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UPDATE STATEMENT

A Toxicology Profile for Uranium was released in September 1997. This edition supersedes any
previously released draft or final profile.

Toxicological profiles are revised and republished as necessary, but no less than once every three years.
For information regarding the update status of previously released profiles, contact ATSDR at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology/Toxicology Information Branch
1600 Clifton Road NE, E-29
Atlanta, Georgia 30333
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FOREWORD

The Superfund Amendments and Reauthorization Act (SARA) of 1986 (Public Law 99-499) extended
and amended the Comprehensive Environmental Response, Compensation, and Liability Act of 1980
(CERCLA or Superfund). This public law directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous substances which are most commonly
found at facilities on the CERCLA National Priorities List and which pose the most significant potential
threat to human health, as determined by ATSDR and the Environmental Protection Agency (EPA). The
lists of the 250 most significant hazardous substances were published in the Federal Register on April 17,
1987, October 20, 1988, October 26, 1989, and on October 17, 1990.

Section 104 (I) (3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. Each profile must include the following content:

(A) An examination, summary, and interpretation of available toxicological information and
epidemiological evaluations on the hazardous substance in order 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 which present a
significant risk to human health of acute, subacute, and chronic health effects, and

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

This toxicological profile is prepared in accordance with guidelines developed by ATSDR and EPA. The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary, but no less often than every three years, as required by SARA.

The ATSDR toxicological profile is intended to characterize succinctly the toxicological and adverse
health effects information for the hazardous substance being described. Each profile identifies and
reviews the key literature (that has been peer-reviewed) that describes a hazardous substance's
toxicological properties. Other pertinent literature is also presented but 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.

Each toxicological profile begins with a public health statement, which 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 will be identified by
ATSDR, the National Toxicology Program (NTP) of the Public Health Service, and EPA. The focus of
the profiles is on health and toxicological information; therefore, we have included this information in the
beginning of the document.



URANIUM vi

This profile reflects our assessment of all relevant toxicological testing and information that has been peer
reviewed. It has been reviewed by scientists from ATSDR, the Centers for Disease Control and
Prevention, the NTP, and other federal agencies. It has also been reviewed by a panel of nongovernment
peer reviewers and is being made available for public review. Final responsibility for the contents and
views expressed in this toxicological profile resides with ATSDR.

Jeffrey P. Koplan, M.D., M.P.H.
Administrator
Agency for Toxic Substances and
Disease Registry



URANIUM vii

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: Health Effects: Specific health effects of a given hazardous compound are reported by route
of exposure, by type of health effect (death, systemic, immunologic, reproductive), 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 2.6 Children’s Susceptibility
Section 5.6 Exposures of Children

Other Sections of Interest:
Section 2.7 Biomarkers of Exposure and Effect
Section 2.10  Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-888-42-ATSDR or 404-639-6357 Fax: 404-639-6359
E-mail: atsdric@cdc.gov Internet: http://atsdrl.atsdr.cdc.gov:8080

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.
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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 II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials. Volume lII—Medical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

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

Other Agencies and Organizations

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

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

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

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976 «
FAX: 202-347-4950 « e-mail: acec@dgs.dgsys.com *  AOEC Clinic Director: http://occ-env-
med.mc.duke.edu/oem/aoec.htm.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 * Phone: 847-228-6850 « FAX: 847-228-1856.
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PEER REVIEW
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These experts collectively have knowledge of the physical and chemical properties, toxicokinetics, key
health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans of uranium and uranium compounds. All reviewers were selected in conformity with the
conditions for peer review specified in Section 104(i1)(13) of the Comprehensive Environmental
Response, Compensation, and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
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. A list of databases reviewed and
a list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about uranium and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites make up the National Priorities List (NPL) and are the sites targeted for
long-term federal cleanup activities. Elevated uranium levels have been found in at least 54 of
the 1,517 current or former NPL sites. However, the total number of NPL sites evaluated for this
substance is not known. As more sites are evaluated, the sites at which uranium is found may
increase. This information is important because exposure to this substance may harm you and

because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. This release does not always lead to
exposure. You are normally 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,

since uranium is radioactive, you can also be exposed to its radiation if you are near it.

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

traits, lifestyle, and state of health.

1.1 WHAT IS URANIUM?

Uranium is a natural and commonly occurring radioactive element. It is found in very small
amounts in nature in the form of minerals, but may be processed into a silver-colored metal.
Rocks, soil, surface and underground water, air, and plants and animals all contain varying
amounts of uranium. Typical concentrations in most materials are a few parts per million (ppm).
This corresponds to around 4 tons of uranium in 1 square mile of soil 1 foot deep, or about half a

teaspoon of uranium in a typical 8-cubic yard dump truck load of soil. Some rocks and soils may
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also contain greater amounts of uranium. If the amount is great enough, the uranium may be
present in commercial quantities and can be mined. After the uranium is extracted, it is
converted into uranium dioxide or other chemical forms by a series of chemical processes known
as milling. The residue remaining after the uranium has been extracted is called mill tailings.
Mill tailings contain a small amount of uranium, as well as other naturally radioactive waste

products such as radium and thorium.

Natural uranium is a mixture of three types (or isotopes) of uranium, written as ***U, **U, and
28U, or as U-234, U-235, and U-238, and read as uranium two thirty-four, etc. All three isotopes
behave the same chemically, so any combination of the three would have the same chemical
effect on your body. But they are different radioactive materials with different radioactive
properties. That is why we must look at the actual percentages of the three isotopes in a sample
of uranium to determine how radioactive the uranium is. For uranium that has been locked
inside the earth for millions of years, we know the percentage of each isotope by weight and by
radioactivity. By weight, natural uranium is about 0.01% ***U, 0.72% **U, and 99.27% ***U.
About 48.9% of the radioactivity is associated with **U, 2.2% is associated with 2°U, and 48.9%

is associated with 2**U.

The weight and radioactivity percentages are different because each isotope has a different
physical half-life. Radioactive isotopes are constantly changing into different isotopes by giving
off radiation. The half-life is the time it takes for half of that uranium isotope to give off its
radiation and change into a different element. The half-lives of uranium isotopes are very long
(244 thousand years for ***U, 710 million years for **°U, and 4Y billion years for >**U). The
shorter half-life makes **U the most radioactive, and the longer half-life makes ***U the least
radioactive. If you have one gram of each isotope side by side, the **U will be about 20

thousand times more radioactive and the *°U will be 6 times more radioactive than the **U.

Uranium is measured in units of mass (grams) or radioactivity (curies or becquerels), depending
on the type of equipment available or the level that needs to be measured. The becquerel (Bq) is
a new international unit, and the curie (Ci) is a traditional unit; both are currently used. A Bq is

the amount of radioactive material in which 1 billion atoms transform every second, and a Ci is
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the amount of radioactive material in which 37 billion atoms transform every second. The mass
and activity ratios given in the previous paragraph are those found in rocks inside the earth’s
crust, where 1.5 gram of uranium is equivalent to 1 millionth of a Ci (uCi). Although this ratio
can vary in air, soil, and water, the conversions made in this profile use the 1.5-to-1 ratio unless
the actual isotope ratios are known. When both mass and radioactivity units are shown, the first
is normally the one reported in the literature. Some of the values may be rounded to make the

text easier to read.

The uranium isotopes in the earth were present when the earth was formed. Both **U and **U
have such long half-lives that part of the uranium originally on earth is still here, waiting to give
off its radiation. The original ***U would have decayed away by now, but new **U is constantly
being made from the decay of **U. When **U gives off its radiation, it changes or decays
through a series of different radioactive materials, including **U. This series, or decay chain,
ends when a stable, non-radioactive substance is made. This element is lead. This toxicological
profile deals with the uranium isotopes and not with the other radioactive decay products, like

radium, thorium, and radon.

For uranium that has been in contact with water, the natural weight and radioactivity percentages
can vary slightly from the percentages mentioned in the previous paragraphs. We don’t fully
understand why that happens in nature, but measurements show us that it does. The processing
of uranium for industrial and governmental use can also change the ratios. We give these ratios
special names if they were changed by human activities. If the fraction of ***U is increased, we
call it enriched uranium. However, if the portion of *°U is decreased, we call it depleted
uranium. The differences between the weight and radioactivity ratios matter when we want to
convert between radioactivity and mass, and when we talk about how toxic uranium might be.
Depleted uranium is less radioactive than natural uranium, and enriched uranium is more
radioactive than natural uranium. This profile focuses on natural and depleted uranium, which
are more likely to be chemical hazards than radiation hazards. The profile also discusses

enriched uranium, which can be both a chemical and a radiation hazard.
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The industrial process called enrichment is used to increase the amount of ***U and **°U and
decrease the amount of ***U in natural uranium. The product of this process is enriched uranium,
and the leftover is depleted uranium. Enriched uranium is more radioactive than natural
uranium, and natural uranium is more radioactive than depleted uranium. When enriched
uranium is 97.5% pure *°U, the same weight of enriched uranium has about 75 times the
radioactivity as natural uranium. This is because enriched uranium also contains ***U, which is
even more radioactive than #°U. The **U is responsible for most of the radioactivity in enriched
uranium. Natural uranium is typically about two times more radioactive than depleted uranium.
Other isotopes of uranium called ***U and ***U are produced by industrial processes. These are

also much more radioactive than natural uranium.

The total amount of natural uranium on earth stays almost the same because of the very long
half-lives of the uranium isotopes. The natural uranium can be moved from place to place by
nature or by people, and some uranium is removed from the earth by mining. When rocks are
broken up by water or wind, uranium becomes a part of the soil. When it rains, the soil
containing uranium can be carried into rivers and lakes. Wind can blow dust that contains

uranium into the air.

Natural uranium is radioactive but poses little radioactive danger because it gives off very small
amounts of radiation. Uranium transforms into another element and gives off radiation. In this
way uranium transforms into thorium and gives off a particle called an alpha particle or alpha
radiation. Uranium is called the parent, and thorium is called the transformation product. When
the transformation product is radioactive, it keeps transforming until a stable product is formed.
During these decay processes, the parent uranium, its decay products, and their subsequent decay
products each release radiation. Radon and radium are two of these products. Unlike other
kinds of radiation, the alpha radiation ordinarily given off by uranium cannot pass through solid
objects, such as paper or human skin. For more information on radiation, see Appendix D and

the glossary at the end of this profile or the ASTDR Toxicological Profile for lonizing Radiation.

The main civilian use of uranium is in nuclear power plants and on helicopters and airplanes. It

is also used by the armed forces as shielding to protect Army tanks, parts of bullets and missiles
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to help them go through enemy armored vehicles, as a source of power, and in nuclear weapons.
Very small amounts are used to make some ceramic ornament glazes, light bulbs, photographic
chemicals, and household products. Some fertilizers contain slightly higher amounts of natural
uranium. For more information about the properties and uses of uranium, see Chapters 3, 4,

and 5.

1.2 WHAT HAPPENS TO URANIUM WHEN IT ENTERS THE ENVIRONMENT?

Uranium is a naturally occurring radioactive material that is present to some degree in almost
everything in our environment, including soil, rocks, water, and air. It is a reactive metal, so it is
not found as free uranium in the environment. In addition to the uranium naturally found in
minerals, the uranium metal and compounds that are left after humans mine and process the
minerals can also be released back to the environment in mill tailings. This uranium can
combine with other chemicals in the environment to form other uranium compounds. Each of
these uranium compounds dissolves to its own special extent in water, ranging from not soluble
to very soluble. This helps determine how easily the compound can move through the

environment, as well as how toxic it might be.

The amount of uranium that has been measured in air in different parts of the United States by
EPA ranges from 0.011 to 0.3 femtocuries (0.00002 to 0.00045 micrograms) per cubic meter
(m?). (One femtocurie is equal to 1 picocurie [pCi] divided by 1,000. A picocurie [pCi] is 1 one-
trillionth of a curie and a microgram [pg] is one millionth of a gram Even at the higher
concentration, there is so little uranium in a cubic meter of air that less than one atom transforms

each day.

In the air, uranium exists as dust. Very small dust-like particles of uranium in the air fall out of
the air onto surface water, plant surfaces, and soil either by themselves or when rain falls. These
particles of uranium eventually end up back in the soil or in the bottoms of lakes, rivers, and

ponds, where they stay and mix with the natural uranium that is already there.
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Uranium in water comes from different sources. Most of it comes from dissolving uranium out
of rocks and soil that water runs over and through. Only a very small part is from the settling of
uranium dust out of the air. Some of the uranium is simply suspended in water, like muddy
water. The amount of uranium that has been measured in drinking water in different parts of the
United States by EPA is generally less than 1.5 ug (1 pCi) for every liter of water. EPA has
found that the levels of uranium in water in different parts of the United States are extremely low
in most cases, and that water containing normal amounts of uranium is usually safe to drink.
Because of the nature of uranium, not much of it gets into fish or vegetables, and most of that

which gets into livestock is eliminated quickly in urine and feces.

Uranium is found naturally in soil in amounts that vary over a wide range, but the typical
concentration is 3 pg (2 pCi) per gram of soil. Additional uranium can be added by industrial
activities. Soluble uranium compounds can combine with other substances in the environment to
form other uranium compounds. Uranium compounds may stay in the soil for thousands of years
without moving downward into groundwater. When large amounts of natural uranium are found
in soil, it is usually soil with phosphate deposits. The amount of uranium that has been measured
in the phosphate-rich soils of north and central Florida ranges from 4.5 to 83.4 pCi of uranium in
every gram of soil. In areas like New Mexico, where uranium is mined and processed, the
amount of uranium per gram of soil ranges between 0.07 and 3.4 pCi (0.1-5.1 micrograms [pug])
of uranium per gram soil). The amount of uranium in soil near a uranium fuel fabrication facility
in the state of Washington ranges from 0.51 to 3.1 pCi/gram (0.8—4.6 pg uranium/gram soil),
with an average value of 1.2 pCi/gram (1.7 pg uranium/gram soil). These levels must be
carefully compared with the levels in uncontaminated soil in that area, since they are within the

normal ranges for uncontaminated soil.

Plants can absorb uranium from the soil onto their roots without absorbing it into the body of the
plant. Therefore, root vegetables like potatoes and radishes that are grown in uranium-
contaminated soil may contain more uranium than if the soil contained levels of uranium that
were natural for the area. Washing the vegetable or removing its skin often removes most or all
of the uranium. For more information about what happens to uranium in the environment, see

Chapter 5.
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1.3 HOW MIGHT | BE EXPOSED TO URANIUM?

Since uranium is found everywhere in small amounts, you always take it into your body from the
air, water, food, and soil. Food and water have small amounts of natural uranium in them.
People eat about 1-2 micrograms (0.6—1.0 picocuries) of natural uranium every day with their
food and take in about 1.5 micrograms (0.8 picocuries) of natural uranium for every liter of
water they drink, but they breathe in much lower amounts. Root vegetables, such as beets and
potatoes, tend to have a bit more uranium than other foods. In a few places, there tends to be
more natural uranium in the water than in the food. People in these areas naturally take in more
uranium from their drinking water than from their foods. It is possible that you may eat and
drink more uranium if you live in an area with naturally higher amounts of uranium in the soil or
water or if you live near a uranium-contaminated hazardous waste site. You can also take in (or
ingest) more uranium if you eat food grown in contaminated soil, or drink water that has
unusually high levels of uranium. Normally, very little of the uranium in lakes, rivers, or oceans
gets into the fish or seafood we eat. The amounts in the air are usually so small that they can be
safely ignored. People who are artists, art or craft teachers, ceramic hobbyists, or glass workers
who still use certain banned uranium-containing glazes or enamels may also be near to higher
levels of uranium, but they will not necessarily take any into their bodies. People who work at
factories that process uranium, work with phosphate fertilizers, or live near uranium mines have
a chance of taking in more uranium than most other people. People who work on gyroscopes,
helicopter rotor counterbalances, or control surfaces of airplanes may work with painted uranium
metal, but the coating normally will keep them from taking in any uranium. People who work
with armor-piercing weapons that contain uranium will be exposed to low levels of radiation
while close to these weapons, but are not likely to take in any uranium. Those who fire uranium
weapons, work with weapons with damaged uranium, or on equipment which has been
bombarded with these weapons can be exposed to uranium and may wear protective clothes and
masks to limit their intake. Larger-than-normal amounts of uranium might also enter the
environment from erosion of tailings from mines and mills for uranium and other metals.
Accidental discharges from uranium processing plants are possible, but these compounds spread
out quickly into the air. For more information about how you may be exposed to uranium, see

Chapter 5.
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1.4 HOW CAN URANIUM ENTER AND LEAVE MY BODY?

We take uranium into our bodies in the food we eat, water we drink, and air we breathe. What

we take in from industrial activities is in addition to what we take in from natural sources.

When you breathe uranium dust, some of it is exhaled and some stays in your lungs. The size of
the uranium dust particles and how easily they dissolve determines where in the body the
uranium goes and how it leaves your body. Uranium dust may consist of small, fine particles
and coarse, big particles. The big particles are caught in the nose, sinuses, and upper part of
your lungs where they are blown out or pushed to the throat and swallowed. The small particles
are inhaled down to the lower part of your lungs. If they do not dissolve easily, they stay there
for years and cause most of the radiation dose to the lungs from uranium. They may gradually
dissolve and go into your blood. If the particles do dissolve easily, they go into your blood more
quickly. A small part of the uranium you swallow will also go into your blood. The blood
carries uranium throughout your body. Most of it leaves in your urine in a few days, but a little

stays in your kidneys and bones.

When you eat foods and drink liquids containing uranium, most of it leaves within a few days in
your feces and never enters your blood. A small portion will get into your blood and will leave
your body through your urine within a few days. The rest can stay in your bones, kidneys, or
other soft tissues. A small amount goes to your bones and may stay there for years. Most people
have a very small amounts of uranium, about 1/5,000th of the weight of an aspirin tablet, in their

bodies, mainly in their bones.

Although uranium is weakly radioactive, most of the radiation it gives off cannot travel far from
its source. If the uranium is outside your body, such as in soil, most of its radiation cannot
penetrate your skin and enter your body. To be exposed to radiation from uranium, you have to
eat, drink, or breathe it, or get it on your skin. If uranium transformation products are also
present, you can be exposed to their radiation at a distance. For more information about how

uranium can leave your body, see Chapter 2.
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1.5 HOW CAN URANIUM AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people
who have been harmed, scientists must determine what the harmful effects are, how to test for
them, how much of the chemical is required to produce each of the harmful effects, how we

recognize an overexposure, and how to treat it.

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and
released by the body; for some chemicals, animal testing may be necessary. Animal testing may
also be used to identify health effects such as kidney or liver damage, cancer, or birth defects.
Without laboratory animals, scientists would lose a basic method to get information needed to
make wise decisions to protect public health. Scientists have the responsibility to treat research
animals with care and compassion. Laws today protect the welfare of research animals, and

scientists must comply with strict animal care guidelines.

Uranium is a chemical substance that is also radioactive. Scientists have never detected harmful
radiation effects from low levels of natural uranium, although some may be possible. However,
scientists have seen chemical effects. A few people have developed signs of kidney disease after
intake of large amounts of uranium. Animals have also developed kidney disease after they have
been treated with large amounts of uranium, so it is possible that intake of a large amount of
uranium might damage your kidneys. There is also a chance of getting cancer from any radio-
active material like uranium. Natural and depleted uranium are only weakly radioactive and are
not likely to cause you to get cancer from their radiation. No human cancer of any type has ever
been seen as a result of exposure to natural or depleted uranium. Uranium can decay into other
radionuclides, which can cause cancer if you are exposed to enough of them for a long enough
period. Doctors that studied lung and other cancers in uranium miners did not think that uranium
radiation caused these cancers. The miners smoked cigarettes and were exposed to other
substances that we know cause cancer, and the observed lung cancers were attributed to large

exposures to radon and its radioactive transformation products.
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The chance of getting cancer is greater if you are exposed to enriched uranium, because it is
more radioactive than natural uranium. Cancer may not become apparent until many years after
a person is exposed to a radioactive material (from swallowing or breathing it). Just being near
uranium is not dangerous to your health because uranium gives off very little of the penetrating
gamma radiation. However, uranium is normally accompanied by the other transformation

products in its decay chain, so you would be exposed to their radiation as well.

The Committee on the Biological Effects of lonizing Radiation (BEIR IV) reported that eating
food or drinking water that has normal amounts of uranium will most likely not cause cancer or
other health problems in most people. The Committee used data from animal studies to estimate
that a small number of people who steadily eat food or drink water that has larger-than-normal
quantities of uranium in it could get a kind of bone cancer called a sarcoma. The Committee
reported calculations showing that if people steadily eat food or drink water containing about

1 pCi of uranium every day of their lives, bone sarcomas would be expected to occur in about 1
to 2 of every million people after 70 years, based on the radiation dose alone. However, we do
not know this for certain because people normally ingest only slightly more than this amount
each day, and people who have been exposed to larger amounts have not been found to get

cancer.

We do not know if exposure to uranium causes reproductive effects in people. Very high doses
of uranium have caused reproductive problems (reduced sperm counts) in some experiments
with laboratory animals. Most studies show no effects. For more information about how

uranium can affect your health, see Chapter 2.

1.6 HOW CAN URANIUM AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception
to maturity at 18 years of age in humans. Potential effects on children resulting from exposures

of the parents are also considered.
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Like adults, children are exposed to small amounts of uranium in air, food, and drinking water.
However, no cases have been reported where exposure to uranium is known to have caused
health effects in children. It is possible that if children were exposed to very high amounts of
uranium they might have damage to their kidneys like that seen in adults. We do not know
whether children differ from adults in their susceptibility to health effects from uranium

exposure.

It is not known if exposure to uranium has effects on the development of the human fetus. Very
high doses of uranium in drinking water can affect the development of the fetus in laboratory
animals. One study reported birth defects and another reported an increase in fetal deaths.
However, we do not believe that uranium can cause these problems in pregnant women who take
in normal amounts of uranium from food and water, or who breathe the air around a hazardous

waste site that contains uranium.

Very young animals absorb more uranium into their blood than adults when they are fed

uranium. We do not know if this happens in children.

Measurements of uranium have not been made in pregnant women, so we do not know if
uranium can cross the placenta and enter the fetus. In an experiment with pregnant animals, only
a very small amount (0.03%) of the injected uranium reached the fetus. Even less uranium is
likely to reach the fetus in mothers exposed by inhaling, swallowing, or touching uranium. No
measurements have been made of uranium in breast milk. Because of the chemical properties of

uranium, it is unlikely that it would concentrate in breast milk.

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

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

department to investigate.
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It is possible that higher-than-normal levels of uranium may be in the soil at a hazardous waste
site. Some children eat a lot of dirt. You should prevent your children from eating dirt. Make
sure they wash their hands frequently, and before eating. If you live near hazardous waste site,
discourage your children from putting their hands in their mouths or from engaging in other

hand-to-mouth activities.

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

Yes, there are medical tests that can determine whether you have been exposed by measuring the
amount of uranium in your urine, blood, and hair. Urine analysis is the standard test. If you take
into your body a larger-than-normal amount of uranium over a short period, the amount of
uranium in your urine may be increased for a short time. Because most uranium leaves the body
within a few days, normally the amount in the urine only shows whether you have been exposed
to a larger-than-normal amount within the last week or so. If the intake is large or higher-than-
normal levels are taken in over a long period, the urine levels may be high for a longer period of
time. Many factors can affect the detection of uranium after exposure. These factors include the
type of uranium you were exposed to, the amount you took into your body, and the sensitivity of
the detection method. Also, the amount in your urine does not always accurately show how
much uranium you have been exposed to. If you think you have been exposed to elevated levels
of uranium and want to have your urine tested, you should do so promptly while the levels may
still be high. In addition to uranium, the urine could be tested for evidence of kidney damage, by
looking for protein, glucose, and nonprotein nitrogen, which are some of the chemicals that can
appear in your urine because of kidney damage. Testing for these chemicals could determine
whether you have kidney damage. However, since kidney damage is also caused by several
common diseases, such as diabetes, it would not tell you if the damage was caused by the

presence of uranium in your body.

A radioactivity counter can tell if your skin is contaminated with uranium, because uranium is

radioactive. If you inhale large amounts of uranium, it may be possible to measure the amount
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of radioactivity in your body with special radiation measurement instruments. See Chapters 2

and 6 for more information.

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

International and national organizations like the International Commission on Radiological
Protection (ICRP) and the National Council on Radiation Protection and Measurements (NCRP)
provide recommendations for protecting people from materials, like uranium, that give off
ionizing radiation. The federal government considers these recommendations and develops
regulations and guidelines to protect public health. Regulations can be enforced by law. Federal
agencies that develop regulations for toxic substances include the EPA, the Nuclear Regulatory
Commission (NRC), the Occupational Safety and Health Administration (OSHA), and the Food
and Drug Administration (FDA). Recommendations provide valuable guidelines to protect

public health but cannot be enforced by law. Federal organizations that develop

recommendations for toxic substances include the Agency for Toxic Substances and Disease

Registry (ATSDR) and the National Institute for Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed as levels that are not to be exceeded in air,
water, soil, or food that are usually based on levels that affect animals. Then they are adjusted
with appropriate safety factors to help protect people. Sometimes these not-to-exceed levels
differ among federal organizations because of different exposure times (an 8-hour workday or a

24-hour day), the use of different animal studies, or other factors.

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

provides it. Some regulations and recommendations for uranium are discussed below.

EPA has not set a limit for uranium in air, but it has set a goal of no uranium in drinking water.
EPA calls this the Maximum Contaminant Level Goal (MCLGQG), but recognizes that, currently,

there is no practical way to meet this goal. Because of this, EPA proposed in 1991 to allow up to
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20 pg of uranium per liter (20 pg/L) in drinking water, and states began regulating to achieve
this level. EPA calls this the Maximum Contaminant Level (MCL). The MCL for uranium is
based on calculations that if 150,000 people drink water that contains 20 pg/L of uranium for a
lifetime, there is a chance that one of them may develop cancer from the uranium in the drinking
water. In 1994, EPA considered changing the MCL to 80 pg per liter based on newer human
intake and uptake values and the high cost of reducing uranium levels in drinking water supplies.
In 1998, EPA temporarily dropped its 1991 limit, but is currently working to develop an
appropriate limit based on a broader range of human and animal health studies. ATSDR, other
federal agencies, Canada, and other professionals are advising EPA regarding a new MCL.
Canada is currently developing its own national guideline value because that country has the
richest known uranium ore deposits in the world and high uranium concentrations in some of its

well water.

EPA has also decided that any accidental uranium waste containing 0.1 curies of radioactivity
(150 kilograms) must be cleaned up. EPA calls this the Reportable Quantity Accidental Release.
EPA also has established a standard for uranium mill tailings. In the workplace, NIOSH/OSHA
has set a Recommended Exposure Limit (REL) and a Permissible Exposure Limit (PEL) of

0.05 mg/m* (34 pCi/m?) for uranium dust, while the NRC has an occupational limit of 0.2 mg/m’
(130 pCi/m®). The NRC has set uranium release limits at 0.06 pCi/m* (0.09 pg/m?) of air and
300 pCi/liter (450 ng/liter) of water. NRC and OSHA expect that the public will normally be
exposed to much lower concentrations. For more information about recommendations the

federal government has made to protect your health, see Chapter 7.

1.10 WHERE CAN | GET MORE INFORMATION?

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

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, GA 30333
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* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: (404) 639-6315 or 6324

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

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

* To order toxicological profiles. contact

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161

Phone: (800) 553-6847 or (703) 605-6000
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2.1 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 of the toxicology of uranium. It
contains descriptions and evaluations of toxicological studies and epidemiologic investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

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

The health effects associated with oral or dermal exposure to natural and depleted uranium appear to be
solely chemical in nature and not radiological, while those from inhalation exposure may also include a
slight radiological component, especially if the exposure is protracted. A comprehensive review by the
Committee on the Biological Effects of Ionizing Radiation (BEIR IV) concluded that ingesting food or
water containing normal uranium concentrations will most likely not be carcinogenic or cause other
health problems in most people. Inhaled uranium is associated with only a low cancer risk, with the main
risk being associated with the co-inhalation of other toxic and/or carcinogenic agents, such as the
radioactive transformation products of radon gas and cigarette smoke. Very high oral doses of uranium
have caused renal damage in humans. Animal studies in a number of species and using a variety of
compounds confirm that uranium is a nephrotoxin and that the most sensitive organ is the kidney.
Hepatic and developmental effects have also been noted in some animal studies. This profile is primarily
concerned with the effects of exposure to natural and depleted uranium, but does include limited
discussion regarding enriched uranium, which is considered to be more of a radiological than a chemical
hazard. Also, whenever the term “radiation” is used, it applies to ionizing radiation and not to non-

ionizing radiation.

Although natural and depleted uranium are primarily chemical hazards, the next several paragraphs
describe the radiological nature of the toxicologically-important uranium isotopes, because individual
isotopes are addressed in some of the health effects studies. Uranium is a naturally occurring radioactive
element and a member of the actinide series. Radioactive elements are those that undergo spontaneous
transformation (decay), in which energy is released (emitted) either in the form of particles, such as alpha
or beta particles, or electromagnetic radiation with energies sufficient to cause ionization, such as gamma

or X-rays. This transformation or decay results in the formation of different elements, some of which
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may themselves be radioactive, in which case they will also decay. The process continues until a stable

(nonradioactive) state is reached (see Appendix D for more information).

Uranium exists in several isotopic forms, all of which are radioactive. The most toxicologically important
of the 22 currently recognized uranium isotopes are anthropogenic uranium-232 (**?U) and uranium-233
(**U) and naturally occurring uranium-234 (***U), uranium-235 (**U), and uranium-238 (***U). When an
atom of any of these five isotopes decays, it emits an alpha particle (the nucleus of a helium atom) and
transforms into a radioactive isotope of another element. The process continues through a series of
radionuclides until reaching a stable, non-radioactive isotope of lead. The radionuclides in these
transformation series (such as radium and radon), emit alpha, beta, and gamma radiations with energies

and intensities that are unique to the individual radionuclide.

Natural uranium consists of isotopic mixtures of ***U, °U, and »**U. There are three kinds of mixtures
(based on the percentage of the composition of the three isotopes): natural uranium, enriched uranium,
and depleted uranium. Natural uranium, including uranium ore, is comprised of 99.284% **U, 0.711%
25U, and 0.005% ***U by mass. Combining these mass percentages with the unique half-life of each
isotope converts mass into radioactivity units and shows that uranium ore contains 48.9% **U, 2.25%
25U, and 48.9% ***U by radioactivity, and has a very low specific activity of 0.68 pCi/g (Parrington et al.
1996). Enriched and depleted uranium are the products of a process which increases (or enriches) the
percentages of 2**U and **U in one portion of a uranium sample and decreases (or depletes) their
percentages in the remaining portion. Enriched uranium is quantified by its *°U percentage Uranium
enrichment for nuclear energy produces uranium that typically contains 3% **U. Uranium enrichment for
a number of other purposes, including nuclear weapons, can produce uranium that contains as much as
97.3% **°U and has a higher specific activity (.50 pCi/g). The residual uranium after the enrichment
process is called “depleted uranium” (DU), which possesses even less radioactivity (0.36 uCi/g) than
natural uranium. The Nuclear Regulatory Commission (NRC) considers the specific activity of depleted
uranium to be 0.36 puCi/g (10 CFR 20), but more aggressive enrichment processes can drive this value
slightly lower (0.33 pCi/g). In this profile, both natural and depleted uranium are referred to as
"uranium." The higher specific-activity mixtures and isotopes are described in the profile as "enriched
uranium," or as U, **U, or 2**U, as applicable, in the summary of the studies in which these mixtures

and isotopes were used.

Because uranium is a predominantly alpha-emitting radionuclide, there is a concern for potential DNA

damage and fragmentation if alpha particles reach cell nuclei. Attempts by cells to repair this
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fragmentation, if it occurs, may result in repair errors, producing gene mutations or chromosomal
aberrations. These effects, when sufficiently severe, may be manifested as cancer and possibly as
developmental malformations. However, the genetic effects of radiation have not been observed in
humans with exposure to radiation, including that from uranium. lonizing radiation may also promote
carcinogenesis by an apoptotic mechanism by which radiation-induced cell death in tissues or organs
elicits an increased cell proliferation response to replace the lost cells. Increased mitotic activity may

afford cancer cells a preferential advantage in clonal expansion.

Although radiation exposure has been generally assumed to be carcinogenic at all dose levels, no
correlation has been established at low doses such as occur from exposure to natural radiation background
levels. This is largely attributable to two factors: (1) it is difficult to construct and obtain meaningful data
from epidemiological studies where exposure is near background exposure levels, and (2) the data are not
statistically significant enough to substantiate a detectable health impact. Recent risk assessment reviews
of carcinogenicity and exposure to hazardous chemicals, including radiation, have been questioning the
non-threshold assumption. With specific reference to radiation, there is increasing biological evidence

that there is a threshold for radiation-induced carcinogenicity (Clark 1999).

The National Research Council Committee on the Biological Effects of Ionizing Radiation BEIR 1V
report stated that ingesting uranium in food and water at the naturally occurring levels will not cause
cancer or other health problems in people. However, based on the zero-threshold linear dose-response
model (a conservative model that is inherently unverifiable and is intended to be used as an aid to risk-
benefit analysis and not for predicting cancer deaths), the BEIR IV committee calculated that the
ingestion of an additional 1 pCi/day (0.0015 mg/day) of soluble natural uranium would lead to a
fractional increase in the incidence rate of osteogenic sarcoma (bone cancer) of 0.0019. This means that
over a period of 70 years (the nominal lifetime length), if everyone were exposed at that level, the number
of bone cancer cases in a U.S. population of 250 million would increase from 183,750 to about 184,100.
Currently, there are no unequivocal studies that show that intake of natural or depleted uranium can
induce radiation effects in humans or animals. The available information on humans and animals
suggests that intake of uranium at the low concentrations usually ingested by humans or at levels found at
or near hazardous waste sites is not likely to cause cancer. The BEIR IV committee, therefore, concluded
that "...exposure to natural uranium is unlikely to be a significant health risk in the population and may

well have no measurable effect."”
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Exposure to enriched uranium, used as uranium fuel in nuclear energy production, may present a
radiological health hazard. Although uranium-associated cancers have not been identified in humans,
even following exposure to highly enriched uranium, higher doses associated with highly enriched, high
specific activity uranium may be able to produce bone sarcomas in humans. Evidence from animal
studies suggests that high radiation doses associated with large intakes of ***U and **U-enriched uranium
compounds can be hazardous. Adverse effects reported from such exposures include damage to the
interstitium of the lungs (fibrosis) and cardiovascular abnormalities (friable vessels). However, access to
25U-enriched or other high specific-activity uranium is strictly regulated by the NRC and the U.S.
Department of Energy (DOE). Therefore, the potential for human exposure to this level of radioactivity

is limited to rare accidental releases in the workplace.

The potential for adverse noncancerous radiological health effects from uranium is dependent on several
factors, including physicochemical form and solubility, route of entry, distribution in the various body
organs, the biological retention time in the various tissues, and the energy and intensity of the radiation.
The potential for such effects is generally thought to be independent of the known chemical toxicity of
uranium. While the chemical properties affect the distribution and biological half-life of a radionuclide,
the damage from radiation is independent of the source of that radiation. In this profile, there is little, or
equivocal, specific information regarding the influence of radiation from uranium on certain biological
effect end points in humans, such as reproductive, developmental, or carcinogenic effects. There is
evidence, however, from the large body of literature concerning radioactive substances that alpha
radiation can affect these processes in humans (see Appendix D for additional information on the
biological effects of radiation). However, because the specific activities of natural and depleted uranium
are low, no radiological health hazard is expected from exposure to natural and depleted uranium. Since
the radiological component of natural uranium has essentially been discounted as a significant source of
health effects, this leaves only the chemical effects of uranium to contend with. The chemical (non-
radiological) properties of natural uranium and depleted uranium are identical; therefore, the health
effects exerted by each are expected to be the same. The results of the available studies in humans and
animals are consistent with this conclusion. The potential health impacts of depleted uranium are

specifically addressed in a recent Department of Energy publication (DOE 1999).

Uranium is a heavy metal that forms compounds and complexes of different varieties and solubilities.
The chemical action of all isotopes and isotopic mixtures of uranium is identical, regardless of the
specific activity (i.e., enrichment), because chemical action depends only on chemical properties. Thus,

the chemical toxicity of a given amount or weight of natural, depleted, and enriched uranium is identical.



URANIUM 21

2. HEALTH EFFECTS

The toxicity of uranium varies according to its chemical form and route of exposure. On the basis of the
toxicity of different uranium compounds in animals, it was concluded that the relatively more water-soluble
compounds (uranyl nitrate hexahydrate, uranium hexafluoride, uranyl fluoride, uranium tetrachloride,
uranium pentachloride) were the most potent renal toxicants. The less water-soluble compounds (sodium
diuranate, ammonium diuranate) were of moderate-to-low renal toxicity, and the insoluble compounds
(uranium tetrafluoride, uranium trioxide, uranium dioxide, uranium peroxide, triuranium octaoxide) had
little potential to cause renal toxicity but could cause pulmonary toxicity when exposure was by inhalation.
The terms soluble, moderately soluble, and insoluble are often used in this profile without relisting the
specific compounds. Generally, hexavalent uranium, which tends to form soluble compounds, is more
likely to be a systemic toxicant than tetravalent uranium, which forms insoluble compounds. Ingested
uranium is less toxic than inhaled uranium, which may be partly attributable to the relatively low
gastrointestinal absorption of uranium compounds. Only <0.1-6% of even the more soluble uranium
compounds are absorbed in the gastrointestinal tract (Leggett 1989). The available data on a variety of
uranium compounds are sufficient to conclude that uranium has a low order of metallotoxicity (chemical
toxicity) in humans. This low order results from the high exposures to which animals in these studies were
exposed without adverse effects in many cases. The ICRP (1995) recommends a gastrointestinal

absorption fraction of 0.02 (i.e. 2%) for uranium ingested in relatively stable form.

The hazard from inhaled uranium aerosols, or any noxious agent, is determined by the likelihood that the
agent will reach the site of its toxic action. Two main factors that influence the degree of hazard from toxic
airborne particles are the site of deposition in the respiratory tract of the particles and the fate of the
particles within the lungs. The deposition site within the lungs depends mainly on the particle size of the
inhaled aerosol, while the subsequent fate of the particle depends mainly on the physical and chemical

properties of the inhaled particles and the physiological status of the lungs.

Human and animal studies have shown that long-term retention in the lungs of large quantities of inhaled
insoluble uranium particles (e.g., carnotite dust [4% uranium as uranium dioxide and triuranium octaoxide,
80-90% quartz, and <10% feldspar]) can lead to serious respiratory effects. However, animals exposed to
high doses of purified uranium (as uranyl nitrate hexahydrate, uranium tetrachloride, uranium dioxide,
uranium trioxide, uranium tetraoxide, uranium fluoride, or uranium acetate) through the inhalation or oral
route in acute-, intermediate-, or chronic-duration exposures failed to develop these respiratory ailments.
The lack of significant pulmonary injury in animal studies with insoluble compounds indicates that other

factors, such as diverse inorganic particle abrasion or chemical reactions, may contribute to these effects.
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Highly soluble forms of uranium clear the lungs quickly and are less likely to react with or affect the
normal physiology of lung parenchymal tissue. In animal studies and in studies following intense
accidental human exposure to uranium hexafluoride, hydrogen fluoride gas (a hydrolysis product of
uranium hexafluoride) was suggested to have caused the observed pulmonary injury. Longer-term
inhalation exposures to tolerable levels of uranium hexafluoride in animals, however, have caused renal

toxicity.

Because natural uranium produces very little radioactivity per mass of uranium, the renal and respiratory
effects from exposure of humans and animals to uranium are usually attributed to the chemical properties
of uranium. However, in exposures to more radioactive uranium isotopes (e.g., ***U and **U, and
naturally occurring ***U and **°U), it has been suggested that the chemical and radiological toxicity may
be additive or may potentiate in some instances. In these instances, this dual mode of uranium toxicity
may not be distinguishable by end point because of the overlap of etiology and manifested effects. The

mechanism of this interaction is as yet unclear.

In animals, kidney damage is the principal toxic effect of uranium, especially to its soluble compounds.
The kidneys have been identified as the most sensitive target of uranium toxicosis, consistent with the
metallotoxic action of a heavy metal. The toxic action is mediated by accumulation of uranium in the
renal tubular epithelium which induces cellular necrosis and atrophy in the tubular wall resulting in
decreased reabsorption efficiency in the renal tubule in humans and animals. Heavy metal ions, such as
uranyl ions, are also effective in delaying or blocking the cell division process, thereby magnifying the
effects of cell necrosis. These renal effects observed in animals can also occur in humans if the uranium
dose is high enough. However, these effects have only been seen in certain acute poisoning incidents in
humans. Epidemiological studies of uranium miners and mill workers have not demonstrated unusual
rates of kidney disease. A recent comparison of kidney tissue obtained at autopsy from 7 uranium
workers and 6 referents with no known exposure to uranium showed that the groups were
indistinguishable by pathologists experienced in uranium-induced renal pathology. One study in humans
found a dose-response nephrotoxicity, indicated by the presence of ,-microglobulinuria and
aminoaciduria from decreased tubular reabsorption, in 39 male uranium mill workers exposed for more
than a year to uranium concentrations exceeding the then current occupational standard of

1.0x10"° uCi/mL (3.7 Bg/m®) (0.15 mg/m’) by up to 8-fold. However, the negative findings regarding
renal injury among current uranium miners and mill workers exposed to dusts of both soluble and

insoluble uranium compounds are particularly significant in view of the high levels of exposure.
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A histological kidney study of chronically exposed workers found no pathological differences at the low
kidney concentrations (~0.3 pg/g) when compared to unexposed workers (Russell et al. 1996). In animal
studies, observations in acute- and intermediate-duration exposures to uranium compounds conclusively
show that high doses of uranium are nephrotoxic. Histopathological examination of the kidneys of these
animals following oral, inhalation, or parenteral exposure revealed a thickened glomerular capsular wall,
shrinkage of the glomerular capillary network, and decreased glomerular filtration rates. The damage in
animals is histologically manifested as glomerular and tubular wall pathology. A mechanism involving
bicarbonate uptake in the kidneys and subsequent precipitation of uranium in the tubule was proposed for
uranium-induced renal toxicity. An alternative mechanism involving the inhibition of both sodium
transport-dependent and transport-independent adenosine triphosphate (ATP) utilization and of

mitochondrial oxidative phosphorylation in the renal proximal tubule has also been proposed.

Respiratory diseases have been associated with human exposure to the atmosphere in uranium mines.
Respiratory diseases in uranium miners (fatal in some cases) have been linked to exposure to silica dust,
oxide dusts, diesel fumes, and radon and its daughters, in conjunction with cigarette smoking. In several
of these studies, the investigators concluded that, although uranium mining clearly elevates the risk for
respiratory disease, uranium contributes minimally, if at all, to this risk. The mine air also contained
radon and its daughters, and cigarette smoke, which are proven carcinogens. As in human studies, several
animal studies in which uranium-containing dusts, such as carnotite uranium dust, were used reported the

occurrence of respiratory diseases.

Epidemiologic studies among workers who had been exposed to uranium aerosols in strip and
underground mines, mills, and processing facilities found more than the expected number of lung cancers
only among underground miners and especially among miners who were cigarette smokers. No
significant difference in the incidence rate of lung cancer was found between other workers who had been
occupationally exposed to uranium and control populations. In addition to uranium dust, the mine air
contained many other noxious aerosols (including silica, oxides of nickel, cobalt, and vanadium), radon
and its daughters, diesel fumes, and cigarette smoke. Excess cancers were found among those
underground miners whose radon daughter exposure exceeded 120 working level months (WLM). The

rate of cancer incidence increased with increasing exposure to radon daughters.

No significant difference in cancer (of the lungs) was found between workers who are occupationally
exposed to uranium and control populations. Other detailed studies conducted between 1950 and 1967 on

the association between uranium mining and an increased incidence of cancer found lung cancer in the
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miners over six times the rate expected. However, some of the miners were exposed to other potentially
cancer-causing substances such as radon and its progeny, tobacco smoke, diesel smoke, and solvents
(carbon tetrachloride and trichloroethylene). These studies and a review of 11 uranium miner studies

attributed the increased incidence of lung cancer to radon and its progeny and not to uranium.

The evidence for the cancer-inducing potential of uranium in animals is also inconclusive. Animals
exposed to very high doses of uranyl nitrate hexahydrate, uranium tetrachloride, uranium dioxide,
uranium trioxide, uranium tetroxide, uranyl fluoride, uranium tetrafluoride, or uranium acetate, through
the inhalation or oral route in acute-, intermediate-, or chronic-duration exposures, failed to develop these
respiratory cancers. The lack of significant pulmonary injury in oral animal studies indicates that other
factors such as diverse inorganic dust or radon daughters may contribute to these effects. Because
uranium is a predominantly alpha-emitting radionuclide, current theories on cellular necrosis by high
linear energy transfer (LET) alpha radiation also imply a contributory role to the cellular degenerative
pulmonary changes. In studies in which human subjects and animals were exposed to uranium
hexafluoride, hydrogen fluoride was probably responsible for, or aggravated, the observed respiratory
effects. Uranium hexafluoride is hydrolyzable to uranyl fluoride and hydrogen fluoride, and death

occurred shortly after intake with signs and symptoms of acute acid-induced cellular damage.

2.2 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 or potential hazardous wastes sites containing uranium, the information in this
section is organized first by route of exposure—inhalation, oral, and dermal; by health effects— death,
systemic, immunological, neurological, reproductive, developmental, genotoxic, and cancer effects; and
then by chemical and radiation effects. Regarding the last aggregation of the data, the chemical and
radiological identities of uranium are discussed, for the purpose of presentation only, as separate
concerns. These data are discussed in terms of three exposure periods—acute (14 days or less),

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

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious" or "serious" effects. "Serious" effects are those that
evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death,
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or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious" effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which
major health effects start to appear. LOAELs or NOAELSs should also help in determining whether or not
the effects vary with dose and/or duration, and place into perspective the possible significance of these
effects to human health. For noncancer radiological effects, the actual dose or exposure at which the

effects occurred or were observed is designated the radiation effect level.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others concerned with
appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAEL) or exposure levels 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.

Levels of exposure associated with health effects by route of exposure to uranium are indicated in
Tables 2-1 and 2-2 and Figures 2-1 and 2-2. Data permitting, the cancer effects of uranium are discussed

separately with respect to chemical and radiation etiology.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been
made for uranium. 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 the MRLs (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
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example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.

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

2.2.1 Inhalation Exposure

The toxicity of uranium compounds to the lungs and distal organs varies when exposed by the inhalation
route. In general, the more soluble compounds (uranyl fluoride,' uranium tetrachloride, uranyl nitrate
hexahydrate) are less toxic to the lungs but more toxic systemically by the inhalation route due to easier
absorption from the lungs into the blood and transportation to distal organs (Tannenbaum and Silverstone
1951). A study summary of the data for inhalation toxicity (lethality) studies in mice exposed to
equivalent uranium concentrations of uranium tetrafluoride, uranyl fluoride, uranium tetrachloride, uranyl
nitrate hexahydrate, or triuranium octaoxide concluded that the order of decreasing systemic toxicity for
these compounds may be as follows: very toxic, uranyl fluoride; toxic, uranyl nitrate hexahydrate; and
nontoxic (at the levels tested in companion studies), uranium tetrachloride, uranium tetrafluoride, and
triuranium octaoxide (Stokinger et al. 1953; Tannenbaum and Silverstone 1951). Although uranium
tetrachloride is highly soluble in water, it is easily hydrolyzed and oxidized into less soluble uranyl

chloride and insoluble

! Uranium hexafluoride is hydrolyzed to uranyl fluoride and hydrogen fluoride. Hydrogen fluoride is
highly toxic in acute exposures and causes pulmonary edema, which may be immediately life-threatening.
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uranium dioxide. For this reason, inhaled uranium tetrachloride tends not to behave as if it is a highly
soluble uranium compound. Conversely, the more common insoluble salts and oxides (uranium
tetrafluoride, uranium dioxide, uranium trioxide, triuranium octaoxide) are generally more toxic to the
lungs through inhalation exposure because of the longer retention time in the lung tissue but they are less

toxic to distal organs.

On the basis of the available data, the rabbit appears to be unusually susceptible to the lethal effects of
uranium's metallotoxicity. The order of animal species susceptibility to acute uranium toxicity has been

suggested as follows: rabbit > rat > guinea pig > pig > mouse (Orcutt 1949).

2.2.1.1 Death

The lethal effects of inhalation exposure to uranium have been investigated in humans in epidemiological
studies and in animal studies under controlled conditions. Epidemiological studies indicate that routine
exposure of humans (in the workplace and the environment at large) to airborne uranium is not associated
with increased mortality. Brief accidental exposures to very high concentrations of uranium hexafluoride
have caused fatalities in humans. Laboratory studies in animals indicate that inhalation exposure to
certain uranium compounds can be fatal. These deaths are believed to result from renal failure caused by
absorbed uranium. The low specific activity of uranium precludes the possibility of absorbing enough

uranium to deliver a lethal dose of radiation.

No definitive evidence has been found in epidemiologic studies that links human deaths to uranium
exposure. Among uranium miners, death rates from diseases of the cardiovascular system and the
urogenital system were decreased compared to other populations. Uranium miners have higher-than-
expected rates of death from lung cancer; however, this finding is attributed to the radiological effects of
radon and its decay products, which are progeny of uranium and, therefore, present in uranium mines. In
addition, the role of tobacco smoking in these deaths was not evaluated (Archer et al. 1973a; Gottlieb and
Husen 1982; Lundin et al. 1969; Samet et al. 1984, 1986). Epidemiologic studies of workers at uranium
mill and metal processing plants (where there is little or no exposure to radon in excess of normal
environmental levels) showed no increase in overall deaths attributable to exposure to uranium (Archer et
al. 1973b; Brown and Bloom 1987; Checkoway et al. 1988; Cragle et al. 1988; Hadjimichael et al. 1983;
Polednak and Frome 1981; Scott et al. 1972; Waxweiler et al. 1983).

Deaths occurred after accidental releases of uranium hexafluoride at uranium-processing facilities in 1944

and 1986, but these deaths were not attributed to the uranium component of this compound (Kathren and
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Moore 1986; Moore and Kathren 1985; USNRC 1986). These releases resulted in the generation of
concentrated aerosols of highly toxic hydrofluoric acid and uranyl fluoride®. In the 1944 incident
exposure time was estimated to be only 17 seconds, deaths occurred in 2 of 20 workers within an hour
and were attributed to severe chemical burns of the lungs. In the 1986 incident, 1 of 23 workers died
from massive pulmonary edema, indicating that inhalation of hydrofluoric acid was responsible for death.
Estimated airborne concentrations were 20 mg uranium hexafluoride/m’ for a 1-minute exposure and

120 mg uranium hexafluoride/m* for a 60-minute exposure (15.2 and 91 mg U/m’, respectively).

Mortality can be induced in animals exposed to sufficiently high concentrations of pure uranium
compounds. The acute-duration LCj, (lethal concentration, 50% death) for uranium hexafluoride has
been calculated for Long-Evans rats and Hartley guinea pigs (Leach et al. 1984). The animals were
exposed to uranium hexafluoride in a nose-only exposure apparatus for periods of up to 10 minutes and
then observed for 14 days. Total mortality in rats was 34% (157/460): 25% of the deaths occurred during
exposure or within 48 hours, 59% between days 3 and 7, and 17% between days 7 and 14. Guinea pigs
were more sensitive than rats; total mortality was 46% (36/78), and 64% of deaths occurred within 48
hours. In guinea pigs, the LCy, was estimated as 35,011 mg U/m’ for a 2-minute exposure limit. For a
5-minute inhalation exposure, the LCs, in Long-Evans rats was estimated as 26,098 mg U/m’; the LCs, for
a 10-minute inhalation was estimated as 8,114 mg U/m’. The animals that died showed some damage to
the respiratory tract, probably due to hydrofluoric acid, but this damage was not judged to be the cause of
death, at least in the animals that died more than 2 days postexposure. Urinalysis and histopathological
examination indicated that renal injury was the primary cause of death (Leach et al. 1984). In other acute
lethality studies, rats, mice, and guinea pigs suffered 10, 20, and 13% mortality, respectively, following a

10-minute inhalation of uranium hexafluoride corresponding to 637 mg U/m’® (Spiegl 1949).

In intermediate-duration studies, rabbits and cats were generally the most sensitive species to uranium
lethality. Deaths in these studies generally occurred beginning 2 weeks after exposure started and
continued to the end of the experiment. Exposure to 2 mg U/m? (as uranium hexafluoride) 6 hours a day
for 30 days caused 5, 20, and 80% mortality in guinea pigs, dogs, and rabbits, respectively (Spiegl 1949).
An exposure to 9.5 mg U/m’ (as uranyl nitrate hexahydrate) for 8 hours per day, 5 days per week for

30 days caused 10% mortality in rats and guinea pigs, and 75% mortality in dogs. Exposure to

2 mg U/m’ killed all four cats tested (Roberts 1949). Exposure to 9.2 mg U/m’ (as uranyl fluoride)

6 hours a day, 5.5 days a week for 5 weeks caused 0%, 100%, 83%, and 55% mortality in rats, mice,

rabbits and guinea pigs, and deaths in two dogs and two cats tested at this concentration (Rothstein

* Uranium hexafluoride rapidly dissociates into hydrofluoric acid and uranyl fluoride on contact with
moisture in the air.
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1949a). The lowest exposure causing death with uranyl fluoride was 0.15 mg U/m’ in mice and rabbits
and 2.2 mg U/m’ in guinea pigs. Exposure to 15.4 mg U/m’ (as uranium peroxide) 5 hours a day, 5 days
a week for 23 days caused 10, 63, 40, 80, and 100% mortality in rats, mice, guinea pigs, rabbits, and cats,
respectively, while 9.2 mg U/m’ killed all the dogs tested (Dygert 1949d). Inhalation of air containing

15 mg U/m’® (as sodium diuranate) for 6 hours a day, 5.5 days a week for 5 weeks caused 13 and 28%

mortality in guinea pigs and rabbits, respectively (Rothstein 1949d).

Insoluble uranium compounds were also lethal to animals by the inhalation route, but at higher
concentrations than with soluble compounds. Exposure to 15.8 mg U/m’ (as uranium trioxide) 6 hours a
day, 5.5 days a week for 4 weeks caused 10, 9, 17, and 67% mortality in rats, guinea pigs, dogs, and
rabbits, respectively (Rothstein 1949c¢). Inhalation of air containing 19.4 mg U/m’ (as uranium dioxide)
for 6 hours a day, 5.5 days a week for 5 weeks, caused 60% mortality in rabbits but no mortality in rats,
mice, guinea pigs, or dogs (Rothstein 1949b). Inhalation of air containing 18 mg U/m’ (as uranium
tetrafluoride) for 5 hours a day for 30 days caused 15, 32, 33, and 100% mortality in guinea pigs, rats,
rabbits, and cats, respectively, and death in a single dog tested at this concentration. Inhalation at

4 mg U/m’ caused no deaths in a group of 18 dogs, and one death in a group of 30 rats (Dygert 1949a). A
mortality of 4% was observed among rabbits given 3 mg U/m’ (Stokinger et al. 1953). Exposure to

6.8 mg U/m’ (as ammonium diuranate) 6 hours a day for 30 days caused 20 and 100% mortality in guinea

pigs and rabbits, respectively (Dygert 1949b).

In chronic-duration experiments, inhalation of 2 mg U/m”’ as uranyl nitrate hexahydrate for 6 hours a day,
5.5 days a week for 92—-100 weeks resulted in 1% mortality in rats (Stokinger et al. 1953). This is not an
unusual mortality rate for rats, so it is unlikely that these deaths can be attributed to uranium exposure.
Dogs exposed to uranyl nitrate hexahydrate for 2 years suffered 4% mortality (Stokinger et al. 1953).

One dog died at 0.25 mg U/m’, and another at 2 mg U/m’ out of 25 exposed dogs. Death may or may not

have been attributable to uranium, according to the study investigator.

In several other inhalation-exposure animal studies, no deaths were observed when either soluble or
insoluble uranium compounds were administered. In one of these animal studies, no mortality was
observed in monkeys exposed by inhalation to uranium dioxide dust at a concentration of 5 mg U/m’ for
5 years. The death of Beagle dogs similarly exposed could not be attributed to uranium by the
investigators (Leach et al. 1970).

The percent mortality values for each species and other LOAEL values for mortality from exposure to

uranium by the inhalation route are presented in Table 2-1 and plotted in Figure 2-1.
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2.2.1.2 Systemic Effects

No human studies were located regarding the cardiovascular, musculoskeletal, endocrine, metabolic,
dermal, ocular, body weight, or other systemic effects of elemental uranium following acute-duration
inhalation exposure. Nor were any human studies located regarding the respiratory, hematological,
cardiovascular, gastrointestinal, musculoskeletal, hepatic, renal, endocrine, metabolic, dermal, ocular,
body weight, or other systemic effects of uranium following intermediate-duration inhalation exposure.
No studies were found regarding the cardiovascular, gastrointestinal, musculoskeletal, renal, endocrine,
metabolic, dermal, ocular, body weight, or other systemic effects in humans following chronic-duration
inhalation exposure. The existing human data on the respiratory and hepatic effects of uranium are
limited to acute- and chronic-duration inhalation exposures, hematological effects are limited to chronic-
duration inhalation exposure, and gastrointestinal and renal effects are limited to acute-duration inhalation

exposure.

No animal studies were located regarding the endocrine, metabolic, dermal, or ocular effects of uranium
in animals following acute-duration inhalation exposures to uranium. Nor were any studies located
regarding the metabolic, dermal, ocular, or other systemic effects in animals following intermediate-
duration inhalation exposure to uranium. There are animal data for acute-, intermediate-, and chronic-
duration inhalation exposures to uranium for respiratory, hematological, cardiovascular, gastrointestinal,
renal, or body weight effects. However, animal data on hepatic effects are limited to acute- and chronic-

duration inhalation exposures to uranium.

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
systemic effects from chemical exposure to uranium by the inhalation route are presented in Table 2-1

and plotted in Figure 2-1. The radiation effect level values in each species and duration category for
systemic effects from radiation exposure to uranium by the inhalation route are presented in Table 2-2 and

plotted in Figure 2-2.



Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation

. Exposure/ LOAEL
Keyto® species/  duration/ NOAEL Les's serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
ACUTE EXPOSURE
Death
1 Rat 10 min 630 M (1/10 died) Leach et al. 1984
(Long- . *xx UFB
Evans)
2 Rat 5 min 6470 M (1/10 died on day 7 Leach et al. 1984
(Long- postexposure) *xx UFB
Evans)
3 Rat 1d 637  (10% mortality 30 days Spiegl 1949
(NS) 10 min post-exposure) UF6
4  Mouse 1d 637  (20% mortality 30 days Spiegl 1949
(NS) 10 min post-exposure) UF6
5 GnPig 2 min 23040 M (2/6 died 48 hrs Leach et al. 1984
(Hartley) postexposure) *xx UF6
6 GnPig 1d 637  (13% mortality 30 days Spiegl 1949
(NS) 10 min post-exposure) UF6
Systemic
7 Rat 10 min Renal 426 M (proteinuria, glucosuria, Leach et al. 1984
(Long- and polyuria) xxx UFB
Evans)
8 Rat 2 min Renal 920 M 1430 M (proteinuria) Leach et al. 1984
(Long- wxx UFG
Evans)
g9 Rat 5 min Resp 9131 54503 M (severe nasal congestion,  Leachetal 1984
(Long- hemorrhage) *ix UF6
Evans)
Renal 392 M (glucosuria)
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Table 2-1. Levels of Significant Exposure to Uranium -

Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Key to SPEC'_GS/ duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
10 Rat 1d Resp 637  (gasping in 100% of rats; ~ Spiegl 1949
(NS) 10 min severe irritation of nasal UF6
passages)
Renal 637 (severe degeneration of
renal cortical tubules 5-8
days post-exposure)
Ocular 637  (conjunctivitis)
11 Mouse 1d Resp 637 (gasping in 100% of mice; ~ Spiegl 1949
(NS) 10 min severe irritation of nasal UF6
passages)
Ocular 637  (conjunctivitis)
12 Gn Pig 2 min Renal 23040 M (glucosuria and polyuria) Leach et al. 1984
(Hartley) +xx UFB
13 Dog once Resp 270 Morrow et al.
[Beagle] 0.5-1 hr won 1982
UO2F2
Renal 250 (extensive degeneration in
kidney cortex and tubules)
Immunological/Lymphoreticular
14 Rat once 44 M (increased macrophage Morris et al. 1989
(Fischer- activity) wxx JO2
344)
15 Rat once 132 M (increased macrophage Morris et al. 1992
(Fischer- activity) wax UO2
344)
INTERMEDIATE EXPOSURE
Death
16 Rat 30d 4 (3% mortality) Dygert 1949a
(NS) 6 hr/d UF4
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
17 Rat 23d 15.4  (10% mortality) Dygert 1949d
(NS) 5 diwk uo4
5 hrid
18 Rat 30d 9.5 (10% mortality) Roberts 1949
(NS) Cont. UO2(NO3)2*6H20
19 Rat 4 wk 15.8  (10% mortality) Rothstein 1949¢
(NS) 6 diwk uos
6 hr/d
20 Mouse 23d 15.4  (63% mortality) Dygert 1949d
(NS) 5 diwk uo4
5 hr/d
21 Gn Pig 30 18  (15% mortality) Dygert 1949a
(NS) 6 hr/d UF4
22 Gn Pig 30d 6.8 (20% mortality) Dygert 1949b
(NS) 6 hr/d (NH4)2U207
23 Gn Pig 23d 15.4  (40% mortality) Dygert 1949d
(NS) S diwk o4
5 hr/d
24 GnPig 30d 9.5 (10% mortality) Roberts 1949
(NS) Cont. UO2(NO3)2*6H20
25 Gn Pig 5 wk 2.2 (3% mortality) Rothstein 1949a
(NS) 6 diwk UO2F2
6 hr/d
26 Gn Pig 4wk 15.8 (9% mortality) Rothstein 1949¢
(NS) 6 diwk uo3
6 hr/d
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto' Species/  duration/ NOAEL Less serious Serious Reference
figure (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
27 GnPig 5 wk 15 (13% mortality) Rothstein 1949d
(NS) 5.5 diwk Na2U207
6 hr/d
28 Gn Pig 30 d 2 (5% mortality) Spiegl 1949
(NS) 6 hr/d UF6
29 Dog 30d 18  (lethal dose) Dygert 1949a
(NS) 6 hr/d UF4
30 Dog 30 d 9.5 (75% mortality) Roberts 1949
(NS) Cont. UO2(NO3)2*6H20
31 Dog 5 wk 9.2  (100% mortality) Rothstein 1949a
(NS) 6 d/wk UO2F2
6 hr/d
32 Dog 4 wk 15.8  (17% mortality) Rothstein 1949¢
(NS) 6 diwk uo3
6 hr/d
33 Dog 30d 2 (20% mortality) Spiegl 1949
(NS) 6 hr/d UF6
34 Rabbit 30 d 18 (33% mortality) Dygert 1949a
(NS) 6 hr/d UF4
35 Rabbit 30d 6.8 (100% mortality) Dygert 1948b
(NS) 6 hr/d (NH4)2U207
36 Rabbit 23 d 15.4  (80% mortality) Dygert 1949d
(NS) 5 hr/d vo4
5 dwk |
37 Rabbit 5wk 19.4  (60% mortality) Rothstein 1943b
(NS) 6 diwk uo2

S1O03443 HIV3H ¢

WNINYHN

e



Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Key to SPEC'_ES/ duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
38 Rabbit 4 wk 15.8  (67% mortality) Rothstein 1949¢
(NS) 6 diwk uo3
6 hr/d
3g Rabbit 5wk 15 (28% mortality) Rothstein 1949d
(NS) 5.5 diwk Na2u207
6 hr/d
40 Rabbit 30d 2  (80% mortality) Spiegl 1949
(NS) 6 hr/d UE6
41 Rabbit 34 wk 3 (4% mortality) Stokinger et al.
5.5 d/wk 1953
6 hr/d . UF4
42 Cat 30d 18  (100% mortality) Dygert 1949a
(NS) 6 hr/d UF4
43 Cat 23d 15.4  (100% mortality) Dygert 1948d
(Ns)  Sdiwk Uo4
5 hr/d
44 Cat 30d 2 (100% mortality) Roberts 1949
(NS) Cont. UO2(NO3)2*6H20
Systemic
45 Rat 30d Gastro 0.4 (ulceration of cecum) Dygert 1949a
sy . 6hrd ' UF4
Hemato 18
Hepatic 0.4 (focal necrosis of liver)
Renal 4 18 (slight azotemia)
! Bd Wt 4 18  (26% decrease body weight)

S103443 HILIV3H ¢
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Keyto' Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
46 Rat 30d Resp 6.8 (intersitial Dygert 1949b
(NS) 6 hr/d bronchopneumonia in (NH4)2u207
25% of animals; nasal
irritation)
Hemato 6.8 (decreased RBC,
hemoglobin)
Renal 6.8 (minimal necrosis of
tubular epithelium
followed by regeneration)
Bd Wt 6.8
47 Rat 26 d Resp 4.8 Dygert 1949¢
(NS) 4-6 hr/d U308
Cardio 4.8
Hemato 4.8
Hepatic 4.8
Renal 4.8 (renal degeneration
indicated by moderate
regeneration)
Bd Wit 4.8
48 Rat 30d Hemato 2.1 9.5 (decreased RBC, Roberts 1949
(NS) Cont. hemoglobin) UO2(NO3)2*6H20
Renal 0.13 (slight renal tubular
degeneration in 33%
after 28 days exposure)
Bd Wit 2.1 9.5 (5.6-12.6% decreased
body weight)
49 Rat 5 wk Hemato 9.2 Rothstein 1949a
(NS) 6 dwk | UO2F2
6 hr/d Renal 0.5 22 (minimal renal tubular
degeneration)
Bd Wt 22 9.2 (unspecified moderate

weight loss)
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
50 Rat 4 wk Resp 16  (very slight degenerative Rothstein 1949¢
(NS) 6 d/wk changes in the lungs) uo3
6 hr/d Hemato 16  (increased percentage of
myeloblasts and lymphoid
cells of bone marrow)
Hepatic 16
Renal 16
Bd Wit 16
51 Rat 5 wk Hemato 15 Rothstein 1949d
(NS) 5.5 diwk Na2u207
6 hr/d Renal 15 (moderate renal
degeneration and
necrosis)
52 Rat 30d Resp 2 13 (pulmonary edema, Spieg! 1949
(NS) 6 hr/d hemorrhage, emphysema; UF86
inflammation of bronchi,
alveoli and alveolar
interstices)
Hemato 13
Ocular 2 13 (eye irritation)
Bd Wt 13
53 Rat 30d Hemato 0.2 Spiegl 1949
(NS) 6 hr/d UF6
Renal 0.2
Bd Wit 0.2
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/mM3 mguUm3 mg U/m3 Chemical Form -
54 Mouse 30d Resp 29 Pozzani 1949
(NS) 4.46 hr/d Carnotite U ore
Hepatic 2.9
Renal 2.9 (slight renal tubular
degeneration)
Bd Wt 2.9
55 Mouse 5 wk Resp 19.4 Rothstein 1949b
(NS) 6 diwk uo2
Hemato 19.4
Renal 19.4
Bd Wt 19.4
56 Mouse 30d Resp 2 13 (lung edema, hemorrhage, Spiegl 1949
(NS) 6 hr/d and emphysema; UF6
inflammation of bronchi,
alveoli, and alveolar
interstitices)
Renal 2 13  (severe renal-tubular
degeneration followed by
regeneration, and necrosis,
and the presence of casts in
the tubules)
Ocular 2 13  (eyeirritation)
Bd Wt 2 13 (unspecified weight loss)
57 Gn Pig 30d Hemato 18 Dygert 19492
(NS) 6 hr/d UF4
Renal 4 18  (moderate to severe

necrosis of corticomedullary
tubular epithelium)

S103443 HLITV3H 2
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Key to Species/  duration/ NOAEL Less serious Setious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
58 Gn Pig 30d Resp 2.9 Pozzani 1949
(NS) 4.4-6 hr/d Carnotite U ore
Hepatic 2.9
Renal 0.8 2.9 (micoscopic focal lesions
in renal tubular
epithelium in 1/5 guinea
pigs)
Bd Wit 2.9 22 (14% decreased body
weight in animals that
died)
59 Gn Pig 30d Bd Wt 2.1 9.5 (2.9-27.9% decreased body Roberts 1949
(NS) Cont. weight) UO2(NO3)2*6H20
- 60 Gn Pig 5 wk Renal 2.2 9.2 (severe degeneration of Rothstein 1949a
NS 6 d/wk renal tubular epithelium) UO2F2
e 6 hr/d
" Bd Wt 2.2 (unspecified moderate
weight loss)
61 Gn Pig 30d Resp 2 13 (lung edema, hemorrhage, Spiegl 1949
(NS) 6 hr/d and emphysema, acute UF6
inflammation was seen in
the bronchi, alveoli, and
alveolar interstitices)
Renal 2 13  (severe renal-tubular
degeneration, necrosis,
regeneration; casts in the
tubules)
Bd Wt 2 13 (13% decreased body

weight)
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Keyto' Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
62 Gn Pig 30d Resp 2 13 (lung edema, hemorrhage, Spiegl 1949
(NS) 6 hr/d and emphysema, acute UF6
inflammation was seen in
the bronchi, alveoli, and
alveolar interstitices)
Renal 2 13  (severe renal-tubular
degeneration, necrosis,
regeneration; casts in the
tubules)
Bd W 2 13 (13% decreased body
weight)
63 Gn pig 30 wk Renal 0.2  (minimal microscopic Stokinger et al.
5.5 dfwk lesions in tubular 1953
6 hr/d epithelium) ucl4
64 Gn pig 28 wk Renal 10 Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d uo2
Bd Wt 10
65 Gn pig 26 wk Hemato 2 M Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d UO2(NO3)2*6H20
Renal 2M
Bd Wt 2M
66 Gn pig 34 wk Hemato 3 Stokinger et al.
5.5 diwk 1953
6 hr/d UF4
Renal 3 (minimal microscopic
lesions in renal tubule)
Bd Wt 3
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Key to* Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/mM3 mg U/m3 mg U/m3 Chemical Form
67 Gn pig 36 wk Renal 0.2 Stokinger et al.
: 5.5d/wk 1953
6 hr/d UF6
Bd Wt 0.2
68 Dog 30d Resp 4 18  (rhinitis) Dygert 1949a
(NS) 6 hr/d UF4
Gastro 4 18  (vomited blood)
Hemato 18
Renal 0.5 3 (very slight degenerative
changes in tubular
epithelium)
Ocular 4 18  (conjunctivitis) v
Bd Wt 4 18  (26% decreased body
weight)
69 Dog 23d Hemato 15.4 Dygert 1948d
(NS) 5 diwk uo4
S hr/d Bd Wt 15.4
70 Dog 30d Resp 0.8 2.9 (hemorrhagic lungs) Pozzani 1949
(NS) 4.4-6 hr/d Carnotite U ore
Hemato 2.9
Hepatic 29
Renal 0.8 (mild renal tubular
degeneration)
Bd Wt 2.9

S103443 H1TV3H ¢
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Key to* Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
71 Dog 30d Resp 2.1 9.5 (rales; slight Roberts 1949
(NS) Cont. degeneration in lung UO2(NO3)2*6H20
epithelium)
Gastro 21 9.5 (vomiting, anorexia)
Hemato 0.13 (slightly decreased
fibrinogen)
Renal 0.13 (proteinuria, transient
increase in
bromosulfalein retention)
Bd Wt 2.1 9.5 (approximately 25%
decreased body weight in
3/4 that died)
Other 2.1
72 Dog 5 wk Resp 22 9.2 (rhinitis) Rothstein 1949a
(NS) 6 diwk UO2F2
6 hr/d Gastro 22 9.2 (vomited blood)
Hemato 9.2
Renal 0.15°  (very slight renal
degeneration in
approximately 50% of
dogs)
Bd Wt 22 9.2 (unspecified severe weight
loss)
73 Dog 5 wk Resp 9.2 Rothstein 1949b
(NS) 6 diwk uo2
Hemato 9.2
Renal 1.1¢ 8.2 (slight renal tubular
, degeneration in 2/6)
! Bd Wit 9.2
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
74 Dog 4 wk Resp 16  (very slight pulmonary Rothstein 1949¢
(NS) 6 diwk degenerative changes) uo3
6 hrfd Hemato 16
Hepatic 16
Renal 16 (mild degeneration in
glomerulus; diuresis)
Bd Wt 16
75 Rabbit 30d Hemato 18 Dygert 1949a
(NS) 6 hr/d UF4
Renal 0.4 (increased urinary
catalase and
phosphatase)
Bd Wt 3 18  (24% decreased body
weight)
76 Rabbit 30d Resp 6.8 (pulmonary edema, Dygert 1948b
(NS) 6 hr/d hemorrhage, and necrosis) (NH4)2U207
Hemato 6.8 (increased neutrophils,
decreased lymphocytes)
Renal 6.8 (severe necrosis of the
tubular epithelium)
77 Rabbit 23d Resp 15.4  (edematous alveoli, alveolar Dygert 1949d
(NS) 5 diwk hemorrhage, hyperemia, uo4
5 hr/d and atelectasis)
Hemato 15.4
Hepatic 15.4
Renal 15.4 (moderate
corticomedullary tubule
necrosis with
regeneration of tubular
cells; azotemia)
Bd Wt 15.4
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Table 2-1. Levels of Significant Exposure to Uranium -

Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Key to* Species/  duration/ NOAEL Less serious Serious Reference
figure (strain) frequency System mg U/m3 mg U/m3 mg U/m3 Chemical Form
78 Rabbit 30d Resp 2.9 22 - (moderate to severe Pozzani 1849
(NS) 4.4-6 hr/d pulmonary lesions) Carnotite U ore
Hemato 22
Hepatic 22
Renal 0.8 2.9 (moderate kidney tubular
degeneration)
Bd Wt 29 22  (11% decreased body
weight in dying rabbits)
79 Rabbit 30d Resp 0.2 Roberts 1949
(NS) Cont. UO2(NO3)2*6H20
Hemato 0.13 (increased plasma
prothrombin and
fibrinogen)
Renal 0.13 (increased urinary
catalase)
Bd Wt 0.13 0.2 (unspecified decrease in
body weight)
80 Rabbit 5 wk Resp 19.4 Rothstein 1949b
(NS) 6 diwk uo2
Hemato 19.4
Renal 9.2 19  (severe tubular necrosis in
dying animals)
Bd wt 8.2 9.2 (unspecified decreased

body weight)
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Key to Spec[esl duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/M3 mg U/m3 mg U/m3 » Chemical Form
81 Rabbit 4 wk Resp 16  (hemorrhage and Rothstein 1949¢
(NS) 6 diwk consolidation in lungs of uo3
6 hr/d animals that died)
Hemato 16
Hepatic 16  (moderate fatty livers in
5/8 animals that died)
Renal 16 (mild to severe necrosis
of the tubular epithelium
with degeneration and
regeneration; increased
NPN)
Bd Wt 16
82 Rabbit 5 wk Hepatic 15 (slight decrease in Rothstein 1949d
(NS) 5.5 d/wk lactate) Na2u207
6 hr/d Renal 15 (progressive
degeneration and
necrosis followed by
regeneration of tubular
epithelium; increased
NPN)
Bd Wt 15
83 Rabbit 30d Hemato 13 Spiegl 1949
(NS) 6 hr/d UF6
Bd Wt 0.2 2  (12% decreased body

weight)

WNINVHN
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g9 U/M3 mg U/m3 mg U/m3 Chemical Form
84 Rabbit 26 wk Hemato 2 Stokinger et al.
1953
(NS) 5.5 d/iwk
6 hr/d UO2(NO3)2*6H20
Hepatic 2
Renal 0.25 (increased urinary
catalase; minimal
microscopic lesions in
renal tubule)
Bd Wt 2
85 Rabbit 34 wk Hemato 2 Stokinger et al.
5.5d/wk - 1953
6 hr/d UF4
Renal 2 (minimal microscopic
lesions in renal tubule)
Bd Wt 2
86 Rabbit 30 wk Hemato 1 Stokinger et al.
(NS) 5.5 diwk 1953
6 hr/d uo2
Renal 1 (minimal microscopic
lesions in renal tubule)
Bd Wt 1
87 Rabbit 36 wk Hemato 0.25 Stokinger et al.
5.5 d/iwk 1953
6 hr/d UF6
Renal 0.25 (minimal microscopic
lesions in renal tubule)
Bd Wt 0.25
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System 4 U/m3 mg U/m3 mg U/m3 Chemical Form
g8 Cat 30d Resp 18  (rhinitis) Dygert 1949a
(NS) 6 hr/d UF4
Gastro 18  (vomited blood)
Hemato 18
Renal 18  (moderate to severe typical
renal injury in 2/3 dying cats;
azotemia)
Ocular 18  (conjunctivitis)
Bd Wit 18 (18% decreased body
weight)
89 Cat 23d Hemato 15.4 Dygert 1948d
(NS) S diwk uo4
5 hr/d Renal 15.4  (azotemia)
Bd Wit 15.4
90 Cat 5 wk Resp 2.2 9.2 (rhinitis) Rothstein 19492
(NS) 6 diwk UO2F2
6 hr/d Gastro 2.2 9.2 (vomited blood prior to
death)
Renal 2.2 9.2 (severe degeneration of
renal tubular epithelium)
g1 Cat 4 wk Hemato 16 Rothstein 1948¢
(NS) 6 diwk uo3
6 hr/d Renal 16  (diuresis; proteinuria;
increased NPN)
Bd Wt 16
Immunological/Lymphoreticular
92 Rat 30d ! 0.4 (edematous cecal lymph Dygert 1949a
(NS) 6 hr/d nodes; focal necrosis of UF4

spleen)
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. . Exposure/ LOAEL
Keyto' Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System 4 U/m3 mg U/m3 mg U/m3 Chemical Form
93 Rat 30d 6.8 (rise in neutrophils, Dygert 1949b
(NS) 6 hr/d decreased lymphocytes, (NH4)2u207
moderate fall in the white
blood count, rise in the
eosinaophils)
94 Rat 30d 2.1 9.5 (decreased absolute Roberts 1949
(NS) Cont. number of lymphocytes UO2(NO3)2*6H20
and neutrophils)
Neurological
95 Dog 30d 4 18 (weakness and unsteady Dygert 1949a
(NS) 6 hr/d gait) UF4
96 Dog 5wk 2.2 9.2 (anorexia, severe muscle  Rothstein 1949a
(NS) 6 diwk weakness, lassitude) UO2F2
6 hr/d
g7 Cat 30d 18 (weakness and unsteady Dygert 1949a
(NS) 6 hr/d gait) UF4
g8 Cat 5 wk 22 9.2 (anorexia, severe muscle  Rothstein 1949a
(NS) 6 diwk weakness, lassitude) UO2F2
6 hr/d
CHRONIC EXPOSURE
Death
99 Rat 92-100 wk 2 (1% mortality) Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d UO2(NO3)2*6H20
100 Dog 5yr i 5  (4.5% mortality) Leach etal. 1970
(Beagle) Sdiwk - uo2
5.4 hr/d
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g Uum3 mg U/m3 mg U/m3 Chernical Form
101 Dog 2yr 2 (9% mortality) Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d UO2(NO3)2*6H20
Systemic
102 Monkey 5yr Resp 51 (minimal pulmonary Leach et al. 1970
5 diwk hyaline fibrosis) uo2
5.4 hr/d Hepatic 5.1
Renal 51
Bd Wt 5.1
103 Monkey 1-5yr Resp 5.1 {minimal pulmonary Leach et al. 1973
5 diwk fibrosis) uoz
5.4 hr/d Hemato 5.1
Hepatic 5.1
Renal 51
Bd Wt 5.1
104 Rat 1yr Resp 0.2 Stokinger et al.
(NS) 5.5 diwk 1953
6 hr/d ucl4
Gastro 0.2
Hepatic 02
Renal 0.2 (minimal microscopic
lesions in renal tubule)
Endocr 0.2
Bd Wt 0.2
105 Rat 1yr Renal 0.15 0.25 (mild renal tubular Stokinger et al.
(NS) 5.5 diwk atrophy) 1953
6 hrid | UO2(NO3)2*6H20
Bd Wt 2
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Keyto® Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/m3 mg U/m3 mg U/m3 Chemical Form
106 Rat 1yr Hemato 3 Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d UF4
Renal 0.5 (minimal microscopic
lesions in renal tubule)
Bd wt 3
107 Rat 1yr Hemato 10 Stokinger et al.
5.5 diwk 1953
6 hr/d uo2
Renal 1 10 (slight degenerative
changes)
" Bd Wt 10
108 Rat 2yr Hemato 2 Stokinger et al.
1953
(NS) 5.5 diwk
6 hr/d UO2(NO3)2*6H20
Renal 2 (mild, acute tubular
necrosis and
regeneration)
Bd Wt 2
109 Rat 1yr Resp 0.2 Stokinger et al.
(NS) 5.5 diwk 1953
6 hr/d UF6
Cardio 0.2
Gastro 0.2
Hepatic 0.2
Renal 0.05 0.2 (mild renal tubular
degeneration)
; Endocr 0.2
’ Dermal 0.2
Bd Wt 0.2
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Key to Speci.es/ duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency - System 9 U/mM3 mg U/m3 mg U/m3 Chemical Form
110 Dog 1-5 yrs Resp 5.1 Leach et al. 1970
(Beagle) 5 diwk uo2
5.4 hrid Hemato 5.1
Renal 5.1
Bd Wt 5.1
111 Dog 1-5yr Resp 5.1  (minimal pulmonary Leach et al. 1973
(NS) 5 diwk fibrosis) uo2
5.4 hr/d Hemato 5.1
Renal 5.1
Bd Wt 5.1
112 Dog 1yr Hemato 0.2 Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d ucl4
Hepatic 0.2
Renal 0.05¢ 0.2 (minimal microscopic
lesions in renal tubule)
Bd Wt 0.2 ’
113 Dog 1yr Hemato 2 Stokinger et al.
(NS) 5.5 d/iwk 1953
6 hr/d UO2(NO3)2*6H20
Hepatic 2
Renal 0.15 0.25 (minimal microscopic
fesions in renal tubule;
transient increase in
NPN)
Bd Wt 2
114 Dog 1yr ; Renal 0.15 0.25 (minimal degeneration in Stokinger et al.
(NS) 5.5 d/wk renal tubule) 1953
6 hr/d UO2(NO3)2*6H20
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

. Exposure/ LOAEL
Key to Speci'esl duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/m3 mg U/m3 mg U/m3 Chemical Form
115 Dog 2yr Hemato 2 Stokinger et al.
(NS) 5.5 d/wk 1953
6 hr/d UO2(NO3)2*6H20
Renal 2  (mild tubular necrosis)
116 Dog 1yr Hemato 0.05 0.2 (lengthened blood Stokinger et al.
(NS) 5.5 diwk clotting time; decreased 1953
6 hr/d blood fibrinogen) UF6
Hepatic 0.2 (increased bromosulfalein
retention)
Renal 0.05 (minimal microscopic
lesions in renal tubule)
Bd Wt 0.2
117 Dog 1yr Hemato 2 f;%lgnger etal.
(NS) 5.5 diwk
6 hr/d UO2(NO3)2*6H20
Hepatic 2
Renal 0.15 0.25 (minimal microscopic
lesions in renal tubule;
transient increase in
NPN)
Bd Wt 2
Immunological/Lymphoreticular
118 Dog 5yr 51  (minimal lymph node Leach et al. 1970
(Beag]e) 5 d/Wk fibrOSis) Uo2

5.4 hr/d

t
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Table 2-1. Levels of Significant Exposure to Uranium - Chemical Toxicity - Inhalation (continued)

, . Exposure/ LOAEL
Keyto' Species/  duration/ NOAEL Less serious Serious Reference
figure  (strain)  frequency System g U/mM3 mg U/m3 mg U/m3 Chemical Form
Cancer
119 Dog 1-5 yr 5.1 (CEL: lung cancer) Leach etal. 1973
(NS) 5 diwk uo?2
5.4 hr/d

*The number corresponds to entries in Figure 2-1. R

®Used to derive an intermediate-duration inhalation MRL for soluble uranium compounds of 0.0004 mg/m®. concentration adjusted from intermittent to continuous exposure and
divided by an uncertainty factor of 90 (3 for use of a minimal LOAEL, 3 for extrapolation from animals to humans, and 10 for human variability).

*Used to derive an intermediate-duration inhalation MRL for insoluble uranium compounds of 0.008 mg/m? concentration adjusted from intermittent to continuous exposure and
divided by an uncertainty factor of 30 (3 for extrapolation from animals to humans, and 10 for human variability).

4 Used to derive a chronic-duration inhalation MRL for soluble uranium compounds of 0.0003 mg/m® concentration adjusted from intermittent to continuous exposure and divided
by an uncertainty factor of 30 (3 for éxtrapolation from animals to humans and 10 for human variability).

*** Enriched uranium; natural and depleted uranium are without asterisks.
Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; Cont. = continuous; d = day(s); Endocr = endocrine; F = female; Gastro = gastrointestinal, Gn Pig = guinea

pig; Hemato = hematological; hr = hour(s); LC,, = lethal concentration, 50% kill; LOAEL = lowest-observable-adverse-effect level; M = male; min = minute(s); mo = month(s);
NOAEL = no-observable-adverse-effect level; NPN = nonprotein nitrogen; NS = not specified; RBC = red blood cell; Resp = respiratory; wk = week(s); yr = year(s)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation

Chemical Toxicity - Acute (<14 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)

Chemical Toxicity - Intermediate (15-364 days)
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Levels of Significant Exposure to Uranium - Inhalation (cont.)

Figure 2-1.
Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-1.

Levels of Significant Exposure to Uranium - Inhalation (cont.)

Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)
Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)
Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)
Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)

Chemical Toxicity - Chronic (=365 days)
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Figure 2-1. Levels of Significant Exposure to Uranium - Inhalation (cont.)
Chemi.cal Toxicity - Chronic (=365 days)
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Table 2-2. Levels of Significant Exposure to Uranium - Radiation Toxicity - Inhalation

Exposure/
Keyto® species/  duration/
figure  (strain)  frequency

LOAEL

NOAEL Less serious
(nCi/m3) (nCi/m3)

Serious Reference
(nCi/m3) Chemical Form

ACUTE EXPOSURE

Systemic
1 Rat once
(Fischer- 100 min
344)

CHRONIC EXPOSURE

Cancer

2  Human occup

5051 M (severe alveolar fibrosis) ~ Morris et al. 1990
uo2

*hk

Cookfair et al.
1983

*** Jranium dust

20 rad M (CEL: lung cancer)

? The number corresponds to entries in Figure 2-2.

** Enriched uranium: natural and depleted uranium are without asterisks.

CEL = cancer effect level; LOAEL = lowest-observable-adverse-effect level, M = male; min = minute(s); NOAEL = no-observable-adverse-effect level; occup = occupational; Resp =

respiratory
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Figure 2-2. Levels of Significant Exposure to Uranium - Inhalation
Radiation Toxicity - Acute (<14 days) and Chronic (>365 days)
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URANIUM 65

2. HEALTH EFFECTS

Respiratory Effects. The hazard from inhaled uranium aerosols, or from any noxious agent, is the
likelihood that the agent will reach the site of its toxic action. Two of the main factors that influence the
degree of hazard from toxic airborne particles are 1) the site of deposition in the respiratory tract of the
particles and 2) the fate of the particles within the lungs. The deposition site within the lungs depends
mainly on the particle size of the inhaled aerosol, while the subsequent fate of the particle depends mainly

on the physical and chemical properties of the inhaled particles and the physiological status of the lungs.

Small particles (about 2 micrometers [um] or smaller in diameter) tend to be deposited in the alveoli. The
alveoli, frequently called the "deep respiratory tract," form the functional part of the lungs where gas
exchange occurs. As the particle size increases, progressively fewer particles penetrate into the deep
respiratory tract, and increasingly greater fractions of the inhaled particles are deposited in the upper
respiratory tract. The respiratory tract is a system of ducts that starts at the nares and includes the
pharynx, larynx, trachea, and a complex series of bronchi and bronchioles that terminate in several
thousand alveoli. Three different mechanisms are involved in the removal of particles from the
respiratory tract. The first is mucociliary action in the upper respiratory tract (trachea, bronchi,
bronchioles, and terminal bronchioles), which sweeps particles deposited there into the throat, where they
are either swallowed into the gastrointestinal tract or spat out. The two other clearance mechanisms,
dissolution (which leads to absorption into the bloodstream) and phagocytosis (removal by specialized
cells in the process), deal mainly with the particles deposited in the deep respiratory tract (respiratory
bronchioles, alveolar ducts, and alveolar sacs) (ICRP 1994; NCRP 1997). The less soluble uranium
particles may remain in the lungs and in the regional lymph nodes for weeks (uranium trioxide, uranium

tetrafluoride, uranium tetrachloride) to years (uranium dioxide, triuranium octaoxide).

In acute exposures, respiratory disease may be limited to interstitial inflammation of the alveolar
epithelium, leading eventually to emphysema or pulmonary fibrosis (Cooper et al. 1982; Dungworth
1989; Stokinger 1981; Wedeen 1992). In studies of the pulmonary effects of airborne uranium dust in
uranium miners and in animals, the respiratory diseases reported are probably aggravated by the inhalable
dust particles’ (the form in which uranium is inhaled) toxicity because most of the respiratory diseases
reported in these studies are consistent with the effects of inhaled dust (Dockery et al. 1993). In some of
these instances, additional data from the studies show that the workers were exposed to even more potent

respiratory tract irritants, such as silica and vanadium pentaoxide (Waxweiler et al. 1983).
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2. HEALTH EFFECTS

The effects of massive acute exposures to uranium in humans, as well as epidemiologic or clinical studies
of uranium mine workers chronically exposed to mine atmospheres (containing other noxious agents that
include silica, diesel fumes, cigarette smoke, and radon and its daughters), have been investigated.
Several epidemiologic studies have reported respiratory diseases in uranium mine and mill workers, who
are also exposed to significant amounts of dust and other pulmonary irritants, but not in uranium-

processing workers, who are not exposed to these potential aggravants.

Accidental exposure of workers to estimated airborne concentrations of 20 mg uranium hexafluoride/m’
for a 1-minute exposure and 120 mg uranium hexafluoride/m® for a 60-minute exposure (15.2 and

91 mg U/m’, respectively) resulted in acute respiratory irritation, which is attributed to the hydrofluoric
acid decomposition product. One worker died of pulmonary edema a few hours after the accident (Fisher
et al. 1990; USNRC 1986). In another report, 20 men who were seriously injured following accidental
exposure to a stream of uranium hexafluoride when a transportation cask ruptured showed signs of
pulmonary edema, which also was attributed to hydrofluoric acid. After 3 weeks, most had normal
clinical findings and were considered to be in excellent health. A follow-up examination 38 years later on
three of the injured workers showed no detectable uranium deposition and no respiratory findings
attributable to the exposure (Kathren and Moore 1986). No clinical signs of pulmonary toxicity were
found in about 100 uranium-processing workers exposed to insoluble uranium dust at levels of

0.5-2.5 mg U/m’ for about 5 years (Eisenbud and Quigley 1955). Other reports of workers in the
uranium processing industry did not show increased deaths due to diseases of the respiratory system
related to exposure to uranium (Brown and Bloom 1987; Cragle et al. 1988; Polednak and Frome 1981;

Scott et al. 1972).

A 30-year follow-up study in which ionizing radiation hazard was assessed for a study cohort consisting
of 995 workers in a uranium-processing facility that operated between 1943 and 1949 found statistically
significant increases in death from all causes. Significantly increased mortality was observed for cancer
of the larynx and for pneumonia, but not for lung cancer. The workers were exposed to internal radiation
from the inhaled uranium dust, with an upper limit of 1,000 mSv. The data (external radiation badge) for
the last 24 months of operation indicated that the highest cumulative external gamma dose for a worker
was about 20 mSv. Long-term occupational exposure was evaluated in a subcohort that received

150 mSv/year or more. Because the workers were also exposed to radon-222 (***Ra), chlorine,

hydrofluoric acid, lead sulfate, nickel, nitric acid and nitrogen oxides, silicon dioxide, and sulfuric acid,
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the etiology of the reported laryngeal disease is uncertain (Dupree et al. 1987). An increased incidence of
deaths (Standard Mortality Ratio [SMR] =2.29) from obstructive pulmonary disease was found in

4,106 workers in a nuclear fuels fabrication plant who were employed for more than 6 months from 1956
to 1978 (Hadjimichael et al. 1983). However, the overall death rate and rate of all cancers combined were

lower than expected. The association of disease with exposure to uranium was not confirmed.

The pulmonary toxicity of uranium compounds varies in animals. Reports of pulmonary toxicity in
animals after acute-duration exposure to uranium are limited to experiments with uranium hexafluoride.
Gasping and severe irritation to the nasal passages were reported after 10 minute exposures at 637 mg
U/mg? in rats and mice (Spiegl 1949) and nasal hemorrhage in rats after a 5 minute exposure to 54,503
mg/m’ (Leach et al. 1984). Uranium hexafluoride promptly hydrolyzes on contact with water to uranyl
fluoride and hydrofluoric acid. Thus, the animals were potentially exposed to hydrofluoric acid, a potent
toxicant to respiratory tract epithelium, which probably contributed to pulmonary tissue destruction
(Leach et al. 1984; Spiegl 1949; Stokinger et al. 1953). In addition, exposure to fluoride ions can result in
hypocalcemia, hypomagnesemia, pulmonary edema, metabolic acidosis, ventricular arrhythmia, and death

(Meditext 1998).

Intermediate-duration exposure to uranium compounds also caused pulmonary toxicity, particularly when
exposure was to uranium hexafluoride. Exposure of rats, mice, and guinea pigs to this compound for

6 hours/day for 30 days at 13 mg U/m’ resulted in pulmonary edema, hemorrhage, emphysema, and
inflammation of the bronchi and alveoli (Spiegl 1949). Milder effects were observed with other uranium
compounds in a series of experiments where exposure conditions were similar to those found in the
workplace (i.e., 5-6 hours/day, 5—6 days/week). For example, rhinitis was observed in cats and dogs after
30 days exposure to 18 mg U/m* as uranium tetrafluoride (Dygert 1949a) and after 5 weeks exposure to
9.2 mg U/m’ as uranyl fluoride (Rothstein 1949a). Histopathological evidence of toxicity was observed
in several studies, including slight degenerative changes in rats and dogs exposed to 16 mg U/m” as
uranium trioxide (Rothstein 1949¢) and dogs exposed to 9.5 mg U/m’ as uranyl nitrate (Roberts 1949).
Uranium dioxide and triuranium octaoxide did not cause toxicity (Dygert 1949c; Rothstein 1949b).
Carnotite uranium ore did not cause toxicity in mice or guinea pigs, but hemorrhagic lungs were observed
in dogs (Pozzani 1949). The species differences may reflect deeper penetration of this material into the
dog respiratory tract. Rabbits were more sensitive to respiratory effects of uranium compounds than other

species. Severe respiratory effects (pulmonary edema, hemorrhage) were observed in this species with
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exposure to 6.8 mg U/m’ as ammonium diuranate (Dygert 1949b), 15.4 mg U/m’ as uranium peroxide
(Dygert 1949d), 16 mg U/m’ as uranium trioxide (Rothstein 1949¢) and 22 mg U/m’ as carnotite uranium
ore (Pozzani 1949). Uranium dioxide at 19.4 mg U/m’ did not cause respiratory effects in rabbits

(Rothstein 1949b).

In chronic-duration exposure tests, a total of 3,100 test animals, including rats, rabbits, guinea pigs, and
dogs were exposed to aerosols containing 0.05-10 mg U/m”’ of various uranium compounds for

7—-13 months. Histological examination of the lungs revealed no signs of injury attributable to uranium
exposure. In chronic-duration exposure tests, no histological damage attributable to uranium exposure to
the lungs was observed. There was an absence of any other type of histological damage outside the
kidneys (Cross et al. 1981a, 1981b; Stokinger et al. 1985). Dogs exposed to 15 mg/m* of carnotite ore
dust containing 0.6 mg U/m’ with a particle size activity median aerodynamic diameter (AMAD) of
1.5-2.1 um for 1-4 years, 5 days a week, 4 hours a day, showed very slightly increased pulmonary
resistance, which may not have been statistically significant. Histological findings included vesicular
emphysema, which was present to a lesser degree in control animals. Fibrosis was not noted at this

concentration (Cross et al. 1981a, 1982).

Exposure of 200 rats, 110 dogs, and 25 monkeys to 5 mg U/m* as uranium dioxide dust for 1-5 years for
5.4 hours a day, 5 days a week did not result in histological damage in the lungs of the dogs or rats.
Minimal patchy hyaline fibrosis was occasionally seen in the tracheobronchial lymph nodes of dogs and

monkeys exposed for more than 3 years. No atypical epithelial changes were noted (Leach et al. 1970).

Because particles containing insoluble uranium compounds can reside in the lung for years, it is likely
that radiotoxicity as well as chemical toxicity can result from inhalation exposure to highly enriched
uranium compounds. Radiation effects on tissues from the alveolar regions of the lungs were examined
in Albino HMT (Fischer 344) male rats exposed, nose-only, for 100 minutes to an aerosol of to 92.8%
#3U-enriched uranium dioxide with a concentration of 2,273 nCi/m’ (84.1 kBg/m’) to 5,458 nCi/m’

(202 kBg/m®). Increases in the sizes and numbers of lung macrophages and type II® cells, the numbers of

*Type I cells are alveolar lining cells that are involved with the transfer of substances from the
alveolus through the wall to the blood. Type Il cells are alveolar cells with two functions: oxidative
enzymes for lung metabolism, and the production and secretion of the surfactant coating the alveolar
surface.
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macrophages and type I cells, and a significant increase in the size of lysosomal granules within the
macrophages were reported 8 days postexposure. At 7 days postexposure, 35 of the rats were further
exposed to thermalized neutrons at a fluence of 1.0x10'? neutrons/cm? over 2.5 minutes in order to study
the combined effects of radiation and chemical toxicity. The radiation dose due to the neutrons and the
fission fragments was about 600 rads, which is about 300 times greater than the radiation dose from the
uranium dioxide alpha particles. No significant difference was found between the uranium dioxide-only
group and those that were subsequently irradiated with neutrons, indicating that the extra radiation
exposure caused no immediate pulmonary cellular reaction above that produced by uranium dioxide
alone. This finding implies that the observed acute pulmonary effects were due to the metallotoxicity of
the uranium dioxide rather than to the alpha radiation from the uranium (Morris et al. 1989). General
damage to pulmonary structures, usually noncancerous alveolar epithelium damage of type II cells, can
occur upon inhalation of insoluble reactive chemicals such as uranium salts and oxides. The main
responses of epithelial cells to chronic injury are hyperplasia, hypertrophy, and transdifferentiation
(metaplasia). These changes occur predominantly in proximal acinar regions where chronic injury often
causes persistent lining of alveolar spaces by enlarged cuboidal cells that are derived from pre-existing

type I cells, nonciliated epithelial cells from adjacent bronchioles, or a mixture of the two.

There is evidence that exposure to highly enriched uranium through inhaled or intratracheally instilled
enriched uranium compounds adversely affect the epithelium of the lungs. Severe alveolar fibrosis or
metaplasia was found in 72% of the sampled lung tissues from Fischer 344 rats exposed for 100 minutes
to an aerosol of 92.8% enriched uranium dioxide at a radioactivity concentration of 5 pCi/m’

(137 kBg/m®) (-150 mg U/m®) to 10 uCi/m* (270 kBg/m®) (=300 mg U/m?). Extensive lung disease of an
unspecified nature was observed only in animals sacrificed at 720 days postexposure. The radioactivity
concentration of the mixture was estimated as 1.91 kBq/g (51.6 nCi/mg), and the AMAD of the particles
ranged from 2.7 to 3.2 um (Morris et al. 1990).

In other animal studies, changes suggestive of damage from either radiation or diverse inorganic dust
(fibrosis) were reported in lungs and tracheobronchial lymph nodes in Rhesus monkeys exposed by
inhalation to 5.1 mg/m’ (as uranium dioxide) corresponding to a radioactivity concentration of 3.4 nCi/m’
(126 Bg/m®) for periods >3 years. Estimated cumulative alpha-radiation tissue doses were >500 rads (5
Gy) for the lungs and 7,000 rads (70 Gy) for the lymph nodes. Similarly exposed dogs also developed
slight interstitial and vascular fibrosis of the lungs at lung alpha-radiation tissue doses of 760—1,280 rads
(7.6-12.8 Gy) (Leach et al. 1970). The effect on the tracheobronchial lymph nodes in animals exposed

for
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an additional 2 years ranged from involvement of a single node to complete destruction of all nodes, was
dose-dependent, and showed a similarity to changes seen after inhalation exposure to plutonium as
238239py dioxide (Leach et al. 1973). Renal damage was not observed in either dogs or monkeys, but
fibrosis was found in monkey lung and both necrosis and fibrosis were found in dog and monkey lymph
nodes. It was not clear whether the damage was chemically or radiologically induced, but the magnitude
of the radiation doses and the presence of lung and lymph node damage in the absence of renal effects was
suggestive to the authors of long-term radiation damage (Leach et al. 1970). However, such degenerative

changes in the lungs have also been observed following prolonged exposure to diverse inorganic dust.

For more information about lung effects from plutonium and a review of the hazards associated with
alpha-emitting radionuclide exposure, see the ATSDR Toxicological Profile for Plutonium (ATSDR
1990e) or Appendix D of this profile.

Cardiovascular Effects. No cardiovascular effects have been reported in humans after inhalation
exposure to uranium. No effect on blood pressure or pulse rate was observed in a man accidentally
exposed to powdered uranium tetrafluoride for 5 minutes (Zhao and Zhao 1990). Air concentration and
mean particle size of the powder were not determined. Electrocardiograms and chest X-rays were normal

shortly after the accident and over a 7.5-year follow-up period.

No cardiovascular effects were seen in rats exposed to 0.2 mg U/m* (0.13 nCi U/m?) as uranium
hexafluoride for 1 year (Stokinger et al. 1953) or in rats, mice, guinea pigs, and rabbits exposed to

4.8 mg U/m’ (3.2 nCi U/m?) triuranium octaoxide for 26 days (Dygert 1949¢).

Gastrointestinal Effects. Inhalation exposure to uranium has generally not resulted in gastrointestinal
effects in humans although transient effects occurred after one accidental exposure (Zhao and Zhao 1990).
On the sixth day after a male worker at a uranium-enrichment plant was accidentally exposed for about

5 minutes in a closed room by inhalation to a high concentration of uranium tetrafluoride (natural uranium)
powder, the patient reported nausea and loss of appetite. Air concentration and mean particle size of the
powder were not determined. On post-accident day 8, the clinical findings were loss of appetite, abdominal
pain, diarrhea, tenesmus, and pus and blood in the stool. On post-accident day 9, all parameters returned to
normal. The study gave no indication of particle size for assessing deposition in the upper lung and no

indication of whether fecal uranium analysis was undertaken to determine if the noted effects may have
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been mediated by the mucocilliary clearance of the uranium tetrafluoride from the lung and its subsequent
swallowing to the gastrointestinal tract in accordance with the current ICRP lung model (ICRP 1994) or
whether the signs were the result of another intestinal irritant. Gastrointestinal symptoms were not among
the clinical signs reported for other workers accidentally exposed to uranium hexafluoride (Eisenbud and

Quigley 1955; Moore and Kathren 1985; USNRC 1986).

Dogs, but not other species, appear susceptible to gastrointestinal effects after inhalation exposure to high
concentrations of uranium compounds. Vomiting was observed during intermediate-duration exposure to
9.5 mg U/m’ uranyl nitrate (Roberts 1949), 18 mg U/m’ uranium tetrafluoride (Dygert 1949a), and to 9.2
mg U/m’ uranyl fluoride (Rothstein 1949a), It is possible that irritation of the gastrointestinal tract
occurred either from clearance of uranium particles from the lungs or ingestion of uranium during these
whole-body exposures. Histopathological examination of rat gastrointestinal tissues revealed no changes

after 1-year exposures to 0.2 mg U/m’ uranium hexafluoride or uranium tetrachloride (Stockinger 1953).

Hematological Effects. Inhalation exposure to uranium compounds has generally had no effect, or
only minor effects on hematological parameters in both humans and animals. In human studies, no
hematological effects were found in a man accidentally exposed to powdered uranium tetrafluoride for

5 minutes (Zhao and Zhao 1990). Air concentration and mean particle size of the powder were not
determined. Small but significant decreases in the hemoglobin concentration and the mean corpuscular
hemoglobin concentration and significant increases in red blood cells counts and mean corpuscular
volume were found in uranium miners who had worked for <5-20 years. All values measured were well
within the normal range, such that values for individual miners could not be used as an estimate of
exposure. No evidence of damage to red blood cell formation was found. The ambient concentration to

which these workers had been exposed was not provided in the study (Vich and Kriklava 1970).

A study on the mortality among uranium mill workers found four deaths from lymphatic and
hematopoietic tissue effects other than leukemia, while only one was statistically expected among these
workers, who were occupationally exposed to uranium dust at airborne levels corresponding to a
radioactivity concentration of 0.07 nCi/m’ (0.1 mg/m’). However, the authors of this study suggest that
this excess may be due to irradiation of the lymph nodes by thorium-230 (*°Th) (Archer et al. 1973b).
No changes in hematological parameters were observed in humans occupationally exposed to uranium

dust at a level of 1.7 nCi/m* (63 Bq/m’ or 2.5 mg/m?) for 5 years (Eisenbud and Quigley 1955).
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Some intermediate-duration animal studies observed a range of hematological changes. Rats exposed to
dusts of ammonium diuranate containing 6.8 mg U/m’ for 6 hours a day for 30 days showed a decrease of
1 million in red blood cell counts and a loss of 4 g of hemoglobin/100 mL of blood (Dygert 1949b). It
was not stated whether exposure was for 30 consecutive days or on weekdays only. Rats exposed to
airborne uranyl nitrate hexahydrate containing 9.5 mg U/m’ for 8 hours a day, 5 days a week for

30 exposure days showed decreased numbers of erythrocytes and hemoglobin (measured at 24 hours
postexposure and weekly thereafter) (Roberts 1949). Increased percentages of lymphoid cells and
myeloblasts in bone marrow were reported at termination in rats exposed to airborne uranium peroxide
containing 15.4 mg U/m’ 5 hours a day 5 days a week for 23 days (Dygert 1949d). A 4-week study in
rats exposed to airborne uranium as uranium trioxide at a concentration corresponding to 16 mg U/m’

6 hours a day 6 days a week reported similar findings (significant increases in myeloblasts and lymphoid
cells of bone marrow) (Rothstein 1949¢). Rabbits and rats exposed to airborne uranium at a level
corresponding to a uranium concentration of 0.13 mg/m® as uranyl nitrate hexahydrate for 30 days
exhibited altered blood function as indicated by decreased fibrinogen during the final week of exposure

(Roberts 1949).

In contrast to the above findings, most other intermediate-duration animal inhalation studies with soluble
and insoluble uranium compounds found no adverse effects on the blood. In intermediate-duration dosing
studies lasting 23—40 days, inhalation exposure to various uranium compounds at the following
concentrations produced no harmful effects on hematological parameters: 22 mg U/m’ as high-grade
carnotite uranium ore to rats; 2.8 mg U/m’ as uranium dioxide or triuranium octaoxide to dogs;

22 mg U/m* as uranium dioxide or triuranium octaoxide to rabbits; 11 mg U/m* as uranium tetrachloride
to rats; 2 mg U/m’ as uranium tetrachloride to rabbits; 1 mg U/m’ as uranium tetrachloride to dogs;

13.2 mg U/m’ as uranium hexafluoride to rabbits and dogs; 0.1 mg U/m® as uranium hexafluoride to dogs;
14.5 mg U/m’ as triuranium octaoxide to mice; 14.5 mg U/m’ as uranium dioxide or triuranium octaoxide
to rabbits; 14.5 mg U/m” as triuranium octaoxide to guinea pigs and rabbits; 15.4 mg U/m’ as uranium
peroxide to dogs, rabbits, and cats; or 4.8 mg/m’ as triuranium octaoxide to rats, mice, guinea pigs, and

rabbits (Dygert 1949¢, 1949d; Pozzani 1949; Rothermel 1949; Spiegl 1949).

In other intermediate-duration exposure studies, inhalation exposures to uranium dioxide dusts containing
1 mg U/m’ for 30 weeks and 2 mg U/m’ for 26 weeks in rabbits and guinea pigs, respectively (Stokinger
et al. 1953), 19.4 mg U/m’ for 5 weeks in mice, and 9.2 mg U/m’ for 5 weeks in dogs and rats had no

adverse effects on hematological parameters (Rothstein 1949b). Similarly, exposures to 9.2 mg U/m’ for



URANIUM 73

2. HEALTH EFFECTS

5 weeks to rats and dogs (Rothstein 1949a); 16 mg U/m’ for 4 weeks to rats, rabbits, cats, and dogs
(Rothstein 1949c); and 15 mg U/m’ as sodium diuranate to rats had no harmful effects on hematological

parameters (Rothstein 1949d).

In chronic-duration exposures, dogs exposed to an airborne uranium concentration corresponding to a
concentration of 0.2 mg U/m* as uranium hexafluoride for 1 year exhibited a lengthening in blood clotting
time with a decrease in blood fibrinogen levels (Stokinger et al. 1953). However, hamsters exposed to
airborne carnotite uranium ore dust containing 0.7 mg U/m? for 1627 months exhibited no adverse
hematological effects (Cross et al. 1981b). Similarly, no changes in hematological parameters were
observed in rats, dogs, rabbits, and monkeys exposed to airborne uranium at concentrations ranging from

1 to 5.1 mg U/m’ for 1-5 years (Leach et al. 1970, 1973; Rothstein 1949b; Stokinger et al. 1953).

Musculoskeletal Effects. No studies were located regarding the chemical or radiation effects of
uranium on the musculoskeletal system in humans or animals following inhalation exposure for any

duration.

Hepatic Effects. No hepatic effects were found in a man accidentally exposed to powdered uranium
tetrafluoride for 5 minutes (Zhao and Zhao 1990). Air concentration and mean particle size of the powder
were not determined. Serum hepatic enzyme levels and liver function tests were within normal limits

from the time of the incident through a 3-year follow-up period

Data from the available studies provide equivocal evidence that exposure of animals to uranium has
effects on the liver, although the etiology for this effect is not clear. Urinary catalase, a measure of
hepatic injury, was significantly increased in rabbits at an inhalation concentration of 0.13 mg U/m’ 8
hours a day, 5 days a week for 30 exposure days (Roberts 1949). A slight decrease in hepatic lactate
content was observed in rabbits following exposure to 15 mg U/m’ as sodium diuranate dust (Rothstein
1949d). Rabbits exposed to an inhalation concentration of 16 mg U/m® as uranium trioxide dust for

4 weeks suffered moderate fatty livers in 63% of the animals that died (Rothstein 1949c). Focal necrosis
of the liver was observed in rats exposed to an inhalation concentration of 0.4 mg U/m® as uranium
tetrafluoride for 30 days (Dygert 1949a). In other studies, no changes were found in the liver
morphology, histology, or function in the following animals: rabbits exposed to 0.15 or 2 mg U/m” as

uranyl nitrate hexahydrate for 26 weeks; rats exposed to 14.5 mg U/m’ as triuranium octaoxide dust for
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26 days; rats exposed to 16 mg U/m’ as uranium trioxide for 4 weeks; mice and guinea pigs exposed to
3 mg U/m’ as high-grade uranium ore dust for 30 days; and rabbits exposed for 30 days to 22 mg U/m’ as
high-grade uranium ore dust (contains uranium dioxide, triuranium octaoxide, and other potentially toxic

contaminants) (Dygert 1949c; Pozzani 1949; Rothstein 1949c; Stokinger et al. 1953).

In chronic-duration exposure studies with animals, an unspecified strain of dogs exposed to ambient air
concentrations of 0.05-0.2 mg U/m* as uranium hexafluoride for 1 year exhibited increased and persistent
bromosulfalein retention, indicative of impaired biliary function, at the 0.2 mg U/m’ concentration level

(Stokinger et al. 1953).

Renal Effects. Uranium has been identified as a nephrotoxic metal, exerting its toxic effect by
chemical action mostly in the proximal tubules in humans and animals. However, uranium is a less potent
nephrotoxin than the classical nephrotoxic metals (cadmium, lead, mercury) (Goodman 1985). Many of
the non-radioactive heavy metals such as lead, cadmium, arsenic, and mercury would produce very
severe, perhaps fatal, injury at the levels of exposures reported for uranium in the literature (especially for
miners and millers). The negative findings regarding renal injury among workers exposed to insoluble
compounds are particularly significant in view of the high levels of exposure reported (Eisenbud and
Quigley 1955). The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) has considered that limits for natural (and depleted) uranium in drinking water (the most
important source of human exposure) should be based on the chemical toxicity rather than on a
hypothetical radiological toxicity in skeletal tissues, which has not been observed in either people or
animals (UNSCEAR 1993; Wrenn et al. 1985). However, it has been suggested that the renal damage
from exposure to high-LET alpha-emitting heavy metals, such as uranium, may be the complementary

effect of both the chemical toxicity and the radiotoxicity of these metals (Wrenn et al. 1987).

Several epidemiologic studies have found no increased mortality in uranium workers due to renal disease
(Archer et al. 1973a, 1973b; Brown and Bloom 1987; Checkoway et al. 1988; Polednak and Frome 1981).
Also, case studies showed that workers accidentally exposed to high levels of uranium did not suffer renal
damage, even up to 38 years postexposure (Eisenbud and Quigley 1956; Kathren and Moore 1986),
although the tests for renal damage used in these studies were not very sensitive. A recent comparison of
kidney tissue obtained at autopsy from 7 uranium workers and 6 referents with no known exposure to

uranium showed that the groups were indistinguishable by pathologists experienced in uranium-induced
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renal pathology (Russell et al. 1996). Three of 7 workers and 4 of 6 referents were categorized as
abnormal. Uranium levels in the workers kidney tissue (estimated by alpha particle emission) ranged
from 0.4 pg/kg to 249 pg/kg. One study on the kidney function of uranium mill workers chronically
exposed to insoluble uranium (uranium dioxide) revealed renal tubular dysfunction as manifested by mild
proteinuria, aminoaciduria, and a concentration-related clearance of ,-microglobulin relative to that of
creatinine when compared to a referent group of cement workers. Air levels of uranium dioxide were not
reported. The incidence and severity of these nephrotoxic signs correlated with the length of time that the
uranium workers had spent in the area where insoluble uranium oxide yellowcake was dried and
packaged (Saccomanno et al. 1982; Thun et al. 1985), which is typically the second dustiest area of the
uranium mill following the ore crushing and grinding station. The data from this study are indicative of

reduced reabsorption in the proximal renal tubules.

Delayed renal effects were observed after a male worker at a uranium enrichment plant was accidentally
exposed to a high concentration of uranium tetrafluoride powder for about 5 minutes in a closed room.
While renal parameters were normal during an initial 30-day observation period, the patient showed signs
of nephrotoxicity beginning at post-accident day 68 as indicated by significantly elevated levels of
urinary proteins, nonprotein nitrogen, amino acid nitrogen/creatinine, and decreased phenolsulfonpthalein
excretion rate. These abnormalities persisted through day 1,065 but gradually returned to normal values
(Zhao and Zhao 1990). The authors used uranium urinalysis data and a pharmacokinetic model (ICRP
1979) to estimate a kidney dose of 2.6 ug U/g kidney on post-accident day 1.

Renal effects were not observed in another accidental exposure (Fisher et al. 1990) in which 24 of 31
initially exposed workers were followed for 2 years. Estimated airborne concentrations were 20 mg
uranium hexafluoride/m’ for a 1-minute exposure and 120 mg uranium hexafluoride/m’® for a 60-minute
exposure (15.2 and 91 mg U/m’, respectively) (USNRC 1986). Initial intakes of workers involved in the
accident were estimated from uranium excretion data and ranged from 470-24,000 pg uranium.
Maximum uranium concentrations in the kidney were estimated by a kinetic model to be 0.048-2.5 pg

U/g tissue (Fisher et al. 1991).

The pathogenesis of the kidney damage in animals indicates that regeneration of the tubular epithelium
occurs upon discontinuation of exposure to uranium (Bentley et al. 1985; Dygert 1949b; Maynard and
Hodge 1949; Pozzani 1949; Rothermel 1949; Rothstein 1949b, 1949c; Spiegl 1949; Stokinger et al.
1953).
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The magnitude of uranium intake that causes kidney damage depends on the type of uranium compound
to which the animal has been exposed, appearing to depend on its solubility and oxidation state. For
example, in dogs and monkeys, exposure to 5 mg U/m’ as uranium dioxide (insoluble) dust for up to

5 years produced no damage to the kidneys, even 6.5 years after the exposure ceased (Leach et al. 1970,
1973). Similarly, rats and guinea pigs were exposed to #10 mg U/m’ as uranium dioxide for 1 year
without noticeable kidney pathology (Stokinger et al. 1953). Uranium dioxide is relatively insoluble in
water and is retained in the lungs longer than the other more soluble uranium compounds (uranium
tetrafluoride, uranyl fluoride, uranium tetrachloride, uranium peroxide, uranyl acetate, and uranyl nitrate
hexahydrate), thereby causing higher toxicity to the lungs and lower toxicity to distal organs such as the
kidney. In contrast, relatively soluble uranium compounds have been shown to cause renal tubular
damage in dogs, guinea pigs, rabbits, and rats (Leach et al. 1984; Morrow et al. 1982; Roberts 1949;
Stokinger et al. 1953). Apparently, the difference in effect is due to the extent of absorption of uranium
deposited in the lungs and, thus, the fraction that eventually gets into the blood. Differences in species

susceptibility have also been suggested to be an additional factor.

Renal effects can be produced in animals after acute-duration inhalation exposures to uranium. A
10-minute exposure to 637 mg U/m’ as uranium hexafluoride produced severe degeneration of the
cortical tubules 5-8 days later in rats (Spiegl, 1949). These same effects were observed in dogs 1-3 days
after a 1-hour exposure to 250 mg U/m’ as uranyl fluoride (Morrow et al. 1982). Proteinuria and
glucosuria were also observed in rats after 2—10-minute exposures to uranium hexafluoride (Leach et al.

1984).

In intermediate-duration studies with guinea pigs, mice, rats, cats, rabbits, and dogs, inhalation exposures
to a variety of uranium compounds were damaging to the kidneys. The effects were compound- and
concentration-dependent and ranged from minimal microscopic lesions in tubular epithelium, increased
urinary catalase, decreased diodrast (iodopyracet) clearance, and transient increased bromosulfalein
retention (for low concentrations) to severe necrosis of the tubular epithelium (for high concentrations) in
several species (Dygert 1949a, 1949b, 1949¢; Pozzani 1949; Roberts 1949; Rothermel 1949; Rothstein
1949a, 1949c, 1949d; Spiegl 1949; Stokinger et al. 1953). In one of these intermediate-duration
inhalation exposure studies, mice were exposed to uranium tetrachloride dust at ambient air
concentrations of 0.1, 2.1, or 11 mg U/m’ for 3—7 hours a day 6 days a week for approximately 30 days.
The exposure resulted in severe degeneration and necrosis of the renal-cortical tubular epithelium, and

mortality, in the 11 mg U/m’ group by the third day. At the end of the study, moderate tubular
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degeneration was observed in the 2.1 mg U/m® group and minimal degeneration in the 0.1 mg U/m’
group. (Rothermel 1949). In another intermediate-duration study, rats suffered renal injury (of
inconsistent severity), which became apparent on or about the 7th day and pronounced by the 25th or 26th
day, following inhalation exposure to uranyl nitrate hexahydrate at 0.13, 0.2, 0.9, 2.1, or 9.5 mg U/m’
daily for 8 hours per day, 5 days a week for 30 days. At 0.9 mg U/m’, the rats showed significant
degenerative changes only in the renal tubules and no changes to the glomeruli. Rats exposed to

0.2 mg U/m’ exhibited only slight damage to the tubular epithelium of the kidneys. At 0.13 mg U/m’,
slight renal tubular degeneration was observed in 1 of the 3 animals sacrificed after 28 days of exposure.
Except for the group receiving no dietary supplement, no significant difference in blood CO, values was
seen at 14 days of exposure to uranium. Thirty days after the start of exposure, all groups exhibited
increased blood nonprotein nitrogen (NPN) levels over 14 day values (maximum 111 mg/mL blood for
the unsupplemented diet group). No clinical signs of toxicity were observed at any concentration level

(Roberts 1949).

Dogs (of both sexes) exposed to 0.13 mg U/m’ as uranyl nitrate hexahydrate showed mild inner cortex
changes after 10 days of exposure. The dogs were given full body exposures to aerosols with an AMAD
assumed to be 1.5-2.1 um; the average was 1.8 um (Pozzani 1949). Severe nephritis masked any damage
from uranium in one dog sacrificed after 10 days of exposure. The dogs showed a transient elevation in
protein excretion between days 9 and 12 of exposure. Increased bromosulfalein retention was observed
during the second and fourth weeks of exposure. No alterations to blood NPN or total blood CO, were
observed. Chloride clearance values, which were initially elevated and then became depressed in

one dog, returned to normal 37 days after the beginning of exposure. Catalase and protein excretion
increased significantly but returned to normal at the end of exposure. No significant changes in diodrast
clearance, inulin clearance, and blood NPN levels were observed. Dogs exposed to 0.9 mg U/m’
exhibited mild inner cortex and medullary ray degeneration and necrosis with moderate epithelial
regeneration. Two of the four showed a steady rise in NPN from the beginning of the experiment until
they were sacrificed 12 days later, at which time NPN values were 252 and 356 mg%, respectively.
Urinary protein in the dogs significantly increased between the 5th and 24th days. The dogs showed a
decrease in inulin clearance during the third week of exposure, with a return toward normal values during
the fifth week. There was decreased diodrast clearance throughout the observation period, indicating a
severe derangement of the excretory capability for diodrast after 1 week (one dog showed a decrease of
69%). Diodrast clearances returned to normal by days 35-37. Two dogs showed a transient decrease in

inulin clearance during the third week, lasting until the fifth week. All four dogs showed a drop in total
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blood CO,, attaining a minimum value between the first and seventh days. The minimum value was
generally less than half that of controls, indicating severe acidosis. Glucose tolerance was significantly
decreased. Large quantities of protein (400-800 mg%) and sugar were excreted. The greatest excretion
occurred during the first 6 days of exposure and decreased thereafter. There was also a decrease in
urinary creatinine excretion during the exposure. At the 2 mg U/m’ exposure level, the dogs did not show
highly elevated NPN and blood urea nitrogen (BUN) values during exposure. There were no increases in
blood NPN or BUN. All dogs exposed to 9.5 mg U/m’ had severe renal tubular damage. Four dogs
showed renal injury followed by repair when they were sacrificed at the end of the exposure (Roberts

1949).

No treatment-related renal effects were seen in other studies when animals were exposed to uranium
compounds by inhalation at concentrations as high as 10 mg U/m’ (as uranium dioxide) in guinea pigs for
28 weeks, 2 mg U/m’ (as uranyl nitrate hexahydrate) in guinea pigs for 26 weeks, and 16 mg U/m’ (as
uranyl nitrate hexahydrate) in rats for 4 weeks (Rothstein 1949c; Stokinger et al. 1953).

The nephrotoxic effects of uranium in animals may also include damage to the glomerulus as evidenced
by histopathological signs in the kidneys of rats and rabbits exposed to 15.4 mg U/m’ as uranium dioxide
for 23 days (Dygert 1949d) and of dogs exposed to 15 mg U/m® as uranyl fluoride for 5 weeks (Rothstein
1949d) and to 16 mg U/m’ as uranium trioxide for 4 weeks (Rothstein 1949c¢).

In chronic-duration inhalation studies with rats and dogs, uranium (as uranium tetrachloride, uranium
tetrafluoride, uranyl nitrate hexahydrate, or uranium dioxide) exposures as low as 0.05 mg U/m* and as
high as 10 mg U/m’ for 1-5 years were damaging to the kidneys. Nephrotoxic effects found in these
animals ranged from minimal microscopic lesions in tubular epithelium (for low concentrations) to acute
tubular necrosis (for high concentrations) (Leach et al. 1970; Stokinger et al. 1953). In one of these
chronic-duration studies, dogs were exposed to ambient air concentrations of 0.05 or 0.2 mg U/m’ as
uranium hexafluoride for 1 year for a total of 1,680 exposure hours. The UF, was rapidly hydrolyzed to
HF gas and UO,F, fumes, whose AMAD was 0.1 um. After 10 days in the study, there was evidence of
mild tubular injury, which was characterized by desquamation of the epithelium and active regeneration
in the proximal convoluted tubule in the inner cortex of the kidneys in 86% of animals exposed to

0.2 mg U/m’. From the 16th week to the end of the study, regeneration of the tubular epithelium was
almost complete, with a few flattened atrophic tubules in the inner zone of the cortex. These mild

nephrotoxic effects were also observed in 12% of the 0.05 mg U/m’ exposed animals. Blood non-protein
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nitrogen (NPN) levels were normal (elevated blood NPN levels indicate a decrease in renal filtration
capacity, similarly to elevated blood urea nitrogen (BUN)). Observed changes in urinary protein were

inconsistent and insignificant (Stokinger et al. 1953).

In another study, dogs of both sexes (9—12 M, 9-13 F) were exposed to concentrations of 0.04, 0.15, 0.25,
or 2 mg U/m’ as uranyl nitrate for 6 hours a day, 5.5 days a week for 1 year. The AMAD of the aerosols
was given as 2-5 um. At the termination of the study, histological and biochemical examinations
revealed minimal microscopic lesions in the renal tubules and transient increases in blood NPN in the
0.25 mg U/m’ concentration-level dogs. Transient increases in blood NPN were also observed at higher
concentration levels. There were transient decreases in plasma CO,, although liver function was normal.

No significant weight loss was observed in the dogs (Stokinger et al. 1953).

No treatment-related renal effects were seen when Rhesus monkeys and dogs were exposed to uranium
dioxide by inhalation at airborne concentrations as high as 5.1 mg U/m’ for 1-5 years (Leach et al. 1973).
Blood NPN levels were consistently elevated in Rhesus monkeys although no renal histopathology was

evident (Leach et al. 1973).

Endocrine Effects. A single study was found that reported on possible effects of uranium on the
endocrine system. In this study, no histopathology was seen in the endocrine organs (adrenal, pancreas)

in rats given 0.2 mg U/m’ as uranium tetrachloride for 1 year (Stokinger et al. 1953).

Dermal Effects. No dermal effects were found in a man accidentally exposed to powdered uranium
tetrafluoride for 5 minutes (Zhao and Zhao 1990). Histopathologic examination of the skin was normal in

rats exposed to 0.2 mg U/m”’ as uranium tetrachloride for 1 year (Stokinger et al. 1953).

Ocular Effects. Chemical burns to the eyes were reported in humans after accidental exposure to
uranium hexafluoride (Kathren and Moore 1986). Conjunctivitis and eye irritation have also been
reported in animals after exposure to uranium hexafluoride (Spiegl 1949) and to uranium tetrachloride

(Dygert 1949a). Ocular effects were due to direct contact of the eye with vapor or aerosols.
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Body Weight Effects.  In general, inhalation of insoluble uranium compounds did not significantly
affect body weight in animals. Decreased body weight was observed with the more water-soluble
compounds. A 30% decrease in body weight was reported for rabbits exposed to 11 mg U/m’ as uranium
tetrachloride dust for 35—40 days. Mice and guinea pigs experienced unspecified weight loss and 13%
weight loss, respectively, following exposure to 13 mg U/m’ as uranium hexafluoride for 30 days.
Rabbits suffered 12% weight loss following exposure to 0.2 mg U/m’ as airborne uranium hexafluoride
for 30 days (Spiegl 1949). Mild to severe weight loss was observed in several species during exposure to
uranyl nitrate hexahydrate (Roberts 1949). Rabbits lost 22% of their body weight during a 30 day
exposure to 0.9 mg U/m?, dogs and cats lost approximately 25% of their body weight during a similar
exposure to 9.5 mg U/m’. Similar effects were observed with uranium tetrafluoride (Dygert 1949a).
Rabbits, rat, cats, and dogs all experienced a greater than 20% weight loss during 30 days exposure to 18

mg U/m’.

Several intermediate-duration animal inhalation studies with soluble and insoluble uranium compounds
found no significant adverse effects on body weight. In short-term intermediate-duration dosing studies
lasting from 23 to 40 days, exposure to concentrations at the following levels were without significant
effects on body weight: 22 mg U/m® as high-grade or carnotite uranium ore to rats, 2.9 mg U/m’ as
uranium dioxide or triuranium octaoxide to dogs, 22 mg U/m’ as uranium dioxide or triuranium octaoxide
to rabbits, 11 mg U/m® as uranium tetrachloride to rats, 2.1 mg U/m’ as uranium tetrachloride to rabbits,
1.1 mg U/m’ as uranium tetrachloride to dogs, 13 mg U/m”’ as uranium hexafluoride to rabbits and dogs,
0.2 mg U/m* as uranium hexafluoride to dogs and guinea pigs, 14.5 mg U/m’ as triuranium octaoxide to
mice, and 4.8 mg U/m” as triuranium octaoxide to guinea pigs and rabbits (Dygert 1949¢; Spiegl 1949);
15 mg U/m’ as uranium peroxide to cats and rabbits (Dygert 1949d); 15 mg U/m’ as carnotite ore (mostly
uranium dioxide, triuranium octaoxide) to dogs or 22 mg U/m’ as carnotite ore to rabbits for 30 days
(Pozzani 1949); and 1 mg U/m® for 30 weeks to rabbits or 2 mg U/m’® for 26 weeks to rabbits and guinea
pigs (Stokinger et al. 1953). Exposures of rats to 13 mg U/m’ or of rabbits to 0.1 mg U/m* as uranium
hexafluoride for 30 days also were without harmful effects (Spiegl 1949).

No effects on body weight were observed after several intermediate-duration dosing studies that lasted

4-5 weeks. These studies researched exposures by the inhalation route as follows: 16 mg U/m* as uranium
trioxide to rats, rabbits, dogs, and cats; 19 mg U/m’ as uranium dioxide to mice; 16 mg U/m’ as uranium
dioxide to guinea pigs; 9.2 mg U/m* as uranyl fluoride to dogs and rabbits; 2.2 mg U/m” as uranyl fluoride

to rats; 9.2 mg U/m’ as uranium dioxide to dogs; 19.2 mg U/m’ as uranium dioxide to rabbits; 15 mg U/m’
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as sodium diuranate to rats and dogs; and 12 mg U/m’ as ammonium diuranate to rats for 30 days (8 hours
a day, 5 days a week for 6 weeks) (Rothstein 1949a, 1949b, 1949¢, 1949d; Stokinger et al. 1953).
Hamsters exposed to 0.8 mg U/m’ as carnotite uranium ore by inhalation for 16-27 months also exhibited
no adverse body weight effects (Cross et al. 1981b). Similarly, no changes in body weight were observed
in rats, dogs, rabbits, and monkeys exposed to airborne uranium dioxide at 0.1-5 mg U/m’ for 1-5 years

(Leach et al. 1970, 1973; Stokinger et al. 1953).

In chronic-duration studies, exposure to inhalation concentrations of 3 mg U/m?® as uranium dioxide to

monkeys for 5 years produced no significant body weight changes (Leach et al. 1970).

Other Systemic Effects. Several general effects have been attributed to uranium inhalation
exposure. In animal studies, dogs exposed to 13 mg U/m”’ as uranium hexafluoride for 30 days exhibited
decreased water intake (Spiegl 1949). Reduced food intake was also observed in a 4-week study of rats
and mice exposed to 16 mg U/m* as uranium trioxide (Rothstein 1949¢) and in a 5-week study of rats and
mice exposed to 15 mg U/m’ as sodium diuranate for 6 hours per day, 5% days per week (Rothstein

1949d).

2.2.1.3 Immunological and Lymphoreticular Effects

Although no studies were located that specifically tested immunological effects in humans following
inhalation exposure to uranium, all epidemiologic studies of workers in uranium mines and fuel
fabrication plants showed no increased incidence of death due to diseases of the immune system (Brown

and Bloom 1987; Checkoway et al. 1988; Keane and Polednak 1983; Polednak and Frome 1981).

Human studies that assessed damage to cellular immune components following inhalation exposure to
uranium found no clear evidence of an immunotoxic potential for uranium. No association was found
between the uranium exposure and the development of abnormal leukocytes in workers employed for
1218 years at a nuclear fuels production facility (Cragle et al. 1988). Increases in the number of fatal
malignant disease of the lymphatic and hematopoietic tissue reported among uranium mill workers may
have been caused by other carcinogens in the work environment such as **°Th. The authors of this report
estimated that the workers were exposed to 8-5,100 mg/m® (median 110 mg/m®) uranium mill dust, which

contains Z*°Th as a natural component (Archer et al. 1973b).
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In animal studies, rats exposed to dusts of ammonium diuranate containing 6.8 mg U/m’ for 6 hours a
day, 5 days per week for 30 days developed a rise in neutrophils, a decrease in lymphocytes, a moderate
fall in the white blood cell count, and a rise in the number of eosinophils (Dygert 1949b). Rats exposed
to airborne uranyl nitrate hexahydrate containing 9.5 mg U/m® 8 hours a day, 5 days a week for

30 exposure days showed an initial increase and a subsequent decrease in the absolute number of
lymphocytes and neutrophils (Roberts 1949). Focal necrosis of the spleen and edematous cecal lymph
nodes were observed in some rats exposed for 30 days for 6 hours a day to 0.4 and 4 mg U/m’ uranium
tertrafluoride (Dygert 1949a). However, these effects were not observed at 18 mg U/m’, so the

significance of this finding is unclear.

No histopathological changes or accumulation of uranium were evident in the spleens of 110 dogs and

25 monkeys exposed to uranium dioxide dusts (5 mg U/m?) for 6 hours a day, 5 days a week, 1-5 years
and then monitored for up to 6.5 more years. Similar results were seen for rats similarly exposed for

1 year (Leach et al. 1970, 1973). Rats, rabbits, guinea pigs, and dogs exposed to dusts of various uranium
compounds for 7-12 months showed no significant histological changes in the lymph nodes and

marrow (Stokinger et al. 1953).

There is some evidence from animal studies that exposure to $90% enriched uranium may affect the
immune system. Increased macrophage activity, associated with localized alpha tracks in all 5 lobes of
the lungs, was seen in Fischer 344 rats exposed to 6,825.5 nCi/m® (252 kBg/m?®) through inhalation
exposure to enriched uranium dioxide for 100 minutes. The increased activity was evident from days
1-7, 180, 360, 540, and 720 with increases in percent activity of 0.44, 2.15, 19.70, 6.54, and 37.84,
respectively. The number and size of macrophage clusters in the lung increased with time postexposure.
The radioactive material concentration of the mixture was estimated as 1.91 kBq/mg (51.6 nCi/mg)

(Morris et al. 1992). The degree of enrichment was calculated based on this specific activity.

Albino HMT (Fischer 344) male rats were exposed to 92.8% enriched uranium dioxide with a
concentration ranging from 2,274.2 nCi/m’ (84.1 kBg/m®) to 5,458 nCi/m’ (202 kBq/m®). Increases in the
sizes and numbers of lung macrophages, with a significant increase in the size of lysosomal granules

within the macrophages, were reported 8 days postexposure (Morris et al. 1989).
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Dogs exposed to airborne uranium dioxide concentrations of 5.1 mg/m’ for 1-5 years showed lymph node
fibrosis in the lungs. Rhesus monkeys similarly exposed for 5 years showed fibrotic changes in the
tracheobronchial lymph nodes. The investigators of these studies concluded that although these effects
could not be extrapolated to humans because of the absence of squamous cell carcinomas in the lungs, the
changes were suggestive of radiation injury (Leach et al. 1973). However, the morphological changes
observed in these studies were similar to observations in humans and animals as a result of exposure to

diverse inorganic dust (Dockery et al. 1993).

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
immunological effects from chemical exposures by the inhalation route to uranium are presented in

Table 2-1 and plotted in Figure 2-1.

2.2.1.4 Neurological Effects

Uranium has not been shown to cause damage to the nervous system of humans by metallotoxic or
radiotoxic action following inhalation exposures for any duration. Although no studies were located that
specifically tested neurological effects in animals following inhalation exposure to uranium, none of the
available studies reported any neurological deficits, such as narcosis, ataxia, or cholinergic signs. Clinical
signs in humans following acute exposure to enriched uranium included dizziness and anorexia in one
man 6 days after being exposed for 5 minutes to uranium tetrafluoride by inhalation (Zhao and Zhao
1990), but did not include neurological effects in others similarly exposed to uranium hexafluoride
(Kathren and Moore 1986; USNRC 1986). Some of the victims were evaluated for as long as 38 years
after exposure (Kathren and Moore 1986). In longer-term exposures, epidemiologic studies found no
increase in deaths from brain tumors or other neurological diseases that could be attributed to uranium in
workers at uranium-processing plants (Brown and Bloom 1987; Carpenter et al. 1988; Cragle et al. 1988;
Polednak and Frome 1981; Reyes et al. 1984). The autopsy reports also did not reveal any other
structural pathology of the central nervous system. In a retrospective study, more deaths than expected
were found from central and peripheral nervous system diseases (SMR=2.98) in employees in a nuclear
fuels fabrication plant. However, the employees were also concurrently exposed to other radiological and
chemical agents. The investigators of this study concluded that there was no etiology associated with
uranium for the central nervous system and peripheral nervous system diseases (Hadjimichael et al.

1983).
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In intermediate-duration animal studies, neurological signs were observed in dogs and cats following
inhalation exposure to uranium. On the 13th day of a 30-day study, dogs exposed to 0.5, 3, 4, or

18 mg U/m’ as uranium hexafluoride gas by inhalation exhibited muscular weakness followed by
instability of gait indicative of neurological dysfunction at the highest concentration tested (Dygert
1949a). Anorexia observed in another 8 hours a day, 5 days a week, 30-day study with dogs exposed to
an inhalation concentration of 9.5 mg U/m’ as uranyl nitrate hexahydrate may also have had its origin in
neurological dysfunction (Roberts 1949). Similarly, cats exposed to an inhalation concentration of

18 mg U/m’ as uranium tetrafluoride exhibited unsteady gait on the 7th day in a 30-day study (Dygert
1949a). In 5 week studies (8 hours a day, 5 days a week), dogs and cats exposed to 0.15, 2.2, or

9.2 mg U/m’ as uranyl fluoride suffered anorexia, severe muscle weakness, and lassitude at the highest
concentration tested (Rothstein 1949a). These studies did not assess the potential implications of

hydrofluoric acid and fluoride ion exposure.

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
neurological effects by the inhalation route to uranium are presented in Table 2-1 and plotted in

Figure 2-1.

2.2.1.5 Reproductive Effects

It is unlikely that inhalation of uranium produces a significant effect on reproductive health. Studies of
one human population group (miners) were located which identified a reproductive effect associated with
the inhalation exposure of mine air, but the association with uranium compounds was unclear, and the

other miner studies observed no reproductive effects. Also, no adverse animal studies were found.

Three studies of one mining population were located that equivocally associated reproductive effects in
humans following inhalation exposure to uranium. The studies reported that male uranium miners were
found to have more first-born female children than expected, suggesting that uranium’s alpha radiation
damaged the y-chromosomes of the miners (Muller et al. 1967; Waxweiler et al. 1981b; Wiese 1981). In
addition, it is not certain if the effect described is from exposure to uranium because the workers were
also exposed to **’Rn, chlorine, hydrofluoric acid, lead sulfate, nickel, nitric acid and nitrogen oxides,

silicon dioxide, and sulfuric acid (Dupree et al. 1987).
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No animal studies were located that described reproductive effects following inhalation exposure to

uranium for any duration of exposure.

2.2.1.6 Developmental Effects

No studies were located which reported effects of uranium on development in humans or animals
following inhalation exposures for any duration. The Department of Defense has preliminarily evaluated
developmental effects among service members who were actually or potentially exposed to depleted

uranium.

2.2.1.7 Genotoxic Effects

No information was located regarding the toxicity of uranium to genetic material in humans or animals

following inhalation exposures for any duration.

In human studies, chromosome aberrations have been found in cultured lymphocytes of uranium miners.
Miners who had more atypical bronchial cell cytology had more chromosomal aberrations, and some of
the aberrations increased with increasing exposure to radon and its decay products. The investigators of
the study concluded that this is probably a valid health risk indicator for miner groups, but that it has only
limited applicability to individual miners (Brandom et al. 1978). In a similar study with uranium miners
in Czechoslovakia, no increased incidence of aberrant DNA or chromosomes attributable to exposure to
uranium was found. An increased occurrence of molds (genus Aspergillus and Penicillium) that produce
mycotoxins was observed, suggesting that the inhaled dust was contaminated with these genotoxic
microorganisms (Sram et al. 1993). A cytogenic study of men occupationally exposed to uranium found
higher levels of chromosome aberrations in the miners than in controls. The investigators of this study
concluded that this increase may be attributable to smoking (Martin et al. 1991). In addition, because the
miners were also concurrently exposed to chlorine, hydrofluoric acid, lead sulfate, nickel, nitric acid and
nitrogen oxides, silicon dioxide, diesel smoke, and sulfuric acid in addition to **’Rn, it is unlikely that the
effects described in these studies were related in any way to exposure to uranium (Dupree et al. 1987).

Other genotoxicity studies are discussed in Section 2.5.



URANIUM 86

2. HEALTH EFFECTS

2.2.1.8 Cancer

The National Toxicology Program (NTP) has not evaluated uranium compounds in rodent cancer
bioassays by any route for the potential to induce cancer in humans. However, because uranium emits
predominantly high-LET alpha particles, current theories on gene mutation and apoptotic mechanisms of
cancer promotion by high-LET alpha radiation suggest a concern for carcinogenesis from uranium’s
radioactivity (BEIR 1980, 1988, 1990; Otake and Schull 1984; Sanders 1986; UNSCEAR 1982, 1986,

1988) (see Appendix D for a review of the hazards associated with radionuclide exposure).

Although several studies of uranium miners found increased deaths from lung cancer, it is difficult to
attribute these cancers to uranium exposure because the miners were also concurrently exposed to known
cancer-inducing agents (principally tobacco smoke, radon and its decay products, silica and other dusts,
and diesel engine exhaust fumes) and the studies attributed the cancers to exposure to these toxicants and
not to uranium exposure (Archer et al. 1973a; Auerbach et al. 1978; Band et al. 1980; Gottlieb and Husen
1982; Kusiak et al. 1993; Lundin et al. 1969; Saccomanno et al. 1971, 1976, 1986; Samet et al. 1984;
Whittemore and McMillan 1983). Short-lived radon daughters alone, to which these miners were
concurrently exposed, have been shown to increase the risk of developing lung cancer (Saccomanno et al.
1986). In addition, smoking appeared to increase the risk of developing lung cancer from exposure to
radon daughters (Band et al. 1980). The available case-control or clinical studies of uranium-processing
nuclear plant workers also generally report equivocal findings of cancer induction without establishing

any uranium causality (Cookfair et al. 1983; Polednak and Frome 1981).

A review of the morphology of the tumor types induced in the lungs of rats and humans by radiation
identified bronchoalveolar adenoma and bronchoalveolar carcinoma, papillary adenocarcinoma,
squamous cell carcinoma, adenosquamous carcinoma, and hemangiosarcoma. All the tumor types
originated from the alveolar parenchyma region of the lungs. Of these tumor types, squamous cell
carcinomas are most often associated with radiation exposure. In irradiated rats, the squamous cell
carcinomas are less well differentiated and decidedly more locally invasive. Although cystic squamous
tumors do occur after irradiation, the wall of these tumors is less differentiated. The pathogenesis of the
radiation-induced squamous tumors appeared to be different from that of chemically induced tumors. The

one common feature of the two tumor types may be chronic injury to alveolar type II cells (Hahn 1989).
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Squamous cell metaplasia was the predominant aberrant cell type found in many of these cases.
Squamous cell metaplasia is found in the young and old and does not always represent a benign-to-
malignant process. More frequently, a nonspecific bronchial epithelial reaction develops, and this
reaction is readily reversible with the disappearance of the toxic, infectious, or inflammatory factors that
caused it. Although, squamous cell metaplasia may develop into neoplasia, patients with neoplasia also
shed a variety of metaplastic squamous cells. In a study of 120 uranium miners who died from primary
cancer of the lungs, squamous cell metaplasia progressed over time and developed into neoplasia of the
lungs in 15-20 years (Saccomanno et al. 1976, 1982). However, a study that reviewed efforts to test
uranium miners concluded that radon-progeny exposure may not cause any cell type of lung tumor other
than the so-called small-cell (oat cell) carcinoma. The incidence of oat cell cancer of the lungs has
decreased over the last 20 years and currently accounts for slightly more than 22% of developing

neoplasia in uranium miners (Saccomanno et al. 1982).

An excess of lung cancers has been found in underground uranium miners from the Grants, New Mexico,
area. Of 3,055 miners who worked for at least one year prior to 1971, a total of 58 died of lung cancer by
the middle of 1985. Of the 43 cancers which had been examined histopathologically, 27 (63%) were
small-cell, 14 (33%) were epidermoid, 1 (2%) was adenocarcinoma, and 1 (2%) was large-cell. These
mortality data could not be related to the total radon exposure; radon exposure data for the individual
miners was complete since 1967, but only mine-average concentrations had been determined for the
period prior to that time (Samet et al. 1986) The radon concentration in mine air is measured in working
levels (WL), where 1 WL =100 pCi/L Rn in equilibrium with its daughters, and the total exposure to
radon is measured in WLM s where 1 WLM = 170 WL, or the equivalent of breathing air at a
concentration of 1 WL for a period of 170 hours (the typical miner work month). A total of 8,487 miners
employed between 1948 and 1980 at the Beaver Edge uranium mine in Saskatchewan, Canada, exhibited
significant increase in lung cancer deaths when compared to Canadian male mortality rates (65 in exposed
populations as opposed to 34.2 expected [p<0.05]). A higher incidence of lung cancer was found in
workers exposed to more radon than 5 WLM (46 observed as opposed to 15.8 expected) than those
exposed to 0—4 WLM (19 observed as opposed to 18.7 expected). A significant relationship was found
between radon exposure and increase of lung cancer (3.3% per WLM and 20.8% per WLM/10° person-
years). The age at first exposure also had a significant effect on risk; those first exposed before the age of
30 were at lower risk than those first exposed at or after 30 years of age. The authors suggested that

exposure to radon daughters was the major factor, and it may be a contributory factor to lung cancer in
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nonsmokers in the general population (Howe et al. 1986). The frequency of squamous cell cancer
increased, relative to other types, with increased levels and durations of smoking, but relative frequency
was not affected by radiation exposure. The relative frequencies of small-cell cancer and adenocarcinoma
from radiation exposure were less affected by smoking (Archer et al. 1973a; Land et al. 1993;

Saccomanno et al. 1988).

Histological examination of lungs from seven underground male uranium miners (ages 52—73) who had
cancer and who also had been routinely exposed to radon daughters and other potential carcinogens in the
mine environment showed elevated concentrations of **U and *U.  Four of the seven lungs had
squamous cell carcinoma, one had a carcinoma in the left upper lobe, one had carcinoma of the ascending
colon, and one had carcinoma in situ in the lung. The average radiation dose from uranium was
approximately 2 mrad/year (2x10”° Gy/year) compared with more than the 360 mrad (3.6x10~* Gy) dose to
the typical U.S. resident from all sources of radiation. Five of the seven miners smoked at least half a

pack of cigarettes per day (Wrenn et al. 1983).

A study of miners in northern Ontario with previous inhalation exposure to uranium dust at levels of
0-181 mg U/m’ (0-121 nCi/m’* [0-4,487 Bg/m’]) and a diagnosis of lung cancer found a linear
relationship between uranium dose and incidence of lung cancer, but no relationship to uranium exposure
was suggested. The latency period was shorter for those employed for a short period of time. Oat cell,
anaplastic, small-cell tumors were found more often than squamous, large-cell, poorly differentiated
tumors in workers exposed for a short time (Chovil and Chir 1981; Sanders 1986). The frequency of
squamous cell cancer in U.S. uranium miners increased, relative to other types, with increased levels and
durations of smoking; but relative frequency was not affected by radiation (presumed to be mostly from
radon daughters) exposure, which indicated a more likely smoking etiology. However, the relative
frequencies of small-cell cancer and adenocarcinoma were less affected by smoking history than by
increasing radiation dose. The miners in one of these studies were exposed to a cumulative radiation dose
from radon daughters of 40-9,700 WLM (Archer et al. 1973a; Land et al. 1993; Saccomanno et al. 1971,
1982, 1988). A reanalysis study in which sputum samples from 98,181 uranium miners employed on the
Colorado Plateau between 1960 and 1980 were collected and used in a cytological analysis for the early
detection of cancer development found a significant relationship between exposure to radon decay
products and positive cytological diagnosis. No evidence was found linking lung cancer with exposure to

uranium. No synergism was seen between age, smoking, and mining exposure, although an additive
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effect was seen. No increase in lung cancer was found in men exposed to radon for <300 WLM who also

did not smoke (Moolgavker et al. 1993; Saccomanno et al. 1986; Whittemore and McMillan 1983).

A study of 16 Navajo men working as underground uranium miners, who developed lung cancer and were
admitted to the hospital between February 1965 and May 1979, concluded that the lung cancers were
attributable to radon and its decay products and not from uranium itself. The mean value of the
cumulative radon exposure was 1,140 WLM. The authors noted that the minimal use of cigarettes among
this group of uranium miners was a strong argument that cigarette smoking was not a major factor in the
lung cancers of uranium miners (Gottlieb and Husen 1982). Evaluation of the incidence of bronchiogenic
carcinoma in 3,699 Canadian uranium workers employed between 1942 and 1960 found a statistically
significant association between inhalation exposure to mine dust and the development of lung cancer (6 of
1,825 surface workers and 16 of 1,874 underground workers). The authors of this study indicated that the
workers employed underground for 5 years were generally older than the other groups, which may have
contributed to the increase in lung cancer (Grace et al. 1980). In addition, the miners were exposed to
greater amounts of airborne radon radioactivity, a known cancer inducer, than airborne uranium
radioactivity. Therefore, the lung cancers may be more appropriately attributed to the radioactivity of

airborne radon and its short-lived decay products.

A number of case-control studies of uranium-processing nuclear plant workers failed to provide an
unequivocal link between the development of lung cancers by workers and uranium exposure because the
workers were concurrently occupationally exposed to other radioactive sources, including thorium,
tritium, fission products, iodine, activation products, and transuranic products such as americium, curium,
californium, and plutonium (Cragle et al. 1988). In one of these case-control studies, a significant
increase in the incidence of leukemia deaths was found among employees of a facility exposed to a mean
cumulative gamma radiation dose (mostly external) equivalent of 920 mrem (9.2 mSv). In the same
study, no increase in death from lymphopoietic and lung cancers was found among the 9,860 male
employees of the nuclear fuels production facility who had been occupationally exposed to uranium and
other radioactive sources for 90 days to 15 years (Cragle et al. 1988). Another case-control study of male
workers who died from lung cancer also could not establish an association between workplace exposure
to uranium and lung cancer. The plant operated between 1943 and 1947, separating and enriching
uranium for use in atomic bombs. The men were exposed to external gamma radiation lung doses of

0.001-75 rads (0.00001-0.75 Gy) over a period of about 45 years. Although the study found an increase
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in the relative risk for those men who were 45 years or older when first exposed, no clear association was
established between the development of lung cancer and radiation or uranium exposure (Cookfair et al.
1983; Polednak et al. 1982). An earlier study conducted on the same cohort found no increase in deaths
from other causes associated with radionuclides (e.g., bone cancer, leukemia, respiratory or urogenital
diseases) (Polednak and Frome 1981). No statistically significant associations were shown between brain
tumor deaths and exposure to low levels of uranium dust, plutonium, external radiation, or other
occupational risk factors for workers at the Rocky Flats Nuclear Plant in Colorado. None of the workers

had body burdens >1 nCi (37 Bq) (Reyes et al. 1984).

The available human studies that investigated the association between the development of bone sarcomas
and exposure to uranium failed to produce evidence for the development of bone sarcomas or bone
cancers of any type (Archer et al. 1973a; Chovil and Chir 1981; Cookfair et al. 1983; Cragle et al. 1988;
Gottlieb and Husen 1982; Grace et al. 1980; Kusiak et al. 1993; Land et al. 1993; Polednak et al. 1982;
Reyes et al. 1984; Saccomanno et al. 1971, 1976, 1988; Samet et al. 1986; Wrenn and Singh 1983).

Development of lymphatic malignancies (other than leukemia) has also been associated with inhalation
exposure to materials associated with uranium. In a study of 2,002 uranium millers, 6 deaths from
lymphatic malignancies occurred when 2.6 were expected. The latency period was 20 years (Waxweiler
et al. 1983). Another study of uranium mill workers found a slight increase in deaths from tumors of the
lymphatic and hematopoietic tissue (Archer et al. 1973b). The authors suggested that this finding might
not be due to uranium itself, but rather due to irradiation of the lymph nodes by *°Th, a decay product of

34U and a member of the **U decay chain.

In intermediate-duration animal studies, golden Syrian hamsters exposed to carnotite uranium ore dust
(AMAD=1.5-2.1 pm) at a concentration of 19 mg U/m’ by inhalation for 16 months failed to shown signs
of cancer development upon examination of selected tissues including lungs, trachea, liver, kidneys,
spleen, heart, and any abnormal tissue. As compared to unexposed controls, the hamsters had

significantly more necrotic liver foci and inflammatory Iung responses (Cross et al. 1981b).

In the same study, the results of exposure of golden Syrian hamsters for 16—27 months to concentrations
of radon progeny, uranium ore dust (0.5 nCi/m® [18.5 Bg/m®]), or a combination of uranium and radon

progeny provided evidence that, while prolonged exposure to uranium dust causes inflammation and
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proliferative pulmonary changes, inhalation of radon progeny produced bronchiolar epithelial hyperplasia
and changes in the alveolar epithelium in hamsters. The authors also concluded that exposure to radon
progeny and development of squamous metaplasia and carcinoma were related. The animals had
cumulative radon progeny exposures of more than 8,000 WLM. Pulmonary neoplasms occurred in the
three radon-progeny-exposed hamsters and in one hamster exposed to a combination of uranium, radon,
and radon progeny. Both the hamsters exposed to radon progeny and those exposed to a combination of
uranium and radon progeny had a significantly greater incidence of adenomatous proliferative changes in
the alveolar epithelium. Uranium ore-exposed hamsters had significantly more necrotic liver foci and
inflammatory lung responses than animals from other exposure groups. Specifically, one pheochromo-
cytoma (zero in controls), one melanoma (zero in controls), one hemangioendothelioma (one in controls),
two reticulum cell sarcomas (three in controls), and one adrenal cell carcinoma (zero in controls) were
seen in animals exposed to uranium dust alone. Two osteosarcomas (zero in controls) were reported in
animals exposed to the mixture of uranium ore dust and radon progeny. Four reticulum cell sarcomas
(three in controls) and one adrenal cell sarcoma (zero in controls) were also seen in these animals. In
animals exposed to radon progeny alone, one undifferentiated sarcoma (zero in controls), three reticulum
cell sarcomas (three in controls), and one myelogenous leukemia (one in controls) were observed (Cross

et al. 1981b).

In chronic animal studies, analysis of Beagle dogs exposed to 3.4 nCi/m* (126 Bg/m’ or 5 mg U/m’)
uranium dioxide found frank pulmonary neoplasms and atypical epithelial proliferation in 30—46% of the
animals. The lung dose was estimated as 600—700 rads (6—7 Gy). Spontaneous tumors in dogs were
infrequent, and the incidence found in this study was 50—100 times higher than the expected rate of
spontaneous tumors. The authors of the study recommended against the extrapolation of these findings to

humans because these glandular neoplasms do not occur frequently in humans (Leach et al. 1973).

Cancer effect levels (CELs) for chemical and radiation inhalation exposure to uranium are shown in

Tables 2-1 and 2-2 and plotted in Figures 2-1 and 2-2.
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2.2.2 Oral Exposure

The oral toxicity of uranium compounds has been evaluated in several animal species. The maximal
dosage just failing to be lethal for rats in a 30-day feeding test was about 0.5% uranium compound in the
diet for the 3 soluble compounds (uranyl nitrate hexahydrate, uranyl tetrafluoride, and uranium
tetrachloride) and 20% uranium compound for the 3 insoluble uranium compounds (uranium dioxide,
uranium trioxide, and triuranium octaoxide) tested. Some of these studies sweetened the feed to make it
edible. No amount of insoluble uranium compounds acceptable to the rat was lethal. Dietary levels of
1-4% soluble uranium compound produced 50% mortality in 30 days. The marked difference in the
toxicity of soluble and insoluble uranium compounds is attributable to the ease of absorption and, thus,
the dose that reaches the target organs. In general, the water-soluble compounds are more toxic by the
oral route because of the greater ease of absorption in the gastrointestinal tract (Domingo et al. 1987,
1989a, 1989b; Goel et al. 1980; Maynard and Hodge 1949; Paternain et al. 1989). In a summary of the
oral toxicity in both rats and dogs, several uranium compounds were ordered by relative toxicity as
follows: very toxic compounds included uranium tetrachloride, uranium peroxide, and uranyl fluoride;
toxic compounds included uranium nitrate hexahydrate, uranyl acetate, ammonium diuranate, sodium
diuranate, uranium trioxide, and high-grade uranium ore (carnotite); practically nontoxic compounds were

uranium tetrafluoride, triuranium octaoxide, and uranium dioxide (Maynard and Hodge 1949).

2.2.2.1 Death

There are no reports of human deaths from oral exposure to uranium compounds. However, data from
animal studies demonstrate that soluble uranium compounds, at very high intake levels, can be lethal to
animals through the oral route for all durations of exposure. Uranium compounds at these concentrations

are not palatable to animals and require sweetening.

Oral LDy, (lethal dose, 50% mortality rate) values of 114 and 136 mg U/kg have been estimated for male
Sprague-Dawley rats and male Swiss-Webster mice, respectively, following single gavage
administrations of uranyl acetate dihydrate (Domingo et al. 1987). Mortality occurred in pregnant Swiss
mice exposed to 0.028, 0.28, 2.8, 28 mg U/kg/day uranium as uranyl acetate dihydrate by gavage in water
from day 13 of gestation through postnatal day 21. Two dams in the 2.8 and three in the 28 mg U/kg/day
groups died before delivery (Domingo et al. 1989b). Deaths were also reported in mice during the first 10
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days of feeding studies with uranyl nitrate (8 of 25 at 925 mg U/kg/day) and with uranyl fluoride (2 of 25
at 452 mg/kg/day) (Tannenbaum and Silverstone 1951)

In 30-day oral studies, oral LDy, values for both sexes of rats of an unspecified strain given uranyl
fluoride or uranyl nitrate hexahydrate have been estimated as 540 and 1,579 mg U/kg/day, respectively.
Oral LDy, values were 658 and 1,096 mg U/kg/day as uranium tetrachloride for male and female rats,
respectively, in a similar 30-day study (Maynard and Hodge 1949). Another 30-day study, in which male
and female rats of an unspecified strain were exposed to oral uranium peroxide doses, oral LD, values
were estimated as 827 and 1,103 mg U/kg/day, respectively (Maynard and Hodge 1949). In other
intermediate-duration feeding studies with rats, 16% mortality was reported in the animals following
dietary administration of 664 mg U/kg/day for 30 days. Most of the animals died from complications of
chemically induced kidney damage (Maynard et al. 1953).

Two-year feeding studies with uranyl fluoride, uranyl nitrate hexahydrate, uranium tetrafluoride, and
uranium dioxide showed that chronic intake of large amounts of uranium can lead to a decrease in
lifespan. The largest daily intake that did not affect longevity in the rat was 81 mg U/kg/day as uranyl
fluoride. For the other uranium compounds studied, the maximum daily intakes that did not affect
longevity were 1,130 mg U/kg/day as uranyl nitrate, 1,390 mg U/kg/day as uranium tetrafluoride, and
1,630 mg U/kg/day as uranium dioxide. About 18% of the experimental rats survived for the entire
2-year duration of the study, while about 38% of the control animals survived (Maynard and Hodge

1949). Most of the deaths in the available animal studies resulted from chemically induced renal damage.

The LD, values for each species and other LOAEL values for mortality from exposure to uranium by the

oral route are presented in Table 2-3 and plotted in Figure 2-3.

2.2.2.2 Systemic Effects

No human studies were located regarding respiratory, endocrine, dermal, ocular, body weight, or other
systemic effects in humans following acute-, intermediate-, or chronic-duration oral exposure to uranium

compounds.



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral

Exposure/ LOAEL
Key to? Speci Duration/
figure (2:::::‘5)/ Frec]uency System NOAEL Less Serious Serious Reference
{Specific Route) {mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
ACUTE EXPOSURE
Death
1 Rat once 114 M (LDs) Domingo et al.
(Sprague- (GW) 1987
Dawley) UO2(C2H50)2* 2H20
2 Rat once 664  (16% mortality) Maynard et al. 1953
(NS) (F) UO2(NO3)2*6H20
3  Mouse once 136 M (LD,,) Domingo et al.
(Swiss- (GW) 1987
Webster) U02(C2H50)2* 2H20
Systemic
4  Human once Gastro 14.3M (nausea, vomiting, Butterworth 1955
W) diarrhea) UO2(NO3)2*6H20
5 Human once Cardio 131 M (myocarditis) Pavlakis et al. 1996
(IN) U02(C2H302)2*2H20
Hemato 131 M (anemia)
Musc/skel 131 M (rhabdomyolosis, paralytic
ileus)
Hepatic 131 M (increased serum ALT,
| AST, GGT)
‘Renal 131 M (anuria, kidney failure, renal

tubule acidosis persisting
over 6 months after
exposure)

S1O03443 H1IV3H ¢

WNINYYN

6



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure S(g:::ali(:s)/ Fret.]uency NOAEL Less Serious Serious Reference
(Specific Route)  SYStem  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
6 Rat once Resp 118 M Domingo et al.
(Sprague- (GW) 1987
Dawley) U02(C2H50)2* 2H20
Hepatic 5.6 M (microhemorrhagic foci)
Renal 5.6 M (slight renal dysfunction;
minimal focal microscopic
lesions in tubular
epithelium)
Bd Wt 5.6 M (significant weight loss)

10

Neurological

Rat once

(Sprague- (GW)
Dawley)

Reproductive

Rat once
(NS) (F)
Mouse Gd 6-15
(Swiss- (GW)
Webster)

Developmental

Mouse Gd 6-15
(Swiss- (GW)
Webster)

11 M (piloerection, tremors,
hypothermia, pupillary size
decrease, exophthalmos)

664 (reduced litter size)

3 F (maternal reduced
weight gain and food
consumption; increased
relative liver weight)

3 (underdeveloped renal
papillae; cleft palate)

Domingo et al.
1987

UO2(C2H302)2+2H20

Maynard et al. 1953
UO2(NO3)2*6H20

Domingo et al.
1989a

U02(C2H302)2*2H20

Domingo et al.
1989a

U0O2(C2H302)2*2H20

S103443 HLV3AH 2

WNINVYN

g6



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

ey 10" Species/
figure (g:_(:;]s; Frec.|uency s NOAEL Less Serious Serious Reference
(Specific Route)  System  (mgq/kg/day) {mg/kg/day) (mg/kg/day) Chemical Form
INTERMEDIATE EXPOSURE
Death
11 Rat 30d 541  (LDg) Maynard and
(NS) (F) Hodge 1949
UO2F2
12 Rat 30d 658 M (LD,,) Maynard and
(NS) () 1096 F (LDy) Hodge 1949
uci4
13 Rat 30d 827 M (LDy,) Maynard and
(NS) (F) Hodge 1949
uo4
1103 F (LDy)
14 Rat 30d 7858 M (100% mortality) Maynard and
(NS) (F) Hodge 1949
UO2(C2H302)2*2H20
15 Rat 30d 664  (increased mortality) Maynard et al. 1953
(NS) (F) UO2(NO3)2*6H20
16 Mouse 30d 2.8 F (10% mortality) Domingo et al.
(Swiss- 1x/d 1989b
Webster) (G) UO2(C2H302)2*2H20
17 Mouse 38-60d 5.6 (significant increase in Paternain et al.
(Swiss) 1x/d offspring mortality) 1989
(GW) UO2(C2H50)2* 2H20
18 Mouse 48 wk 925 F (24% mortality) Tannenbaum and
(dba) ad lib Silverstone 1951

F)

UO2(NO3)2*6H20

S103443 HIV3H ¢

WNINVYHN

96



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

a
Key to Species/
figure (Strain)

Exposure/
Duration/
Frequency

(Specific Route)

System

NOAEL
(mg/kg/day)

LOAEL

Less Serious
(mg/kg/day)

Serious
(mg/kg/day)

Reference
Chemical Form

19 Mouse
(dba)

20 Dog
(Beagle)

21 Dog
(Beagle)

22 Dog
(Beagle)

23 Dog
(Beagle)

24 Dog
(Beagle)

25 Dog
(Beagle)

26 Dog
(Beagle)

48 wk
ad lib

(F)
30d

6 diwk
(F)
30d

6 d/wk
F
30d

6 d/iwk
F
30d

6 diwk
F
30d

6 diwk
F)
30d

6 diwk
(F)
30d

6 d/wk
(F)

452 F (8% mortality)

15.4

63

386.4

441

5653

416

237

(lethal dose)

(lethal dose)

(lethal dose)

(lethal dose)

(lethal dose)

(lethal dose)

(lethal dose)

Tannenbaum and
Silverstone 1951

Uo2F2

Maynard and
Hodge 1949

UO2F2

Maynard and
Hodge 1949

ucli4

Maynard and
Hodge 1949

uo4

Maynard and
Hodge 1949

uo2

Maynard and
Hodge 1949

u3os

Maynard and
Hodge 1949

uo3

Maynard and
Hodge 1949

UO2(NO3)2*6H20

S103443 HLTV3H ¢

WNINYHN

16



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/
Key to? Species/ Duration/ LOAEL
pectes Frequency NOAEL . -
fi : k Less Serious Serious Reference
igure (Strain) (Specific Route) ~ System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
27 Dog 30d 188  (lethal dose) Maynard and
(Beagle) 6 diwk Hodge 1949
(F) Na2u207
28 Dog 138d 95 (lethal dose) Maynard and
(NS) (F) Hodge 1949
UO2(NO3)2*6H20
29 Dog 30d 7580  (lethal dose) Maynard and
(Beagle) 6 diwk Hodge 1949
(F) UF4
30 Dog 30d 191 (lethal dose) Maynard and
(Beagle) 6 diwk Hodge 1949
) (NH4)2u207
31 Rabbit 30d 14.2  (67% mortality) Maynard and
(NS) (F) Hodge 1949
UO2(NO3)2*6H20

S103443 H1TV3aH ¢

WNINVHN

86



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Expos.urel LOAEL
Key to? Species/ FDuratlon/
figure (Strain) rec’]uency Syst NOAEL Less Serious Serious Reference
(Specific Route)  SYSIem  (mg/kg/day) (mg/kg/day) (mglkg/day) Chemical Form
Systemic
32 Rat 28d Resp 35.3M Gilman et al. 1998a
(Sprague- (W) 400 F UO2(NO3)2*6H20
Dawley)
Cardio 353 M
40.0 F
Gastro 35.3 M
400 F
Hemato 353 M
400 F
Musc/skel 353 M
400 F
Hepatic 35.3M
400 F
Renal 35.3M 40.0 F (39% increase in serum
uric acid)
Endocr 35.3M
400 F
Bd wt 353 M
400 F
Other 353 M
400 F

S103443 H1TV3H ¢

WNINVHN

66



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Expos_ure/ LOAEL
Key to® Species/ FDuratlon/
figure (Strain) s reguency Svst NOAEL Less Serious Serious Reference
pecific Route)  SYSIM — (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
33 Rat 91d Resp 36.73 M Gilman et al. 1998a
(Sprague- (W) 53.56 F UO2(NO3)2*6H20
Dawley)
Cardio 36.73 M
53.56 F
Gastro 36.73 M
53.56 F
Hemato 36.73 M
53.56 F
Musc/skel 36.73 M
53.56 F
Hepatic 0.06 M (anisokaryosis,

0.09 F vesiculation, increased
portal density,
perivenous vacuolation
and homogeneity)

Renal 0.06 M (tubular dilation, apical
0.09 F nuclear displacement,
vesiculation, cytoplasmic
vacuolation, glomerular
capsular sclerosis,
interstitial reticulin
sclerosis and lymphoid

cuffing)
Endocr 0.06 M 0.31 M (multifocal reduction of
042 F 2.01 F follicular size, incr. epith-

elial height in thyroid,
decr. amount and density
of colloid in males only)

Bd Wt 36.73 M
53.56 F
Other 36.73 M
53.56 F

S103443 HIV3H ¢
WNINVHN

0ot



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key toa . Duration/
figure S(IS)::;';S)/ Fret'luency Svst NOAEL Less Serious Serious Reference
(Specific Route)  SYSIEM  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
34 Rat 30d Resp 6637 Maynard and
(NS) ) Hodge 1949
UO2(N0O3)2*6H20
Cardio 6637
Gastro 6637
Hemato 6637
Hepatic 6637
Renal 33 16.6  {minimal microscopic
lesions in tubular
epithelium)
Bd Wit 331 664  (27% reduction in body
weight)
35 Rat 30d Resp 8768 Maynard and
Cardio 8768
Gastro 8768
Hemato 8768
Hepatic 8768
Renal 88 438  (mild to moderate renal
changes)
Bd Wt 658 877 M (18% reduction in body

weight gain)

S103443 H1vV3H ¢

WNINVHN

10t



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? Species/ I:Duration/
figure ('S]train) rec!uency Svst NOAEL Less Serious Serious Reference
(Specific Route)  SYSIEM  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
36 Rat 30d Resp 11033 Maynard and
(NS) F) Sgc:ge 1949
Cardio 11033
Gastro 11033
Hemato 11033
Hepatic 11033
Renal 55 138  (minimal microscopic
lesions in tubular
epitheliumy)
Bd Wt 55 (unspecified decreased
body weight gain)
37 Rat 30d Resp 10818 Maynard and
Cardio 10818
Gastro 10818
Hemato 10818
Hepatic 10818
Renal 54 27  (minimal microscopic
lesions in tubular
epithelium)
Bd Wt 541 1082 (35% decreased body
weight gain)

S103443 HLIVaH ¢

WNINVHN

2ol



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? Sbecies/ Duration/
figure (gtrain) Fret:]uency Svst NOAEL Less Serious Serious Reference
(Specific Route)  SYSIEM  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
38 Rat 30d Resp 12342 Maynard and
(NS) (F) :gdzge 1949
Cardio 12342
Gastro 12342
Hemato 12342
Hepatic 12342
Renal 12342
Bd Wit 12342
39 Rat 30d Resp 7858 M Maynard and
Hodge 1949
(S) ) UO2(C2H302)2*2H20
Cardio 7858 M
Gastro 7858 M
Hemato 7858 M
Hepatic 7858 M
Renal 786 M 7858 M (minimal microscopic
lesions in tubular
epithelium)
Bd Wt 196 M 786 M (reduced growth)
40 Rat 30d Resp 11650 M Maynard and
(NS) (F) LHJ(;d3ge 1949
Cardio 11650 M
Gastro 11650 M
. Hemato 11650 M
! Hepatic 11650 M
Renal 11650 M
Bd Wit 1165 M 11650 M (14% reduced growth)

S103443 H1TV3H ¢

WNINVYN

€01



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure s(gfr(:;:;/ Fret?uency Svst NOAEL Less Serious Serious Reference
(Specific Route)  SYSTEM  (mglkg/day) (mg/kg/day) (mg/kg/day) Chemical Form
41 Rat 30d Bd Wt 6637 (retarded growth) Maynard et al. 1953
(NS) (F) UO2(NO3)2*6H20
42 Rat 4 wk Hemato 45M 9M (5.3 % increased Ortega et al. 1989a
(Sprague- (W) hematocrit, 9% U02(C2H302)2*2H20
Dawley) increased mean
corpuscular hemoglobin
concentration, 7%
increased erythrocytes)
Hepatic 22M 4.5M (28% increased blood
glucose; 34% increased
SGOT, 32% increased
SGPT)
Renal 1.1M (6% increased total
plasma proteins)
43 Mouse 48 wk Bd Wt 462 F Tannenbaum and
(dba) ad lib Silverstone 1951
(F) UO2(NO3)2*6H20
Other 462 F
44 Mouse 18 wk Bd W 925 F Tannenbaum and
(C3H) ad lib Silverstone 1951
UO2(NO3)2*6H20
(F)
Other 925 F
45 Mouse 48 wk Renal 452 M (nodular development on Tannenbaum and
(C3H) ad lib ' kidney surface) Silverstone 1951
UO2F2
(F) ;
46 Mouse 48 wk Renal 452 M (nodular development on Tannenbaum and
(dba) ad lib kidney surface) Sitverstone 1951

F)

UO2F2

S103443 HLTV3IH ¢

WNINVHN

Yol



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure S(sp:r(:iens)/ Fret.]uency s NOAEL Less Serious Serious Reference
(Specific Route)  SYStem  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
47 Dog 30d Gastro 7.7 15.4  (minimal hemorrhagic Maynard and
(Beagle) 6 diwk lesions) Hodge 1949
U0O2F2
(F)
Hepatic 7.7 15.4  (fatty infiltration)
Renal 7.7 15.4 (moderate degeneration or
tubular epithelium)
48 Dog 30d Gastro 15.4 386.4 (hemorrhage) Maynard and
(Beagle) 6 diwk Ecglge 1949
(F)
Hepatic 15.4 386.4 (mild degeneration)
Renal 15.4  (minimal microscopic
lesions in tubular
epithelium)
49 Dog 30d Gastro 5653 Maynard and
(Beagle) 6 diwk Sgcci)%e 1949
(F)
Hepatic 2827 5653  (fatty infiltration)
Renal 5653 (proteinuria; glucosuria;

minimal microscopic
lesions in tubular
epithelium)

S103443 HIVIH ¢

WNINVYHN

SOt



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure S;g:(:i(:‘s;/ Fret-luency s NOAEL Less Serious Serious Reference
(Specific Route)  SYStem  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
50 Dog 30d Gastro 7580 15160  (mild hemorrhage) Maynard and
(Beagle) 6 d/wk Sc;ige 1949
F)
Hepatic 7580 15160 (degenerative fatty
changes)
Renal 3790 (83% increase in blood
urea nitrogen;
proteinuria, glucosuria,
minimal microscopic
lesions in tubular
epitheliumy)
51 Dog 30d Gastro 17.6 441  (slight hemorrhagic Maynard and
(Beagle) 6 dwk lesions) Hodge 1949
() . uo2
Hepatic 17.6 441  (slight degenerative
changes)
Renal 17.6 441  (proteinuria, glucosuria;
minimal microscopic
lesions in tubular
epitheliumy)
52 Dog 30d Gastro 83 416  (hemorrhage) Maynard and
(Beagle) 6 diwk Egdage 1949
(F)
Hepatic 83 416  (slight fatty infiltration)
Renal 83 (severe degeneration
changes in tubular
epithelium)
f
53 Dog 138d Renal 47 95 (elevated NPN and Maynard and
(Beagle) (F) BUN, prqteinuria, Hodge 1949
glucosuria) UO2(NO3)2*6H20

S103443 H1V3H ¢

WNINVHN

90!t



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure s(g:r(:i‘:l ‘c;/ Frec-|uency NOAEL Less Serious Serious Reference
(Specific Route)  SYstem  mgjkg/day) (makg/day) (mglkg/day) Chemical Form
54 Dog 30d Gastro 191 Maynard and
(Beagle) 6 diwk Hodge 1949
F) (NH4)2U207
Hepatic 191
Renal 38 (proteinuria, glucosuria;
minimal microscopic
lesions in tubular
epithelium)
55 Dog 30d Gastro 12 63  (mild hemorrhage) Maynard and
(Beagle) 6 d/wk Scéclii;e 1949
(F)
Hepatic 63 313  (minimal hepatic lesions)
Renal 63 313  (necrosis)
56 Dog 30d Gastro 188 Maynard and
(Beagle) 6 d/wk :0:?;_ é 1;49
(F) @
Hepatic 37 188  (fatty infiltration)
Renal 37 (mild degenerative

changes)

S103443 HITV3H ¢

WNINVHN

201



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Expos_ure/ LOAEL
Key to? Species/ FDuratlon/
figure (gtrain) ret?uency Svst NOAEL Less Serious Serious Reference
(Specific Route) ystem (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
57 Rabbit 91d Resp 28.70 M Gilman et al. 1998b
(New W) 43.02 F UO2(NO3)2*6H20
Zealand)
Cardio 28.70 M
4302 F
Gastro 28.70M
4302 F
Hemato 28.70M
43.02 F
Musc/skel  28.70 M
4302 F
Hepatic 28.70 M
43.02 F
Renal 0.05° M (anisokaryosis, nuclear 0.88 M (interstitial collagen and/or
0.49 F vesiculation) 43.02 F reticulin sclerosis)

Endocr 28.70 M
43.02 F
Bd Wit 28.70M
4302 F
Other 28.70 M
43.02 F

S103443 HIV3H ¢

WNINVHN

801



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? ) Duration/
figure S(gfgif;l Fret?uency NOAEL Less Serious Serious Reference
(Specific Route)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
58 Rabbit 91d Resp 40.98 M Gilman et al. 1998¢c
(New W) UO2(NO3)2*6H20
Zealand)
Cardio 40.98 M
Gastro 40.98 M
Hemato 40.98 M
Musc/skel ~ 40.98 M
Hepatic 1.36 M (variation in nuclear size,
nuclear pyknosis,
extensive cytoplasmic
vacuolization)
Renal 1.36 M (tubular dilation) 40.38 M (glycosuria, proteinuria,
anisokaryosis, nuclear
vesiculation, interstitial
collagen and/or reticulin
sclerosis)
Endocr 40.98 M
Bd Wt 40.98 M
Other 40.98 M
59 Rabbit 30d Renal 2.8 (slight to moderate renal Maynard and
(NS) ) tubutar degeneration) Hodge 1949
UO2(NO3)2*6H20
Bd Wit 2.8 14.2  (20% decreased body
weight)
60 Rabbit 91d Renal 0.93M (increased glomerular McDonald-Taylor et
(New (W) basement membrane al. 1992
Zealand) thickness) U0O2(NO3)2*6H20

S103443 HLTVaH ¢

WNINVHN

601



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure S(gte::ﬁ‘s)/ Frec-|uency Svst NOAEL Less Serious Serious Reference
{Specific Route) ystem.  (mg/kg/day) (mg/kg/day) {mg/kg/day) Chemical Form

61 Rabbit 91d Renal 0.93M (tubular debris, McDonald-Taylor et
(New (W) interstitial fibrosis, al. 1997
Zealand) splitting and thickening UO2(NO3)2*6H20

of basal lamina,

increased size of

lysosomes and

mitochondria)
Immunological/Lymphoreticular

62 Rat 28d 353 M Gilman et al. 1998a
(Sprague- (W) 400 F UO2(NO3)2*6H20
Dawley)

63 Rat 91d 7.54 M 36.73 M (sinus hyperplasia in Gilman et al. 1998a
Dawley)

64 Rabbit 91d 28.70 M Gilman et al. 1998b
(New W) 43.02 F UO2(NO3)2*6H20
Zealand)

Neurological

65 Rat 28d 353M Gilman et al. 1998a
(Sprague- (W) 400 F UO2(NO3)2*6H20
Dawley)

66 Rat 91d 36.73 M Gilman et al. 1998a
(Sprague- (W) 53.56 F UO2(NO3)2*6H20
Dawley) ‘

67 Rabbit 91d 28.70 M Gilman et al. 1998b
(New W) 43.02 F UO2(NO3)2*6H20

Zealand)

S103443 H1vaH ¢

WNINVHN

OLL



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

WNINYYN

Exposure/ LOAEL
Key to? . Duration/
fiqure S;SJ:cl.esl Frequency NOAEL Less Serious Serious Reference

gure (Stan) - specific Route)  System  (mgjkg/day) (mglkg/day) Chemical Form
Reproductive

68 Rat 28d 353M Gilman et al. 1998a
(Sprague- (W) 40.0 F UO2(NO3)2*6H20
Dawley)

69 Rat 91d 36.73 M Gilman et al. 1998a
(Sprague- W) 5356 F UO2(NO3)2*6H20
Dawley)

70 Mouse 64d 11.2 M (significantly reduced sperm Llobet et al. 1991
(Swiss- w) counts) UO2(C2H302)2*2H20
Webster)

71 Mouse 4-8 wk 14 Paternain et al.

. 1989
Swiss- G
\(Nebster) W UO2(C2H302)2*2H20

72 Rabbit 91d 2870 M Gilman et al. 1998b
(New (W) 4302 F UO2(NO3)2*6H20
Zealand)

Developmental

73 Mouse 30d 28  (decrease in litter size on Domingo et al.
(Swiss- 1 x/d postnatal day 21; decreased 1989
Webster) (G) day 21 viability index) UO2(C2H302)2*2H20

74 Mouse 4-8 wk 6 14 (embryolethality) Paternain et al.

1989

Swiss- :
( (GwW) | U02(C2H302)2*2H20

Webster)

S103443 HITV3H ¢

Lt



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Kev to? Duration/
y Speci‘es/ Frequency NOAEL Less Serious Serious Reference
figure  (Strain) (gpecific Route) System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
CHRONIC EXPOSURE
Death
75 Rat 2yr 308  (100% mortality) Maynard and
(NS) (F) ,\I-/Ilodge 1949;
aynard et al. 1953
uo2
76 Rat 2yr 135.2 M (6-12% mortality) Maynard and
(NS) (F) Hodge 1949;
Maynard et al. 1953
UO2F2
270 F (57% mortality)
Systemic
77 Rat 2yr Hemato 16.6 33  (mild anemia; increased Maynard and
(NS) (F) leucocyte count) I’\"/Iodge 1949;
aynard et al. 1953
} UO2(NO3)2*6H20
Renal 16.6 33  (minimal microscopic
lesions in tubular
epithelium)
78 Rat 2yr Bd Wt 135.2M 270 M (30% decrease in body Maynard and
(NS) (F) weight) Hodge 1949;
Maynard et al. 1953
UO2F2
1352 F 270 F (29% decrease in body
weight)
79 Rat 2yr Hemato 12341 Maynard and
) Hodge 1949;
(NS) F) ! Maynard et al. 1953
Uo2
Renal 12341
Bd Wt 12341

S103443 HLTVaH ¢

WNINVHN

clt



Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/ LOAEL
Key to? . Duration/
figure s(g:::if;/ Fre(_]uency NOAEL Less Serious Serious Reference
(Specific Route)  System  mgjkg/day) (mg/kg/day) (mg/kg/day) Chemical Form
80 Rat 2yr Hemato 10611 Maynard and
NS Hodge 1949,
(NS) ) Maynard et al. 1953
UF4
Renal 1061 10611  (mild renal tubular
degeneration)
Bd Wt 10611
81 Dog 1yr Resp 95 L/Iagnar;igir;d
(NS) F odge
®) UO2(NO3)2*6H20
Renal 47 95 (elevated NPN, BUN;
glucosuria, proteinuria)
Bd Wit 95
82 Dog 1yr Hemato 31 Maynard and
Beagl Hodge 1949;
(Beagle) ) Maynard et al. 1953
ucL4
Renal 6.3 31  (mild glucosuria,
proteinuria)
83 Dog 1yr Renal 8 Maynard and
aynard et al. 1953
UO2F2

Bd Wit 8
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Table 2-3. Levels of Significant Exposure to Uranium - Chemical Toxicity - Oral (continued)

Exposure/

Duration/

Frequency
(Specific Route)

a
Keyto' gpecies/
figure (Strain)

System

NOAEL
(mg/kg/day)

LOAEL

Less Serious
(mg/kg/day)

Serious
{mg/kg/day)

Reference
Chemical Form

Reproductive

84 Rat 2yr
(NS) F)

331 M (testicular degeneration)

Maynard et al. 1953
UO2(NO3)2*6H20

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

bUsed to derive an intermediate-duration oral exposure minimum risk level (MRL) of 0.002 mg/kg/day; adjusted by an uncertainty factor of 30 (3 for use of a minimal LOAEL and 10

for variability among humans)

ad lib = ad libitum; Bd Wt = body weight; BUN = blood urea nitrogen; Cardio = cardiovascular; d = day(s); Endocr = endocrine; F = female; (F) = food; (G) = gavage; Gastro =
gastrointestinal; Gd = gestational day; (GW) = gavage in water; Hemato = hematological; LD,, = lethal dose, 50% kill; LOAEL = lowest-observable-adverse-effect level; M = male,
NOAEL = no-observable-adverse-effect level; NPN = nonprotein nitrogen; NS = not specified; Resp = respiratory; (W) = water; wk = week(s), x = times; yr = year(s)
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral
Chemical Toxicity - Acute (< 14 days)
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral (cont.)

Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral (cont.)

Chemical Toxicity - Intermediate (15-364 days)
Systemic
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral (cont.)
Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral (cont.)

Chemical Toxicity - Intermediate (15-364 days)
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Figure 2-3. Levels of Significant Exposure to Uranium - Oral (cont.)

Chemical Toxicity - Chronic (2365 days)
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Animal data are lacking regarding musculoskeletal, metabolic, dermal, or ocular effects following oral
exposure to uranium and its compounds for all durations. Similarly, no animal studies were located on
the hematological effects of uranium in animals following acute-duration oral exposure or on the cardio-
vascular, endocrine, or other systemic effects following acute- or chronic-duration oral exposure. Data
exist for the respiratory, renal, and body weight effects following oral exposure of animals to uranium for
all durations. However, the existing data on the hematological, cardiovascular, hepatic, and other
systemic effects of uranium in animals are limited to acute- or chronic-duration inhalation exposure; data

on the gastrointestinal effects are limited to acute-duration exposure.

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
systemic effects from chemical exposures to uranium by the oral route are presented in Table 2-3 and

plotted in Figure 2-3.

Respiratory Effects. Respiratory effects from oral exposure to uranium are unlikely. In an acute-
duration animal study, no adverse effects on the respiratory system were reported in rats given single oral
doses of 118 mg uranium per kilogram body weight per day (U/kg/day) as uranyl acetate dihydrate
(Domingo et al. 1987).

In intermediate-duration exposures, Sprague-Dawley rats (10/sex/dose) were exposed to uranium as
uranyl nitrate in the drinking water (males: up to 35.3 mg/kg/day; females: up to 40.0 mg/kg/day) for 28
days and then sacrificed. No treatment-related histopathological changes were found, and no changes in
lung weights were noted (Gilman et al. 1998a). In several 30-day dietary studies, no adverse effects on
the respiratory system were reported in rats exposed to 6,637 mg U/kg/day as uranyl nitrate hexahydrate,
8,769 mg U/kg/day as uranium tetrachloride, 11,033 mg U/kg/day as uranium peroxide, 10,611 mg
U/kg/day as uranium tetrafluoride, 10,818 mg U/kg/day as uranyl fluoride, 12,342 mg U/kg/day as
uranium dioxide, 8.167 mg U/kg/day as uranyl acetate dihydrate, or 11,650 mg U/kg/day as uranium
trioxide (Maynard and Hodge 1949; Maynard et al. 1953; Stokinger et al. 1953). Lengthening the
duration of exposure to uranium failed to produce detectable lesions in lungs of laboratory animals.
Sprague-Dawley rats (15/sex/dose) were exposed to uranium as uranyl nitrate in drinking water (males:
up to 36.73 mg/kg/day; females: up to 53.56 mg/kg/day) for 91 days and were sacrificed. No treatment-
related histopathological changes were found in the lungs, and no changes in lung weights were noted

(Gilman et al. 1998a). In addition, New Zealand rabbits were exposed to uranium as uranyl nitrate in the
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drinking water (males: up to 28.70 mg/kg/day; females: up to 43.02 mg/kg/day) for 91 days. No
treatment-related histopathological changes were found, and no changes in lung weights were noted
(Gilman et al. 1998b). Male New Zealand rabbits were also exposed to uranium as uranyl nitrate in
drinking water (1.36 and 40.98 mg/kg/day) for 91 days, again with no histopathological or organ weight
changes found (Gilman et al. 1998c).

In chronic-duration feeding studies, no adverse effects on the respiratory system were reported in 1-year
studies of dogs given oral doses of 31 mg U/kg/day as uranium tetrachloride, 3,790 mg U/kg/day as
uranium hexachloride, 8 mg U/kg/day as uranyl fluoride, or 4,407 mg U/kg/day as uranium dioxide
(Maynard and Hodge 1949; Maynard et al. 1953). In 2-year studies, the respiratory system was
unaffected in dogs and rats given 2 mg U/kg/day as uranyl nitrate hexahydrate and in rats given

12,141 mg U/kg/day as uranium dioxide, 664 mg U/kg/day as uranyl nitrate hexahydrate,

10,611 mg U/kg/day as uranium tetrafluoride, or 405 mg U/kg/day as uranyl fluoride (Maynard and
Hodge 1949; Maynard et al. 1953; Stokinger et al. 1953).

Cardiovascular Effects. Cardiovascular effects following intake of uranium are unlikely. One case
report documented a cardiovascular effect that was possibly related to uranium exposure in a male
admitted to the hospital following deliberate ingestion of 15 g of uranyl acetate, along with an unknown
quantity of benzodiazepine, in a failed suicide attempt. While body weight was not reported, the dose
would be approximately 131 mg U/kg for a 70 kg reference man. Initial blood chemistry was
unremarkable, and decreased cardiac output was consistent with ingestion of benzodiazepam. The patient
was reported to have suffered from myocarditis resulting from the uranium ingestion, resolving 6 months

after the ingestion (Pavlakis et al. 1996).

The available studies in animals have found no adverse cardiovascular effects following oral exposures
for up to 30 days to uranium compounds. In one study, Sprague-Dawley rats (10/sex/dose) were exposed
to uranium as uranyl nitrate in drinking water (males: up to 35.3 mg/kg/day; females: up to 40.0
mg/kg/day) for 28 days and sacrificed. No cardiac histopathological changes were found, and no changes
in heart weights were noted (Gilman et al. 1998a). No changes in the heart or blood vessels were
observed in rats following oral exposure to doses as high as 9,393 mg U/kg/day as uranyl nitrate
hexahydrate, 8,769 mg U/kg/day as uranium tetrachloride, 11,033 mg U/kg/day as uranium peroxide,
10,611 mg U/kg/day as uranium tetrafluoride, 10,819 mg U/kg/day as uranyl fluoride,
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12,342 mg U/kg/day as uranium dioxide, 11,650 mg U/kg/day as uranium trioxide, or 7,859 mg U/kg/day
as uranyl acetate dihydrate (Maynard and Hodge 1949). Sprague-Dawley rats (15/sex/dose) were
exposed to uranium as uranyl nitrate in drinking water (males: up to 36.73 mg/kg/day; females: up to
53.56 mg/kg/day) for 91 days and sacrificed. No uranium-related histopathological changes were found
in the heart, and no changes in heart weights were noted (Gilman et al. 1998a). In addition, New Zealand
rabbits were exposed to uranium as uranyl nitrate in the drinking water (males: up to 28.70 mg/kg/day;
females: up to 43.02 mg/kg/day) for 91 days. No treatment-related cardiac histopathological changes
were noted, and no changes in heart weights were detected (Gilman et al. 1998b). Male New Zealand
rabbits also were exposed to uranium as uranyl nitrate in drinking water (1.36 and 40.98 mg/kg/day) for

91 days, with no histopathological or organ weight changes (Gilman et al. 1998¢).

Gastrointestinal Effects. A volunteer given a single dose of 1 g uranyl nitrate (14.3 mg/kg) and
observed for clinical signs and symptoms within 24 hours after intake suffered acute nausea, vomiting,
and diarrhea within a few hours of administration. All clinical signs returned to normal within 24 hours
after administration of the oral uranyl nitrate dose (Butterworth 1955). Paralytic ileus was reported in a
male after the deliberate ingestion of 15 g uranyl acetate (Pavlakis et al. 1996). While body weight was
not reported, the dose would be approximately 131 mg U/kg for a 70 kg reference man. No other reports
of gastrointestinal effects after acute-duration exposure to uranium in either humans or laboratory animals

were available.

Studies of intermediate-duration exposure to uranium compounds were available for laboratory animals.
In one study, Sprague-Dawley rats (10/sex/dose) were exposed to uranium as uranyl nitrate in the
drinking water (males: up to 35.3 mg/kg/day; females: up to 40.0 mg/kg/day) for 28 days and sacrificed.
No treatment-related histopathological changes were found, and no changes in organ weights were noted
(Gilman et al. 1998a). In a study of longer duration, Sprague-Dawley rats (15/sex/dose) were exposed to
uranium as uranyl nitrate in drinking water (males: up to 36.73 mg/kg/day; females: up to

53.56 mg/kg/day) for 91 days and then sacrificed. No treatment-related histopathological changes were
found in the gastrointestinal tract, and no changes in stomach and intestinal weights were noted (Gilman
et al. 1998a). In addition, New Zealand rabbits were exposed to uranium as uranyl nitrate in the drinking
water (males: up to 28.70 mg/kg/day; females: 0 up to 43.02 mg/kg/day) for 91 days. No treatment-
related histopathological changes were found, and no changes in organ weights (i.e., colon, duodenum,

stomach [gastric cardia, fundus, and pylorus]) were noted (Gilman et al. 1998b). Male New Zealand
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rabbits were exposed to uranium as uranyl nitrate in drinking water (1.36 and 40.98 mg/kg/day) for 91

days, with no histopathological or organ weight changes found (Gilman et al. 1998¢).

Hematological Effects. In one case report, a male (no age or weight given), was admitted to hospital
following the deliberate ingestion of 15 g of uranyl acetate, along with an unknown quantity of
benzodiazepine, in a failed suicide attempt. While body weight was not reported, the dose would be
approximately 131 mg U/kg for a 70 kg reference man. Initial blood chemistry was unremarkable;
however, an anemia developed and continued to progress over the next 8 weeks, along with persistent
renal dysfunction (Pavlakis et al. 1996). While the authors attributed the renal dysfunction to uranium
ingestion, the etiology of the anemia was unknown. The patient also suffered from peptic ulcer disease

which may have been related to the anemia.

The majority of animal studies show no effect of uranium on hematological parameters after oral
exposure. Exposure to uranium as uranyl nitrate in drinking water had no hematological effects in
Sprague-Dawley rats after 28 days (up to 40 mg U/kg/day) or 91 days (up to 53 mg U/kg/day) (Gilman et
al. 1998a), or in New Zealand rabbits after 91 days (up to 43 mg U/kg/day) (Gilman et al. 1998b, 1998c).
Exposure to a variety of uranium compounds in feed had no effect on hematological parameters in
intermediate- and chronic-duration studies (Maynard and Hodge 1949). One study reported a significant
increase in the hematocrit and hemoglobin values, the mean corpuscular hemoglobin concentration, and
the number of erythrocytes at 9 mg U/kg/day as uranyl acetate in drinking water for 4 weeks, but not at

4.5 mg U/kg/day and lower doses (Ortega et al. 1989a).

In a chronic-exposure feeding study, mild anemia and an increased leucocyte count were observed in rats
given uranyl nitrate hexahydrate doses corresponding to 33 mg U/kg/day for 2 years (Maynard and
Hodge 1949; Maynard et al. 1953).

Musculoskeletal Effects. In one human case report, a human male (no age or weight given), was
admitted to hospital following the deliberate ingestion of 15 g of uranyl acetate, along with an unknown
quantity of benzodiazepine, in a failed suicide attempt. While body weight was not reported, the dose
would be approximately 131 mg U/kg for a 70 kg reference man. The patient suffered from increasing

rhabdomyolysis (biochemically characterized by increased creatine kinase). At 6 months following the
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initial toxic insult, the rhabdomyolysis had resolved, and the subject showed no residual signs of muscle

toxicity (Pavlakis et al. 1996). The etiology of this effect is unknown.

In the available animal studies, the existing data provide evidence that uranium exposure does not cause
detectable damage to the musculoskeletal system. Histopathological examination of muscle after
exposure to uranium in drinking water as uranyl nitrate showed no effects in Sprague-Dawley rats after
28 days (up to 40 mg U/kg/day) or 91 days (up to 53 mg U/kg/day) (Gilman et al. 1998a), or in New
Zealand rabbits after 91 days (up to 43 mg U/kg/day) (Gilman et al. 1998b, 1998c).

Hepatic Effects. Few human data are available on the hepatic effects of uranium. In one case report,
a human male (no age or weight given), was admitted to hospital following the deliberate ingestion of

15 g of uranyl acetate, along with an unknown quantity of benzodiazepine, in a failed suicide attempt.
While body weight was not reported, the dose would be approximately 131 mg U/kg for a 70 kg reference
man. The patient suffered from increasing liver dysfunction, characterized by increased serum levels of
ALT, AST, and GGK. Six months following the initial toxic insult, the patient had no residual signs of
hepatic toxicity (Pavlakis et al. 1996). The etiology of this effect is unknown, although histological signs

of hepatic toxicity have been observed in animals after oral exposure to uranium.

In the available animal studies, the existing data provide evidence that uranium exposure can damage the
liver, although the etiology for this effect is not certain. In an acute-duration study in which Sprague-
Dawley rats were given single gavage doses of 5.6 or 118 U/kg as uranyl acetate dihydrate,

microhemorrhagic foci in the liver were observed at both doses tested (Domingo et al. 1987).

Ingested uranium doses were also hepatotoxic to dogs in studies of intermediate-duration exposure.
When uranyl fluoride was tested at 7.7, 15.4, 77.3, 386.7, or 3,864 mg U/kg/day for 30 days, fatty
infiltration was seen in dogs at the 15.4 mg U/kg/day dose level (Maynard and Hodge 1949). In other
tests, uranium tetrachloride induced minimal hepatic lesions at a dose level of 313 mg U/kg/day; uranium
peroxide induced mild degeneration at a dose level of 386 mg U/kg/day; uranium dioxide induced mild
degeneration at a dose level of 441 mg U/kg/day; uranium trioxide induced slight fatty infiltration at a
dose level of 416 mg U/kg/day; triuranium octaoxide induced mild fatty changes at a dose level of

5,653 mg U/kg/day; sodium diuranate induced mild degeneration at a dose level of 37.5 mg U/kg/day;
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uranium tetrafluoride caused degenerative fatty changes at a dose level of 15,159 mg U/kg/day; and
uranyl nitrate hexahydrate induced minimal hepatic degeneration at a dose level of 237 mg U/kg/day

(Maynard and Hodge 1949).

Hepatic toxicity was also found several other studies. In one study, Sprague-Dawley rats (15/sex/dose)
were exposed to uranium as uranyl nitrate in drinking water (males: up to 36.73 mg/kg/day; females: up
to 53.56 mg/kg/day) for 91 days and then sacrificed. Hepatic lesions, which included anisokaryosis,
vesiculation, increased portal density, perivenous vacuolation, and homogeneity, were observed in the
liver at all doses (Gilman et al. 1998a), although the dose ranging portion of this study found no effects at
essentially the same doses as those discussed below (Gilman et al. 1998¢). However, in New Zealand
rabbits exposed to uranium as uranyl nitrate in the drinking water (males: 0, 0.05, 0.20, 0.88, 4.82, and
28.70 mg/kg/day; females: 0, 0.49, 1.32, and 43.02 mg/kg/day) for 91 days, no treatment-related
histopathological changes were found, and no changes in liver weights were noted (Gilman et al. 1998b).
In contrast, another study by the same investigator in male New Zealand rabbits exposed to uranium as
uranyl nitrate in drinking water (1.36 and 40.98 mg/kg/day) for 91 days found irregular accentuation of
zonation in the liver, accompanied by increased variation in hepatocellular nuclear size, nuclear pyknosis,
and extensive cytoplasmic vacuolization. These changes were found to be treatment-related but not

dose-related (Gilman et al. 1998c).

In other intermediate-duration studies, no effects were seen on the liver of dogs given oral doses of

9,393 mg U/kg/day as uranyl nitrate hexahydrate or 191 mg U/kg/day as ammonium diuranate for 30 days
(Maynard and Hodge 1949). Similarly, no effects were seen on the liver of rats given oral doses of

8,769 mg U/kg/day as uranium tetrachloride, 11,033 mg U/kg/day as triuranium peroxide,

10,818 mg U/kg/day as uranyl fluoride, 12,342 mg U/kg/day as uranium dioxide, 11,650 mg U/kg/day as
triuranium trioxide, or 7,859 mg U/kg/day as uranium acetate dihydrate for 30 days (Maynard and Hodge
1949). Sprague-Dawley rats (10/sex/dose, 60 g) were exposed to uranium as uranyl nitrate in drinking
water (males: up to 35.3 mg/kg/day; females: up to 40.0 mg/kg/day) for 28 days and then sacrificed. No
treatment-related histopathological changes were found, and no changes in liver weights were noted

(Gilman et al. 1998a).

Renal Effects. Uranium has been identified as a nephrotoxic metal, exerting its toxic effect by
chemical action mostly in the renal proximal tubules of humans and animals. In this regard, uranium is a

less potent nephrotoxin than the classical nephrotoxic metals (cadmium, lead, mercury) (Goodman 1985).
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Few human data are available that adequately describe the dose-response toxicity of uranium after an oral
exposure. In one human case report study, a male (no age or weight given), was admitted to hospital
following the deliberate ingestion of 15 g of uranyl acetate, along with an unknown quantity of benzo-
diazepine, in failed a suicide attempt. While body weight was not reported, the dose would be approx-
imately 131 mg U/kg for a 70 kg reference man. Initial blood chemistry was normal; however, 16 hours
after admission, his blood urea levels had doubled and creatinine levels had increased 3.5-fold, which
suggested renal damage. A diagnosis of acute nephrotoxicity from heavy metal exposure was made, and
chelation therapy with Ca-EDTA, sodium bicarbonate, and mannitol was initiated. His plasma uranium
on the day following commencement of chelation therapy was 3.24 pmol/L, decreasing to 1.18 pmol/L
after 5 days of chelation and dialysis. Chelation therapy was then stopped; however, dialysis continued
for 2 weeks at which point kidney function recovered sufficiently to allow withdrawal of dialysis therapy.
The patient’s anemia persisted over the next 8 weeks, along with persistent renal dysfunction. Additional
chelation therapy was initiated with both Ca EDTA and Ca DTPA (diethylenetriamine pentaacetic acid)
without success. At 6 months following the initial toxic insult, the patient still suffered from an
incomplete Fanconi syndrome (renal tubular acidosis) requiring supplemental sodium bicarbonate therapy
on a daily basis (Pavlakis et al. 1996). The authors suggested that pre-existing peptic ulcer disease in this
patient may have exacerbated toxicity by increased absorption of uranium through the damaged stomach

mucosal layer.

Although there is little additional information about renal effects in humans following oral exposure to
uranium compounds, there is sufficient information in animals with high exposures to both soluble and
insoluble uranium to permit the conclusion that uranium has a low order of metallotoxicity in mammals.
Many of the nonradioactive heavy metals such as lead, arsenic, and mercury would produce severe,
perhaps fatal, injury at the levels of exposure reported for uranium in the literature. The negative findings
regarding renal injury among workers exposed over long time periods to insoluble compounds are
particularly significant in view of the high levels of exposure reported (Eisenbud and Quigley 1955). The
pathogenesis of the kidney damage in animals indicates that regeneration of the tubular epithelium occurs
in survivors upon discontinuation of exposure to uranium (Bentley et al. 1985; Dygert 1949b; Maynard

and Hodge 1949; Pozzani 1949; Rothermel 1949; Rothstein 1949c; Spiegl 1949; Stokinger et al. 1953).

Male Sprague-Dawley rats exposed to a single gavage dose of 5.6 mg U/kg suffered slight renal

dysfunction and minimal microscopic lesions in the tubular epithelium (Domingo et al. 1987).
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An intermediate-duration oral study in which dogs were given doses of 37.5 or 187 mg U/kg/day as
sodium diuranate in the diet for 30 days found elevated peak NPN and BUN but not in a dose-dependent
manner. Blood sugar was also slightly elevated. Necropsy findings revealed mild degeneration and
necrosis in the kidneys at the higher dose level but only minimal degeneration and necrosis at

37.5 mg U/kg/day (Maynard and Hodge 1949). In other animal studies, exposure to uranium (uranyl
fluoride, triuranium octaoxide, uranyl nitrate hexahydrate, uranium tetrachloride, uranium peroxide,
ammonium diuranate) at oral doses as low as 0.05 mg U/kg/day and as high as 7,859 mg U/kg/day for
30 days were damaging to the kidneys. Nephrotoxic effects found in these animals ranged from minimal
microscopic lesions in the tubular epithelium (for low doses) to extensive necrosis in the tubular
epithelium (for high doses of soluble compounds) (Maynard and Hodge 1949). No effects on the kidneys
were found in rats similarly exposed to 12,342 mg U/kg/day as uranium dioxide or 11,650 mg U/kg/day
as uranium trioxide for 30 days (Maynard and Hodge 1949); perhaps, this finding was due to the low

gastrointestinal absorption of the insoluble salt.

In intermediate-duration studies, dogs orally exposed to up to 95 mg U/kg/day as uranyl nitrate
hexahydrate for 138 days suffered elevated NPN, BUN, glucosuria, and proteinuria at doses of 95 mg
U/kg/day and higher, no effect was seen at 47 mg U/kg/day (Maynard and Hodge 1949). Exposure of
mice to 452 mg U/kg/day as uranyl fluoride for 48 weeks resulted in the kidneys being tan-gray in color
with nodules on the surface (Tannenbaum and Silverstone 1951). However, the kidneys appeared to be
normal upon microscopic examination. In other studies, Sprague-Dawley rats (10/sex/dose) were
exposed to uranium as uranyl nitrate in drinking water (males: 0.05, 0.27, 1.34, 6.65, 35.3 mg U/kg/day;
females: 0.07, 0.33, 1.65, 7.82, 40.0 mg U/kg/day) for 28 days and then sacrificed. No treatment-related
histopathological changes were found, and no changes in organ weights were noted. The only effect
observed was a significant increase in serum uric acid in females at 40 mg U/kg/day (1.64 vs. 1.18 mg/dL
in controls). This 28-day dose range finding study found few adverse effects at even the highest dose, but
was followed by a 91-day study of the same regimen, with significantly different results. In that study,
Sprague-Dawley rats (15/sex/dose) exposed to uranium as uranyl nitrate in drinking water (males:
<0.0001, 0.06, 0.31, 1.52, 7.54, 36.73 mg U/kg/day; females: <0.0001, 0.09, 0.42, 2.01, 9.98, 53.56 mg
U/kg/day) for 91 days were found to have renal lesions of the tubules (apical nuclear displacement and
vesiculation, cytoplasmic vacuolation, and dilation), glomeruli (capsular sclerosis), and interstitium
(reticulin sclerosis and lymphoid cuffing) observed in the lowest exposure groups. No explanation for the

differences was provided (Gilman et al. 1998a).
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Two studies by MacDonald-Taylor et al. (1992, 1997) produced similar renal lesions in rabbits. In these
studies, weanling New Zealand male rabbits were exposed to uranium for 91 days via drinking water
containing 0, 24, or 600 mg/L uranyl nitrate Doses were not calculated from water intake. Calculations
using default reference values for this species result in doses of 0, 0.93, and 23 mg U/kg/day (EPA 1998).
Each treatment group was divided into 3 subgroups: immediate sacrifice and either 45-day or 91-day
recovery period. At the end of the recovery periods, rabbits were sacrificed and renal sections prepared
for electron microscopy. Thickness of the glomerular basement membrane (GBM) was measured from
electron micrographs. Measurements were taken at approximately 35 um increments; 600-900
measurements were made for each treatment group and recovery period. Uranyl nitrate exposure resulted
in thickening of the membrane in the rabbits. Control thickness was approximately 80 um; the thickness
was 96.3 um immediately after exposure at the low dose and increased to 103 pm after a 91-day recovery.
Initial thickness after 91 days exposure in the high-dose group was 109 um and had increased to 117 pm
after a 91-day recovery period. Similarly, New Zealand rabbits were exposed to uranium as uranyl nitrate
in the drinking water (males: up to 28.70 mg U/kg/day; females: up to 43.02 mg U/kg/day) for 91 days
(Gilman et al. 1998b). Dose-dependent differences consisted of histopathological changes limited
primarily to kidney and were more pronounced in male rabbits. In the males, a significant increased
incidence of anisokaryosis and nuclear vesiculation was observed in all treated groups. Nuclear pyknosis
and hyperchromicity were observed in all treated groups except in the 0.05 mg U/kg/day treatment group.
Tubular dilation, atrophy, protein casts, and collagen sclerosis were observed at 4.82 and 28.70 mg
U/kg/day. Reticulin sclerosis was observed at 0.88, 4.82, and 28.70 mg U/kg/day. Anisokaryosis and
nuclear vesiculation were observed in all treated female groups. Tubular dilation and atrophy were also
observed. Collagen sclerosis was observed at 43.02 mg U/kg/day, reticulin sclerosis was observed at 0.49
and 43.02 mg U/kg/day. Females drank 65% more water than the males; however, the females appeared
to be less affected by the exposure regimen. These exposed females did develop significant tubular
nuclear pathology in the lowest exposure group, but not to the degree of the exposed males (Gilman et al.
1998b). The LOAEL of 0.5 mg U/kg/day from this study was used to develop an intermediate-duration
MRL of 2.0x10~* mg/kg/day for oral exposure to uranium and is shown in Table 2-3 and plotted in

Figure 2-3.

In another study, male New Zealand rabbits were exposed to uranium as uranyl nitrate in drinking water
(1.36 and 40.98 mg U/kg/day) for 91 days, and were then allowed to recover for several weeks after
dosing ceased (Gilman et al. 1998c). No differences in urinary parameters were noted in any of the

groups exposed to the 1.36 mg U/kg/day dose. Kidney weight as a percentage of body weight was
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significantly increased in the 40.98 mg U/kg/day group (compared to controls) immediately after
exposure, but was not significantly increased after 45 days of exposure. In rabbits exposed to the 40.98
mg U/kg/day dose, urinary output was decreased at week 1, with increased excretion of glucose, protein
and leucine aminopeptidase activity. Similar results were observed at week 4 after dosing began. Seven
days after the start of the recovery period, urinary volume was increased and glucose secretion remained
elevated. Protein and leucine aminopeptidase activity excretion returned to normal. At 3, 5, and 13
weeks post-exposure, urinary parameters were normal. Groups exposed to 40.98 mg U/kg/day had
increases in percentage and total lymphocyte counts after the 91-day recovery period but not at the end of
exposure. Focal dilation of renal proximal tubules was observed in both treated groups accompanied by
cytoplasmic vacuolation. Nuclear changes included apical displacement and irregular placement with
vesiculation, anisokaryosis, and pyknosis. Tubular basement membranes were normal early in injury but
thickened focally during recovery. Changes induced by exposure at 40.98 mg U/kg/day persisted for up to
45 days and in some cases for 91 days (Gilman et al. 1998c).

Endocrine Effects. No endocrine effects after oral intake of uranium have been reported in humans.
Few endocrine effects have been reported after uranium exposure in laboratory animals. In animal
studies, a dose of 0.07 mg U/kg/day as uranyl nitrate hexahydrate for 16 weeks in drinking water resulted
in degenerative changes in the thyroid epithelium and altered thyroid function in Wistar rats
(Malenchenko et al. 1978). Sprague-Dawley rats (10/sex/dose) were exposed to uranium as uranyl nitrate
in drinking water (males: up to 35.3 mg U/kg/day; females: up to 40.0 mg U/kg/day) for 28 days and then
sacrificed. No treatment-related histopathological changes were found in any of the endocrine organs
studied (adrenal, pancreas, parathyroid, pituitary, thymus, thyroid), and no treatment-related changes in
these organ weights were noted (Gilman et al. 1998a). In addition, New Zealand rabbits were exposed to
uranium as uranyl nitrate in the drinking water (males: up to 28.70 mg U/kg/day; females: up to 43.02 mg
U/kg/day) for 91 days. No treatment-related histopathological changes were found, and no weight
changes in the adrenal, pancreas, parathyroid and pituitary glands were noted (Gilman et al. 1998b).

Male New Zealand rabbits exposed to uranium as uranyl nitrate in drinking water (1.36 and 40.98 mg
U/kg/day) for 91 days also failed to show any treatment-related histopathological or organ weight
changes (Gilman et al. 1998c¢). In another study, Sprague-Dawley rats (15/sex/dose) were exposed to
uranium as uranyl nitrate in the drinking water (males: up to 36.73 mg U/kg/day; females: up to 53.56 mg

U/kg/day) for 91 days. Thyroid lesions were observed in both sexes (multifocal reduction of follicular
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size, increased epithelial height in males at 0.31 mg U/kg/day and females at 2.01 mg U/kg/day). A

decreased amount and density of colloid in the thyroid was observed in males only.

Body Weight Effects.  No body weight effects after oral intake of uranium have been reported in

humans.

Oral exposure to uranium compounds has caused body weight effects in animals, but these effects are not
necessarily the result of systemic toxicity. The initial loss of body weight observed in animals exposed to
high doses of uranium in the diet in acute-, intermediate-, and chronic-duration studies is usually
accompanied by decreased food consumption in these animals. The decreased food consumption could
be due to the aversive taste of uranium compounds in food. Subsequent acclimatization of the animals to
the taste would normalize food intake and, consequently, reverse the initial loss of body weight. Thus,
the changes in body weight seen in such studies may be due more to reduction in food consumption due
to distaste than to uranium-specific chemical or radiological toxicity. More recent studies in which sugar
was added to the drinking water of animals to remove the aversive effect of uranium (Ortega et al. 1989a)

support this hypothesis.

Rats given single oral doses of 664 mg U/kg as uranyl nitrate hexahydrate or 55 mg U/kg as uranium
peroxide (Maynard et al. 1953), 7,859 mg U/kg as uranium acetate dihydrate for 30 days (Maynard and
Hodge 1949), or 664 mg U/kg as uranyl nitrate hexahydrate for 30 days in the feed suffered unspecified
decreases in body weight gain (Maynard et al. 1953). Similarly, body weight losses of 18, 35, 27, 20, and
29%, respectively, were observed in rats given oral doses of 886 mg U/kg/day as uranium tetrachloride,
1,081 mg U/kg/day as uranyl fluoride, or 664 mg U/kg/day as uranyl nitrate hexahydrate for 30 days
(Maynard and Hodge 1949); rabbits given oral doses of 14.2 mg U/kg/day as uranyl nitrate hexahydrate
for 30 days (Maynard and Hodge 1949); and rats given oral doses of 270 mg U/kg/day as uranyl fluoride
for 2 years (Maynard and Hodge 1949; Maynard et al. 1953).

No harmful effects on body weight were seen in rats given 12,342 mg U/kg as uranium dioxide or
11,650 mg U/kg as uranium trioxide for 30 days (Maynard and Hodge 1949), mice given 1,100 mg U/kg
as uranyl nitrate hexahydrate for 18 weeks or 462 mg U/kg as uranyl nitrate hexahydrate for 48 weeks
(Tannenbaum and Silverstone 1951), or in Sprague-Dawley rats exposed to uranium as uranyl nitrate in

drinking water at doses up to 35.3 mg U/kg/day (males) and 40 mg U/kg/day (females) for 28 days or up
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to 36.73 mg U/kg/day (males) and 53.56 mg U/kg/day (females) for 91 days (Gilman et al. 1998a). No
alterations in body weights were observed in rats given 12,341 mg U/kg as uranium dioxide or

10,611 mg U/kg as uranium hexafluoride for 2 years, or dogs given 8 mg U/kg as uranyl fluoride or

95 mg U/kg as uranyl nitrate hexahydrate for 1 year (Maynard and Hodge 1949; Maynard et al. 1953). In
animal studies, reduced food intake was observed following a single oral dose of 5.6 mg U/kg as uranyl
nitrate hexahydrate to rats (Domingo et al. 1987) and in a 48-week study in rats and mice at

1,100 mg U/kg/day as uranyl nitrate hexahydrate (Tannenbaum and Silverstone 1951). It has been
suggested that this reduced food intake is a result of loss of appetite due to the unpalatability of the

uranium compounds in the animals' food (Dygert 1949e).

2.2.2.3 Immunological and Lymphoreticular Effects

No information was located regarding the effects of uranium on the immune system in humans following

oral exposure for any duration.

In laboratory animals, oral exposure of rats, mice, and rabbits to uranium had no significant effect on
immune system function. In one study Sprague-Dawley rats (10/sex/dose) were exposed to uranium as
uranyl nitrate in drinking water (males: up to 35.3 mg U/kg/day; females: up to 40.0 mg U/kg/day) for

28 days and then sacrificed. No treatment-related effects were noted in the
immunological/lymphoreticular tissues examined (bone marrow, mesenteric and mediastinal lymph
nodes, spleen, and thymus) (Gilman et al. 1998a). In addition, New Zealand rabbits were exposed to
uranium as uranyl nitrate in the drinking water (males: up to 28.70 mg U/kg/day; females: up to 43.02 mg
U/kg/day) for 91 days. No histopathological changes were found, and no changes in the bone marrow,
mesenteric and mediastinal lymph nodes, or thymus were noted (Gilman et al. 1998b). Rats exposed to
oral doses of 0.07 mg U/kg as uranyl nitrate hexahydrate for 4 weeks showed an increase in spleen weight
but the body weights of both the control and test animals were not provided, making it impossible to
determine whether the net change in spleen weight had any toxicological significance (Malenchenko et al.
1978). Sprague-Dawley rats exposed to uranium as uranyl nitrate in drinking water (males: up to 36.73
mg U/kg/day; females: up to 53.56 mg U/kg/day) for 91 days showed sinus hyperplasia of the spleen in
both sexes at the highest dose (males: 36.73; females: 53.56 mg U/kg/day). No lesions were observed in
bone marrow, mesenteric and medistinal lymph nodes, or in the thymus (Gilman et al. 1998a). In other

studies with mice and rats, no histological changes in the spleen, lymph nodes, or bone marrow were seen
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in the animals following administration of up to 5,000 mg U/kg of various uranium compounds (uranyl
nitrate hexahydrate, uranyl fluoride, uranium dioxide, uranium peroxide, uranium tetrafluoride, uranium
tetrachloride, triuranium octaoxide, or uranium trioxide) in the diet for 48 weeks or 2 years. No
consistent hematological changes were found in hematocrit, hemoglobin, or white blood cell counts
(Maynard et al. 1953; Tannenbaum and Silverstone 1951). No other specific immunological tests were

performed.

2.2.2.4 Neurological Effects

No studies were located for humans regarding neurological effects following oral exposure to uranium

compounds.

No evidence of histological effects in nervous tissue have been reported after oral exposure to uranium
compounds in animal studies, although one study reported clinical signs of neurotoxicity. Piloerection,
tremors, hypothermia, pupillary size decreases and exophthalmos were seen at all dose levels in a study
with Sprague-Dawley rats given single gavage doses of 11, 22, 45, 90, 179, 358, or 717 mg U/kg as
uranyl acetate dihydrate. The signs became more severe as the number of days post-treatment increased
(Domingo et al. 1987). In another study, Sprague-Dawley rats (10/sex/dose) were exposed to uranium as
uranyl nitrate in drinking water (males: up to 35.3 mg U/kg/day; females: up to 40.0 mg U/kg/day) for
28 days and then sacrificed. No treatment-related effects were noted in the three sections of brain
examined histopathologically (Gilman et al. 1998a). No treatment-related effects on the brains of
Sprague-Dawley rats (15/sex/dose) exposed to uranium as uranyl nitrate in the drinking water (males: up
to 36.73 mg U/kg/day; females: up to 53.56 mg U/kg/day) for 91 days were found (Gilman et al. 1998a).
Additionally, New Zealand rabbits exposed to uranium as uranyl nitrate in the drinking water (males: up
to 28.70 mg U/kg/day; females: up to 43.02 mg U/kg/day) for 91 days showed no brain histopathological

changes.

The LOAEL value for this study is presented in Table 2-3 and plotted in Figure 2-3.

2.2.2.5 Reproductive Effects

No human studies were located regarding reproductive effects following oral exposure to uranium

compounds. Limited animal studies have shown some effects on reproductive function but generally no

evidence of histopathological damage to reproductive tissues. No reproductive effects or changes in
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reproductive organ weights were found in the epididymis, testes, ovary, or uterus of Sprague-Dawley rats
(10/sex/dose) exposed to uranium as uranyl nitrate in the drinking water (males: up to 35.3 mg U/kg/day;
females: up to 40.0 mg U/kg/day) for 28 days (Gilman et al. 1998a). No reproductive effects or changes
in reproductive organ weights were found in the epididymis, testes, ovary, or uterus of Sprague-Dawley
rats (15/sex/dose) exposed to uranium as uranyl nitrate in drinking water (males: up to 36.73 mg
U/kg/day; females: up to 53.56 mg U/kg/day) for 91 days (Gilman et al. 1998a). New Zealand rabbits
exposed to uranium as uranyl nitrate in the drinking water (males: up to 28.70 mg U/kg/day; females: up
to 43.02 mg U/kg/day) for 91 days showed no histopathological or organ weight changes in the
epididymis, ovary, testes, or uterus (Gilman et al. 1998b). No effects on fertility were found in mice
given oral gavage doses of 14 mg U/kg/day as uranyl acetate dihydrate in a 4- to 8-week study (Paternain
et al. 1989). In a 64-day study with Swiss-Webster mice, no significant differences in the total
implantations, early and late resorptions, or the number of live and dead fetuses were observed in females
mated with male mice treated with drinking water doses of 45 mg U/kg/day as uranyl acetate dihydrate, as
compared to untreated controls; but a reduced sperm count was observed in the 11.2 mg U/kg/day group
(Llobet et al. 1991). However, in another study, offspring of male Swiss mice exposed to 2.8, 5.6, or

14 mg U/kg/day intragastrically as uranyl acetate dihydrate for 38—60 days before mating with female
mice that had received the same doses orally for 14 days prior to mating exhibited reproductive
abnormalities manifested as reduced implantations and increased fetal resorptions. The average number
of total implantations was only different in the 2.8 mg U/kg/day group (Paternain et al. 1989). Maternal
toxicity (reduced weight gain and food consumption, increased relative liver weight) was seen at all doses
in 20 pregnant Swiss mice given uranyl acetate dihydrate (3, 6, 14, or 28 mg U/kg/day) by gavage on
gestation days (Gds) 615 and sacrificed on Gd 18 to assess potential maternal and fetal toxicity

(Domingo et al. 1989a).

In chronic-duration studies, male rats given high oral doses (331 mg U/kg/day) of uranyl nitrate
hexahydrate in the diet for 2 years developed testicular degeneration; female rats given oral doses of
664 mg U/kg/day as uranyl nitrate hexahydrate for 2 years had reduced litter sizes (Maynard et al. 1953).

Since incidence and dose-response data were not provided in this report, its significance is unclear.

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
reproductive effects from exposure to uranium by the oral route are presented in Table 2-3 and plotted in

Figure 2-3.
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2.2.2.6 Developmental Effects

No studies were located that reported developmental effects in humans following oral exposure to
uranium for any duration. Animal studies indicate that oral exposure to uranium can cause developmental

effects, but only at relatively high doses.

In animal studies, pregnant Swiss mice were exposed to uranium as uranyl acetate dihydrate by gavage in
water at a dose of 0.028, 0.28, 2.8, 28 mg U/kg/day from day 13 of gestation through postnatal day 21.
Treatment had no significant effects on mean litter size at birth or on day 4, but litter size was
significantly decreased at postnatal day 21 at 28 mg U/kg/day (5.5 vs. 8.8 in water-only controls). The
viability index (number of pups viable at day 21/number of pups born) and the lactation index (number of
pups viable at day 21/number of pups retained at day 4) were significantly decreased in the 28

mg U/kg/day group. No significant differences were observed in developmental signs (pinnae unfolding,
lower incisor eruption, eye opening), or in pup weight or body length (Domingo et al. 1989b). Structural

variations were not assessed in this report.

The offspring of male Swiss mice exposed to 2.8, 5.6, and 14 mg U/kg/day intragastrically as uranyl
acetate dihydrate for 38—60 days before mating with female mice that had received the same doses orally
for 14 days prior to mating exhibited developmental defects. The average number of total implantations
was only different in the 2.8 mg U/kg/day group. The numbers of late resorptions and dead fetuses were
significantly increased for the 14 mg U/kg/day group. Significantly reduced viability was observed in the
5.6 mg U/kg/day group. A dose-response relationship was observed for reduced offspring growth as
determined by body weight and body length (Paternain et al. 1989). Similarly, a dose-related fetotoxicity,
manifested as reduced fetal body weight and length, an increase in the incidence of stunted fetuses and
external and skeletal malformations, and developmental variations, was reported in the offspring of

20 pregnant Swiss mice given uranyl acetate dihydrate (3, 6, 14, and 28 mg U/kg/day) by gavage on

Gds 6-15 and sacrificed on Gd 18. External malformations included a significant increase in the
incidence of cleft palate ($6 mg U/kg/day) and hematomas (at 3 and 28 mg U/kg/day). Underdeveloped
renal papillae were seen in the 3 and 14 mg U/kg/day groups. An increase in the incidence of skeletal
abnormalities (bipartite sternebrae and reduced or delayed ossification of the hind limb, fore limb, skull,
and tail) were seen in the 14 and 28 mg U/kg/day groups. Embryolethality was not found at any of the

dose levels tested (Domingo et al. 1989a); however, in another study, embryolethality was found in
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offspring of mice given an oral gavage dose of 14 mg U/kg/day as uranyl acetate dihydrate in a 4-8-week

study (Paternain et al. 1989).

In another study, the mean litter size of the offspring of female Sprague-Dawley rats was significantly
lower (p<0.05) at an oral exposure of 28 mg U/kg/day uranyl acetate dihydrate on postnatal day 21 when
a group of rats were exposed to 0.028, 0.38, 2.8, or 28 mg U/kg/day for 30 days. The viability index (day
21:day 0) and lactation index were also significantly reduced at this exposure level. No differences in the
developmental milestones monitored (pinna attachment, eye opening, incisor eruption) were observed in
the treated animals. Treatment with uranium had no significant effect on length of gestation and sex
ratios and on mean litter size at birth or postnatal day 4 as well as on body weight or pup body length
throughout lactation. There was no significant effect on food consumption during the periods of late

gestation and lactation (Domingo et al. 1989b).

The highest NOAEL values and all reliable LOAEL values in each species and duration category for
developmental effects from exposure to uranium by the oral route are presented in Table 2-3 and plotted

in Figure 2-3.

2.2.2.7 Genotoxic Effects

No information was located regarding the toxic action of uranium on genetic material in humans or

animals following oral exposure for any duration.

Because uranium is a predominantly alpha-emitting radionuclide, current theories on gene mutation and
chromosomal aberrations by high-LET alpha radiation suggest a potential for genotoxicity from
uranium’s radioactivity (BEIR 1980, 1988, 1990; Leach et al. 1970; Morris et al. 1990; Muller et al.
1967; Otake and Schull 1984; Sanders 1986; Stokinger et al. 1953; UNSCEAR 1982, 1986, 1988) (see
Appendix D for a review of the hazards associated with radionuclide exposure). Other genotoxicity

studies are discussed in Section 2.5.
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2.2.2.8 Cancer

No evidence linking oral exposure to uranium to human cancer has been found. Although natural,
depleted, or enriched uranium and uranium compounds have not been evaluated in rodent cancer
bioassays by any route by the NTP (BEIR 1980, 1988, 1990; Hahn 1989; Sanders 1986; UNSCEAR
1982, 1986, 1988), there is potential for the carcinogenicity of uranium, since it emits primarily alpha
radiation. Nevertheless, no evidence has been found to associate human exposure to uranium compounds
and carcinogenesis. The National Academy of Sciences has determined that bone sarcoma is the most
likely cancer from oral exposure to uranium; however, their report noted that this cancer has not been
observed in exposed humans and concluded that exposure to natural uranium may have no measurable

effect (BEIR 1V).

Similarly, the results of several oral studies with uranium in several species were negative for evidence of

cancer induction (Maynard and Hodge 1949; Maynard et al. 1953; Tannenbaum and Silverstone 1951).

No studies were located that provided evidence that oral exposure of humans to uranium as an
alpha-emitting radiation source causes cancer. The available human data on the relative potential of
ingested radium and uranium isotopes to induce cancers in humans concluded that the cumulative lifetime
risk to 1 million people, each ingesting 5 pCi of a radium isotope (***Ra, **Ra, and ***Ra) per day, for the
induction of skeletal cancers (bone sarcomas and carcinomas of the head sinuses) is 9 bone sarcomas and
12 head carcinomas for *°Ra, 22 bone sarcomas for **Ra, and 1.6 bone sarcomas for ***Ra. Assuming
that the risk per rad of the average skeletal dose is equal for *°Ra and uranium isotopes with half-lives
exceeding 1,000 years, and that the equilibrium skeletal content is 25 times the daily ingestion of **Ra
but 11 times the daily ingestion of long-lived uranium, the cumulative lifespan risk to 1 million people,
each ingesting 5 pCi per day of *U (0.0008 pg), **°U (2.3 pg), or **U (15 png), is estimated to be about
1.5 bone sarcomas. However, no cancers would be expected if the incidence is found to vary with the
square of the dose instead of linearly (Mays et al. 1985). The BEIR IV report came to the same
conclusion, but reserved the opinion that bone sarcomas might be caused by highly enriched uranium.
The report estimated a lifetime risk of excess bone sarcomas per million people of 1.5 if soluble uranium
isotopes were ingested at a constant daily rate of 1 pCi/day (0.037 Bg/day). The number of bone
sarcomas that occur naturally in a population of a million people is 750. However, no quantitative risk
coefficient estimates for developing human exposure protection benchmarks were provided in this report.

In addition, the BEIR IV analysis was presumably based on generic short-lived alpha-emitting sources,
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such as radon that have a higher potential for inducing cancer, and not on radionuclides with relatively
longer radioactive half-lives like 2**U, #°U, and ***U. Perhaps more importantly, the BEIR IV report
concluded that "...exposure to natural uranium is unlikely to be a significant health risk in the population

and may well have no measurable effect” (BEIR IV 1988).

The available long-term feeding studies in rats, mice, dogs, and rabbits found no evidence of cancer
induction upon histopathological examination of selected organs and tissues. The available studies tested
mice, dogs, and rabbits with extreme intakes of uranium corresponding to radioactivity exposures of as
high as 1.0x10* nCi/kg/day (3.7x10° Bq/kg/day) (1.5x10* mg U/kg/day) for 30 days (Maynard and Hodge
1949; Tannenbaum and Silverstone 1951) or rats and dogs at 8.2x10° nCi/kg/day (3x10° Bg/kg/day)
(1.2x10* mg U/kg/day) for 2 years (Maynard and Hodge 1949; Maynard et al. 1953).

2.2.3 Dermal Exposure

2.2.3.1 Death

No deaths have been reported in humans as a result of dermal exposure to uranium.

Deaths have occurred in animals after dermal exposure to uranium compounds from both single and
repeated exposures. Generally, the more water-soluble uranium compounds were the most toxic and the

rabbit was the most sensitive species. Deaths were due to renal failure.

In a series of 4-hour exposures to uranium compounds followed by washing with detergent and a 30-day
observation period, the lowest reported LD, value was 28 mg U/kg as uranyl nitrate in an ethereal
solution in New Zealand rabbits (Orcutt 1949). Calculated LD, values for identical exposures to uranyl
nitrate were 1,190 mg U/kg for guinea pigs and 4,286 mg U/kg for mice. Insufficient fatalities occurred to
calculate an LD, for rats, but the mortality curve fell between that of the rabbits and the guinea pigs.
Deaths mainly occurred 5 to 7 days after exposure and were due to renal failure. Similar experiments
with other uranium compounds in rabbits using a lanolin vehicle showed that water-soluble compounds
(uranyl fluoride, uranium tetrachloride, uranium pentachloride) were the most toxic; the slightly soluble

compounds (uranium trioxide, sodium diuranate, ammonium diuranate) had intermediate toxicity; and the
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water insoluble compounds (uranium tetrafluoride, uranium dioxide, uranium peroxide, triuranium

octoxide) caused no deaths (Orcutt 1949).

Chemically induced renal failure caused 100% mortality in male Wistar rats after 5 daily exposures to 237
or 1,928 mg U/kg/day as uranyl nitrate hexahydrate or ammonium uranyl tricarbonate, respectively,
applied in a water-Vaseline® emulsion (De Rey et al. 1983). A 60% mortality rate was also reported for
other male Wistar rats that received daily applications of 1,965 mg U/kg as uranyl acetate dihydrate for
1-11 days. No deaths were reported for other Wistar rats similarly treated with 2,103 mg U/kg/day as

ammonium diuranate or to an unspecified dose of uranium dioxide (De Rey et al. 1983).

Intermediate-duration dermal exposure in guinea pigs indicated that smaller repeated doses were better
tolerated than a large single dose when the total exposure was the same. In a 4-week experiment where
exposure was to 379 mg U/kg as uranyl nitrate for 3 days per week, 14% mortality was observed (Orcutt
1949). If the same cumulative dose (4,741 mg U/kg) had been given in a single application, 86%

mortality would have been expected.

The LD, values for each species and other LOAEL values for mortality from exposure to uranium

through the dermal route are presented in Table 2-4.

2.2.3.2 Systemic Effects

No studies were located regarding systemic effects in humans following dermal exposure to uranium

compounds for acute, intermediate, or chronic durations.

No studies were located regarding the respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, or endocrine effects of uranium in animals following acute-, intermediate-, or
chronic-duration exposure; regarding the renal effects following intermediate- or chronic-duration
exposure; regarding the dermal or body weight effects following chronic-duration exposure; or regarding
ocular effects following acute- or chronic-duration exposure. The existing animal data on renal, dermal,

and body weight effects are limited to acute- and intermediate-duration exposures.



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal

Exposure/
Species/ Duration/
(Strain) Frequency

System

NOAEL
(mg/kg)

LOAEL

Less Serious
(ma/kg)

Serious
(mg/kg)

Reference
Chemical Form

ACUTE EXPOSURE

Death
Rat 1-11d
(Wistar) 1x/d
Rat 1-11d
(Wistar) 1x/d
Rat 1-11d
(Wistar) x/d
Rat 4 hr
(Wistar) (EPICU)
Mouse 4 hr
(albino) (EPICU)
Gn pig 4 hr
(EPICU)
Gn pig once
(NS) (EPICU)

237 M (100% mortality
in 5 days)

1965 M (60% mortality
in 11 days)

1928 M (100% mortality

in 5 days)

101 F (LDy)

4286 F (LDy,)

2520 (LDy)

1190  (LDy,)

De Rey et al.
1983

UO2(NO3)2*6H20

De Rey et al.
1983

UO2(C2H302)2*2H20

De Rey et al.
1983

(NH4)8U204(C0O3)3

Orcutt 1949
UO2(NO3)2*6H20

Orcutt 1949
UO2(NO3)2*6H20

Orcutt 1949
ucli4

Orcutt 1949
UO2(NO3)2*6H20

S103443 HLIV3H 2

WNINVYHN

ovlL



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/

Speci_es/ Duration/ System NOAEL Less Serious Serious Reference

(Strain) Frequency (mg/kg) (mg/kg) (mg/kg) Chemical Form
Rabbit 4 hr 344  (67% mortality) Orcutt 1949
(New (EPICU) ucls
Zealand)
Rabbit 4 hr 188  (50% mortality) Orcutt 1949
(New (EPICU) ucla
Zealand)
Rabbit 4 hr 666  (67% mortality) Orcutt 1949
(NEW (EPICU) uo3
Zealand)
Rabbit once 198  (33% mortality) Orcutt 1949
(New 4 hr (NH4)2U207
Zealand) (EPICU)
Rabbit 4 hr 28 (LDs,) Orcutt 1949
(New (EPICU) UO2(NO3)2*6H20
Zealand)
Rabbit 4hr 3091  (83% mortality) Orcutt 1949

UQ2F2

(New Zealand (EPICU)
white, New

Zealand red,

checker,

chinchilia, or

mixed)

S103443 HLWv3AH 2

WNINVHN

(84%



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/
Species/ Duration/ Svst NOAEL Less Serious Serious Reference
(Strain)  Frequency ystem (mg/kg) (mg/kg) (mg/kg) Chemical Form
Systemic
Rat 1-11d Renal 1965 M (renal failure) De Rey et al.
(Wistar) 1983
1x/d UO2(C2H302)2*2H20
Bd Wt 1965 M (70% weight loss)
Dermal 3920 M
Rat 1-11d Dermal 1928 M De Rey et al.
(Wistar) 1x/d 1983
(NH4)8U204(C0O3)3
Bd Wt 1928 M (slight initial weight loss)
Rat 1-11d Renal 2670 M (renal failure) De Rey et al.
(Wistar) 1x/d 1983
(NH4)2U207
Dermal 2670 M (mild lesions)
Bd Wt 2670 M (severe weight loss)
Rat 1-11d Renal 237 M (renal failure) De Rey et al.
(Wistar) 1x/d 1983
UO2(NO3)2*6H20
Dermal 237 M (mild lesion)
Rat once Renal 85 F (proteinuria; minimal Orcutt 1949
(Wistar) (EPICU) microscopic lesions in UO2(NO3)2*6H20
renal tubular epithelium)
!
' Bd Wt 85 F (unspecified decreased

body weight gain)

S103443 HLV3H 2

WNINVHN

44"



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/
Speci_es/ Duration/ System NOAEL Less Serious Serious Reference
(Strain) Frequency (mg/kg) (mg/kg) (mg/kg) Chemical Form
Mouse 4 hr Renal 948 F (moderate tubular Orcutt 1949
(albino) (EPICU) degeneration) UO2(NO3)2*6H20
Bd Wt 948  (unspecified decreased
body weight gain)
Gn pig 4 hr Renal 689  (proteinuria) Orcutt 1949
(NS) (EPICU) ucl4
Bd Wt 689  (10-20% decreased body
weight gain)
Gn pig 4 hr Renal 450 616  (proteinuria) Orcutt 1949
(NS) (EPICU) UO2(N03)2*6H20
Bd Wt 450 616  (unspecified decreased
body weight gain)
Gn pig 4 hr Renal 660  (proteinurea) Orcutt 1949
(NS) (EPICU) ucl4
Bd Wt 660  (10-20% reduction in
weight gain)
Rabbit once Renal 618 (proteinuria) Orcutt 1949
(New (EPICU) UO2F2
Zealand) )
t
Dermal 618

S103443 HLIV3IH ¢

WNINYYN

EvL



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/
Species/ Duration/ Svst NOAEL Less Serious Serious Reference
(Strain)  Frequency ystem (mg/kg) (mg/kg) (mg/kg) Chemical Form

Rabbit 4 hr Renal 344 1 (proteinuria) Orcutt 1949
(New (EPICU) UcClis
Zealand)

Dermal 3441 {moderate skin irritation)
Rabbit 4 hr Renal 666 (proteinuria) Orcutt 1949
(New (EPICU) uUQo3
Zealand)

Dermal 666
Rabbit 4 hr Renal 195  (proteinuria) Orcutt 1949
(New (EPICU) Naz2u207
Zealand)

Dermal 195
Rabbit 4 hr Renal 169 (proteinuria) Orcutt 1949
(New (EPICU) (NH4)2U207
Zealand)

Dermal 169
Rabbit 4 hr Renal 410 Orcutt 1949
(New (EPICU) uo4
Zealand)

Dermal 410
Rabbit 4 hr Renal 458 Orcutt 1949
(New (EPICU) ! uo2
Zealand)

Dermal 458

S103443 HIV3H 2

AWNINYHN

44"



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/
Speci.es/ Duration/ System NOAEL Less Serious Serious Reference
(Strain) Frequency (mg/kg) {mg/kg) (mg/kg) Chemical Form

Rabbit 4 hr Renal 147 Orcutt 1949
(New (EPICU) U308
Zealand)

Dermal 147
Rabbit 4 hr Renal 1.4 (proteinuria) Orcutt 1949
(New (EPICU) UO2(NO3)2*6H20
Zealand)

Dermal 1.4 (moderate erythema)

Bd Wt 6 30  (decreased body weight

gain)

Rabbit 4 hr Renal 98 Orcutt 1949
(New (EPICU) UF4
Zealand)

Dermal 98
Neurological
Rabbit 4 hr 1.4  (irritability, hyperactivity, Orcutt 1949
(New (EPICU) upset equilibrium, rigidity of yooNO3)2*6H20
Zealand) limbs, respiratory arrest)
INTERMEDIATE EXPOSURE
Death
Gn pig 4 wk 379 (14% mortality) Orcutt 1949
(NS) 3 diwk UO2(NO3)2*6H20

(EPICU)

S103443 H1TVaH ¢

WNINYHN

143



Table 2-4. Levels of Significant Exposure to Uranium - Chemical Toxicity - Dermal (continued)

LOAEL
Exposure/
Species/ Duration/ NOAEL Less Serious Serious Reference
(Strain)  Frequency System (mg/kg) (mg/kg) {ma/kg) Chemical Form
Gn pig 4 wk 47  (12% mortality) Orcutt 1949
(NS) 6 diwk UO2(NO3)2*6H20
(EPICV)
Systemic
Gn pig 4 wk Renal 47 {(proteinuria) Orcutt 1949
(NS) 3-6 d/wk mggkg/ UO2(NO3)2*6H20
(EPICU) ay
Dermal 47 (skin irritation)
Bd Wt 47 161.2  (transitory weight loss)
Rabbit 5 wk Renal 2.3 (proteinuria) Orcutt 1949
(New 5 diwk mgékg/ UO2(NO3)2*6H20
Zealand) (EPICU) ay
Dermal 2.3 (severe dermal ulcers)
Bd Wt 2.3  (temporary weight loss)

WNINVYHN

S103443 H1TV3aH ¢

Bd Wt = body weight; d = day(s); EPICU = epicuticle; F = female; Gn Pig = guinea pig; hr = hour(s); LD,, = lethal dose, 50% kill; LOAEL = lowest-observable-adverse-effect level,
M = mate; min = minute(s); NOAEL = no-observable-adverse-effect level; NS = not specified; occup = occupational; wk = week(s); x = times

9L
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The highest NOAEL values and all reliable LOAEL values in each species and duration category for
adverse systemic effects from chemical exposure to uranium by the dermal route are presented in

Table 2-4.

Renal Effects. Rabbits, guinea pigs, rats, and mice dermally exposed to uranyl nitrate hexahydrate for
1 day showed proteinuria for up to 10 days, followed by recovery to control values. The degree of
proteinuria did not correlate well with the applied dose of uranium. Rabbits had elevated blood NPN at
doses over 270 mg U/kg. The animals that died from dermal exposure to uranium had microscopic renal
damage typical of uranium poisoning. The kidneys of the animals that did not die were essentially
normal, which may reflect repair of acute renal injury (Orcutt 1949). Chemically induced renal failure
caused 100% mortality in male Wistar rats after 5 daily exposures to 237 or 1,928 mg U/kg/day as uranyl
nitrate hexahydrate or ammonium uranyl tricarbonate, respectively, applied in a water-Vaseline®
emulsion (De Rey et al. 1983). Deaths from renal failure were also reported in this study for male Wistar

rats that received daily applications of 1,965 mg U/kg as uranyl acetate dihydrate for 1-11 days.

Dermal Effects. No human studies were located regarding the dermal effects of uranium; however,

no dermal effects were reported in studies of uranium miners, millers, and processors.

In animal studies, application of 41 mg U/kg as uranium pentachloride to the shaved backs of New
Zealand white rabbits resulted in mild skin irritation (Orcutt 1949). Dermally applied uranium was also
damaging to the epidermis in other animal studies. Application of 56.4 mg U/kg as uranyl nitrate
hexahydrate to another group of rabbits resulted in superficial coagulation necrosis and inflammation of
the epidermis, while a dose of 4.2 mg U/kg as uranyl nitrate hexahydrate applied in single or multiple
sites for 5 weeks resulted in severe dermal ulcers. No untreated controls were used in the 5-week study
(Orcutt 1949). Moderate erythema was observed in male and female New Zealand white rabbits after
single applications of 1.4 mg U/kg as uranyl nitrate hexahydrate to their uncovered clipped skins (Orcutt
1949). An applied dose of 2,670 mg U/kg as ammonium diuranate for 1-10 daily applications to the
shaved backs of a group of rats resulted in mild lesions on the skin of the rats, while a dose of

237 mg U/kg as uranyl nitrate hexahydrate resulted in disrupted membranes in the cell, mitochondria, and
cell nucleus, as revealed by transmission electron microscopy (TEM). Light microscopy revealed swollen
and vacuolated epidermal cells and damage to hair follicles and sebaceous glands in the uranyl nitrate

hexahydrate-treated animals (De Rey et al. 1983).
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No dermal effects were seen following application of a single dose of 618 mg U/kg as uranyl fluoride,
666 mg U/kg as uranium trioxide, 195 mg U/kg as sodium diuranate, 198 mg U/kg as ammonium
diuranate, 410 mg U/kg as uranium peroxide, 458 mg U/kg as uranium dioxide, or 147 mg U/kg as
triuranium octaoxide in 50% aqueous solution to the shaved skin of New Zealand white rabbits (Orcutt
1949). No dermal effects were observed on the shaved backs of New Zealand white rabbits to which a
single dose of 98 mg U/kg as a 65% concentration of the uranium tetrafluoride in lanolin was applied
(Orcutt 1949). Similarly, application of 3,929 mg U/kg as uranyl acetate dihydrate or 2,103 mg U/kg as
ammonium uranyl tricarbonate in water-Vaseline® emulsion to a 3 cm? shaved area of the uncovered
backs of 20 male Wistar rats in 1-10 daily applications had no effect on the skin of the rats (De Rey et al.
1983).

Body Weight Effects. In animal studies, significant weight loss was reported in rats after the
following dermal applications over a 3 cm” area: 3,948 mg U/kg as uranyl nitrate hexahydrate,

3,929 mg U/kg as uranyl acetate dihydrate, 2,103 mg U/kg as ammonium uranyl tricarbonate, or

2,670 mg U/kg as ammonium uranate to rats for 1-10 days (De Rey et al. 1983). Weight loss was also
observed after single applications of 660 or 689 mg U/kg as uranium tetrachloride to guinea pigs, 616 or
948 mg U/kg as uranyl nitrate hexahydrate to mice, 85 mg U/kg as uranyl nitrate hexahydrate to rats, and
43 mg U/kg as uranyl nitrate hexahydrate to rabbits (Orcutt 1949).

Uranium (4.2 mg U/kg/day) applied as uranyl nitrate hexahydrate to the clipped backs of New Zealand
white rabbits for 5 weeks also induced significant weight loss that peaked at 10—15 days after beginning
treatment (Orcutt 1949). However, in several other animal studies, no changes in body weight in New
Zealand white rabbits were reported following single dermal applications of 618 or 804 mg U/kg as
uranyl fluoride, 344 mg U/kg as uranium pentachloride, 666 mg U/kg as uranium trioxide or uranyl
fluoride, 344 mg U/kg as uranyl pentachloride, 195 mg U/kg as sodium diuranate, 198 mg U/kg as
ammonium diuranate, 410 mg U/kg as uranium peroxide, 458 mg U/kg as uranium dioxide, or 147 mg

U/kg as triuranium octaoxide (Orcutt 1949).

2.2.3.3 Immunological and Lymphoreticular Effects

No information was located regarding the effects of uranium on the immunological and lymphoreticular

system in humans and animals following dermal exposure for any duration.
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2.2.3.4 Neurological Effects

No studies were located for humans regarding neurological effects following dermal exposure to uranium
compounds; however, such effects have not been observed in studies involving workers in uranium

mining, milling, and production.

In animal studies, neurological signs observed in rabbits in a test in which single dermal doses of 1.4, 3,
6, 30, or 85 mg U/kg as uranyl nitrate hexahydrate were applied included irritability, hyperactivity, upset
equilibrium, limb rigidity, and respiratory arrest at all doses tested (Orcutt 1949). The LOAEL value for
this study is presented in Table 2-4.

2.2.3.5 Reproductive Effects

No studies were located for humans and animals that described reproductive effects following dermal

exposure to uranium for any duration.

2.2.3.6 Developmental Effects

No studies were located regarding effects of uranium on development in humans or animals following

dermal exposure for any duration.

2.2.3.7 Genotoxic Effects

No information was located regarding the toxicity of uranium to genetic material in humans or animals
following dermal exposure for any duration of exposure. Other genotoxicity studies are discussed in

Section 2.5.

2.2.3.8 Cancer

No information on the cancer effects in humans or animals following dermal exposure to uranium for all

durations of exposure was located; however, such effects have not been observed in studies involving

uranium mining, milling, and production.
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2.3 TOXICOKINETICS

Overview. Absorption of uranium is low by all exposure routes (inhalation, oral, and dermal).
Absorption of inhaled uranium compounds takes place in the respiratory tract via transfer across cell
membranes. The deposition of inhalable uranium dust particles in the lungs depends on the particle size,
and its absorption depends on its solubility in biological fluids (ICRP 1994, 1996) Estimates of systemic
absorption from inhaled uranium-containing dusts in occupational settings based on urinary excretion of
uranium range from 0.76 to 5%. A comprehensive review of the available data for a pharmacokinetic
model used lung absorption factors of 2% to 4% for 3 month old children and 0.2% to 2% for adults,
based on compound absorbability (ICRP 1996). Gastrointestinal absorption of uranium can vary from
<0.1 to 6%, depending on the solubility of the uranium compound. Studies in volunteers indicate that
approximately 2% of the uranium from drinking water and dietary sources is absorbed in humans
(Leggett and Harrison 1995; Spencer et al. 1990; Wrenn et al. 1989), while a comprehensive review
indicates that the absorption is 0.2% for insoluble compounds and 2% for soluble hexavalent compounds
(ICRP 1996). Dermal absorption has not been quantified, but toxicity experiments in animals indicate
that water-soluble uranium compounds are the most easily absorbed. Once in the blood, uranium is
distributed to the organs of the body. Uranium in body fluids generally exists as the uranyl ion (UO,)*
complexed with anions such as citrate and bicarbonate. Approximately 67% of uranium in the blood is
filtered in the kidneys and leaves the body in urine within 24 hours; the remainder distributes to tissues.
Uranium preferentially distributes to bone, liver, and kidney. Half-times for retention of uranium are
estimated to be 11 days in bone and 2—6 days in the kidney. The human body burden of uranium is
approximately 90 pg; it is estimated that 66% of this total is in the skeleton, 16% in the liver, 8% in the
kidneys, and 10% in other tissues. The large majority of uranium (>95%) that enters the body is not
absorbed and is eliminated from the body via the feces. Excretion of absorbed uranium is mainly via the
kidney. The case of Gulf War veterans who were exposed to depleted uranium from inhalation,
ingestion, and wounds, showed average urinary excretion, 7 years post exposure, of 0.08

ng U/g creatinine, with the highest rates around 30 pg/g (McDiarmad et al. 1999b).

2.3.1 Absorption

2.3.1.1 Inhalation Exposure

The deposition of inhalable uranium dust particles in the various regions of the lungs (extrathoracic,

tracheobronchial, and deep pulmonary or alveolar) depends on the size of the particles. Particles larger

than 10 um are likely to be transported out of the tracheobronchial region by mucocilliary action and
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swallowed. Particles that are sufficiently small to reach the alveolar region (#10 um AMAD) may
transfer rapidly or slowly into the blood, depending on the solubility of the uranium compound.
According to the ICRP (1996), a more soluble compound (uranium hexafluoride, uranyl fluoride, uranium
tetrachloride, uranyl nitrate hexahydrate) is likely to be absorbed into the blood from the alveoli within
days and is designated inhalation Type F (fast dissolution). A less soluble compound (uranium
tetrafluoride, uranium dioxide, uranium trioxide, triuranium octaoxide) is likely to remain in the lung
tissue and associated lymph glands for weeks and is designated Type M (medium dissolution). A
relatively insoluble compound (uranium dioxide, triuranium octaoxide) may remain in the lungs for years

and is designated Type S (slow dissolution).

Analysis of excreta of active uranium mill crushermen exposed to ore dust indicated that 1-5% of
uranium entering the lungs was absorbed systemically and excreted in the urine, and 95-99% was
eliminated in the feces. Absorption could have taken place in the lungs or in the gastrointestinal tract
from swallowed particles cleared from the lungs (Fisher et al. 1983). Uranium workers exposed to high
levels of uranium dust had a very low lung burden of uranium, indicating that only a small fraction
penetrates into the alveolar region (West and Scott 1969) and remains there without being cleared (or
being very slowly cleared) via retrograde tracheobronchial mucus transport to the gastrointestinal tract,

into lymph nodes, or dissolved into the circulating blood.

Estimates of absorption into the blood were derived from the excretion data of uranium mill workers
(Wrenn et al. 1985). They estimated the daily mean absorption of inhaled uranium by mill workers at
24 pg U/day (0.34 pg U/kg for 70-kg reference man) based on measured excretion in feces and workplace
ambient air concentrations. The absorption of uranium by these workers was estimated as 0.76% (range,
0.4-1.6%). Control subjects in a study of differential metabolism of **°Th, ***U, and **U inhaled in
uranium ore dust included 3 retired uranium mill workers (4—14 years since last employment as uranium
ore crushermen), and 3 volunteers who lived in uranium milling communities but had no uranium work
history. Two consecutive 24-hour urine and fecal collections were obtained and analyzed for **U and
28U, The apparent total intakes of uranium of these individuals ranged from 11 to 18 pg U/day for the
controls and from 5.3 to 71 pg U/day for the retirees. Although large compared to uranium intakes
estimated for city dwellers, the uranium intakes of these individuals are not unreasonable because

uranium in potable waters and locally grown foods tends to be higher in uranium mining and milling
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communities. The mean uranium absorption calculated for the controls (0.82%; range, 0.6—1%) was not
significantly different from that calculated for the retired uranium workers (0.94%; range, 0.55—1.6%)
(Wrenn et al. 1985).

Urinary excretion data was used to estimate the absorption of uranium by workers accidentally exposed to
uranium hexafluoride (Fisher et al. 1990). Estimated airborne concentrations were 20 mg uranium
hexafluoride/m? for a 1-minute exposure and 120 mg uranium hexafluoride/m* for a 60-minute exposure
(15.2 and 91 mg U/m’, respectively) (USNRC 1986). Initial intakes of workers involved in the accident
ranged from 470 to 24,000 pg uranium.

Higher absorption of uranium occurred in animal studies using aerosols of purified uranium compounds.
In these studies, as in human studies, the solubility of the uranium compound and the size of the inhaled
particles determined absorption. Reported absorption of the inhaled dose was 18—40% in rats and
20-31% in guinea pigs for uranium hexafluoride (Leach et al. 1984) and 23% for uranium trioxide in
dogs (Morrow et al. 1972).

2.3.1.2 Oral Exposure

Experimental studies in humans consistently show that absorption of uranium by the oral route is less
than 5%. Reported fractional absorptions include a range of 0.005-0.05 (0.5-5%) in a group of four
males ingesting 10.8 mg uranium in a soft drink (Hursh et al. 1969), less than 0.0025-0.04 in a group of
12 volunteers given drinking water high in uranium (Wrenn et al. 1989), and 0.005—-0.05 in another
drinking water study (Harduin et al. 1994). Similar results were obtained in dietary balance studies
(Leggett and Harrison 1995; Spencer et al. 1990; Wrenn et al. 1989). A review of human data conducted
by the ICRP determined that a fractional absorption of 0.02 for soluble compounds and 0.002 for

insoluble compounds should be used in modeling the kinetics of dietary uranium in humans (ICRP 1995).

In animal studies, absorption generally increases with increasing solubility of the compound, being
greatest for uranium ingested as uranyl nitrate hexahydrate, uranium hexafluoride or uranyl fluoride,
about half as great for uranium tetroxide or uranium trioxide, and 1-2 orders of magnitude lower for
uranium tetrachloride, triuranium octaoxide, and uranium tetrafluoride (ICRP 1995). Increased

absorption of uranium has been demonstrated in neonatal rats and pigs (ICRP 1995). Fractional
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absorption in 2-day-old rats given uranyl nitrate was estimated as 0.01-0.07, two orders of magnitude

greater than for adults (ICRP 1995).

Evidence from several animal studies showed that the amount of uranium absorbed from the gastro-
intestinal tract was about 1% (Harrison and Strather 1981; Larsen et al. 1984; LaTouche et al. 1987;
Maynard et al. 1953; Sullivan 1980a). A range of gastrointestinal absorption rates of 0.038—0.078% has
been estimated by others based on data from a 2-year study in which rats were fed diets containing
0.05-0.5% of soluble uranium compounds (uranyl fluoride or 0.5-2% of uranyl nitrate). The rate of
absorption appeared to be independent of concentration of uranium in the diet (Wrenn et al. 1985).
Absorption factors in rats that were exposed by gavage to doses of ***U-uranyl nitrate hexahydrate (where
this anthropogenic radionuclide provided increased sensitivity without competition with natural isotopes)
increased 3.4 times over normal in rats that were iron-deficient (Sullivan and Ruemmler 1988), doubled
in rats that were fasted (Sullivan et al. 1986), and increased 3.6 times in neonates as compared to adults
(Sullivan 1980b). Adult baboons (fed normally) absorbed about 0.5%, whereas fasted baboons absorbed
an average of 4.5% (Bhattacharyya et al. 1989). Consistent with the results in baboons, fed and 24-hour
fasted male B6CF,/ANL mice absorbed 0.069% and 0.80%, respectively (Bhattacharyya et al. 1989).

2.3.1.3 Dermal Exposure

Absorption of uranium through the skin has not been characterized in humans. Dermal absorption in
animal models can be inferred from the appearance of toxicity in mice, rats, rabbits, and guinea pigs after
dermal exposure to uranium compounds (Orcutt 1949). Absorption was also shown to occur through the

conjunctival sac of the eye.

Electron microscopy and X-ray microanalytical methods showed that uranium as uranyl nitrate
hexahydrate penetrated the stratum corneum within 15 minutes and accumulated in the intracellular space
between the viable epidermis and the stratum corneum (De Rey et al. 1983). As is the case with
inhalation and oral absorption, water solubility is an important determinant of absorption, and no
penetration was observed with the insoluble compounds uranium dioxide, uranyl acetate, or ammonium
diuranate. After 48 hours, uranium applied as uranyl nitrate was no longer found in the skin and toxicity

developed, indicating that the uranium had been absorbed into the blood.
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2.3.2 Distribution

Absorbed uranium is found in all human tissues, but preferentially deposits in bone and kidney, regardless
of the route of exposure (ICRP 1995, 1996). Although uranium also distributes significantly to liver, this
organ is not a major repository for uranium; however, for modeling purposes, tissue contents are often
normalized to liver concentration because the latter is reported in almost all studies of uranium
biokinetics. The normal adult’s body burden is considered to be approximately 90 pg. It is estimated that
about 66% of this total is in bone, 16% in the liver, 8% in the kidneys, and 10% in other tissues (ICRP
1979, 1995, 1996). It is not known if maternal bone stores of uranium (like those of calcium and lead) are
mobilized during pregnancy and lactation. Uranium can cross the placenta after parenteral administration
in animals; no information was located on distribution of uranium in breast milk for either humans or

animals.

2.3.2.1 Inhalation Exposure

Autopsy data from individuals occupationally exposed to uranium indicates that bone is the primary site
of long term retention of absorbed uranium (ICRP 1995). Inhalation exposure may also result in some
retention of insoluble uranium particles in the lungs. An evaluation of the postmortem data from a
uranium worker who had inhaled a total of 220 mg (147 pCi) uranium over a 3-year period found 11 pg
(7 pCi) uranium in the lungs 13 years after the end of exposure. The total calculated dose equivalent from
the inhaled uranium was 35 rem (0.35 Sv) (Keane and Polednak 1983).

In a comprehensive study of tissues from two long-time residents of New Mexico without known occupa-
tional exposure, the skeleton was the primary depot for uranium (Kathren 1997). Approximately 80 soft
tissue samples and 90 bone samples were analyzed from each subject. The mean uranium concentrations
in bone were 4.8 and 5.8 ng/g wet weight for the two subjects, respectively. Highest concentrations of
uranium in soft tissues were in the tracheobronchial and other pulmonary related lymph nodes indicating
uranium-bearing particulate clearance from the lungs. Concentrations in pulmonary lymph nodes ranged

from 16-28 ng/g in one individual to 29-259 ng/g wet weight in the other.

Urinary excretion data were used in a kinetic model to estimate the maximum uranium kidney concentra-
tions of workers accidentally exposed to uranium hexafluoride (Fisher et al. 1990). Initial intakes of

workers involved in 