendocardial infarction, and transient atrial fibrillation in persons
who either ingested it accidentally or in suicide attempts (Chopra et al. 1986; Khosla et al. 1988).
However, toxicity was probably due to the formation of highly toxic phosphine gas rather than to

aluminum exposure.

No studies were located regarding cardiovascular effects of aluminum or its compounds following acute-
duration oral exposure in animals. No histological changes were observed in the hearts of male Sprague-
Dawley rats given up to 70 mg Al/kg/day as aluminum chloride in drinking water (base dietary aluminum
not reported) for 30, 60, or 90 days (Dixon et al. 1979). Similarly, no organ weight or histological
changes were found in the hearts of female Sprague-Dawley rats that ingested 133 or 284 mg Al/kg/day
as aluminum nitrate in drinking water and base diet for up to 1 month (Gomez et al. 1986) or 100 days,
respectively (Domingo et al. 1987b). No organ weight or histological changes were observed in the
hearts of dogs that consumed up to 75 mg Al/kg/day (Katz et al. 1984) or 88 mg Al/kg/day (aluminum
levels of base diet not provide) (Pettersen et al. 1990) as sodium aluminum phosphate in the diet for

6 months.

Cardiovascular effects were not observed in animals following chronic-duration exposure to aluminum
compounds. No histological changes were observed in the hearts of male and female Long Evans rats or
Swiss mice given 0.6 or 1.2 mg Al/kg/day as aluminum potassium sulfate in drinking water, respectively,
for 2-2.5 years (Schroeder and Mitchener 1975a, 1975b) or B6C3F1 mice that ingested 979 mg Al/kg/day
as aluminum potassium sulfate in the diet for 20 months (Oneda et al. 1994). Aluminum levels in the
base diet were not reported in these rat and mouse studies, although the animals were fed a low-metal diet

in metal-free environmental conditions in the Schroeder and Mitchener (1975a, 1975b) studies.
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Gastrointestinal Effects. No studies were located regarding gastrointestinal effects of various forms
of aluminum following intermediate- or chronic-duration exposure in humans. Unspecified
gastrointestinal and bowel problems were reported by people who, for 5 days or more, may have
consumed water that contained unknown levels of aluminum sulfate accidentally placed in a water
treatment facility in England (Ward 1989). Forty-eight of the exposed persons were examined, but the
number of people with gastrointestinal complaints was not reported. It should be noted that the water
supply also contained elevated levels of copper and lead which leached from the plumbing systems due to
the greater acidity of the water (pH <4). Aluminum and copper levels in body tissues were reported as
elevated in scalp hair and fingernails. Acute-duration oral exposure to aluminum phosphide has been
shown to cause vomiting and abdominal pain in persons who ingested it either accidentally or in suicide
attempts (Chopra et al. 1986; Khosla et al. 1988). However, as noted above, toxicity was probably due to

the formation of highly toxic phosphine gas rather than to aluminum exposure.

No studies were located regarding gastrointestinal effects of aluminum or its compounds following acute-
duration oral exposure in animals. No organ weight or histological changes were observed in the
gastrointestinal tissues of female Sprague-Dawley rats given 133 mg Al/kg/day as aluminum nitrate in
drinking water and base diet for up to 1 month (Gomez et al. 1986), or in male or female B6C3F1 mice
that ingested 979 mg Al/kg/day as aluminum potassium sulfate in the feed (base dietary aluminum not
reported) for 20 months (Oneda et al. 1994).

Hematological Effects. No studies were located regarding hematological effects of various forms of
aluminum following acute-, intermediate-, or chronic-duration exposure in humans after oral exposure to

aluminum or its compounds.

Repeated exposure to aluminum appears to adversely affect the hematological system of rats and mice.
Significant decreases in hemoglobin, hematocrit, and/or erythrocyte osmotic fragility were observed in
rats exposed to 420 mg Al/kg/day as aluminum citrate in drinking water for 15 weeks (Garbossa et al.
1998), mice exposed to 13 mg Al/kg as aluminum citrate administered via gavage 5 days/week for

22 weeks (Garbossa et al. 1996), rats exposed to 230 mg Al/kg/day as aluminum citrate in drinking water
for 8 months (Vittori et al. 1999), and rats exposed via drinking water to 54.7 mg Al/kg/day as aluminum
sulfate in a sodium citrate solution for 18 months (Farina et al. 2005). Exposure to lower concentrations
or for shorter durations resulted in no significant damage to the erythrocytes. No alterations in
hemoglobin, hematocrit, and/or erythrocyte osmotic fragility were observed in mice exposed to 13 mg

Al/kg as aluminum citrate or aluminum chloride administered via gavage 5 days/week for 2 weeks
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(Garbossa et al. 1996), rats exposed to 133 mg Al/kg/day as aluminum nitrate in drinking water for

1 month (Gomez et al. 1986), mice exposed to 195 mg Al/kg/day as aluminum citrate in the diet for 5 or
7 weeks (Oteiza et al. 1993), rats exposed to 284 mg Al/kg/day as aluminum nitrate in drinking water for
100 days (Domingo et al. 1987b), rats exposed to 27 mg Al/kg as aluminum citrate administered via
gavage 5 days/week for 15 weeks (Garbossa et al. 1996), or dogs exposed to 75 or 88 mg Al/kg/day as
aluminum phosphate in the diet for 6 months (Katz et al. 1984; Pettersen et al. 1990). The studies
conducted by Domingo et al. (1987b), Gomez et al. (1986), Oteiza et al. (1993), Pettersen et al. (1990),
and Vittori et al. (1999) provided information on the levels of aluminum in the base diet; the remaining
studies did not provide this information. As highlighted by the Garbossa et al. (1996) study, which used
multiple durations, the erythrocytic effects appear to be duration sensitive. No alterations in hemoglobin
or hematocrit levels were observed in mice exposed to 13 mg Al/kg as aluminum citrate administered via
gavage for 2 weeks; however, significant decreases in these parameters were observed when the exposure
was continued for 22 weeks. Additionally, aluminum can alter mature erythrocyte morphology;
anisocytosis (abnormal variations in cell size), anisochromia (unequal degree of cell staining), and
poikilocytosis (abnormal variation in cell shape) have been observed in rats exposed to 230 mg Al/kg/day
as aluminum citrate in drinking water for 8 months (Vittori et al. 1999). Hyperemia in the red pulp of the
spleen was reported in rats exposed to 79 mg Al/kg/day as aluminum nitrate in drinking water for

1 month (Gomez et al. 1986); this may be indicative of erythrocyte damage.

There is some evidence that aluminum may affect iron levels in blood; however, this has not been well
studied and the results are not consistent across studies. Vittori et al. (1999) did not find significant
alterations in plasma iron levels or total iron binding capacity in rats exposed to 230 mg Al/kg/day as
aluminum citrate in drinking water for 8 months; however, impaired iron uptake and decreased iron
incorporation into heme were measured in bone marrow cells. Farina et al. (2005) found significant
decreases in blood iron concentrations and no change in total iron binding capacity in rats exposed to
54.7 mg Al/kg/day as aluminum sulfate in a sodium citrate solution in drinking water for 18 months.
Florence et al. (1994) reported decreases in serum iron levels, total iron binding capacity, and transferring
saturation in rats exposed to 75 mg Al/kg/day as aluminum citrate in the diet for 6 months; however, the

statistical significance of these findings was not reported.

Several studies have shown that aluminum can adversely affect erythropoeisis. Intermediate-duration
exposure has been associated with significant inhibition of colony forming units-erythroid (CFU-E)
development in bone marrow of mice exposed to 13 mg Al/kg as aluminum citrate or aluminum chloride

administered via gavage 5 days/week for 2 or 22 weeks (Garbossa et al. 1996), rats exposed to 27 mg
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Al/kg as aluminum citrate administered via gavage 5 days/week for 15 weeks (Garbossa et al. 1998), rats
exposed to 420 mg Al/kg/day as aluminum citrate in drinking water for 15 weeks (Garbossa et al. 1998),
and rats exposed to 230 mg Al/kg/day as aluminum citrate in drinking water for 8 months (Vittori et al.
1999); the aluminum content of the base diet was not reported in the Garbossa et al. (1996, 1998) studies.

Chronic-duration studies did not examine this end point.

Musculoskeletal Effects. Joint pains were common symptoms reported in people in England who,
for 5 days or more, consumed unknown levels of aluminum sulfate in drinking water which also
contained elevated levels of copper and lead (Ward 1989). Osteomalacia has been observed in healthy
individuals following long-term use of aluminum-containing antacids and in individuals with kidney
disease. There are numerous case reports of osteomalacia and rickets in otherwise healthy infants and
adults using aluminum-containing antacids for the treatment of gastrointestinal illnesses (i.e., ulcers,
gastritis, colic) (Carmichael et al. 1984; Chines and Pacifici 1990; Pivnick et al. 1995; Woodson 1998).
The aluminum in the antacids binds with dietary phosphorus and prevents its absorption resulting in
hypophosphatemia and phosphate depletion. Osteomalacia, characterized by a softening of the bone and
resulting in increased spontaneous fractures and pain, has been well documented in dialyzed uremic
adults and children exposed to aluminum-contaminated dialysate or orally administered aluminum-
containing phosphate-binding agents (Andreoli et al. 1984; Griswold et al. 1983; King et al. 1981; Mayor
et al. 1985; Wills and Savory 1989). Decreased aluminum urinary excretion caused by impaired renal
function and possibly an increase in gastrointestinal absorption of aluminum (Alfrey 1993) results in
increased aluminum body burden leading to markedly increased bone aluminum levels and the presence
of aluminum between the junction of calcified and noncalcified bone. For more information on renal

patients and aluminum, see Section 3.10.

Although long-term oral exposure to aluminum results in an increase in aluminum levels in the bone (Ahn
et al. 1995; Konishi et al. 1996), there is no histological evidence that under normal physiological
conditions that the accumulation of aluminum alters the bone structure. No histological alterations were
observed in the tibias of male Wistar rats fed 100 mg Al/kg/day as aluminum lactate (aluminum levels in
the base diet not reported) for 10 weeks (Konishi et al. 1996).

Hepatic Effects. No studies were located regarding hepatic effects of various forms of aluminum
following intermediate- or chronic-duration exposure in humans. Hepatic dysfunction was reported in

1 of 15 people acutely exposed to unspecified amounts of aluminum phosphide (Khosla et al. 1988).
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However, the toxicity, as noted above was probably due to the formation of highly toxic phosphine gas

rather than to aluminum exposure.

Most animal studies did not find significant alterations in liver weights or liver histology following
intermediate- or chronic-duration oral exposure. Hyperemia and periportal monocytic infiltrate were
observed in the livers of female Sprague-Dawley rats given 133 mg Al/kg/day as aluminum nitrate in
drinking water for 1 month (Gomez et al. 1986). Mild hepatocyte vacuolation was found in male dogs
exposed to 75 mg Al/kg/day in the diet for 26 weeks (Pettersen et al. 1990), but the study authors
concluded that the hepatic effects probably resulted from a drastic reduction in food consumption and a

decrease in body weight.

The remaining studies conducting liver histopathological examinations did not find significant alterations
in rats exposed to 70 mg Al/kg/day as aluminum chloride in drinking water for 30, 60, or 90 days (Dixon
et al. 1979), rats exposed to 284 mg Al/kg/day as aluminum nitrate in drinking water for 100 days
(Domingo et al. 1987b), mice exposed to 49 mg Al/kg/day as aluminum chloride in drinking water for
180 days (Ondreicka et al. 1966), dogs exposed to 88 mg Al/kg/day as aluminum phosphate in the diet for
6 months (Katz et al. 1984), mice exposed to 979 mg Al/kg/day as aluminum sulfate in the diet for

20 months (Oneda et al. 1994), or rats or mice exposed to 0.6 or 1.2 mg Al/kg/day as aluminum sulfate,
respectively, in drinking water for a lifetime (Schroeder and Mitchener 1975a, 1975b). Only the
Domingo et al. (1987b) and Ondreicka et al. (1966) studies included the levels of aluminum in the base
diet.

Renal Effects. No studies were located regarding renal effects of various forms of aluminum
following intermediate- or chronic-duration exposure in humans. Acute-duration oral exposure to
aluminum phosphide has been shown to cause renal failure, significant proteinuria, and anuria in persons
who ingested it either accidentally or in suicide attempts (Chopra et al. 1986; Khosla et al. 1988).
However, toxicity was probably due to the formation of highly toxic phosphine gas rather than to

aluminum exposure.

Several intermediate- or chronic-duration studies examined for possible effects on the kidneys; most
studies did not find any adverse effects. Mild tubular “glomerularnephritis” was observed in dogs
exposed to 75 mg Al/kg/day as sodium aluminum phosphate in the diet for 26 weeks (Pettersen et al.
1990); however, the study investigators did not consider this effect to be adverse because it was not

accompanied by clinical evidence of kidney dysfunction. The effect may have been secondary to the
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drastic reduction in feed intake and decreased body weight also observed in these dogs. No alterations in
kidney histopathology were observed in rats exposed to 70 mg Al/kg/day as aluminum chloride in
drinking water for 30-90 days (Dixon et al. 1979), rats exposed to 284 mg Al/kg/day as aluminum nitrate
in drinking water for 100 days (Domingo et al. 1987b), mice exposed to 49 mg Al/kg/day as aluminum
chloride in drinking water for 180 days (Ondreicka et al. 1966), dogs exposed to 88 mg Al/kg/day as
aluminum phosphate in the diet for 6 months (Katz et al. 1984), mice exposed to 979 mg Al/kg/day as
aluminum sulfate in the diet for 20 months (Oneda et al. 1994), or rats or mice exposed to 0.6 or 1.2 mg
Al/kg/day as aluminum sulfate, respectively, in drinking water for a lifetime (Schroeder and Mitchener
1975a, 1975b). With the exception of the Domingo et al. (1987b), Pettersen et al. (1990), and Ondreicka

et al. (1966) studies, information on the levels of aluminum in the base diet was not reported.

Endocrine Effects. No studies were located regarding endocrine effects of various forms of

aluminum following acute-, intermediate-, or chronic-duration oral exposure in humans.

No studies were located regarding endocrine effects of aluminum or its compounds following acute-
duration exposure in animals. No organ weight or histological changes were observed in the thyroid,
adrenal, or pituitary glands of male and female Beagle dogs that consumed up to 75 (Pettersen et al. 1990)
or 88 (Katz et al. 1984) mg Al/kg/day as sodium aluminum phosphate in the diet for 6 months; the doses
in the Katz et al. (1984) study do not include aluminum in the base diet.

Dermal Effects. No studies were located regarding dermal effects of various forms of aluminum
following intermediate- or chronic-duration oral exposure in humans. Skin rashes were common
symptoms reported by 48 people in England who consumed drinking water containing unknown levels of
aluminum sulfate for approximately 5 days (Ward 1989). The water also contained elevated levels of

copper and lead.

No studies were located regarding dermal effects of aluminum or its compounds following acute-duration
exposure in animals. A localized loss of fur on the tip of the snout was observed in mice that ingested
130 mg Al/kg/day as aluminum lactate and base dietary aluminum for 6 weeks, but the effect was
considered to be a sign of poor condition in the colony and not clearly attributable to aluminum exposure
(Golub et al. 1989).

Ocular Effects. No studies were located regarding ocular effects of various forms of aluminum

following acute-, intermediate-, or chronic-duration oral exposure in humans.
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No studies were located regarding ocular effects of various forms of aluminum following acute-duration
exposure in animals. No adverse ocular changes were found in male and female Beagle dogs that
consumed up to 88 mg Al/kg/day as sodium aluminum phosphate in the diet for 6 months (Katz et al.

1984); these doses do not include aluminum in the base diet.

Body Weight Effects. No studies were located regarding body weight effects of various forms of

aluminum following acute-, intermediate-, or chronic-duration oral exposure in humans.

Most studies have not found significant alterations in body weight gain in rats or mice following acute
exposure to 73-192 mg Al/kg/day as aluminum lactate or aluminum hydroxide with citric acid (Bernuzzi
et al. 1986; Domingo et al. 1989; Gomez et al. 1991; Misawa and Shigeta 1992), intermediate-duration
exposure to 20-399 mg Al/kg/day as aluminum lactate, aluminum chloride, aluminum hydroxide, or
aluminum nitrate (Bernuzzi et al. 1989b; Bilkei-Gorzo 1993; Domingo et al. 1987b; Donald et al. 1989;
Golub et al. 1989, 1992b, 1995; Gomez et al. 1986; Greger and Donnaubauer 1986; Konishi et al. 1996;
Ondreicka et al. 1966; Oteiza et al. 1989), or chronic-duration exposure to 0.6-979 mg Al/kg/day as
aluminum nitrate with citric acid, aluminum lactate, or aluminum sulfate (Golub et al. 2000; Oneda et al.
1994; Roig et al. 2006; Schroeder and Mitchener 1975a, 1975b). Of the studies reporting reductions of
body weight gain, many involved gestational and/or lactational exposure; significant decreases in body
weight gain were observed in rats administered via gavage 409 mg Al/kg/day as aluminum hydroxide
with citric acid on gestation days 6-15 (Gomez et al. 1991), rats administered via gavage 38 mg
Al/kg/day as aluminum nitrate on gestation days 6-14 (Paternain et al. 1988), rats administered via
gavage 70 mg Al/kg/day as aluminum chloride on gestation days 0-16 (Sharma and Mishra 2006), and
mice exposed to 200 or 250 mg Al/kg/day aluminum lactate in the diet on gestation day O through
lactation day 21 (Golub et al. 1987, 1992a). A decrease in body weight was also observed in aged rats
exposed to 97 mg Al/kg/day as aluminum nitrate with citric acid for 100 days (Colomina et al. 2002) and
rats administered via gavage 53 mg Al/kg/day as aluminum chloride for 30 days (Rajasekaran 2000). In a
lifetime exposure study, Golub et al. (2000) reported a 20% decrease in body weight gain in female mice
exposed to 100 mg Al/kg/day as aluminum lactate in the diet; however, in a separate group of mice
similarly exposed to 100 mg Al/kd/day as aluminum lactate, no significant alterations in body weight gain
were observed (Golub et al. 2000).
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3.2.2.3 Immunological and Lymphoreticular Effects

There are limited data on the potential for aluminum to induce immunological effects in humans.
Intermediate-duration exposure to 25 mg Al/kg/day as aluminum hydroxide in the form of an antacid
suspension for 6 weeks did not affect immunoglobulin and interleukin concentrations or production,
natural killer (NK) cells, or B- and T-lymphocyte populations or proliferation; a significant reduction in,
primed cytotoxic T- cells (CD8+CD45R0+ population) was observed (Graske et al. 2000). The

toxicological significance of this finding in the absence of other alterations is not known.

Very few animal studies examined the potential immunotoxicity of aluminum. Intermediate-duration
exposure of mice to 13 mg Al/kg/day as aluminum citrate administered via gavage 5 days/week for

22 weeks resulted in a significantly higher proliferation of lymph node cells and had no effect on spleen
cell proliferation (Lauricella et al. 2001). This suggests that while aluminum might induce alterations in
cell immune response, the stimulating or suppressing effects could depend on the dose, route of
administration, exposure duration, or cell population. There is some evidence that developmental
exposure to aluminum may adversely affect the immune system in young animals. A 19% increase in
spleen weights, depressed spleen cell concentrations of interleukin-2, interferon-y and tumor necrosis
factor-a, and a deficiency of CD4+ cells in T-cell populations were observed in Swiss Webster mice
exposed to aluminum from conception through 6 months of age (Golub et al. 1993). The maternal
animals consumed 200 mg Al/kg/day as aluminum lactate in the diet from conception through lactation
and the offspring were subsequently fed the same diet as the dams. Susceptibility to bacterial infection
was increased in offspring of Swiss-Webster mice exposed to dietary aluminum lactate in a dose of

155 mg Al/kg from conception through 10 days of age, but not in 6-week-old mice exposed to

107 mg Al/kg/day for 6 weeks (Yoshida et al. 1989). Susceptibility to infection was evaluated by
assessing survival following intravenous inoculation with Listeria monocytogenes at the end of the

exposure periods.

No organ weight or histological changes in spleen and/or thymus were observed in female Sprague-
Dawley rats exposed to 284 mg Al/kg/day as aluminum nitrate in drinking water for 100 days (Domingo
et al. 1987b), male Sprague-Dawley rats given 70 mg Al/kg/day as aluminum chloride in drinking water
for 30, 60, or 90 days (Dixon et al. 1979), or male and female mice exposed to 979 mg Al/kg/day as
aluminum potassium sulfate in the diet for 20 months (Oneda et al. 1994). The doses in all of the above
studies except Lauricella et al. (2001), Dixon et al. (1979), and Oneda et al. (1994) include aluminum in
the base diet.
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The highest reliable NOAEL value and all reliable LOAEL values in each species and duration category

are recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.4 Neurological Effects

The neurotoxicity of aluminum following oral exposure has been well established in humans with renal
insufficiency and animals; however, it has not been adequately investigated in healthy humans. The
human database consists of case reports of acute accidental or intentional exposure to aluminum, an acute
exposure study in healthy individuals, studies of patients undergoing dialysis treatment, and studies

examining the possible association between aluminum ingestion and Alzheimer’s disease.

Memory loss, fatigue, depression, behavioral changes, and learning impairment were reported in five
children who, over a 5-day period, consumed drinking water containing unknown levels of aluminum
sulfate, which was accidentally placed in a water-treatment facility in England (Ward 1989). The water
also contained elevated levels of copper and lead, a highly neurotoxic element, which leached from the
plumbing systems due to the greater acidity of the water. Thus, the role of aluminum in the onset of the
neurological symptoms is unclear. Acute-duration oral exposure to aluminum phosphide (19—

157 mg Al/kg) caused altered sensorium in 4 of 16 persons who ingested it either accidentally or in
suicide attempts (Khosla et al. 1988). Restlessness and loss of consciousness were observed in 10 of
15 people who ingested unknown amounts of aluminum phosphide (Chopra et al. 1986). The toxicity
associated with aluminum phosphide ingestion was probably due to the formation of highly toxic
phosphine gas rather than the aluminum exposure.

Uremic persons represent a population at risk for aluminum-related dementia (Alfrey 1993). Prolonged
dialysis with aluminum-containing dialysates, possibly combined with oral treatment with aluminum
hydroxide to control hyperphosphatemia, has produced a characteristic neurotoxicity syndrome which has
been referred to as “dialysis dementia” (Alfrey 1987; King et al. 1981; Mayor et al. 1985; Wills and
Savory 1989). Alfrey (1993) describes two types of aluminum neurotoxicity in uremic patients: acute
and classical. The acute form is caused by high levels of aluminum in the dialysate, the co-ingestion of
aluminum-containing phosphate binders and citrate, or the rapid rise in serum aluminum following
desferoxamine treatment. The onset of neurotoxicity is rapid and marked by confusion, muscle twitching,
grand mal seizures, coma, and death. Plasma levels of aluminum are typically >500 ug/L; normal levels

are approximately 1-3 ug/L (House 1992; Liao et al. 2004). The classical type results from chronic
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parenteral or oral aluminum exposures and is characterized by a gradual onset of neurobehavioral
disorders and, eventually, death. These neurological effects have been observed in adults and children
(Alfrey 1993; Griswold et al. 1983). Plasma levels are estimated to be 100-200 pg/L. Limiting
aluminum exposure in uremic persons (for example, the use of aluminum-free dialysates and aluminum-

free phosphate binding agents) essentially eliminates these neurotoxic effects.

Alzheimer’s disease is a neurodegenerative disorder, which is manifested clinically as a progressive
deterioration of memory and cognition. The primary neuropathological characteristics of Alzheimer’s
disease are neuronal loss and the formation of neurofibrillary tangles, senile plagues with amyloid
deposits and neuropil threads, and cerebrovascular amyloid deposition. The etiology of Alzheimer’s
disease is complex, with genetics playing a critical role; there is also evidence that the environment may
modify the risk. The possible association between aluminum and Alzheimer’s disease was proposed over
40 years ago; however, the evidence that aluminum may or may not be a risk factor is inconsistent and
inconclusive. A number of lines of evidence have been used to support the relationship between
aluminum and Alzheimer’s disease (Flaten 2001; Munoz 1998); these include elevated levels of
aluminum in the brains of individuals with Alzheimer’s disease, the well-established neurotoxicity of
aluminum, and epidemiology studies finding a geographical association between aluminum levels in
drinking water and Alzheimer’s disease. In the last 25 years, a number of epidemiology and animal
studies have investigated this possible association; an animal model that fully mimics human Alzheimer’s
disease has not been identified. Many of the epidemiology studies have been criticized for flawed patient
selection, poor comparability of exposed and control groups, poor exposure assessment, inaccurate
diagnosis of Alzheimer’s disease, and weak statistical correlations (Nieboer et al. 1995; Schupf et al.
1989). A number of these studies have found significant associations between individuals living in areas
with elevated aluminum levels in drinking water and the prevalence of Alzheimer’s disease (or a
surrogate such as dementia or cognitive impairment) (Flaten 1990; Forbes et al. 1992, 1994; Gauthier et
al. 2000; Jacgmin et al. 1994; Jacgmin-Gadda et al. 1996; Martyn et al. 1989; McLachlan et al. 1996;
Michel et al. 1990; Neri and Hewitt 1991; Rondeau et al. 2000, 2001); the aluminum content of the water
typically exceeded 0.10 mg Al/L. The odds ratios (or relative risks) were typically <2.0 (Flaten 1990;
Jacgmin et al. 1994; Martyn et al. 1989; McLachlan et al. 1996; Neri and Hewitt 1991), although some
studies, particularly studies that controlled for other risk factors such as age, education level, and family
history of dementia, estimated higher odds ratios (Gauthier et al. 2000; Rondeau et al. 2000). In contrast,
several studies did not find significant associations between aluminum exposure and the risk of

Alzheimer’s disease (or cognitive impairment (Forster et al. 1995; Martyn et al. 1997; Sohn et al. 1996;
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Wettstein et al. 1991; Wood et al. 1988); the levels of aluminum in the drinking water were similar to the

levels in studies finding positive associations.

Additionally, there are studies that examined the possible association between Alzheimer’s disease and
ingestion of aluminum from sources other than drinking water, particularly tea and antacids. The
aluminum levels in tea are typically 10-50 times higher than levels found in drinking water; similarly, the
levels of aluminum in antacids (typically containing aluminum hydroxide) are very high compared to
drinking water levels. No significant associations between tea consumption (Forster et al. 1995;
McDowell et al. 1994) or antacid use (Amaducci et al. 1986; Broe et al. 1990; Colin-Jones et al. 1989;
Forster et al. 1995; Graves et al. 1990; Heyman et al. 1984; McDowell et al. 1994) and Alzheimer’s
disease have been found. A small scale study did find a significant relationship between consumption of
food containing aluminum additives and the risk of Alzheimer’s disease (Rogers and Simon 1999);
however, this was based on a very small number of cases. The contrast between the results of the
drinking water studies, many of which found a weak association between living in areas with high
aluminum levels in drinking water and Alzheimer’s disease, and the tea and antacid studies may be due to
the difference in aluminum bioavailability. The presence of tannins and other organic constitutes found in
tea may significantly reduce aluminum absorption; the aluminum hydroxide found in antacids is poorly
absorbed. Although the aluminum speciation was not provided in most drinking water studies, in a study
by Gauthier et al. (2000), organic monomeric aluminum was the only aluminum species significantly
associated with Alzheimer’s disease. The bioavailability of organic aluminum compounds such as
aluminum citrate, aluminum lactate, and aluminum maltolate is much greater than for inorganic

aluminum compounds (Froment et al. 1989a; Yokel and McNamara 1988).

In conclusion, the available data suggest that aluminum is not likely the causative agent in the
development of Alzheimer’s disease. However, aluminum may play a role in the disease development by

acting as a cofactor in the chain of pathological events resulting in Alzheimer’s disease (Flaten 2001).

Amyotrophic lateral sclerosis (ALS) and Parkinsonism-dementia (PD) are neurodegenerative diseases that
have also been associated with aluminum exposure. ALS is a progressive disease of the central nervous
system that is characterized by an accumulation of neurofibrillary tangles. In Guam, Southwest New
Guinea, and the Kii Peninsula of Honshu Island in Japan, there is an unusually high prevalence of ALS
and PD. This may be related to the natural abundance of highly bioavailable aluminum compounds
coupled with the virtual lack of magnesium and calcium in the areas’ drinking water supplies and soil.

The consumption of the neurotoxic seed of the false sago palm tree may also play a key role in the



ALUMINUM 79

3. HEALTH EFFECTS

prevalence of ALS and PD in these areas. It has been proposed that long-term dietary deficiencies of
calcium, rendering a secondary hyperparathyroid state, in the presence of highly bioavailable aluminum
compounds and enhanced gastrointestinal absorption of aluminum can result in neuronal degeneration. In
a study designed to evaluate effects of high aluminum and low calcium levels in the diet, much like the
conditions associated with Guam and other similar areas, Cynomolgus monkeys were placed on a low
calcium diet either with or without supplemental aluminum and manganese (Garruto et al. 1989).

Chronic calcium deficiency alone produced neurodegenerative effects, although neurofibrillary changes
were most frequently seen in the monkey on a low calcium diet supplemented with aluminum and

manganese.

There are limited data on the neurotoxicity of ingested aluminum in healthy individuals. An acute
exposure study conducted by Molloy et al. (2007) did not find any significant alterations in performance
in neurobehavioral tests with a mean aluminum blood level of 280-300 pg/L at the time of testing.
Although neurotoxicity of aluminum has not been established or adequately studied in people who are
healthy (i.e., have normal renal function), there is conclusive evidence that aluminum compounds are
neurotoxic in orally-exposed animals. As discussed below and in Section 3.2.2.6, numerous intermediate-
duration studies in mice and rats found various neurotoxic effects in exposed adults and developing

offspring.

Many of the animal neurotoxicity studies are complicated by a lack of reported information on aluminum
content in the base diet. This is an important issue because, as discussed in the introduction to

Section 3.2.2, commercial rodent laboratory feed has a high aluminum content which can significantly
contribute to total exposure. Dosages in studies with insufficient information on aluminum content in the
base diet therefore must be assumed to underestimate the actual experimental dosages. The magnitude of
the underestimate may be considerable, particularly for maternal dietary intake during lactation (an
exposure period used in many neurobehavioral studies of aluminum in mice), which can be markedly
(often 2-fold) higher than in nonlactating adults. Consequently, although aluminum studies with
inadequate data on base dietary levels of aluminum provide useful information on neurotoxicity,
NOAELs and LOAELSs from these studies cannot be assumed to be accurate and are not suitable for
comparing with effect levels from studies that used diets with known amounts of aluminum. There is
particular concern for the adequacy of neurotoxicity NOAEL and LOAEL values for aluminum because
sensitive neurotoxic effects may occur in rodents at aluminum intake levels close to those provided by
commercial diet alone. Based on these concerns, only neurotoxicity studies providing information on

base dietary aluminum content are included in Table 3-2.
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In general, oral exposure to aluminum is not associated with marked signs of neurotoxicity in animals. In
a study by Golub et al. (1987), ataxia, splaying and dragging of hindlimbs, and paralysis were observed in
mouse dams exposed to 200 mg Al/kg/day as aluminum lactate during gestation and lactation. Other
studies involving exposure to higher aluminum doses have not noted significant increases in the incidence
of overt signs of neurotoxicity (Donald et al. 1989; Golub et al. 1992a). It is possible that the levels of
essential trace minerals in the diet used by Golub et al. (1987) were too low and may have contributed to
the severity of the observed effects. The diet formulation used by this group was revised by adding a
“more generous provision” of several essential nutrients, particularly trace minerals (including calcium,
magnesium, phosphate), to avoid the marked maternal neurotoxicity associated with their absence in the
original diet (Donald et al. 1989). Due to the apparent nutritional insufficiency of the diet used by Golub
et al. (1987), the results of this study are not included in Table 3-2. Another overt sign of toxicity is an
increase in cage mate aggression in male mice exposed to 200 mg Al/kg/day from gestation day 1 through
postnatal day 170 (Golub et al. 1995).

The overall weight of evidence strongly indicates that oral exposure to aluminum results in functional and
cognitive alterations. Motor function and sensory function are affected by aluminum exposure.
Decreases in forelimb and/or hindlimb grip strength have been observed in mice exposed to

195 mg Al/kg/day as aluminum lactate in the diet for 5-7 weeks (Oteiza et al. 1993) or 13 weeks (Golub
et al. 1992b; Oteiza et al. 1993) and in mice exposed to 100 mg Al/kg/day for over 2 years (Golub et al.
2000). In contrast, no alterations in grip strength were observed in mouse dams exposed to

250 mg Al/kg/day (Golub et al. 1992a) or 330 mg Al/kg/day (Donald et al. 1989) as aluminum lactate in
the diet on gestation day 1 through lactation day 21 or in mice exposed to 200 mg Al/kg/day on gestation
day 1 through postnatal day 170 (Golub et al. 1995). No significant alterations have been observed for
footsplay or negative geotaxis following intermediate duration exposure to 195 mg Al/kg/day or

200 mg Al/kg/day as aluminum lactate in the diet (Golub et al. 1992b, 1995; Oteiza et al. 1993) or mouse
dams exposed to 250 mg Al/kg/day (Golub et al. 1992a) or 330 mg Al/kg/day as aluminum lactate in diet
on gestation day 1 through lactation day 21 (Donald et al. 1989). A chronic-duration study found
impaired performance on the negative geotaxis test after 18 months of exposure to 100 mg Al/kg/day as

aluminum lactate in the diet, but not after 24 months of exposure (Golub et al. 2000).

Significant decreases in spontaneous motor activity have also been reported in rats and mice exposed to
aluminum chloride or aluminum lactate in the diet for at least 6 weeks. Effects are typically observed at

doses of 130 mg Al/kg/day and higher. A decrease in total spontaneous activity, vertical activity
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(rearing), and horizontal activity were observed in mice exposed to 130 mg Al/kg/day for 6 weeks (Golub
et al. 1989). In mice exposed to 195 mg Al/kg/day, decreases in total activity, horizontal activity, and
percentage of intervals with high activity counts were found after 90 days of exposure, but not after

45 days of exposure (Golub et al. 1992b). Decreases in spontaneous motor activity have also been
observed in rats exposed to aluminum chloride in the diet for 7 weeks or 11 months (Commissaris et al.
1982); the amounts of aluminum added to the diet were 184 and 66 mg Al/kg/day, respectively; however,
the aluminum content of the basal diet was not reported. Gavage exposure to a relatively low dose

(53 mg Al/kg/day as aluminum chloride; aluminum content of the diet not reported) was also associated
with a decrease in spontaneous motor activity. Exposure to lower doses of aluminum lactate or aluminum
nitrate (with added citric acid) has not been associated with decreases in motor activity. No alterations in
motor activity (as assessed in open field tests) were found in rats exposed to 97 mg Al/kg/day for

100 days (Colomina et al. 2002), 125 mg Al/kg/day for 6.5 months (Domingo et al. 1996), or

103 mg Al/kg/day for 1 or 2 years (Roig et al. 2006). Similarly, no alterations in total activity or
horizontal activity were observed in mice exposed to 100 mg Al/kg/day as aluminum lactate in the diet
during gestation, lactation, and postnatally until 2 years of age (Golub et al. 2000). However, the
investigators noted that the automated activity monitor used in this study did not detect vertical movement
of the older rats and that their previous study (Golub et al. 1989) found that vertical movement was more
sensitive than horizontal movement. Another chronic-duration study (Roig et al. 2006) found no
significant alterations in the total distance traveled or the total number of rearings in rats exposed to

103 mg Al/kg/day as aluminum nitrate in drinking water (citric acid added) from gestation day 1 through
2 years of age. Exposure to doses as high as 1,252 mg Al/kg/day as aluminum hydroxide (aluminum
content of the basal diet was not reported) for 30 or 60 days (Thorne et al. 1986, 1987); the poor
absorption of aluminum hydroxide probably contributed to this very high NOAEL.

Several tests of sensory function have resulted in significant alterations. Decreases in thermal sensitivity
were observed following chronic exposure of mice to 100 mg Al/kg/day as aluminum lactate in the diet
(Golub et al. 2000). Changes in thermal sensitivity was not observed in mice exposed to

195 mg Al/kg/day as aluminum lactate for 5-7 weeks (Oteiza et al. 1993) or 13 weeks (Golub et al.
1992b) or mouse dams exposed to 250 mg Al/kg/day (Golub et al. 1992a) or 330 mg Al/kg/day as
aluminum lactate in the diet on gestation day 1 through lactation day 21 (Donald et al. 1989). As with
thermal sensitivity, conflicting results have been observed for startle responsiveness. Decreased
responses to auditory and/or air puff stimuli were observed in mice exposed to 195 mg Al/kg/day as
aluminum lactate in the diet for 57 weeks (Oteiza et al. 1993) or 90 days (Golub et al. 1992b). However,

no changes in startle responsiveness were observed in mice exposed to 250 or 330 mg Al/kg/day as
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aluminum lactate in the diet on gestation day 1 through lactation day 21 (Donald et al. 1989; Golub et al.
1992a). Impairment of post-rotatory nystagmus was observed in rats exposed to 43.1 mg Al/kg/day as
aluminum chloride in drinking water (dietary aluminum levels not reported) for 3 months; no alterations
were observed at 21.5 mg Al/kg/day (Mameli et al. 2006).

The potential effect of aluminum on cognitive function has been assessed in a number of studies using
passive avoidance, operant training, or water maze tests. Aluminum does not appear to adversely affect
performance on passive avoidance or operant training tests at lower oral doses. No significant alterations
have been observed in rats exposed to 97 mg Al/kg/day as aluminum nitrate in drinking water (with added
citric acid) for 100 days (Colomina et al. 2002), rats exposed to 125 mg Al/kg/day as aluminum nitrate in
drinking water (with added citric acid) for 6.5 months (Domingo et al. 1996), or rats exposed to

830 mg Al/kg/day or as high as 1,252 mg Al/kg/day as aluminum hydroxide in the diet (aluminum levels
of basal diet were not reported) for 60 or 30 days, respectively (Thorne et al. 1987). Another study found
improved performance on operant training tasks in mice exposed to 100 mg Al/kg/day in the diet for an
intermediate duration (Golub and Germann 1998); the authors attributed this to an increase in food
motivation in the aluminum-exposed mice. It is not known if an increased food motivation also
influenced the results of the other studies. At higher aluminum doses, performance on operant training
tasks is adversely affected. Impaired retention of learned responses were observed in rats exposed to

346 mg Al/kg/day as aluminum sulfate in the drinking water (aluminum content of the diet was not
reported) (Connor et al. 1989) or 70 mg Al/kg/day as aluminum chloride in drinking water (aluminum
content of the basal diet was not reported) for 90 days (Zhang et al. 2003). Another study found impaired
learning (more trials were needed to reach the acquisition criterion), but no effect on retention or recall in
rats exposed to 66 mg Al/kg/day as aluminum chloride in the diet (aluminum content of the basal diet was

not reported) (Commissaris et al. 1982).

Because maze tests did not typically involve a food reward, these studies controlled for the potential
confounder of food motivation. Impaired learning in a labyrinth maze test was observed in rats receiving
gavage doses of 6 mg Al/kg/day as aluminum chloride or 35 mg Al/kg/day as aluminum hydroxide with
citric acid (aluminum content of the diet was not reported) for 90 days (Bilkei-Gorzo 1993). In Morris
water maze tests, impaired learning and memory was observed following gavage doses of

500 mg Al/kg/day of an unreported aluminum compound for 90 days (Jing et al. 2004). In contrast, no
significant alterations in performance on the water maze test were found in rats exposed to

103 mg Al/kg/day as aluminum nitrate in the drinking water for a chronic duration (Roig et al. 2006).
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A number of studies have conducted histopathological examinations of the brain of rats, mice, and dogs
following oral exposure to aluminum and have not found significant alterations (Dixon et al. 1979;
Domingo et al. 1987b; Gomez et al. 1986; Katz et al. 1984; Oneda et al. 1994; Pettersen et al. 1990); the
aluminum doses ranged from 70 to 979 mg Al/kg/day. In contrast to these results, Abd EI-Rahman
(2003) reported spongioform changes in the neurons of the hippocampus, nuclear deformity,
neurofibrillary degeneration, and foci of demyelination in rats receiving gavage doses of

85.9 mg Al/kg/day as aluminum sulfate (aluminum content of the diet was not reported).

Neurotoxicity has been extensively studied in developing mice and rats that were exposed to aluminum
during gestation, lactation, and/or directly via diet following weaning. As summarized in Section 3.2.2.6,
effects on reflexes and simple motor behaviors were commonly found in aluminum-exposed developing

animals, whereas effects on learning and memory have not been consistently shown.

All reliable NOAEL and LOAEL values for neurological effects in adults in each species and duration

category are recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects of various forms of aluminum following acute-,

intermediate-, or chronic-duration oral exposure in humans.

Several studies evaluated reproductive effects of acute-duration oral exposure to aluminum in animals.
An increased incidence of resorptions occurred in female BALB/c mice treated with 41 mg Al/kg/day as
aluminum chloride by gavage (aluminum in base diet not reported) on gestation days 7-16 (Cranmer et al.
1986). No reproductive effects were observed in female Sprague-Dawley rats exposed to

158 mg Al/kg/day as aluminum hydroxide or aluminum citrate by gavage and base diet from gestation
day 6 to 15 (Gomez et al. 1991), or in THA rats treated with 73.1 mg Al/kg/day as aluminum chloride by
gavage (aluminum in base diet not reported) from gestation day 7 to 16 (Misawa and Shigeta 1992). In a
study of female reproductive system development (Agarwal et al. 1996), offspring of rats that were
gavaged with aluminum lactate on gestation days 5-15 showed a transient irregularity of the estrus cycle
(increased number of abnormal cycle lengths) at 250 mg Al/kg/day; doses as high as 1,000 mg Al/kg/day
did not affect other end points (gonad weights, anogenital distance, time to puberty, duration of induced
pseudopregnancy, or numbers of superovulated oocytes). The inconsistent findings summarized above

may reflect differences in susceptibility among different strains/species of animals or compound
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differences in toxicity or bioavailability. Additionally, because levels of aluminum in the base diet were
not reported by Agarwal et al. (1996), Misawa and Shigeta (1992), or Cranmer et al. (1986), the doses in

these studies are likely to underestimate actual aluminum intake.

In a combination acute- and intermediate-duration study, no adverse effects on fertility or other general
reproductive indices were found in female rats that were exposed to 38-77 mg Al/kg/day as aluminum
nitrate by gavage and base diet for 14 days prior to mating with males that were similarly treated for

60 days pre-mating (Domingo et al. 1987¢). These exposures were continued throughout mating,
gestation, parturition, and weaning and caused a reduction in the growth of the offspring in all treated
groups, but the effects were negligible and transient (slight decreases in body weight, body length, and
tail length observed on postpartum days 1 and 4 were no longer evident at time of weaning). An
intermediate-duration oral study in male rats found that sperm count was decreased following exposure to
2.5 mg Al/kg/day as aluminum chloride for 6-12 months (Krasovskii et al. 1979). The method of oral
exposure was not specified but is presumed to be gavage, no information on aluminum in the base diet
was reported, and reproductive function was not evaluated. No adverse reproductive effects were seen in
male Sprague-Dawley rats, as assessed by plasma gonadotropin levels, histopathological evaluation, and
serial matings, following exposure to 70 mg Al/kg/day as aluminum chloride in drinking water for up to
90 days (Dixon et al. 1979); this dose does not include base dietary aluminum.

Mating success (numbers of litters and offspring) was not affected in a three-generation study with Dobra
Voda mice that were exposed to 49 mg Al/kg/day as aluminum chloride in drinking water and base diet
over a period of 180-390 days (Ondreicka et al. 1966). No reproductive effects were observed in
pregnant Swiss Webster mice that consumed 250 mg Al/kg/day as aluminum lactate throughout gestation
and lactation (Golub et al. 1992a). However, an alteration in gestation length was observed in pregnant
Swiss Webster mice that consumed 155 mg Al/kg/day as aluminum lactate in the diet during gestation
and lactation (Donald et al. 1989). The effect on gestation length was small but statistically significant;
all litters in the control group (7.5 mg Al/kg/day) were born on gestation day 18, whereas 4 of 17 litters
exposed to >155 mg Al/kg/day were born earlier or later (gestation days 17, 19, or 20).

No organ weight or histological changes were observed in the gonads of male and female Beagle dogs
that consumed 93 mg Al/kg/day as acidic sodium aluminum phosphate (a common human food additive)
in the diet for 6 months (Katz et al. 1984); this dose does not include base dietary aluminum. In another
study with dogs, two of four male Beagles that were fed 75 mg Al/kg/day as basic sodium aluminum

phosphate and base dietary aluminum for 26 weeks had decreased testicular weight and moderate



ALUMINUM 85

3. HEALTH EFFECTS

seminiferous tubule germinal epithelial cell degeneration and atrophy (Pettersen et al. 1990). No changes
in reproductive tissue weight or histology occurred in the males at lower doses (<27 mg Al/kg/day) or in
female Beagles similarly exposed to <80 mg Al/kg/day. The investigators concluded that the testicular
changes appeared to be secondary to palatability-related reductions in food consumption and body weight,

and therefore, are not clearly direct effects of aluminum.

Chronic studies showed no histological changes in the testes or ovaries of male and female Wistar rats fed
a diet containing unspecified levels of aluminum phosphide/ammonium carbamate for 24 months
(Hackenberg 1972), or in B6C3F1 mice that ingested 979 mg Al/kg/day as dietary aluminum potassium
sulfate for 20 months (Oneda et al. 1994). The doses in the latter study do not include aluminum in the

base diet. Neither mouse study assessed reproductive function.

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

duration category are recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.6 Developmental Effects

No studies were located regarding developmental effects of various forms of aluminum following acute-
or chronic-duration oral exposure in healthy humans. The only human data on developmental effects
come from infants with renal failure and premature infants. Their responses are probably not indicative
of responses expected in normal infants. Osteomalacia and increased bone and serum levels of aluminum
were reported in three infants with kidney failure who had been treated orally with >100 mg of Al/kg/day
as aluminum hydroxide from the first or sixth month of life (Andreoli et al. 1984; Griswold et al. 1983),
and in healthy infants ingesting aluminum-containing antacids (Pivnick et al. 1995). Progressive
encephalopathy was also observed among children with severe renal disease ingesting aluminum-

containing phosphate binders (Finberg et al. 1986; Griswold et al. 1983).

A large number of studies have examined the developmental toxicity of aluminum in rats and mice. A
variety of effects have been found including decreased pup survival/increased pup mortality, decreased
growth, delayed maturation, and impaired neurodevelopment. Increases in pup mortality, typically
occurring within the first 4 postnatal days, have been observed in rats exposed to 155 mg Al/kg/day as
aluminum chloride in the diet on gestational days 8-20 (Bernuzzi et al. 1986), 200 mg Al/kg/day as
aluminum lactate administered via gavage on postnatal days (PND) 5-14 (Bernuzzi et al. 1989a), and

272 mg Al/kg/day as aluminum chloride or 378 mg Al/kg/day as aluminum lactate in the diet on gestation
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days 1-20. Interpretation of the results of these studies is limited by the lack of information on the
aluminum content of the basal diet. Another study found a decrease in the number of live pups per litter
and an increase in the number of dead young per litter on PND 21 in the offspring of rats administered via
gavage 51 mg Al/kg/day as aluminum nitrate for 14 days prior to mating, on gestation days 1-20, and
lactation days 1-21 (Domingo et al. 1987¢). The gavage administration route may have influenced the
results of this study; other studies involving exposure to aluminum nitrate, aluminum citrate, or aluminum
lactate via drinking water or diet have not reported increases in mortality at doses as high as

330 mg Al/kg/day as aluminum lactate in the diet on gestation days 1 through PND 35 (Colomina et al.
1992, 2005; Golub and Germann 1998, 2001; Golub et al. 1992a, 1995; McCormack et al. 1979).

Numerous studies have reported decreases in pup body weight gain (Bernuzzi et al. 1986, 1989a, 1989b;
Colomina et al. 2005; Domingo et al. 1987a, 1987¢, 1989; Golub and Germann 2001; Golub et al. 19923;
Gomez et al. 1991; Misawa and Shigeta 1992; Paternain et al. 1988; Sharma and Mishra 2006). Since
some of these studies did not report the aluminum content of the basal diet, their usefulness in
establishing dose-response relationships is limited. With few exceptions, most studies have shown that
aluminum does not adversely affect birth weight in the absence of effects on maternal body weight
(Colomina et al. 2005; Domingo et al. 1989; Donald et al. 1989; Golub and Germann 1998, 2001; Golub
et al. 1992a, 1995; Gomez et al. 1991; McCormack et al. 1979). The possible exception to this finding
was decreases in birth weight observed in the offspring of rats administered aluminum nitrate via gavage
at doses of >38 mg Al/kg/day on gestation day 1 through lactation day 21 (Domingo et al. 1987c) or

77 mg Al/kg/day on gestation day 14 through lactation day 21 (Domingo et al. 1987a); neither study
reported whether there were significant effects on maternal body weight gain. Paternain et al. (1988) also
reported a decrease in pup body weight in rats receiving gavage doses of 38 mg Al/kg/day as aluminum
nitrate on gestation days 6-14; a decrease in maternal weight gain was also reported at this dose level.
Although most studies did not find effects on birth weights, several studies did find decreases in post-
birth pup body weights; however, this finding was not consistent across studies. Lower pup body weights
starting on PND 10 were observed in mouse pups exposed to aluminum during gestation only, during
lactation only, or during gestation and lactation (Golub et al. 1992a); a decrease in maternal body weight
gain was observed in the dams exposed during lactation. This study suggests that aluminum may
influence growth directly and may not be only related to changes in maternal body weight during
lactation. Similarly, decreases in body weights were observed on PND 12, 16, and 21 in the pups
exposed to 100 mg Al/kg/day as aluminum nitrate in the drinking water (with added citric acid) on
gestation day 1 through lactation day 21; a decrease in maternal food and water intake was also observed

at this dose level (Colomina et al. 2005). A third study found decreases in pup body weight at PND 21 in
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mice exposed to 130 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through PND

35 (Golub and Germann 2001). The lower body weights were still present at 5 months of age even
though aluminum exposure was stopped on PND 35; an increase in food intake was also observed in these
animals. In contrast to these studies, no adverse effects on body weight were observed in mouse pups
exposed to 330 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through PND 21 or

35 (Donald et al. 1989; Golub and Germann 1998; Golub et al. 1995).

Gestational exposure to aluminum does not appear to result in an increase in the occurrence of
malformation and anomalies, although reductions in ossification have been observed (Gomez et al. 1991;
Sharma and Mishra 2006). Delays in ossification were observed at doses that also resulted in decreases in
pup body weight. Some alterations in physical maturation have been observed in rats exposed to
aluminum nitrate in drinking water (with added citric acid) on gestation day 1 through lactation

day 21 (Colomina et al. 2005). The observed effects included significant delay in vagina opening at 53 or
103 mg Al/kg/day, testes descent at 103 mg Al/kg/day, and incisor eruption in males at 53 mg Al/kg/day.
No effects on days to pinna detachment or eye opening were observed. No delays on pinna detachment,
eye opening, or incisor eruption were observed in rats administered via gavage 73 mg Al/kg/day as
aluminum chloride (aluminum content of the diet not reported) on gestation days 8-20 (Misawa and
Shigeta 1992).

Animal studies provide strong evidence that gestational and/or lactational exposure to aluminum impairs
the development of the nervous system. Potential neurodevelopmental effects have been evaluated using
a variety of functional tests and cognitive tests. Because comparisons between studies are difficult due to
differences in the exposure period, subroute of exposure, lack of information on the aluminum levels in
the basal diet, and age of assessment, the results for each test will be presented separately. Significant
impairment in the righting reflex and grasping reflex were observed in rat pups exposed to

272 mg Al/kg/day as aluminum chloride or 194 mg Al/kg/day as aluminum lactate in the diet (aluminum
content of the basal diet was not reported) on gestation days 1-20 (Bernuzzi et al. 1989b); no reflex
alterations were observed at 96 mg Al/kg/day for aluminum chloride or aluminum lactate. Impairment of
the righting reflex was also observed in the offspring of rats exposed to 155 mg Al/kg/day as aluminum
chloride on gestation days 8-20 (Bernuzzi et al. 1986); grasping reflex was not significantly affected at
this dose level or at 192 mg Al/kg/day. Exposure of pups to gavage doses of 300 mg Al/kg/day as
aluminum lactate on PND 5-14 did not adversely affect the grasping reflex (Bernuzzi et al. 1989a).
Righting reflex was also not affected in pups exposed to 103 mg Al/kg/day as aluminum nitrate in

drinking water (citric acid added) on gestation day 1 through lactation day 21 (Colomina et al. 2005).
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Four studies examined temperature sensitivity; increases in sensitivity were observed in the offspring of
mice exposed to 250 mg Al/kg/day as aluminum lactate in the diet on lactation days 1-21 (Golub et al.
1992a) or 330 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through PND 42 (Golub et
al. 1995). No effects were observed in mice exposed to 330 mg Al/kg/day as aluminum lactate in the diet
on gestation day 1 through lacation day 21 or to 250 mg Al/kg/day as aluminum lactate in the diet on
gestation days 1-21 (Golub et al. 19923).

A variety of motor function tests have been used to assess neurodevelopmental toxicity. Dosing pups
with 300 mg Al/kg/day as aluminum lactate on PND 5-14 resulted in impairment of the suspension test
and locomotor coordination (Bernuzzi et al. 1989a). Locomotor coordination was also altered in rat
offspring exposed to 399 mg Al/kg/day as aluminum chloride in the diet on gestation days 1-

20 (Bernuzzi et al. 1989b). No effects on the suspension test or locomotor coordination were observed in
the offspring of rats exposed to 192 mg Al/kg/day as aluminum chloride in the diet on gestation days 8-
20 (Bernuzzi et al. 1986). No information on the aluminum content of the basal diet was reported in the
Bernuzzi studies. Alterations in the performance on the negative geotaxis test were found in mouse pups
exposed to 250 mg Al/kg/day as aluminum lactate in the diet on lactation days 1-21 (Golub et al. 1992a)
and in rat pups exposed to 399 mg Al/kg/day as aluminum chloride in the diet on gestation days 1-

20 (Bernuzzi et al. 1989b), 200 mg Al/kg/day as aluminum lactate administered to pups on PND 5-

14 (Bernuzzi et al. 1989a), or 155 mg Al/kg/day as aluminum chloride in the diet on gestation days 8—
20 (Bernuzzi et al. 1986). No alterations in negative geotaxis results were found in mice exposed to

330 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through PND 21 (Donald et al. 1989;
Golub et al. 1995) or in rat pups exposed to 103 mg Al/kg/day as aluminum nitrate in the drinking water
(citric acid added) on gestation day 1 through lactation day 21 (Colomina et al. 2005).

Exposure to aluminum during gestation and/or lactation has consistently resulted in decreases in forelimb
and/or hindlimb grip strength. Decreases in grip strength have been observed in mice exposed to

155 mg Al/kg/day as aluminum lactate in diet on gestation day 1 through lactation day 21 (Donald et al.
1989; Golub et al. 1995), 250 mg Al/kg/day as aluminum lactate on gestation days 1-21 or lactation

days 1-21 (Golub et al. 1992a), or 130 mg Al/kg/day as aluminum lactate in the diet on gestation

day 1 through PND 35 (Golub and Germann 2001) and in rats exposed to 103 mg Al/kg/day as aluminum
nitrate in drinking water (with citric acid added) on gestation day 1 through lactation day 21 (Colomina et
al. 2005). In other motor tests, increases in the number of rotations on a rotorod and a shorter latency to
fall in a wire suspension test were observed in mice exposed to 260 or 130 mg Al/kg/day, respectively, as

aluminum lactate in the diet on gestation day 1 through PND 35 (Golub and Germann 2001). Foot splay
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has been observed in the mice exposed to 155 mg Al/kg/day as aluminum lactate in the diet on gestation
day 1 through lactation day 21 (Donald et al. 1989), but not in mice exposed to 250 mg Al/kg/day as
aluminum lactate in the diet on gestation days 1-21 or lactation days 1-21 (Golub et al. 1992a). In open
field tests of motor activity, significant delays in pivoting, longer latencies, and more rearings were
observed in the offspring of rats administered via gavage 73 mg Al/kg/day as aluminum chloride
(aluminum content of the diet was not reported) (Misawa and Shigeta 1992). No effect on open field tests
were observed in rat pups exposed to 103 mg Al/kg/day as aluminum nitrate in drinking water (citric acid

added) on gestation day 1 through lactation day 21 (Colomina et al. 2005).

Cognitive function effects were evaluated in passive avoidance tests, operant conditioning tests and water
maze tests. No adverse effects were observed in operant conditioning tests in mice exposed to

155 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through lactation day 21 (Golub et
al. 1995) or 330 mg Al/kg/day as aluminum lactate in the diet on gestation day 1 through PND 35 (Golub
and Germann 1998) and in passive avoidance tests in rats exposed to 103 mg Al/kg/day as aluminum
nitrate in the drinking water (with added citric acid) on gestation day 1 through lactation

day 21 (Colomina et al. 2005). The studies in mice noted that the aluminum-exposed pups often
performed better than the controls; this may be due to an increase in food motivation in the aluminum-
exposed rats rather than a direct effect on cognitive function. Impaired learning, as measured using the
Morris water maze, was observed in mice exposed to 260 mg Al/kg/day as aluminum lactate in the diet
from gestation day 0 to PND 21 and on PND 21-35 (tested at 90 days of age) (Golub and Germann
2001). When the salient and nonsalient cues were rotated, an increase in the escape latency was found at
130 and 260 mg Al/kg/day. The investigators found exposure to >130 mg Al/kg/day resulted in
differences in how the mice used the salient and nonsalient cues; no effects were observed at

26 mg Al/kg/day. A study in rats exposed to 103 mg Al/kg/day (Colomina et al. 2005) did not find any
significant effects in the water maze test. However, this study did not use probe trials; the alteration

observed in the Golub and Germann studies were detected in the probe trials.

The highest reliable NOAEL values and all reliable LOAEL values for developmental effects in each

species and duration category are recorded in Table 3-2 and plotted in Figure 3-2.

3.2.2.7 Cancer

No studies were located regarding cancer in humans after oral exposure to various forms of aluminum.
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Animal bioassays have found no conclusive evidence for carcinogenicity of aluminum. Significantly
increased incidences of gross tumors were reported for Long Evans rats (only in males) and Swiss mice
(only in females) given 0.6 or 1.2 mg Al/kg/day as aluminum potassium sulfate in drinking water,
respectively, for 2-2.5 years (Schroeder and Mitchener 1975a, 1975b). Aluminum levels in the base diet
were not reported in these studies, although the animals were fed a low-metal diet in metal-free
environmental conditions. At gross necropsy, 13/25 (52%) aluminum-treated male rats were found to
have tumors compared to 4/26 (15.4%) controls. Six of the tumors in the aluminum-treated males were
malignant compared to two malignancies in the control rats. The incidences of gross tumors in the female
mice were 19/41 (46.3%) and 14/47 (29.8%) in exposed and control groups, respectively. The incidence
of “lymphoma leukemia” was significantly increased (10/41 versus 3/47 in controls) in the female mice.
A dose-response relationship could not be determined for either species because only one aluminum dose
was used and the types of tumors and organs in which they were found were not specified. Very few
study details were reported in this paper and it is unclear if the investigators grouped several types of
tumors into the “lymphoma leukemia” category. Another study in rats (Wistar) found no increase in the
incidence of neoplasms in male and female rats fed diets containing unspecified amounts of aluminum
phosphide/ammonium carbamate for 24 months (Hackenberg 1972).

There were no exposure-related increased incidences of tumors, other proliferative lesions or
nonneoplastic lesions in 60 male or 60 female B6C3F1 mice that ingested <979 mg Al/kg/day as
aluminum potassium sulfate in the diet for 20 months (Oneda et al. 1994). The level of aluminum in the
base diet was not reported. The incidence of spontaneous hepatocellular carcinoma was significantly
decreased in the high-dose males (5.5% compared to 20.5% in controls).

3.2.3 Dermal Exposure
3.2.3.1 Death

No studies were located regarding death in humans or animals after dermal exposure to various forms of
aluminum.

3.2.3.2 Systemic Effects

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological, hepatic,
renal, endocrine, ocular, body weight, or metabolic effects in humans or animals after dermal exposure to

various forms of aluminum.
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The highest NOAEL values and all LOAEL values for dermal exposure from each reliable study for

systemic effects in each species and duration category for aluminum are shown in Table 3-3.

Musculoskeletal Effects. Information on potential musculoskeletal effects associated with dermal
exposure of aluminum is limited to a case report of a woman reporting bone pain after a