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UPDATE STATEMENT
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FOREWORD

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

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

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

Each profile includes the following:

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

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

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

The principal audiences for the toxicological profiles are health professionals at the Federal, State,
and local levels; interested private sector organizations and groups; and members of the public.

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

s (e

Julie Louise Gerberding,

Administra

Agency for Toxic Substances and
Disease Registry
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*Legislative Background

The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public
law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly found at
facilities on the CERCLA National Priorities List and that pose the most significant potential threat to
human health, as determined by ATSDR and the EPA. The availability of the revised priority list of 275
hazardous substances was announced in the Federal Register on October 25, 2001 (66 FR 5401 4). For
prior versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866);
October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067);
October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); February 28, 1994 (59 FR 9486);
April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); and October 21, 1999 (64 FR 56792).
Section 104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological
profile for each substance on the list.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

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

Primary Chapters/Sections of Interest

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

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

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

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

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

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

ATSDR Information Center
Phone: 1-888-42-ATSDR or (404) 498-0110 Fax: (404) 498-0093
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov

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

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity, and numerous chemical-specific case studies.
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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 11—
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care
professionals treating patients exposed to hazardous materials.

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

Other Agencies and Organizations

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

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

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

Referrals

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

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 « Phone: 847-818-1800 « FAX: 847-818-9266.
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CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHOR(S):

John Risher, Ph.D.
ATSDR, Division of Toxicology, Atlanta, GA

A. Rosa McDonald, Ph.D.

Mario J. Citra, Ph.D.

Stephen Bosch, B.S.

Richard J. Amata, M.S.

Syracuse Research Corporation, North Syracuse, NY

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

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

2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review. The Research Implementation Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.
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PEER REVIEW

A peer review panel was assembled for selenium. The panel consisted of the following members:
1.  Orville Levander, Ph.D., Silver Springs, Maryland

2. Gregory Moller, Ph.D., Associate Professor of Environmental Chemistry and Toxicology, Moscow,
Indiana

3. Raghubir Sharma, Ph.D., D.V.M., Professor of Physiology and Pharmacology, Athens, Georgia

These experts collectively have knowledge of selenium's physical and chemical properties, toxicokinetics,
key health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans. All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(I)(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 selenium 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. Selenium has been found in at least 508 of the 1,623 current
or former NPL sites. However, the total number of NPL sites evaluated for selenium is not
known. As more sites are evaluated, the sites at which selenium is found may increase. This
information is important because exposure to selenium at high levels may harm you and because
these sites may be sources of exposure. A minimum dietary level of selenium is required for

good health.

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

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

If you are exposed to selenium, 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/them. You must also consider the other chemicals you're exposed to and your age, sex, diet,

family traits, lifestyle, and state of health.

1.1 WHAT IS SELENIUM?

Selenium is a naturally occurring, solid substance that is widely but unevenly distributed in the
earth's crust. It is also commonly found in rocks and soil. Selenium, in its pure form of metallic
gray to black crystals, is often referred to as elemental selenium or selenium dust. Elemental
selenium is commercially produced, primarily as a by-product of copper refining. Selenium is

not often found in the environment in its elemental form, but is usually combined with other
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substances. Much of the selenium in rocks is combined with sulfide minerals or with silver,
copper, lead, and nickel minerals. Selenium also combines with oxygen to form several
substances that are white or colorless crystals. Some selenium compounds are gases. Selenium
and its compounds are used in some photographic devices, gun bluing (a liquid solution used to
clean the metal parts of a gun), plastics, paints, anti-dandruff shampoos, vitamin and mineral
supplements, fungicides, and certain types of glass. For example, selenium sulfide is used in
anti-dandruff shampoos by the common trade name Selsun Blue. Selenium is also used to
prepare drugs and as a nutritional feed supplement for poultry and livestock. More information
on the chemical and physical properties, production, and uses of selenium are found in

Chapters 4 and 5.

1.2 WHAT HAPPENS TO SELENIUM WHEN IT ENTERS THE ENVIRONMENT?

Selenium occurs naturally in the environment. As an element, selenium cannot be created or
destroyed, although selenium can change forms in the environment. Weathering of rocks and
soils may result in low levels of selenium in water, which may be taken up by plants.
Weathering also releases selenium into the air on fine dust-like particles. Volcanic eruptions
may release selenium in air. Selenium commonly enters the air from burning coal or oil.
Selenium that may be present in fossil fuels combines with oxygen when burned, which may
then react with water to form soluble selenium compounds. Airborne particles of selenium, such
as in ash, can settle on soil or surface water. Disposal of selenium in commercial products and
waste could also increase the amount of selenium in soil. The forms and fate of selenium in soil
depend largely on the acidity of the surroundings and its interaction with oxygen. In the absence
of oxygen when the soil is acidic, the amount of selenium that can enter plants and organisms
should be low. Elemental selenium that cannot dissolve in water and other insoluble forms of
selenium are less mobile and will usually remain in the soil, posing smaller risk of exposure.
Selenium compounds that can dissolve in water are sometimes very mobile. Thus, there is an
increased chance of exposure to these compounds. Selenium may enter surface water in
irrigation drainage waters. Some evidence indicates that selenium can be taken up in tissues of
aquatic organisms and possibly increase in concentration as the selenium is passed up through

the food chain. Selenium concentrations in aquatic organisms have been a problem as a result of
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irrigation runoff in some dry areas of the United States. Chapter 6 contains more information on

what happens to selenium in the environment.

1.3 HOW MIGHT | BE EXPOSED TO SELENIUM?

People are exposed to low levels of selenium daily through food, water, and air. Selenium is also
an essential nutrient for humans and animals. However, selenium can be harmful when regularly
taken in amounts higher than those needed for good health. People receive the majority of their
daily intake of selenium from eating food, and to a lesser extent, from water intake. Estimates of
the average intake of selenium from food for the U.S. population range from 71 to 152 millionths
of a gram of selenium per person per day. Low levels of selenium can also be found in drinking
water. Selenium levels are less than 10 parts of selenium in a billion parts of water (10 ppb) in
99.5% of drinking water sources tested. People may be exposed to higher-than-normal levels of
selenium at hazardous waste sites by swallowing soil or water, or by breathing dust. In some
parts of the United States, especially in the western states, some soils naturally have higher levels
of selenium compounds. Some plants can build up selenium to levels that harm livestock
feeding on them. In these areas, people could be exposed to too much selenium if they eat a lot
of locally grown grains and vegetables or animal products that have built up high levels of
selenium. People may also be exposed to selenium from industrial sources. Humans are
normally not exposed to large amounts of selenium in the air, unless selenium dust or volatile
selenium compounds are formed in their workplace. Occupations in which humans may be
exposed to selenium in the air are the metal industries, selenium-recovery processes, paint
manufacturing, and special trades. Chapter 6 contains more information on how people can be

exposed to selenium.

1.4 HOW CAN SELENIUM ENTER AND LEAVE MY BODY?

Selenium from the environment mainly enters the body when people eat food containing
selenium. The human body easily absorbs the organic selenium compounds (for example,

selenoamino acids) when eaten, and makes them available where needed in the body. The
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selenium in drinking water is usually in the form of inorganic sodium selenate and sodium
selenite; these forms of selenium are also easily absorbed from the digestive tract. The human
body can change these inorganic selenium compounds into forms that it can use. Selenium in the

air may also enter your body when you breathe it.

Hazardous waste sites at which selenium is present could represent a major source of exposure.
The way that selenium can enter the body from a particular site depends on such factors as
whether vegetables are grown in soil in which selenium from the site has been deposited,
whether water at the site contains selenium and is able to flow into drinking water supplies, and
whether selenium dust blows into the air. As mentioned earlier, specific conditions at a site can
greatly influence which selenium compounds form and whether they can move in the
environment to places where people might be exposed. Therefore, it is important to know that
the presence of selenium at a site does not necessarily mean that people are being exposed to it.
Specific tests of locally grown food, drinking water, and air must be done to find out whether
exposure is occurring. You should also be aware that selenium compounds, including those used

in some medicated dandruff shampoos, are not easily absorbed through the skin.

Most of the selenium that enters the body quickly leaves the body, usually within 24 hours.
Beyond what the body needs, selenium leaves mainly in the urine, but also in feces and breath.
Selenium in the urine increases as the amount of the exposure goes up. Selenium can build up in
the human body, however, if exposure levels are very high or if exposure occurs over a long
time. The amount that builds up in the body depends on the chemical form of the selenium. It
builds up mostly in the liver and kidneys but also in the blood, lungs, heart, and testes. Selenium
can build up in the nails and in hair, depending on time and amount of exposure. Chapter 3

contains more information on how selenium enters and leaves the human body.

1.5 HOW CAN SELENIUM AFFECT MY HEALTH?

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

who have been harmed, scientists use many tests.
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One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and
released by the body; for some chemicals, animal testing may be necessary. Animal testing may
also be used to identify health effects such as cancer or birth defects. Without laboratory
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.

The general public rarely breathes high levels of selenium, although some people may be
exposed to selenium dust and selenium compounds in workplace air. Dizziness, fatigue, and
irritation of mucous membranes have been reported in people exposed to selenium in workplace
air at concentrations higher than legal levels. In extreme cases, collection of fluid in the lungs
(pulmonary edema) and severe bronchitis have been reported. The exact exposure levels at
which these effects might occur are not known, but they become more likely with increasing

amounts of selenium and with increasing frequency of exposure.

The normal intake of selenium by eating food is enough to meet the Recommended Daily
Allowance (RDA) for this essential nutrient. However, as discussed in Chapters 2 and 3 of this
profile, selenium compounds can be harmful at daily dietary levels that are higher than needed.
The seriousness of the effects of excess selenium depends on how much selenium is eaten and
how often. Intentional or accidental swallowing of a large amount of sodium selenate or sodium
selenite (for example, a very large quantity of selenium supplement pills) could be life-
threatening without immediate medical treatment. Even if mildly excessive amounts of selenium
are eaten over long periods, brittle hair and deformed nails can develop. In extreme cases,
people may lose feeling and control in arms and legs. These health effects, called selenosis,
were seen in several villages in China where people were exposed to foods high in selenium for
months to years. No human populations in the United States have been reported with long-term
selenium poisoning, including populations in the western part of the country where selenium
levels are naturally high in the soil. Because most people in the United States eat foods produced

in many different areas, overexposure to selenium in food is unlikely to occur.
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In some regions of China where soil levels of selenium are very low, not eating enough selenium
has resulted in health effects. Selenium is used by the body in antioxidant enzymes that protect
against damage to tissues done by oxygen, and in an enzyme that affects growth and metabolism.
Not eating enough selenium can cause heart problems and muscle pain. Muscle pain has also
been noted in people fed intravenously for a long time with solutions that did not contain
selenium. Babies born early may be more sensitive to not having enough selenium, and this may
contribute to lung effects. In the United States, selenium in food is sufficient to meet the RDA

and prevent harmful effects from not enough selenium.

Upon contact with human skin, industrial selenium compounds have been reported to cause
rashes, redness, heat, swelling, and pain. Brief, acute exposure of the eyes to selenium dioxide
as a dust or fume in workplace air may result in burning, irritation, and tearing. However, only
people who work in industries that process or use selenium or selenium compounds are likely to

come into contact with levels high enough to cause eye irritation.

Studies of laboratory animals and people show that most selenium compounds probably do not
cause cancer. In fact, some studies of cancer in humans suggest that lower-than-normal selenium
levels in the diet might increase the risk of cancer. Other studies suggest that dietary levels of
selenium that are higher than normal might reduce the risk of cancer in humans. However,
taking selenium so that your daily amount is greater than that required might just increase your

risk of selenium poisoning.

Based on studies done until 1987, the International Agency for Research on Cancer (IARC)
determined that selenium and selenium compounds could not be classified as to their ability to
cause cancer in humans. However, since then, the EPA has determined that one specific form of
selenium, called selenium sulfide, is a probable human carcinogen. Selenium sulfide is the only
selenium compound shown to cause cancer in animals. Rats and mice that were fed selenium
sulfide daily at very high levels developed cancer. Selenium sulfide is not present in foods, and
it is a very different chemical from the organic and inorganic selenium compounds found in
foods and in the environment. Also, if introduced into the environment, selenium sulfide does

not dissolve readily in water and would probably bind tightly to the soil, further reducing any
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chance of exposure. Because selenium sulfide is not absorbed through the skin, the use of anti-

dandruff shampoos containing selenium sulfide is generally considered safe.

Very high amounts of selenium have caused decreased sperm counts, increased abnormal sperm,
changes in the female reproductive cycle in rats, and changes in the menstrual cycle in monkeys.
The relevance of the reproductive effects of selenium exposure in animals studied to potential
reproductive effects in humans is not known. Selenium compounds have not been shown to

cause birth defects in humans or in other mammals.

Chapter 3 contains more information on the health effects of selenium and selenium compounds

in humans and animals.

1.6 HOW CAN SELENIUM AFFECT CHILDREN?

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

to maturity at 18 years of age in humans.

Children living near selenium waste sites or coal burning plants are likely to be exposed to
higher environmental levels of selenium through breathing, touching soil, and eating
contaminated soil. Children living in areas of China with high selenium in the soil had higher
levels of selenium in the blood than adults from that area. Very few studies have looked at how
selenium can affect the health of children. Children need small amounts of selenium for normal
growth and development. Children will probably show the same sort of health effects from
selenium exposure as adults, but some studies suggest that they may be less susceptible to health

effects of selenium than adults.

We do not know if exposure to selenium could result in birth defects in people. Selenium
compounds have not been shown to cause birth defects in humans or in other mammals. We
have no information to suggest that there are any differences between children and adults in
where selenium is found in the body or in how fast it enters or leaves the body. Studies in

laboratory animals have shown that selenium crosses the placenta and enters the fetus. Studies in
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humans show that infants are supplied with selenium through breast milk, and therefore, women
who were exposed to selenium by living near a waste site might transfer selenium to their babies.
However, babies in areas of China with high selenium in the soil did not show any signs of

health effects due to selenium, even though some of their parents did.

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

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

department to investigate.

Since selenium occurs naturally in the environment, we cannot avoid exposure to it. Certain
dietary supplements and anti-dandruff shampoos contain selenium in high levels. You should

not exceed the recommended dosages when using these products.

Children living near selenium waste sites or coal burning plants are likely to be exposed to
higher environmental levels of selenium through breathing, touching soil, and eating
contaminated soil. Some children eat a lot of dirt. You should discourage your children from
eating dirt. Make sure they wash their hands frequently and before eating. Discourage your

children from putting their hands in their mouths or from other hand-to-mouth activity.

The primary route of human exposure to selenium is through eating food. People who irrigate
their home gardens with groundwater containing high levels of selenium may grow and eat
plants that contain high levels of selenium because this element is taken up in some plants.
Fishermen and hunters of waterfowl who regularly eat fish and game from waterways with high
selenium content may also consume above average levels of selenium. To reduce your family’s
exposure to selenium, obey any wildlife advisories issued by your state. Information on fish and
wildlife advisories in your state is available from your state public health or natural resources

department.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN
EXPOSED TO SELENIUM?

Selenium can be measured in the blood, urine, and fingernails or toenails of exposed individuals.
However, since selenium is an essential nutrient normally present in foods, low levels of
selenium are normally found in body tissues and urine. Tests for selenium are most useful for
people who have recently been exposed to high levels. Samples of blood, urine, or nails can be
properly collected in a physician's office and sent to a laboratory that has the special equipment
needed to measure selenium. Urine can be used to determine short-term exposure. Because red
blood cells last about 120 days before they are replaced by newly made red blood cells, the
presence of selenium in red blood cells can show whether a person was exposed to selenium
during the 120 days before testing, but not if exposed more than 120 days before testing. Toenail

clippings can be used to determine longer-term exposure.

Many methods are available to measure selenium levels in human tissue and the environment.
However, none of the methods that are routinely available can measure or detect each selenium
compound in one test, and better tests that measure lower levels of different selenium
compounds are needed. Also, these tests cannot determine the exact levels of selenium you may
have been exposed to or predict whether health effects will occur, even though very high
amounts of selenium in blood are clearly related to selenosis. Some human as well as animal
studies suggest that when people are exposed over a long period to higher-than-normal amounts
of selenium, their bodies adjust to the higher amounts. Chapter 3 contains more information on

studies that have measured selenium in blood and other human tissues.

The length of time that selenium stays in the body after exposure stops depends on the form of
selenium to which the person was exposed. Thus, it is difficult to predict how useful a test will
be if some time has gone by since exposure stopped. Chapter 7 contains more information on the

methods available to measure selenium in human tissues and in the environment.
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1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

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

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or
food that are usually based on levels that affect animals; then they are adjusted to help protect
people. Sometimes these not-to-exceed levels differ among federal organizations because of
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 selenium include the following:

The EPA Office of Drinking Water regulates the amount of selenium allowed in drinking water.

Public water supplies are not allowed to exceed 50 ppb total selenium.

The FDA regulations allow a level of 50 ppb of selenium in bottled water. OSHA is responsible
for setting regulations on selenium levels allowable in the workplace. The exposure limit for
selenium compounds in the air for an 8-hour period is 0.2 mg selenium/m’. Chapter 8 contains

other regulations and guidelines for selenium.
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1.10 WHERE CAN | GET MORE INFORMATION?

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

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

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

hazardous substances.

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM. You
may request a copy of the ATSDR ToxProfiles CD-ROM by calling the information and
technical assistance toll-free number at 1-888-42ATSDR (1-888-422-8737), by email at
atsdric@cdc.gov, or by writing at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE

Mailstop E-29

Atlanta, GA 30333

Fax: 1-404-498-0093

For-profit organizations may request a copy of final profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www.ntis.gov/
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21 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO SELENIUM IN THE
UNITED STATES

Selenium is an essential micronutrient for humans and animals that is found ubiquitously in the
environment, being released from both natural and anthropogenic sources. The principal release of
selenium into the environment from anthropogenic sources is from coal combustion. Natural sources of
selenium include the weathering of selenium-containing rocks and soils, and volcanic eruptions.
Selenium is found in most rocks and soils, and naturally occurs at low concentrations in surface waters
and groundwaters of the United States. Accumulation of selenium in agricultural drainage waters has
been documented in basins in the western United States, particularly in California. Ambient background
concentrations of selenium in the air are very low, generally in the nanogram per cubic meter (ng/m’)

range.

Exposure of the general population to selenium is primarily by ingestion of its organic and inorganic
forms, both of which occur naturally in the diet. The greatest portion of dietary intake occurs from
organic forms of selenium, mainly the amino acids selenomethionine and selencysteine, in grains, cereals,
and forage crops. The main inorganic sources of selenium in the diet are selenate and selenite, which are
less absorbed than the organic forms. Other exposure pathways for selenium, which are of lesser
importance, are water and air. Various estimates of the selenium intake for Americans have ranged from
0.071 to 0.152 mg selenium/day (approximately 1-2 pg/kg/day in adults). Some people living in areas
with high soil concentrations of selenium (as in areas of the western United States) might have higher
exposure because of the natural selenium levels found locally, particularly if they consume crops
primarily grown in that area. Metal industry workers, health service professionals, mechanics, and
painters may be exposed to higher levels of selenium than the general population or workers employed in

other trades.

2.2 SUMMARY OF HEALTH EFFECTS

As an essential trace element in humans and animals, selenium is a biologically active part of a number of
important proteins, particularly enzymes involved in antioxidant defense mechanisms (e.g., glutathione

peroxidases), thyroid hormone metabolism (e.g., deiodinase enzymes), and redox control of intracellular
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reactions (e.g., thioredoxin reductase). Depending upon the level of intake, selenium can have nutritional
or possibly toxic effects. Most people in the United States are unlikely to suffer from selenium
deficiency. Although excessive intake of selenium can cause adverse health effects, these are generally

observed at doses more than 5 times greater than the Recommended Dietary Allowance (RDA).

The current RDA for selenium, established by the Food and Nutrition Board of the National Research
Council (National Academy of Sciences), is 55 pg/day for male and female adults (approximately

0.8 ng/kg/day). This recommendation represents a decrease from the previous RDA of 70 pg/day for
males; 55 pg/day was already the RDA for females. The current NAS Tolerable Upper Intake Level (UL)
for selenium is 400 pg/day for adults (approximately 5.7 pg/kg/day). At the time that the RDA was in the
process of being reevaluated (i.e., late 1990s), selenium was found to have entered the environment from
old mining operations in some northwestern U.S. locations. This resulted in public concern about the
potential effects of selenium on livestock grazing in the vicinity, and ultimately possible effects in
humans consuming food products from plants and animals raised in those areas. The combination of the
increased concern regarding selenium toxicity and the reduction in the selenium RDA indicated to
ATSDR that an Agency reevaluation of selenium from a toxicological perspective is warranted; the

previous version of the ATSDR Toxicological Profile for Selenium was published in 1996.

Although selenium deficiency is not a health issue in the United States, it has been associated with two
endemic diseases found in selenium-poor regions of China: a cardiovascular condition known as Keshan
Disease and an osteoarthropathy called Kashin-Beck Disease. Keshan Disease is a cardiomyopathy
characterized by cardiac enlargement, abnormal ECG patterns, cardiogenic shock, and congestive heart
failure, with multifocal necrosis of the myocardium. The disease is reported to occur primarily in
children and women of child-bearing age and has been successfully treated by selenium supplementation;
however, a low incidence of cases persisting after selenium supplementation suggests that there may be
other contributing factors. The evidence for the involvement of selenium in Kashin-Beck disease is less
clear than for its involvement in Keshan disease. Kashin-Beck Disease is characterized by atrophy,
degeneration, and necrosis of cartilage tissue, and occurs primarily in children between the ages of 5 and
13 years; it also has been successfully treated with selenium supplements. Chronically ill people and
older people have been shown to have lower organ concentrations of selenium than healthy individuals,

but it is not clear if this is a cause or consequence of aging or illness.

Relatively little information is available on health effects of elevated inhalation levels of selenium. The

primary target organ in humans and laboratory animals in cases of acute, high-level inhalation exposure to
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selenium dusts or fumes is the lung, with cardiovascular, hepatic, nervous, and renal involvement as well.
Lesser effects are observed in other organs/organ systems. Workers acutely exposed to high
concentrations of elemental selenium dust have reported stomach pain and headaches, whereas workers
briefly exposed to high levels of selenium dioxide dust experienced respiratory symptoms such as
pulmonary edema, bronchial spasms, symptoms of asphyxiation and persistent bronchitis, elevated pulse
rates, lowered blood pressure, vomiting, nausea, and irritability. No information is available on health
effects in humans or laboratory animals from intermediate-duration (up to 1 year) inhalation exposure to
selenium or selenium compounds. Regarding chronic inhalation exposure, several occupational studies
describe respiratory effects such as irritation of the nose, respiratory tract, and lungs, bronchial spasms,
and coughing following exposure to selenium dioxide or elemental selenium as dust. Respiratory
symptoms similar to those reported for occupationally-exposed humans have been seen in animals
inhaling high doses of elemental selenium fumes or dust, and studies of animals with acute inhalation
exposure to hydrogen selenide or elemental selenium fumes or dust have reported hepatocellular

degeneration and atrophy of the liver.

Acute oral exposure to extremely high levels of selenium (e.g., several thousand times more than normal
daily intake) produces nausea, vomiting, and diarrhea in both humans and laboratory animals. Acute oral
exposure of humans to selenium has occasionally caused cardiovascular symptoms, such as tachycardia,
but no electrocardiographic abnormalities were found in individuals from a human population chronically
exposed to selenium. In laboratory animals, acute- and intermediate-duration oral exposure to very large
amounts of selenium (approximately 100 times normal human intake) has produced myocardial

degeneration in laboratory animals.

Chronic oral intake of very high levels of selenium (10-20 times more than normal) can produce selenosis
in humans, the major effects of which are dermal and neurological. As shown by affected populations in
China, chronic dietary exposure to these excess levels of selenium has caused diseased nails and skin and
hair loss, as well neurological problems, including unsteady gait and paralysis. Additional information on
selenosis is summarized in the following subsection of this chapter. In contrast, studies of people living
in areas of naturally occurring high selenium concentrations in the United States have not revealed
adverse health effects in those populations. This difference may result from a lower (~2-fold) selenium
exposure in the U.S. population compared to the Chinese population, as well as a better balanced, higher
protein diet in the United States, which could lead to reduced toxicity of selenium through interactions

with dietary components.
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Intermediate and chronic oral exposure of livestock to high levels of dietary selenium compounds also
produces dermal and neurological effects. Studies in rats and other laboratory animals with high selenium
tissue concentrations demonstrate that many organ systems retain selenium and are affected. The primary
adverse effects in laboratory animals exposed to inorganic selenium salts or to selenium-containing amino
acids are cardiovascular, gastrointestinal, hematological, hepatic, dermal, immunological, neurological,
and reproductive, although doses causing these effects are generally at least 5 times higher than normal
daily selenium intake. A condition (syndrome) referred to as “blind staggers™ has been repeatedly
observed in cattle feeding off vegetation in areas with high selenium content in the soil. However, the
neurological effects have not been replicated in experimentally-exposed cattle receiving doses of
selenium sufficient to induce hoof lesions, and thus, the neurological signs associated with “blind

staggers” may be due to other compounds found within this vegetation.

Some evidence for effects on the endocrine system has also been found following long-term oral exposure
to elevated levels of dietary selenium in humans and rats. In humans, blood levels of thyroid T; hormone
(triiodothyronine) decreased in response to increased dietary selenium for durations of 3 months and
longer at intakes several times higher than normal intake, although the hormone levels remained within
the normal range. In rats, type-I-deiodinase activity decreased in response to increased exposure to
selenium for several months, but the levels of thyroid hormones in these animals did not show a

consistent pattern.

Studies of Chinese populations and laboratory animals exposed to high levels of organic and/or inorganic

selenium compounds have not found evidence of selective teratogenic effects in mammals.

There is no evidence to support a causal association between selenium compounds and cancer in humans.
In fact, some epidemiological and experimental evidence suggests that selenium exposure under certain
conditions may contribute to a reduction in cancer risk. The chemopreventive potential of supplemental
selenium is currently under research. Selenium sulfide and ethyl selenac are the only selenium
compounds that have been shown to be carcinogenic upon oral administration in rodents; however,

significant exposure of humans to these chemical forms of selenium is extremely unlikely.

Additional information on main health effects of selenium in humans and animals is summarized below

and detailed in Chapter 3.
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Selenosis. Following chronic oral exposure to excessive amounts of the organic selenium compounds
in food, the two principal clinical conditions observed in humans are dermal and neurological effects, as
described most completely in the epidemiological study of endemic selenosis in the People's Republic of
China. The dermal manifestations of selenosis include loss of hair, deformation and loss of nails, and
discoloration and excessive decay of teeth, while neurological effects include numbness, paralysis, and
occasional hemiplegia. The average dietary intake of selenium associated with selenosis in these people
has been estimated to be 1,270 pg/day (~0.02 mg/kg/day, or 10-20 times higher than normal daily
intake).

Loss of hair and malformation of hooves in pigs, horses, and cattle, and poliomyelomalacia in pigs have
been reported to occur following long-term exposure to excessive amounts (more than 30 times the
normal dietary amount of selenium) of the organic selenium compounds found in seleniferous plants.
Histologically, swine with selenium-induced neurological signs exhibit bilateral macroscopic lesions of
the ventral horn of the spinal cord. The selenium in the selenium-accumulating plant Astragalus
bisulcatus appears to be a more potent neurotoxicant than D,L-selenomethionine or selenate. The form of
selenium in A. bisulcatus is unknown, although it is apparently nonprotein. Myocardial degeneration has
been experimentally produced in cattle, sheep, and swine (as well as in laboratory mammals) by acute and
longer-term exposures to inorganic salts of selenium, but it is unclear whether seleniferous grains or

forages, or other natural sources of selenium, cause the same cardiomyopathy.

The neurological signs and histopathology observed in livestock following oral exposure to excess
selenium compounds have not been recorded in laboratory animals. This suggests that (1) small
laboratory mammals might not be appropriate models for selenium toxicity in humans due to
toxicokinetic differences (e.g., laboratory animals absorb selenium compounds to a lesser extent, or
metabolize and/or excrete selenium compounds more quickly), (2) some as yet unidentified organic form
of selenium contributes to the neurological manifestations of chronic selenosis in humans and in
livestock, (3) unrecognized confounding factors, such as other plant toxins, have contributed to the
neurological syndrome associated with chronic selenosis in field studies of humans and livestock, and/or
(4) species differences in interactions between selenium and other nutrients or xenobiotics, such as

vitamin E and methionine, which have been found to be antagonistic to selenium toxicity

Endocrine Effects. Selenium is a component of all three members of the deiodinase enzyme family,

the enzymes responsible for deiodination of the thyroid hormones, and has a physiological role in the
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control of thyroid hormone levels. Significant decreases in serum T3 hormone levels have been observed
in humans that were environmentally or experimentally exposed to elevated dietary levels of selenium
(several times higher than normal). However, the T; hormone levels observed in these studies were still
within the normal human range, so the biological impact of this change is unclear. The effect of increased
dietary selenium on other thyroid hormones is also uncertain. Intermediate-duration studies in rats show a
decrease in type-I-deiodinase activity in response to elevated selenium; however, the levels of thyroid

hormones in these animals did not show any consistent changes.

Reduced growth rate of young animals and weight loss in older animals are two of the most common
effects in experimental animals following long-term oral intake of excessive levels of inorganic and
organic compounds of selenium. It is quite possible that selenium-induced reduction in growth has a
thyroid or other endocrine component. For example, selenite treatment of young rats decreased
somatomedin C levels, although somatomedin C was not a sensitive index of elevated selenium exposure
in humans from a high-selenium area of South Dakota, and growth hormone secretion in response to the
growth hormone releasing factor was also reduced in selenium-treated rats. The primary endocrine target
of selenium leading to decreased growth has yet to be elucidated. Pancreatic toxicity has been observed
following excess selenium exposure. Cytoplasmic flocculation was observed in lambs treated with a
single oral dose of selenite, and pancreatic damage, which was not further described, was noted in rats
following chronic oral treatment with selenate or selenite. Pancreatic toxicity associated with excessive

selenium exposure is likely related to the unique ability of that organ to accumulate the element.

Reproductive Effects. In humans, no correlation has been found between selenium levels in seminal
fluid and sperm count or mobility. No significant increase in spontaneous abortions was reported among
women chronically exposed to drinking water containing increased selenium, but the concentration was
not considered to be unusually high. In animals, oral exposure to high doses of sodium selenate or
selenite (at least 8 times greater than those normally supplied by an adequate diet) caused increased
numbers of abnormal sperm, as well as testicular hypertrophy, degeneration, and atrophy in male rats, and
affected the estrous cycle in female rats and mice. The animals that showed these effects were not mated,
so it is not clear if fertility was affected. Oral treatment with L-selenomethionine similarly caused
disturbances in the menstrual cycle (anovulation, short luteal and follicular phases) in monkeys.

Selenium deficiency has also been reported to cause decreased sperm production and motility in rats. The
relevance of the reproductive effects of high and low levels of selenium in laboratory animals to potential

reproductive effects in humans is not known.



SELENIUM 19

2. RELEVANCE TO PUBLIC HEALTH

Hepatic Effects. Liver effects have not been reported for humans exposed to excessive amounts of
selenium. No significant abnormalities were found in blood levels of liver enzymes in people living in
high selenium areas, or in liver morphology (ultrasonographic examination) of individuals suffering from
severe symptoms of selenosis. In experimental animals and livestock, however, the liver has been shown
to be affected following inhalation or oral exposure to different kinds of selenium compounds.
Hepatocellular degeneration occurred in guinea pigs following short-term inhalation exposure to
excessive levels (hundreds of times higher than normal) of elemental selenium dust (8 mg/m®) or
hydrogen selenide (33 mg/m®). Cirrhosis, hepatocellular degeneration, and changes in liver enzyme
levels in serum have been reported for rats, pigs, and mice orally exposed to selenite, selenate, or organic
selenium. The oral doses of selenium producing the various adverse liver effects were approximately

10 times the amount normally found in an adequate diet. Excessive dietary exposure to selenium sulfide
(several thousands of times higher than normal selenium intake) produced frank hepatotoxicity in rats, but
not in mice. Although the liver appears to be the primary target organ for the oral toxicity of selenium in
experimental animals following intermediate and chronic exposure, liver cirrhosis or dysfunction has not
been a notable component of the clinical manifestations of chronic selenosis in humans. The lack of
evidence of liver damage in humans due to selenosis, despite all of the animal data to the contrary,

suggests a problem with the animal models of the disease.

Renal Effects. No reports of renal effects in humans were located. In animals, mild kidney effects
have been observed following oral exposure to seleniumat levels several hundred times higher than
normal human intake. These effects include hydropic degeneration in sheep following a single dose of
5 mg Se/kg/day as sodium selenite. Rats appear to be more sensitive than mice to renal effects of
repeated oral exposures to selenium compounds. A dose-related increase in renal papilla degeneration,
described as mild to minimal, was observed in rats at very high levels of selenate or selenite (0.5 mg
Se/kg/day, several hundreds of times higher than normal human intake) in the drinking water for

13 weeks, although increased kidney weight was the only renal effect in similarly exposed mice. Mice
that were given excessive daily doses of selenium sulfide by gavage (464 mg Se/kg/day for 13 weeks),

however, developed interstitial nephritis.
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23 MINIMAL RISK LEVELS (MRLs)

Inhalation MRLs

No MRLs were derived for inhalation exposure to selenium because of insufficient quantitative data
concerning both human and animal exposures. Data on the health effects of inhaled selenium in humans
are available from studies of occupationally exposed workers (Clinton 1947; Glover 1970; Holness et al.
1989; Kinnigkeit 1962; Wilson 1962). These studies suggest that the respiratory system is the most
sensitive end point for inhaled selenium dust, but they do not provide quantitative measurements of
exposure levels and are frequently confounded by concurrent exposures to other chemicals. Laboratory
animal studies support the respiratory system as the main target of selenium inhalation toxicity (Dudley
and Miller 1941; Hall et al. 1951), but the available data are for acute exposures to high concentrations of

selenium that also produced serious health effects, including death.

Oral MRLs

No MRLs were derived for acute or intermediate oral exposure to selenium because of insufficient
information regarding adverse health effect levels in humans and experimental animals. For acute
exposure, no quantitative data are available from studies of humans. Some acute oral animal studies
identify lowest-observed-adverse-effect levels (LOAELSs) for organ weight changes, behavioral changes,
and reduced body weight, but these occur at doses similar to those producing serious LOAELSs for

paralysis and developmental effects in other mammalian studies.

Information on health effects of intermediate-duration (15-365 days) oral exposure to selenium in
humans is mainly available from a 120-day experimental study of men who were exposed to a controlled
diet of foods naturally low or naturally high in selenium (Hawkes and Turek 2001; Hawkes et al. 2001).
Eleven subjects were fed diets providing selenium intake levels of 0.6 pg/kg/day for 21 days (baseline
period), followed by 0.2 pg/kg/day (6 subjects) or 4 pg/kg/day (5 subjects) for the subsequent 99 days.
This was more a nutritional study than a toxicological study, as indicated by selenium intake levels that
bracketed the current RDA (~0.8 pg Se/kg/day) and were well below the tolerable upper limit (~5.7 ug
Se/kg/day) recommended by the Food and Nutrition Board (NAS 2000). Comprehensive evaluations
were performed that included serum levels of thyroid hormones (T; and TSH) and reproductive hormones
(testosterone, follicle-stimulating hormone, luteinizing hormone, prolactin, estradiol, and progesterone),
sperm quality indices (number and concentration, motility, forward progression and velocity, and

morphology), and immunological end points (including serum immunoglobulin levels, lymphocyte counts
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and phenotypes, natural-killer cell activity, proliferative response of lymphocytes to mitogenic
stimulation, delayed-type hypersensitivity skin responses to recall antigens, and antibody responses to
diptheria-tetanus and influenza vaccines). Effects were essentially limited to subclinical changes in
thyroid hormones and sperm motility, which are not considered to be toxicologically meaningful. Serum
T; concentrations decreased in the high selenium group and increased in the low selenium group, but all
values apparently remained within the normal human range. Serum TSH concentrations increased in the
high-selenium group with no change in the low-selenium group, but values also remained in the normal
range. Sperm motility was slightly lower than the baseline value in the high selenium group at study
termination. The decrease in sperm motility cannot be clearly attributed to selenium because the effect
was not consistent over the duration of exposure, and is unlikely to be adverse because it is at the low end
of the normal range and was not accompanied by any changes in other indices of sperm movement

(progression or forward velocity) or sperm numbers or morphology.

Effects in intermediate-duration studies in experimental animals include reductions in liver enzyme
activities, changes in liver and body weights, and histological changes in the liver and kidney, but the
relevance of these effects to selenium toxicity in humans is questionable. For example, humans with
selenosis did not display any changes in serum levels of liver enzymes or morphological damage to the
liver, as shown by ultrasonographic examination (Yang et al. 1989a). Further, the liver and kidney effects
in animal studies occurred at doses (>0.2 mg/kg/day) that were considerably higher than the 4 pg/kg/day
intake level that caused the subclinical thyroid hormone and sperm motility alterations in humans
(Hawkes and Turek 2001; Hawkes et al. 2001). Although the human experimental study identifies a no-
observed-adverse-effect level (NOAEL) of 4 png/kg/day for sensitive endocrine and male reproductive end
points, it is an inappropriate basis for derivation of an intermediate oral MRL. In particular, because this
is a free-standing NOAEL, proximity to the LOAEL region is not known, and the use of the NOAEL to
derive an MRL would yield a value that is in the range of the selenium RDA (approximately

0.8 ug/kg/day) (NAS 2000) and below the chronic oral MRL derived below.

. An MRL of 0.005 mg/kg/day (5 pg/kg/day) has been derived for chronic oral exposure (>365 days)
to selenium.

This MRL is based upon a study by Yang and Zhou (1994), who examined of a group of five individuals
who were recovering from selenosis, and who were drawn from a larger population from an area of China
where selenosis occurred (Yang et al. 1989a, 1989b). The study collected data on selenium levels in the
diet, blood, nails, hair, urine, and milk of residents at three sites with low, medium, and high selenium,

and compared the incidence of clinical symptoms of selenosis (morphological changes in fingernails)
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with dietary intake of selenium and selenium levels in blood. The average adult body weight was 55 kg
(Yang et al., 1989b). It was found that selenium levels in blood corresponded to the dietary intake of
selenium, and that symptoms of selenosis occurred at or above a selenium intake level of 910 pg/day
(0.016 mg/kg/day) (Yang et al. 1989a). In 1992, Yang and Zhou (1994) reexamined five individuals from
the high selenium site who had been suffering from symptoms of selenosis (loss of fingernails and hair),
but were recovering (nails were regrowing). Since their earlier report, the living conditions of the
population had improved; they had been cautioned against consuming high selenium foods, and part of
their diet from locally produced corn had been replaced with rice or cereals. Yang and Zhou (1994)
found that the concentration of selenium in the blood of these individuals had fallen from 1,346 pg/L
(measured in 1986) to 968 pg/L (measured in 1992). Using a regression equation derived from the data in
an earlier report (Yang et al. 1989b), it was calculated that the dietary intake of selenium associated with
selenosis in these individuals was 1,270 pg/day, while an intake of 819 pg Se/day (was associated with

recovery (Yang and Zhou 1994).

The chronic oral MRL is based on a NOAEL of 819 pg/day (0.015 mg/kg/day) for disappearance of
symptoms of selenosis in recovering individuals (Yang and Zhou 1994) and uses an uncertainty factor of
3 for human variability. An uncertainty factor of 3 was considered appropriate because the individuals in
this study were sensitive individuals drawn from a larger population and because of supporting studies, as
discussed in Appendix A. The NOAEL used to derive the MRL is consistent with NOAELSs observed for
other human populations (Longnecker et al. 1991). The MRL is about 2.5-5 times higher than normal
selenium intake levels of 71-152 pg/day (approximately 0.001-0.002 mg/kg/day) (DHHS 2002; FDA
1982a; Levander 1987; Pennington et al. 1989; Schrauzer and White 1978; Schubert et al. 1987; Welsh et
al. 1981), and approximately 6 times greater than the RDA for selenium of 55 pg/day

(~0.0008 mg/kg/day) (NAS 2000). The MRL does not represent a threshold for toxicity, but a daily
intake that ATSDR considers to be safe for all populations. The exact point above the MRL at which

effects might occur in sensitive individuals is uncertain.
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3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of selenium. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

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

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

Selenium is a naturally occurring element that is widely distributed in rocks and soils. Although selenium
has been reported at hazardous waste sites where it can occur in many forms, analysis of specific forms
present at these sites has not been performed, and it is unclear how much selenium is present in some of
the sites. Selenium has multiple oxidation states (valence states) including -2, 0, +4, and +6. The type of
selenium found is a result of its oxidation state, which may vary according to ambient conditions, such as

pH and microbial activity.

Elemental selenium (selenium[0]) is rarely found naturally, but it is stable in soils. Selenates
(selenium[+6]) and selenites (selenium[+4]) are water soluble and can be found in water. Sodium
selenate is among the most mobile forms of selenium because of its high solubility and inability to adsorb
to soil particles. More insoluble forms, such as elemental selenium, are less mobile; therefore, there is
less risk for exposure. Because of greater bioavailability, water-soluble selenium compounds are
probably more toxic than elemental selenium by any route. Selenium is found in nature complexed with
multiple compounds, and although various forms are discussed in the profile, many others exist. Some
plants, such as alfalfa, yeasts, white grain, and cruciferous species (e.g., mustard, cabbage, broccoli, and
cauliflower), are efficient accumulators of selenium. Plants can contain organic selenium primarily in the
form of the amino acids, selenomethionine and selenocysteine, along with the dimethyl selenides.
Elemental selenium can be oxidized to form selenium dioxide. While the products of oxidation might be
expected at the soil surface, elemental selenium would be the expected predominant form in soils or
sediments where anaerobic conditions exist. Selenium sulfides, used in some anti-dandruff shampoos, are
not very water soluble and, therefore, like elemental selenium, are relatively immobile in the

environment.
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Much of the selenium released to the environment comes from the burning of coal and other fossil fuels,
and from other industrial processes such as the production of rubber. For more information on the
physical and chemical properties of selenium, see Chapter 4. For more information on the potential for

human exposure, see Chapter 6.

In humans and animals, selenium is an essential nutrient that plays a role in protecting tissues from
oxidative damage as a component of glutathione peroxidase. It is also found in the deiodinases, including
type I and II iodothyronine 5'-deiodinase, which convert thyroxine to triiodothyronine and in thioredoxin
reductase, which catalyses the NADPH-dependent reduction of the redox protein thioredoxin. The
biologically active form of selenium in these enzymes is the modified amino acid, selenocysteine.
Humans and animals can be exposed to increased amounts of selenium through the use of dietary
supplements containing selenium. The nutritional role of selenium is further discussed in Section 3.4.
Although selenium is an essential nutrient, exposure to high levels via inhalation or ingestion may cause
adverse health effects. The mechanism by which selenium exerts toxic effects is unknown, but existing
theories are discussed in Section 3.5. Most of the studies available on health effects involve exposure to

selenite, selenate, and a form found in foods (selenomethionine).

Several factors should be considered when evaluating the toxicity of selenium compounds. The purity
and grade of the particular test substance used in the testing are important factors. For example, in studies
of selenium sulfide compounds, the amounts of mono- and disulfides are often not specified by the study

authors. The solubility and the particle size of selenium compounds can also influence their toxicity.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,
oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,
developmental, genotoxic, and carcinogenic effects). These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in Tables 3-1, 3-2, and 3-3 and

illustrated in Figures 3-1, 3-2, and 3-3. The points in the figures showing no-observed-adverse-effect
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levels (NOAELSs) or lowest-observed-adverse-effect levels (LOAELS) reflect the actual doses (levels of
exposure) used in the studies. The oral doses presented in these tables and figures, as well as those
included in the text of this chapter, are expressed on a per kg of body weight basis. LOAELs have been
classified into "less serious" or "serious" effects. "Serious" effects are those that evoke failure in a
biological system and can lead to morbidity or mortality (e.g., acute respiratory distress or death). "Less
serious" effects are those that are not expected to cause significant dysfunction or death, or those whose
significance to the organism is not entirely clear. ATSDR acknowledges that a considerable amount of
judgment may be required in establishing whether an end point should be classified as a NOAEL, "less
serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be insufficient data to decide
whether the effect is indicative of significant dysfunction. However, the Agency has established
guidelines and policies that are used to classify these end points. ATSDR believes that there is sufficient
merit in this approach to warrant an attempt at distinguishing between "less serious” and "serious" effects.
The distinction between "less serious" effects and "serious" effects is considered to be important because
it helps the users of the profiles to identify levels of exposure at which major health effects start to appear.
LOAELSs or NOAELSs should also help in determining whether or not the effects vary with dose and/or

duration, and place into perspective the possible significance of these effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables
(Tables 3-1, 3-2, and 3-3) and figures (Figures 3-1, 3-2, and 3-3) may differ depending on the user's
perspective. Public health officials and others concerned with appropriate actions to take at hazardous
waste sites may want information on levels of exposure associated with more subtle effects in humans or
animals (LOAELSs) or exposure levels below which no adverse effects (NOAELSs) have been observed.
Estimates of levels posing minimal risk to humans (Minimal Risk Levels or MRLs) may be of interest to

health professionals and citizens alike.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been
made for selenium. 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.
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Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990b),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, chronic
bronchitis, or multiple chemical exposure. 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.

3.21 Inhalation Exposure

Table 3-1 and Figure 3-1 describe the health effects observed in experimental animals that inhaled
elemental selenium dust or hydrogen selenide. Studies of other forms of selenium are not presented in the
LSE tables and figures (Table 3-1 and Figure 3-1) because either the reporting of the studies was

incomplete or no studies on other forms were located. All doses are expressed in terms of total selenium.

3.2.1.1 Death

No studies were located regarding death in humans after inhalation of elemental selenium or selenium

compounds.

In animals, the acute lethality of hydrogen selenide and elemental selenium dust when inhaled has been
investigated. In guinea pigs exposed to hydrogen selenide for 2, 4, or 8 hours, 5/16 died within 10 days
of exposure at 12 mg selenium/m’, 3/16 died at 6 mg selenium/m’, and 8/16 died at 6 mg selenium/m’,

respectively (Dudley and Miller 1941).

No deaths were observed among rabbits or guinea pigs exposed to elemental selenium dust at levels of
31 mg selenium/m’ for 4 hours every other day for 8 exposure days (Hall et al. 1951). Higher levels were

not tested.



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

Exposure/ LOAEL
a Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure  (Strain) (Specific Route) System (mg/m?3) (mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
Death
1 GnPig 4 hr . Dudley and Miller 1941
6  (3/16 died)
(NS) hydrogen selenide
2 GnPig 8 hr . Dudley and Miller 1941
1 (8/16 died)
(NS) hydrogen selenide
3 GnPig 2 hr . Dudley and Miller 1941
12 (8/16 died)
(NS) hydrogen selenide
Systemic
4 Rat 8 hr Hall et al. 1951
Resp 33 F (pulmonary hemorrhage,
(NS) pneumonitis) elemental
Hepatic 33 F (congestion; mild central
atrophy)
Renal 33 F
Endocr 33 F
Bd Wt 33 F
5 GnPig 4 hr . Dudley and Miller 1941
Resp 8  (pneumonitis)
(NS) hydrogen selenide
Cardio 8
Hepatic 8  (fatty metamorphosis,
increased liver weight)
Renal 8
Endocr 8
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Table 3-1 Levels of Significant Exposure to Selenium - Inhalation (continued)
Exposure/ LOAEL
a Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure  (Strain) (Specific Route) System (mg/m?3) (mg/m3) (mg/m3) Chemical Form
6 GnPig 8d Hall et al. 1951
NS 4hr/2d Resp 33 M (mild congestion; mild to
(NS) moderate interstitial elemental
pneumonitis; slight emphysema)
Cardio 33 M
Hepatic 33 M (congestion; central atrophy;
fatty metamorphosis)
Renal 33 M
Bd Wt 33 M
7 Rabbit 8d Hall et al. 1951
4hr/2d Resp 33 F (congestion, mild pneumonitis)
(NS) elemental
Cardio 33 F
Hepatic 33 F
Renal 33 F
Bd Wt 33 F
Immuno/ Lymphoret
8 Rat 8 hr Hall et al. 1951
33
(NS) elemental
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Table 3-1 Levels of Significant Exposure to Selenium - Inhalation

(continued)

Exposure/ LOAEL
a Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure  (Strain) (Specific Route) System (mg/m?3) (mg/m3) (mg/m3) Chemical Form

9 GnPig 4 hr

(NS) 8  (splenic hyperplasia)

Dudley and Miller 1941

hydrogen selenide

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

Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); (F) = feed; Endocr = endocrine; F = female; gastro = gastrointestinal; Hemato = hematological; hr =
hour(s); LOAEL = lowest-observed-adverse-effect level; M = male; Metab = metabolic; Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; (NS) = not specified;

Resp = respiratory
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Figure 3-1. Levels of Significant Exposure to Selenium - Inhalation
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All LOAEL values from each reliable study for death in each species and duration category are recorded

in Table 3-1 and plotted in Figure 3-1.

3.2.1.2 Systemic Effects

The selenium compounds that are most likely to be encountered in air in occupational settings are dusts of
elemental selenium, hydrogen selenide, and selenium dioxide. Other volatile selenium compounds (e.g.,
dimethyl selenide, dimethyl diselenide) might be encountered in some naturally occurring situations.
Because selenium is converted from one form to another, as in plant biosynthesis of selenoamino acids, it
is not clear which specific forms may be encountered at hazardous waste sites. If a hazardous waste site
specifically contains deposits of compounds of selenium, those compounds could be released off-site in
dust or air. Toxicity data for exposures via inhalation are available for elemental selenium, selenium
dioxide, selenium oxychloride, hydrogen selenide, and dimethyl selenide. Because there are few studies
of inhalation of selenium of any single form, all available studies of inhalation exposures to selenium

compounds will be included in this discussion.

In studies of human occupational exposures, it appears that the respiratory tract is the primary site of
injury after inhalation of selenium dust or selenium compounds, but gastrointestinal (possibly due to
swallowed selenium) and cardiovascular effects, as well as irritation of the skin and eyes, also occur.
Little of the available information for humans, however, relates health effects exclusively to measured
concentrations of the selenium dust or compounds because of the possibility of concurrent exposures to
multiple substances in the workplace. In animals, the respiratory tract is also the primary site of injury
following inhalation exposure to selenium dust and hydrogen selenide. Hematological and hepatic effects
have also been noted in animals. Inhalation data from laboratory animal studies are available only for

acute exposures.

No information was located regarding hematological, musculoskeletal, dermal, or ocular effects in
humans or laboratory animals after inhalation exposure to selenium or selenium compounds. The
systemic effects that have been observed after inhalation exposure are discussed below. The highest
NOAEL values and all LOAEL values for each reliable study for systemic effects in each species and
duration category are recorded in Table 3-1 and plotted in Figure 3-1.
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Respiratory Effects. In humans, the respiratory system is the primary site of injury after inhalation
of elemental selenium or selenium compounds. The largest number of reported human exposures
occurred in occupational settings, especially in industries that extract, mine, treat, or process selenium-
bearing minerals and in industries that use selenium or selenium compounds in manufacturing. The
reports of occupational exposure do not link observed symptoms to specific air concentrations of
elemental selenium or selenium compounds. Several reports, however, have noted common effects

associated with inhalation exposure in occupational settings.

Selenium dioxide is formed when selenium is heated in air. Direct exposure to selenium dioxide is,
therefore, primarily an occupational hazard and not likely to be a risk at hazardous waste sites. Selenium
dioxide forms selenious acid on contact with water, including perspiration, and can cause severe irritation.
Acute inhalation of large quantities of selenium dioxide powder can produce pulmonary edema as a result
of the local irritant effect on alveoli (Glover 1970). Bronchial spasms, symptoms of asphyxiation, and
persistent bronchitis have been noted in workers briefly exposed to high concentrations of selenium
dioxide (Wilson 1962). Kinnigkeit (1962) reported that selenium dioxide concentrations of 0.007—

0.05 mg selenium/m’ in a selenium rectifier plant produced slight tracheobronchitis in 9 of 62 exposed

workers.

Hydrogen selenide, a highly poisonous selenium compound, is a gas at room temperature, with a density
much higher than air. Selenium oxychloride, also highly toxic, is more irritating and corrosive to the
human respiratory tract than are other forms of selenium because the compound hydrolyzes to hydrogen
chloride (HCI), which can then form hydrochloric acid in humid air and in the respiratory tract (Dudley
1938). Hydrogen selenide and selenium oxychloride are occupational exposure hazards that are not

expected to be much of a concern at hazardous waste sites.

Acute inhalation exposure to elemental selenium dust, possibly including some selenium dioxide, in
occupational settings has been shown to irritate mucous membranes in the nose and throat and produce
coughing, nosebleed, loss of olfaction, and in heavily exposed workers, dyspnea, bronchial spasms,
bronchitis, and chemical pneumonia (Clinton 1947; Hamilton 1949). Chronic exposure of 40 workers at a
copper refinery produced increased nose irritation and sputum (Holness et al. 1989). The exact
concentration of selenium was not given, but the concentration was reported to exceed 0.2 mg
selenium/m’. Confounding variables in this study include concurrent exposure to several other metals

including copper, nickel, silver, lead, arsenic, and tellurium.
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In experimental animals, the respiratory tract is the primary site of injury following acute inhalation
exposure to elemental selenium and selenium compounds. Rats exposed to selenium fumes (selenium
concentration and particle size were not reported) for 2—16 minutes experienced moderate to severe
respiratory effects, including hemorrhage and edema of the lungs (Hall et al. 1951). Rats exposed to
selenium dust (average particle diameter, 1.2 um) at levels of 33 mg selenium/m’ for 8 hours experienced
severe respiratory effects, including hemorrhage and edema of the lungs, and several animals died (Hall et
al. 1951). Histopathological examinations of surviving animals revealed chronic interstitial pneumonitis.
Acute exposure of rabbits and guinea pigs to selenium dust (average particle diameter, 1.2 um) at a
concentration of 33 mg selenium/m’ resulted in mild interstitial pneumonitis or congestion, and slight
emphysema in both species (Hall et al. 1951). Other histological findings included vascular lymphocytic

infiltration and intra-alveolar foci of large macrophages.

Acute inhalation exposure of guinea pigs to 8 mg selenium/m’ as hydrogen selenide for 4 hours produced
diffuse bronchopneumonia and pneumonitis (Dudley and Miller 1941). The investigators do not indicate
if any of these guinea pigs died as a result of the exposure. Histologic examination of animals that died
following exposure to higher concentrations revealed thickening of the alveolar walls and congestion of
alveolar capillaries (Dudley and Miller 1937). In contrast, 1-hour exposure of rats to 25,958 mg
selenium/m’ as dimethyl selenide produced only minor effects (increased weight of lung and liver) 1 day
postexposure. These changes disappeared by 7 days postexposure (Al-Bayati et al. 1992). Enzymatic
methylation of selenium compounds is the primary route of detoxification and may explain the low
toxicity of dimethyl selenide (Al-Bayati et al. 1992). Although this form of selenium is environmentally
relevant since it is formed in soil, plants, and microorganisms, dimethyl selenide appears to be relatively

nontoxic in comparison to occupational exposure to hydrogen selenide.

The effects of intratracheal instillation of selenium on pulmonary function may be dependent on the form
in which it is supplied (Nonavinakere et al. 1999). Instillation of 0.06 mg selenium/100 g body weight as
selenium dioxide produced a significant decrease in respiratory rate and a significant increase in lung
resistance compared with controls. Instillation with 0.06 mg selenium/110 g body weight as seleno-L-
methionine also produced a decrease in respiratory rate and an increase in lung resistance, but the values

were not significantly different from controls.

Intratracheal instillation of 0.3 mg selenium as sodium selenite in male Hartley-guinea pigs decreased
dynamic-lung-compliance and increased pulmonary resistance compared with control animals instilled

with saline (Bell et al. 1997). Analysis of bronchoalveolar-lavage fluid showed increased activities of
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lactate dehydrogenase, B-glucuronidase, alkaline phosphatase, and protein, suggesting damage to lung

tissue.

Histological analysis of guinea pigs that received single intratracheal instillations of 0.3 mg selenium as
sodium selenite found mild acute inflammation in approximately one-third of the lung tissue and a
noticeable amount of sloughed epithelium and mucus within the bronchi (Bell et al. 2000). Lungs of
animals treated with 0.06 mg selenium showed neutrophils aggregated in the alveoli and some dilation of
the alveoli suggestive of emphysema. Relative lung weights and the ratio of wet/dry lung weight were
increased in the selenium-treated animals compared with controls; the increase was only significant for
those receiving the higher dose of selenium. Leukocyte counts in bronchoalveolar-lavage fluid were
decreased for selenium-treated animals compared with controls, and the difference was significant for the

animals receiving 0.3 mg selenium, but not the 0.06 mg dosage.

No studies were located regarding respiratory effects in animals after intermediate or chronic inhalation of

selenium or selenium compounds.

Cardiovascular Effects. Several workers experienced symptoms of shock, including lower blood
pressure and elevated pulse rates, following an acute exposure (at most 20 minutes) to selenium dioxide
fumes resulting from a fire (Wilson 1962). The subjects were treated with oxygen and inhalation of

ammonia vapor, and pulse rates were normalized within 3 hours.

Cardiovascular effects were not observed in guinea pigs exposed to hydrogen selenide at 8 mg
selenium/m’ for 4 hours (Dudley and Miller 1941), or in guinea pigs and rabbits exposed to elemental
selenium dust (average particle diameter, 1.2 pm) every other day at 33 mg selenium/m’ for eight 4-hour

exposure periods (Hall et al. 1951).

Gastrointestinal Effects. Vomiting and nausea were reported in workers exposed to high
concentrations of selenium dioxide for a maximum of 20 minutes during a fire (Wilson 1962). Stomach
pain was frequently reported by workers exposed to elemental selenium and selenium dioxide at a
selenium rectifier plant (Glover 1967), and by copper refinery workers exposed to an unspecified form of
selenium (Holness et al. 1989). Exposure concentrations were not reported for the rectifier plant, but

were >0.2 mg selenium/m’ at the copper refinery.



SELENIUM 35

3. HEALTH EFFECTS

No studies were located regarding gastrointestinal effects in animals after inhalation of selenium or

selenium compounds.

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

selenium or selenium compounds.

Hepatoxicity has been observed in experimental animals following inhalation exposure to elemental
selenium dust and to hydrogen selenide. One month after an 8-hour exposure to elemental selenium dust
at a level of 33 mg selenium/m’, most rats exhibited slight liver congestion and a few exhibited mild
centrilobular atrophy (Hall et al. 1951). In contrast, 1 week after exposure to 25,958 mg selenium/m’ as
dimethyl selenide for 1 hour, rats showed no observable changes in the liver (Al-Bayati et al. 1992).
Three weeks following acute exposure to elemental selenium dust at a level of 33 mg selenium/m’ for

4 hours every other day for 8 days, 4/10 guinea pigs exhibited slight hepatic congestion with mild central
atrophy and 2/10 showed some fatty hepatocellular degeneration (Dudley and Miller 1941). In contrast,
exposure of guinea pigs to lower concentrations of selenium (8 mg/m?), as hydrogen selenide, for a single

4-hour period produced mild fatty hepatocellular metamorphosis (Dudley and Miller 1941).

Renal Effects. No studies were located regarding renal effects in humans after inhalation of selenium

or selenium compounds.

The kidneys do not appear to be affected in guinea pigs (Dudley and Miller 1941; Hall et al. 1951) after
acute inhalation exposure to 33 mg selenium/m’ as hydrogen selenide for 8 hours or to 8 mg selenium/m’
as elemental selenium dust for 4 hours. Likewise, the kidneys were not affected in rabbits following
acute inhalation exposure to 33 mg selenium/m’ as hydrogen selenide for 8 hours (Hall et al. 1951) or in
rats following acute inhalation exposure to 25,958 mg selenium/m’ as dimethyl selenide for 1 hour or to

33 mg selenium/m’ as hydrogen selenide for 8 hours (Al-Bayati et al. 1992; Hall et al. 1951).

Endocrine Effects. No studies were located regarding endocrine effects in humans after inhalation of

selenium or selenium compounds.

No histopathological changes in the adrenal gland were observed in guinea pigs exposed to hydrogen
selenide at 8 mg selenium/m’ for 4 hours (Dudley and Miller 1941) or in rats exposed to elemental

selenium at 33 mg selenium/m’ for 8 hours (Hall et al. 1951).
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Body Weight Effects. No studies were located regarding effects on body weight in humans

following inhalation of selenium or selenium compounds.

No effects on body weight were observed in guinea pigs following a single 8-hour exposure to elemental
selenium at 33 mg selenium/m’ or in guinea pigs and rabbits exposed to elemental selenium dust at 33 mg

selenium/m’ every other day for 4 hours for a total of eight exposures (Hall et al. 1951).

3.21.3 Immunological and Lymphoreticular Effects

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

exposure to selenium or selenium compounds.

Lymphoid hyperplasia was noted in the spleen of guinea pigs following a single 4-hour exposure at 8§ mg
selenium/m’ as hydrogen selenide (Dudley and Miller 1941). Histopathological changes in the spleen
were not observed in guinea pigs exposed to elemental selenium dust (average particle diameter, 1.2 pm)
at 33 mg selenium/m’ for 8 hours (Hall et al. 1951). Injury to the spleen was observed in guinea pigs
following exposure for 4 hours, every other day, for § days to elemental selenium dust at a level of 33 mg
selenium/m’ (Hall et al. 1951). Specific effects included congestion of the spleen, fissuring red pulp, and
increased polymorphonuclear leukocytes (Hall et al. 1951).

3.2.1.4 Neurological Effects

Information concerning possible neurological effects caused by inhalation of selenium or selenium
compounds is limited. Severe frontal headaches were reported by workers exposed during an accident to
high concentrations of selenium fumes (compound not stated) for approximately 2 minutes (Clinton
1947). Workers at a selenium rectifier plant reported symptoms of malaise and irritability when working
with selenium (exposure was probably to selenium dioxide and elemental selenium, but the form was not
stated) (Glover 1967). The symptoms resolved whenever the workers were moved to other work.
Urinary concentrations of selenium were about 0.08 mg/L, compared to 0.024—0.034 mg/L in unexposed

workers.

No studies were located regarding neurological effects in animals after inhalation of selenium or selenium

compounds.
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No studies were located regarding the following health effects in humans or animals after inhalation

exposure to selenium or selenium compounds:

3.21.5 Reproductive Effects

3.2.1.6 Developmental Effects

3.2.1.7 Cancer

There are no epidemiologic data that support a causal association between the inhalation of elemental
selenium dusts or selenium compounds and the induction of cancer in humans (Gerhardsson et al. 1986;
Wester et al. 1981). In one study, postmortem samples were collected from copper smelter workers who
were exposed to several different airborne compounds, including selenium compounds. Samples from
lung cancer cases had lower concentrations of selenium in lung tissue than samples from controls or from
workers who had died from other causes (Gerhardsson et al. 1986). In another autopsy study of smelter
workers, Wester et al. (1981) found that the selenium concentrations in kidney tissues from workers who
had died of malignancies were lower than the selenium concentrations in kidney tissues from workers
who died of other causes. Further discussions regarding the cancer protective effects of selenium can be

found in Section 3.2.2.7.

No studies were located regarding carcinogenic effects in laboratory animals after inhalation exposure to

selenium or selenium compounds.

3.2.2 Oral Exposure

Table 3-2 and Figure 3-2 describe the health effects observed in humans and experimental animals
associated with dose and duration of oral exposure to selenium and selenium compounds (i.e., elemental
selenium dust, selenium dioxide dissolved in water [selenious acid], sodium selenate, sodium selenite,
potassium selenate, and dietary selenium compounds, which include selenoamino acids). All doses for
these compounds are expressed in terms of total selenium. Table 3-3 and Figure 3-3 describe health
effects observed in laboratory animals following oral exposure to selenium sulfides (SeS, and SeS) at

varying doses and exposure durations. All doses for selenium sulfide compounds are expressed in terms



Table 3-2 Levels of Significant Exposure to Selenium - Oral

Exposure/ LOAEL

Duration/
Key tg Species Fre_q_uency NOAEL Less Serious Serious
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mglkg/day)

Reference
Chemical Form

ACUTE EXPOSURE

Death

1 Ra onee 6700 M (LD50)
(Sprague- (G)
Dawley)

2 Rat once 7 M (LD50)
(Sprague- (GW)
Dawley)

14 d

3 Ra ad lib 0.418 F (7/12 died)
(Sprague-
Dawley) (W)

4 Rat once 4.8 F (LD50)
(NS) (©)

5 Ra.t once 48 (LD50)
(Wistar) (GW)

6 Mouse once 3.2 M (LD50)
(NS) (©)

7  Mouse once 35.9 M (LD50)
(ICR) (©)

8 Mogse once 16 M (LD50)
(Swiss) (GW)

9 GnPig onee 2.3F (LD50)
(NS) (©)

Cummins and Kimura 1971

elemental

Cummins and Kimura 1971

selenite

NTP 1996

sodium selenate

Pletnikova 1970

selenite

Singh and Junnarkar 1991

selenium dioxide

Pletnikova 1970

selenite

Sayato et al. 1993

D,L-selenocystine

Singh and Junnarkar 1991

selenium dioxide

Pletnikova 1970

selenite
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
i once Pletnikova 1970
10 Rabbit 1F (LD50)
(NS) (©) selenite
Systemic
14d NTP 1996
1 Rat ad lib Bd Wt 0.251 F 0.418 F (significant (36%) reduction in
(DSDV’T‘QU)G' W) body weight) sodium selenate
awley
12 Mouse 14 d o ) ) Johnson et al. 2000
ad lib Hemato 0.38 M 0.82 M (significant increase in red blood
(BALBI/c) w cell count) Selenite
Hepatic 0.38 M 0.82 M (significant decrease in relative
liver weight)
Renal 017 M 0.38 M (significant increase in relative
kidney weight)
Bd Wt 0.38 M 0.82 (significant decrease in body
weight gain)
13 Mouse 14d Johnson et al. 2000
BALB/ ad lib Hemato 1.36 M o
( c) w selenomethionine
Hepatic 1.36 M
Renal 1.36 M
Bd Wt 1.36 M
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
14 Pig 5d R 1.95 Panter et al. 1996
es .
(NS) P organic
Cardio 1.25
Hepatic 1.25
Renal 1.25
Dermal 1.25
Bd Wt 1.25 (5% loss of body weight)
Immuno/ Lymphoret
15 Mouse 14d . . . Johnson et al. 2000
ad lib 0.38 M 0.82 M (increased proliferation of ‘
(BALB/c) splenic lymphocytes and Selenite
(W) LPS-induced production of TNF
alpha and IL-1beta)
16 Mouse 14d Johnson et al. 2000
ad lib 1.36 M
(BALB/c) selenomethionine
(W)
Neurological
17 Mouse once L Singh and Junnarkar 1991
. 1.6  (decreased activity, muscle
(Swiss) (GW) tone, touch response, selenium dioxide
respiration; hypothermia)
18 Mouse 14 d o ) ) Tsunoda et al. 2000
ad lib 0.24 M 0.58 M (significant increase in the
(BALBIc) levels of striatal Selenite
(W) dihydroxyphenylacetic acid and

homovanillic acid)

S103443 H1TV3IH '€

NNINTT3ES

ov



Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
19 Mouse 14 d 1.96 M Tsunoda et al. 2000
ad lib .
(BALBI/c) Organic selenium
(W)
. 10d Wilson et al. 1989
20 Pig 1x/d 1.3 (hypoactivity, focal symmetrical
(NS) poliomalacia, histopathological selenite
(&) lesions in brain and spinal cord)
Developmental
once Ferm et al. 1990
21 Han?ster Gd 8 71 7.9 (encephalocele; decreased
(Syrian LKV) crown-rump length) selenite
(GW)
22 Hamster once 74 (encephalocele) Ferm et al. 1990
(Syrian LKv) ©98 ' selenate
(GW)
23 Hamster once Ferm et al. 1990
: Gd 8 5.9 (decreased fetal crown-rump
(Syrian LKV) length) selenomethionine
(GW)
INTERMEDIATE EXPOSURE
Death
24 Rat 6 wk 0.48 M (1/8 died) Halverson et al. 1966
(Sprague- a4 ib . selenite
Dawley) (F)
25 Rat 6 wk 0.4 M (1/8 died) Halverson et al. 1966
(Sprague- a4 ib . organic
Dawley) (F)
% R 19wk 2.54  (20/20 died) NTP 1994
(Fischer- 344) (W) selenate

S103443 H1TV3IH '€

NNINTT3ES

1174



Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
13 wk NTP 1994
27 Rt 1.67 F (2/10 died)
(Fischer- 344) (W) selenite
4-6 wk Palmer and Olson 1974
28 Rat ad lib 0.84 M (4/6 died)
(Sprague- selenite
Dawley) (W)
4-6 wk Palmer and Olson 1974
29 Rat ad lib 0.84 M (2/6 died)
(Sprague- selenate
Dawley) (W)
1yr Rosenfeld and Beath 1954
30 Rat daly 1.05M (1/3 died)
(Wistar) ad lib selenate
1.05 F (3/5 died)
(W)
31 Rat 365d . Schroeder and Mitchener 1971a
0.28  (50% males died at 58 days
(BLUILE]) (W) 50% females died at 160 days) selenite
30d Sayato et al. 1993
32 Mouse Sd/wk 14.2 M (15/15 died) Y
(ICR) D,L-selenocystine
©)
Systemic
33 Human 20 wk Duffield et al. 1999
Endocr 0.001
(IN)
34 Human 102d Hawkes and Turek 2001
Endocr 0.0039 M

(F)

dietary

S103443 H1TV3IH '€

NNINTT3ES

[474



Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species s Fre_tz_ue;cyt NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
35 Human 120d Hawkes et al. 2001
Hemato 0.004 M
(F) dietary
36 Monkey gd 20-50 . Tarantal et al. 1991
(Macaca 1x/d Gastro 0.025 F 0.15 F (vomiting)
selenomethionine
fascicularis) (GW)
Bd Wt 0.025 F 0.15 F (increased weight loss)
37 Rat 110d o o Behne et al. 1992
) ad lib Endocr 0.105 M 0.105 M (significant reduction in type |
(Wistar) © deiodinase activity) sodium selenite
Bd Wt 0.105 M
38 Rat 110d o o Behne et al. 1992
) ad lib Endocr 0.118 M (significant reduction in type |
(Wistar) ) deiodinase activity) selenomethionine
Bd Wt 0.118 M (significant reduction in body
weight (15%))
39 Rat 2 mo . ) Bioulac-Sage et al. 1992
ad lib Hepatic 0.1 M 0.2 M (nodular regenerative
(Sprague- hyperplasia, increased relative selenite
Dawley) (F) liver weight)
Bd Wt 0.2M
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
40 Rat 8 wk Resp 0.45 M Chen et al. 1993
(DSDV’T‘QU)G' (F) ' selenite
awley
Cardio 0.45M
Gastro 0.45M
Hepatic 0.45 M (diffuse panlobular vacuolar
accumulation of glycogen and
lipid)
Renal 0.45M
Bd Wt 0.25 M (final body weights about 14%  0.35 M (final body weights about 29%
lower than controls) lower than controls)
41 Rat 40d Eder et al. 1995
ad lib Hemato 0.27 M
(DSPF?QU)G' ) sodium selenite
awley
Endocr 0.026 M 0.055 M (significant reduction in serum
tri-iodothyronine levels)
Bd Wt 0.27 M
42 Rat 6 wk . ) o ) . Halverson et al. 1966
ad lib Hemato 0.24 M 0.32 M (23% decrease in hemoglobin) 0.56 M (79% decrease in hemoglobin)
(Sprague- organic
Dawley) (F)
Hepatic 0.4 M (6-fold increase in bilirubin)
Endocr 0.32M 0.4 M (pancreas weight 1.4 times
greater than diet restricted
controls)
Bd Wt 0.32 0.4 M (body weight gain 36% lower

than controls)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
a Duration/
Key to Species s Fre_t:_uency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
43 Rat 6 wk o ) ) Hotz et al. 1997
ad lib Endocr 0.09 M (significant increase in serum
S .
(Sprague- TSH (~30%)) sodium selenate
Dawley) (F)
Bd Wt 0.09M
Metab 0.09 M (significant increase in GSH-Px
in kidney (~30%) and
erythrocytes (~100%))
44 Rat 3 mo . o . ) Kolodziejczyk et al. 2000
) 1x/d Hepatic 0.002 M (sporadic infiltrations of 0.005 M (distict swelling of Kupffer cells
(Wistar) mononuclear cells in portal in dilated sinusoidal vessels andsodium selenite
(F) canals and weak activation of necrotic areas comprising single
Kupffer cells) groups of hepatocytes)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
45 Rat 13 wk NTP 1994
. Resp 1.57 M
(Fischer- 344) (W) selenate
Cardio 1.57 M
Gastro 1.57 M
Hemato 092 M 1.57 M (increased hematocrit and
hemoglobin associated with
decreased water intake)
Musc/skel 1.57 M
Hepatic 0.92 M 1.57 M (increased bile acids indicating
cholestasis)
Renal 0.31F 0.47 F (minimal papilla degeneration of
the kidneys)
Endocr 1.57 M
Ocular 1.57 M
Bd Wt 047 F 0.88 F (body weights 10% less than 1.35 F (body weights 29% less than

controls)

controls, associated with
decreased water intake)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
46 Rat 13 wk NTP 1994
. Resp 1.67F
(Fischer- 344) (W) selenite
Cardio 167 F
Gastro 1.67F
Hemato 0.86 F 1.67 F (increased hematocrit
associated with decreased
water intake)
Musc/skel 167 F
Hepatic 1.67F
Renal 0.28 F 0.5 F (mild papilla degeneration)
Endocr 1.67F
Ocular 167 F
Bd Wt 0.98 M 1.59 M (body weights 34% less than
controls; associated with
decreased water intake)
47 Rat 23-29d b b b N NTP 1996
ad lib Bd Wt 0.167 M 0.293 M (significant (11%) reduction in  0.418  (significant (20% male, 39%
(Sprague- body weight) female) reduction in body sodium selenate
Dawley) (W) 0.209 F weight)
0.334 F
4-6 wk Palmer and Olson 1974
@ R ad lib Hepatic 0.84 M (cirrhosis)
(Sprague- selenate
Dawley) (W)
Bd Wt 0.42 M (body weight gain 10% lower

than controls)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
a Duration/
Key to Species s Fre_t:_ue;cy NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
49 Rat 6 wk Salbe and Levander 1990a
ad lib Bd Wt 0.125 M
(Sprague- selenate
Dawley) (F)
50 Rat 6 wk Salbe and Levander 1990a
ad lib Bd Wt 0.125 M
(Sprague- selenomethionine
Dawley) (F)
51 Rat 3-6 wks . Thorlacius-Ussing 1990
) ad lib Endocr 0.64 F (decreased somatomedin C)
(Wistar) selenite
(W)
Bd Wt 0.64 F (body weight gain 30% lower
than controls)
52 Rat 12-14 wk Turan et al. 1999a
) ad lib Cardio 0.324  (degeneration of heart tissue
(Wistar) with disruption of myofibrils and sodium selenite
sarcomeres)
Hepatic 0.324  (degeneration of liver tissue with
dilation of sinusoidal capillaries)
Bd Wt 0.324  (significant decrease in body
weight (17%))
53 Mouse 90d . . Hasegawa et al. 1994
Hepatic 24 M 4.7 M (increased serum aspartate
(ICR) (©) aminotransferase and alanine D,L-selenocystine
aminotransferase)
Bd Wt 24 M 4.7 M (body weights 16% lower than 7.1 M (body weights 22% lower than

controls)

controls)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
54 Mouse 13 wk NTP 1994
Resp 3.83F
(B6C3F1) (W) selenite
Cardio 3.83F
Gastro 3.83F
Hemato 3.83F
Musc/skel 3.83F
Hepatic 3.83F
Renal 091 M 1.61 M (increased relative kidney
weight; decreased water intake)
Endocr 3.83F
Ocular 3.83F
Bd Wt 161 M 3.31 M (body weights 20% lower than

controls; decreased water
intake)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
55 Mouse 13 wk NTP 1994
Resp 7ATF
(B6C3F1) (W) selenate
Cardio 7TATF
Gastro 7ATF
Hemato 7ATF
Musc/skel 7A7TF
Hepatic 7ATF
Renal 1.07 M 1.87 M (increased kidney weight

associated with decreased
water intake)

Endocr 7TATF
Ocular 7TATF
Bd Wit 1.87 2.95M (body weights 13% lower than ~ 5.45 M (body weights 24% lower than
controls; decreased water controls; decreased water
intake) intake)
56 Mouse 30d . o ) ) Sayato et al. 1993
6d/wk Hepatic 47M 9.4 M (significant 2-3-fold increases in
(ICR) aspartate aminotransferase and D,L-selenocystine
(G) alanine aminotransferase)
Renal 94 M
Bd Wt 9.4 M (final body weight about 13% 18.9 M (final body weight about 29%

lower than controls) lower than controls)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
57 Mouse 12 wk . o Skowerski et al. 1997a
ad lib Hepatic 0.2 M (vacuolization of hepatocytes)
Balby sodium selenite
(F)
58 Mouse 12 wk . ) Skowerski et al. 1997b
ad lib Cardio 0.2 M (cardiocytes have numerous
Balby damaged mitochondria, large sodium selenite
(F) number of lipid droplets and
numerous lysosomes)
Bd Wt 0.2M
i 3 mo Turan et al. 1999b
59 Rabbit ad lib Cardio 0.137  (disruption of myofibrils,
(New irregular sarcomeres, and sodium selenite
Zealand) (F) diosrganization of bands in
sarcomeres)
Hemato 0.137
Bd Wt 0.137
60 Pig 8 wk . . Baker et al. 1989
) ad lib Hepatic 1.1 (vacuolar degeneration, portal
(mixed breed) ") fibrosis) selenate
Dermal 1.1 (cracked hoof walls)
Bd Wt 1.1 (body weight gain 83% lower

than controls, accompanied by
decreased food intake)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species s Fre_tz_ue;cyt NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
61 Pig 35d ) Mahan and Magee 1991
ad lib Dermal 0.014 0.25  (hoof cracking)
(NS) . selenite
Bd Wt 0.25 0.47  (body weight gain 78% lower
than controls, accompanied by
decreased food intake)
62 Pig 8 wk . L . Mihailovic et al. 1992
ad lib Hepatic 0.33 0.59 (atrophic cirrhosis)
(c\r{o)ssbred L ) selenite
X
Dermal 0.33 0.59  (hoof cracking, alopecia,
redness of skin, petechiae)
63 Pig 31 +/-14d ) Panter et al. 1996
Cardio 1.25
(NS) D,L-selenomethionine
Hepatic 1.25
Renal 1.25
Dermal 1.25 (symmetrical hair loss, dry
scaling skin, cracked overgrown
hooves 3/5 pigs)
Bd Wt 1.25 (body weight gain 15% less

than controls)

S103443 H1TV3IH '€

NNINTT3ES

A4S



Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key to Species s Fre_tz_ue;cyt NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
64 Pig 16 +/-16d Panter et al. 1996
Resp 1.25
(NS) selenate
Cardio 1.25
Hepatic 1.25
Renal 1.25
Dermal 1.25  (symmetrical hair loss, dry
scaling skin, cracked overgrown
hooves 1/5 pigs)
Bd Wt 1.25  (body weight gain 22% less
than controls)
i 34d Stowe et al. 1992
65 (F,’\;gs) ad lib Cardio 0.46  (vacuolation, pyknosis of nuclei)
NS
(F)
Musc/skel 0.46  (hyperplasia of sarcolemma
nuclei; disintegration of
myofibrils)
66 Pig NS . Wabhlstrom and Olson 1959b
ad lib Dermal 0.4 F (2/10 alopecia; 1/10 hoof
(Duroc) ) separation) selenite
Bd Wt 04F
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fre_q_uency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mg/kg/day)  (mg/kg/day) (mgl/kg/day) Chemical Form
67 Cattle 120 d O’Toole and Raisbeck 1995
1x/d Resp 0.808 M
Hereford selenomethionine
(F)
Cardio 0.808 M
Gastro 0.808 M
Musc/skel 0.808 M
Hepatic 0.808 M
Renal 0.808 M
Endocr 0.808 M
Dermal 0.158 M 0.288 M (mild parakeratosis of hoof) 0.808 M (severe parakeratosis and
epithelial hyperplasia of hoof)
Ocular 0.808 M
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
68 Cattle 120d O’Toole and Raisbeck 1995
Hereford 1x/d Resp 0.808 M ] )
erefor sodium selenite
(F)
Cardio 0.808 M
Gastro 0.808 M
Musc/skel 0.808 M
Hepatic 0.808 M
Renal 0.808 M
Endocr 0.808 M
Dermal 0.288 M 0.808 M (mild parakeratosis of hoof)
Ocular 0.808 M
Immuno/ Lymphoret
69 Human 120d Hawkes et al. 2001
0.004 M
(F) dietary
70 Rat 10 wk Koller et al. 1986
ad lib 0.7 F (decreased delayed-type
(Sprague- hypersensitivity; increased selenite
Dawley) W) thymus weight)
71 Mouse 47d . Raisbeck et al. 1998
ad lib 0.173  (reduced B-cell function and ‘
(BALBI/c) OVA-specific antibody selenocystine
W) concentration)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
72 Mouse 47 d . Raisbeck et al. 1998
ad lib 0.173  (reduced B-cell function and
(BALBI/c) OVA-specific antibody selenomethionine
(W) concentration)
73 Mouse 47d = ) Raisbeck et al. 1998
ad lib 0.173  (reduced OVA-specific antibody
(BALBI/c) - concentration) sodium selenite
74 Cattle 120d 0.508 M O’'Toole and Raisbeck 1995
Hereford 1x/d ' selenomethionine
(F)
75 Cattle 120d O’'Toole and Raisbeck 1995
1x/d 0.808 M
Hereford sodium selenite
(F)
Neurological
76 Human 120d Hawkes and Hornbostel 1996
0.0048 M
(F) selenomethionine
77 Monkey 30d . Cukierski et al. 1989
1x/d 0.08 0.12 F (hypothermia)
(Macaca selenomethionine
fascicularis) (GW)
i 7 wk Baker et al. 1989
& P'9_’ ad lib 1.3  (tetraplegia, poliomyelomalacia)
(mixed breed) organic
(F)
79 Pig 8 wk o L Mihailovic et al. 1992
ad lib 0.33 0.59  (hind limb paresis, hind limb
(crossbred L x ataxia, symmetric selenite

Y) (F) poliomylomalacia of the ventral

horn of the spinal cord)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL

Duration/

Frequency NOAEL Less Serious

a
Key to Species

Reference

figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
80 Pig 20-42d . . . Wilson et al. 1983
ad lib 1 (poliomylelomalacia, paralysis,
(NS) . difuse gliosis of the spinal cord) selenite
81 Cattle 120d 0,808 M O'Toole and Raisbeck 1995
1x/d .
Hereford ) selenomethionine
82 Cattle 120d 0.508 M O'Toole and Raisbeck 1995
1x/d .
Hereford (:) sodium selenite
Reproductive
83 Human 102d 0.0039 M Hawkes and Turek 2001
(F) - dietary
84 Monkey 30d Cukierski et al. 1989
1x/d 0.06 F 0.08 F (altered menstrual cycle)
(Macaca selenomethionine

fascicularis) (GW)

85 Rat 5 wk
) 0.1 M (3.9% abnormal sperm;
(Wild) (F) decrease in live sperm)
86 Rat 13 wk

(Fischer- 344) (W)

0.31 F (more time in diestrus and less
time in proestrus, estrus, and

metestrus than controls)

b
0.29 M (15% decreased sperm counts)

0.2 M (24.6% abnormal sperm;

decreased live sperm, and
sperm motility; decreased
testicular weight)

Kaur and Parshad 1994

selenite

NTP 1994

selenate
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
87 Rat 13 wk b i NTP 1994
. 05F 0.17 M (11% decrease epididymal
(Fischer- 344) (W) sperm counts) selenite
0.86 F (more time in diestrus and less
time in proestrus and estrus)
12-14 wk Turan et al. 1999a
88 Ra.t ad lib 0.324  (testicular hypertrophy)
(Wistar) sodium selenite
89 Mouse 48 d ) ) ) Nobunaga et al. 1979
ad lib 017 F 0.34 F (proportion of mice with longer
(IVCS) estrus cycles increased by selenite
W) 11.8%)
90 Mouse 13 wk 5 45bM NTP 1994
(BBC3F1) (W) ' selenate
7ATF
91 Mouse 13 wk b NTP 1994
331 M
(B6C3F1) (W) selenite
3.83F
92 Rabbit 6 wks o o El-Zarkouny et al. 1999
1x/wk 0.001 M (significant reduction in serum
(New testosterone (49%)) sodium selenite
Zealand) (GW)
i NS Wahlstrom and Olson 1959b
93 Pig ad lib 0.4 (decreased fertility,
(Duroc) maternal toxicity) selenite

(F)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
Developmental
94 Rat 8 wks ) ) Thorlacius-Ussing 1990
) ad lib 0.64 (decrease weight gain of pups
(Wistar) w exposed during lactation) selenite
95 Mouse pre-Gd:30 d ) Nobunaga et al. 1979
Gd 0-18 0.17 0.34 (decreased fetal body weight,
(IVCS) ad lib delayed vertebral ossification) selenite
(w)
96 Pig NS ) Wahlstrom and Olson 1959b
ad lib 0.4 (increased number of deaths
(Duroc) between birth and weaning; selenite
(F) reduced birth weight and
reduced body weight at
weaning)
97 Cattle 3 mo Yaeger et al. 1998
ad lib 0.265 _ _
sodium selenite
(F)
CHRONIC EXPOSURE
Death
2yr Harr et al. 1967; Tinsley et al. 1967
9% Ra.t adylib 0.5 (reduced longevity from about y
(Wistar) . 500 days to about 60-100 days)selenate, selenite
Systemic
99 Human >3 yr Bratter and Negretti De Bratter 1996
Endocr 0.01F
(F) dietary
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
100 Human >2yr Longnecker et al. 1991
Hemato 0.0098
(F) organic
Musc/skel ~ 0.0098
Hepatic 0.0098
Dermal 0.0098
101 Human lifetime c . . . Yang and Zhou 1994
Dermal 0.015 0.023  (selenosis: sloughing of nails
(F) and brittle hair) Organic
H r Yang et al. 1989a
102 Human Y Cardio 0.025 9
(F) organic
Hemato 0.015
Hepatic 0.025
Dermal 0.015
103 Rat 2yr Harr et al. 1967; Tinsley et al. 1967
. ad lib Musc/skel 0.1 0.2 (soft bones)
(Wistar) selenite, selenate
(F)
Hepatic 0.025 0.1  (hyperplastic lesions)
Renal 0.025 0.1 (nephritis)
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
a Duration/
Key to Species s Fre_t:_ue;cy NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
104 Rat 24 mo R 0.5 F Nelson et al. 1943
ad lib esp .
(Osborne- organic
Mendel) (F)
Gastro 05F
Musc/skel 05F
Hepatic 0.25 F (slight to moderate cirrhosis)
Endocr 05F
Dermal 05F
105 Mouse lifetime L Schroeder and Mitchener 1972
. ad lib Resp 0.57  (amyloidosis)
(Swiss) selenate
(W)
Cardio 0.57  (amyloidosis)
Hepatic 0.57  (amyloidosis)
Renal 0.57  (amyloidosis)
Endocr 0.57  (amyloidosis of adrenal gland)
Dermal 0.57  (poor coat)
Bd Wt 0.57
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Table 3-2 Levels of Significant Exposure to Selenium - Oral

(continued)

Exposure/ LOAEL
a Duration/
Key to Species s Fre_t:_uency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
106 Mouse lifetime . Schroeder and Mitchener 1972
. ad lib Resp 0.57  (amyloidosis)
(Swiss) selenite
(w)
Cardio 0.57  (amyloidosis)
Hepatic 0.57  (amyloidosis)
Renal 0.57  (amyloidosis)
Endocr 0.57  (amyloidosis of adrenal gland)
Dermal 0.57  (poor coat)
Bd Wt 0.57
Neurological
107 H r Yang et al. 1983
aman y 0.027 0.058 (tendon hyperflexia, peripheral 9
(F) anesthesia, pain in extremities, organic
polyneuritis)
Reproductive
108 Rat 1yr o . . Rosenfeld and Beath 1954
) daily 0.21 0.35 (50% reduction in number of 1.05 (decreased fertility, pup survival,
(Wistar) ad lib pups reared in second maternal toxicity; second selenate
w) generation) generation failed to reproduce)
109 Mouse 3 gen Schroeder and Mitchener 1971b
N adglib 0.57  (failure to breed in the third I
(CD) w generation) selenate
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Table 3-2 Levels of Significant Exposure to Selenium - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
Developmental
3 gen Schroeder and Mitchener 1971b
110 Mouse adglib 0.57  (increased number of runts;
(CD) w postnatal lethality) selenate

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

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

¢ Used to derive a chronic oral minimal risk level (MRL) of 0.005 mg/kg-day; The NOAEL is divided by an uncertainty factor of 3 (for human variability).

ad lib = ab libitum; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine; (F) = feed; F = female; (G) = gavage; gastro =
gastrointestinal; gd = gestation day; GHS-Px = selenium-dependent glutathione peroxidase; (GW) = gavage in water; Hemato = hematological; (IN) = ingestion; LD50 = lethal dose,
50% kill; LOAEL = lowest-observed-adverse-effect level; LPS = lipopolysaccharide; M = male; metab = metabolic; mg/kg/day = milligram per kilogram per day; mo = month(s);
Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; (NS) = not specified; Resp = respiratory; TNF = tumor necrosis factor; TSH = thyroid-stimulating hormone;
(W) = water; wk = week(s); x=time(s); yr = year(s)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)
Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)

Intermediate (15-364 days)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)

Chronic (=365 days)
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Figure 3-2. Levels of Significant Exposure to Selenium - Oral (continued)
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Table 3-3 Levels of Significant Exposure to Selenium Sulfides - Oral

Exposure/ LOAEL
Duration/
Key tc? Species s Fre_t:_ue;cy NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
ACUTE EXPOSURE
Death
1 Rat once 138 M (LD50) Cummins and Kimura 1971
(Sprague- (G) SeS2 (aqueous)
Dawley)
M t al. 1996b
2 ones 75M (3/6 died) coreeta
(Wistar) (GO) SeS
M t al. 1996b
3o ones 50  (3/15 died) coreeta
(Wistar) (GO) SeS
4 Mouse once 3700  (LD50) Henschler and Kirschner 1969
(NMRI) (G) SeS
Systemic
5 Rat once ) ) .. Moore et al. 1996b
) Hepatic 75 M (widespread hepatic necrosis)
(Wistar) (GO) SeS
INTERMEDIATE EXPOSURE
Death
17d NTP 1980c
6 Ra 1x/d 112 M (LD50)
(Fischer- 344) b SeS, SeS2
(G) 56 F (LD50)
17d NTP 1980c
7 Mouse 1x/d 805 M (LD50)
(B6C3F1) b SeS, SeS2
(G) 316 F (LD50)
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Table 3-3 Levels of Significant Exposure to Selenium Sulfides - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
Systemic
8 Rat 13 wk R 316 NTP 1980c
) esp .
(Fischer- 344) Zg//dw" SeS, SeS2
(G)
Cardio 31.6
Gastro 31.6
Musc/skel 31.6
Hepatic 17.6 31.6  (focal necrosis)
Renal 31.6
Endocr 31.6
Dermal 31.6
Bd Wt 31.6
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Table 3-3 Levels of Significant Exposure to Selenium Sulfides - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
9 Mouse 13 wk R 464 NTP 1980c
7d/wk esp
(B6C3F1) 1%/d SeS, SeS2
©G)
Cardio 464
Gastro 464
Musc/skel 464
Hepatic 464
Renal 216 464  (interstitial nephritis)
Endocr 464
Dermal 464
Bd Wt 216 F 464 F (body weight 17% lower than

CHRONIC EXPOSURE

Cancer
10 Rat 103 wk

; 7diwk
(Fischer- 344) 1%/d

(©)

controls)

) NTP 1980c
15  (hepatocellular carcinomas
14/49 males, 21/50 females)  SeS, SeS2
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Table 3-3 Levels of Significant Exposure to Selenium Sulfides - Oral (continued)
Exposure/ LOAEL
Duration/
Key tc? Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System  (mglkg/day)  (mglkg/day) (mg/kg/day) Chemical Form
103 wk NTP 1980c
11 Mouse 7diwk 100 F (hepatocellular
(B6C3F1) 1%/d carcinomas/adenomas 25/49, SeS, SeS2
alveolar/bronchiolar
(G) carcinoma/adenomas 12/49)

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

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

ad lib = ab libitum; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr - endocrine; F = female; gastro = gastrointestinal; (G) = gavage; gd
= gestation day; Hemato = hematological; LOAEL = lowest-observed-adverse-effect level; M = male; Metab = metabolic; Musc/skel = musculoskeletal; NOAEL =
no-observed-adverse-effect level; Resp = respiratory; (W) = water; wk = week(s); x = time(s); yr = year(s)
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Figure 3-3. Levels of Significant Exposure to Selenium Sulfides - Oral
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Figure 3-3. Levels of Significant Exposure to Selenium Sulfides - Oral (continued)
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Figure 3-3. Levels of Significant Exposure to Selenium Sulfides - Oral (continued)

Chronic (=365 days)
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3. HEALTH EFFECTS

of the compound, because selenium sulfide preparations often exist as a variable mixture of the mono-

and disulfide forms, precluding accurate expression of the dose in terms of total selenium.

Most of the available toxicity information for oral exposures to selenium compounds comes from
domestic or experimental animal exposures to selenite, selenate, selenium sulfides (mixed), and organic
selenium compounds (selenocystine, selenomethionine). Some of the earliest recognized effects of
selenium were observed in livestock (cattle, sheep, and horses) that grazed on plants in areas of South
Dakota, where soil selenium concentrations are naturally high. Selenium-associated effects observed in
livestock include “blind staggers” and alkali disease. “Blind staggers” is an acute syndrome in which
there is usually a slight impairment of vision, which can result in the animal straying from the herd. As
the disease progresses, the blindness becomes more pronounced, and the animal may wander in circles.
In the last stage, there are various degrees of paralysis and evidence of abdominal pain; death results from
respiratory failure. However, because the effects have not been replicated in experimentally exposed
cattle receiving doses of selenium sufficient to induce hoof lesions, the neurological signs associated with
“blind staggers” may be due to compounds other than selenium in the vegetation. Alkali disease is a
chronic disease in which the animals become emaciated, stiff, and lame; lose long hair from the mane and
the tail; and the hooves become deformed. Alkali disease is also associated with atrophy of the heart and

liver, while congestion and focal necrosis of the liver are more prominent in “blind staggers”.

Some epidemiological studies report data from populations exposed to selenium in the food chain in areas
with high selenium levels in soil. It is likely that selenite, selenate, and the selenium found in food and in
dietary supplements comprise the majority of selenium compounds to which oral, off-site selenium
exposures will occur at or near hazardous waste sites. Aside from the variation in effective dose, the
health effects from exposure to selenate, selenite, and dietary selenium are not expected to differ greatly.
However, oral exposures to many other compounds of selenium could occur (primarily through soil or
edible plant ingestion) if those compounds were deposited at the site, or if local environmental conditions
greatly favor transformation to those forms. Heavy metal selenides, aluminum selenide, tungsten
diselenides, and cadmium selenide are used in industry and may end up in waste sites. Mobilization of
selenium, typically as selenate in water run-off, has the potential to impact nearby plants and animals,
thus potentially exposing people through eating game meat, local plants, and agricultural or livestock food

products from the area.
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3.2.2.1 Death

Accidental selenium poisonings in humans have occurred, but few fatalities have been reported. The
selenium doses associated with the reported deaths are unknown (Carter 1966; Koppel et al. 1986). One
3-year-old boy died 1.5 hours after ingestion of an unknown quantity of selenious acid contained in a gun-
bluing preparation (Carter 1966). Clinical signs included excessive salivation, garlic odor on the breath,
and shallow breathing. A 15-year-old female survived ingestion of a solution of sodium selenate
estimated to have provided 22 mg selenium/kg body weight, probably because she was forced to vomit
soon after exposure (Civil and McDonald 1978). Clinical signs included garlic odor of the breath and

diarrhea.

No cases of human death in the United States have been attributed to intermediate or chronic oral
exposures to selenium or selenium compounds. In the Hubei Province of China, in an area of endemic
selenosis, a woman who died was suffering from hemiplegia thought to have been caused by chronic
selenosis induced by eating locally grown foods that contained high levels of organic selenium
compounds (Yang et al. 1983). However, an autopsy was not performed and no clinical history of

previous illness was available.

In nonhuman animals, the most acutely toxic selenium compounds by ingestion appear to be sodium
selenite and sodium selenate (Olson 1986). Oral LDs, values for sodium selenite, expressed as mg
selenium/kg body weight, were reported as 4.8—7.0 in rats, 1.0 in rabbits, 3.2 in mice, and 2.3 in guinea
pigs (Cummins and Kimura 1971; Pletnikova 1970). Minimum lethal doses of sodium selenite, expressed
as mg selenium/kg body weight, reported for larger animals were 13—18 for pigs and 9.9—11.0 for cows
(Miller and Williams 1940); however, these values were estimated on the basis of a small number of
animals. Two of four 12-week-old lambs died within 16 hours of administration of 5 mg selenium/kg as
sodium selenite (Smyth et al. 1990). Selenium dioxide is reported to have LDs, values of 16 mg
selenium/kg for mice and 48 mg selenium/kg body weight for rats, but these values are also based on a
small number of animals (Singh and Junnarkar 1991). An oral LDs, of 35.9 mg selenium/kg has been
reported for L-selenocystine given to mice (Sayato et al. 1993). Elemental selenium is less toxic than
most selenium compounds, because of its extremely low solubility; an LDs, of 6,700 mg selenium/kg
body weight has been reported for oral administration of elemental selenium as a suspension (particle size

1-30 pm) in 0.5% methylcellulose to rats (Cummins and Kumura 1971).
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Lower doses of selenium can cause signs of toxicity if administered over extended periods of time. Eight
weaned 5-week-old pigs receiving 1.3 mg selenium/kg/day as sodium selenite in gelatin capsules daily for
10 days died during one study; only one dose level was tested (Wilson et al. 1989). Two long-tailed
macaques administered 0.60 mg selenium/kg/day as selenomethionine by nasogastric intubation died of
either anorexia or aspirated vomitus secondary to emesis and gastritis after 10 or 15 days of treatment
(Cukerski et al. 1989). Seven of 12 female rats receiving diets containing 0.418 mg selenium/kg/day as
sodium selenate for 14 days died before the end of the experiment (NTP 1996). Exposure to selenium in
drinking water at a level of 0.84 mg selenium/kg/day as selenite or selenate for 4—-6 weeks resulted in the
death of four of six or two of six male rats, respectively (Palmer and Olson 1974). Feeding male rats diets
containing 0.48 mg selenium/kg/day as sodium selenite or 0.4 mg selenium/kg/day as seleniferous wheat
for 6 weeks resulted in the death of one of eight rats in each group (Halverson et al. 1966).

Administration of sodium selenite in drinking water at a level of 0.28 mg selenium/kg/day for 58 days
resulted in the death of 25 of 50 male rats (Schroeder and Mitchener 1971a). Mortality was observed in
rats, but not in mice, receiving either 1.67 mg selenium/kg/day as sodium selenite or 2.54 mg
selenium/kg/day as sodium selenate in drinking water for 13 weeks (NTP 1994). Gavage treatment of
male mice with selenocystine 6 days per week for 30 days at a dose of 14.2 mg selenium/kg killed all

15 treated animals, while no deaths were noted at 9.4 mg selenium/kg (Sayato et al. 1993). The longevity
of hamsters was not affected by dietary administration of sodium selenite at a dose of 0.42 mg

selenium/kg/day for 124—144 weeks (Birt et al. 1986).

Sodium selenate and sodium selenite exhibit similar toxicity in female rats, but male rats appear more
susceptible to the toxicity of sodium selenite than selenate (Palmer and Olson 1974; Schroeder and
Mitchener 1971a). Sodium selenate in drinking water at 0.28 selenium mg/kg/day for 1 year did not
increase mortality of male or female rats compared with control rats (Schroeder and Mitchener 1971a).
Ingestion of 0.28 mg selenium/kg/day of sodium selenite in drinking water for 1 year did not increase
mortality in female rats, whereas 50% of the males died by day 58 of administration (Schroeder and

Mitchener 1971a).

The relative acute toxicities of sodium selenite, potassium selenite, sodium selenate, and potassium
selenate in aqueous solution have been examined in mice (Pletnikova 1970). No significant differences
among the toxicities of the potassium and sodium salts of selenium were apparent in this study. In
another study, rats tolerated a dose of 1.05 mg selenium/kg/day administered in drinking water as
potassium selenate for over 8 months with no deaths, but three of five females and one of three males died

by the end of 1 year (Rosenfeld and Beath 1954). Decreased survival was reported in rats fed sodium
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selenate or selenite at 0.5 mg selenium/kg/day in a 2-year cancer study (Harr et al. 1967; Tinsley et al.
1967). No mortality was observed in hamsters fed 0.42 mg selenium/kg/day as sodium selenite in the diet
for 82142 weeks (Birt et al. 1986).

Selenium sulfide (i.e., selenium monosulfide) and selenium disulfide are less water soluble and are of
lower acute toxicity than sodium selenate or sodium selenite. There are no reported human deaths due to
ingestion of selenium sulfide. The LDs, value for the gavage administration of 1-20% selenium disulfide
in aqueous 0.5% methylcellulose to rats was 138 mg selenium disulfide/kg (Cummins and Kimura 1971).
When 1% selenium disulfide shampoo was administered by gavage, the LDs, value was lower (78 mg
selenium disulfide/kg) (Cummins and Kimura 1971). The compound administered may have been a
mixture of selenium sulfide and selenium disulfide; analysis of the compound was not reported.
Henschler and Kirschner (1969) reported an LDs, of 3,700 mg selenium sulfide/kg for mice administered
by gavage in aqueous 0.5% carboxymethylcellulose. Administration of single gavage doses of selenium
monosulfide to rats produced death in 3/15 animals dosed with 50 mg/kg, 3/6 animals dosed with

75 mg/kg, 1/2 animals dosed with 100 mg/kg, and 2/2 animals dosed with 125 mg/kg (Moore et al.
1996D).

In the case of selenium sulfide, mice are more tolerant than rats, and males of both species appear to be
more tolerant than females (NTP 1980c). The daily doses producing 50% mortality for a 17-day gavage
administration of a mixture of selenium mono- and disulfides were 112 mg selenium sulfides/kg for male
rats, 56 mg selenium sulfides/kg for female rats, and 805 mg selenium sulfides/kg for male mice (NTP
1980c). A 13-week gavage study using the same mixture of selenium mono- and disulfides reported
survival as 10/10, 10/10, 10/10, 9/9, 8/9, and 6/10 in female mice and 10/10, 10/10, 10/10, 10/10, 10/10,
and 9/10 in male mice receiving 0, 21.6, 46.4, 100, 216, and 464 mg selenium sulfides/kg/day,
respectively (NTP 1980c). Although the researchers intended to administer selenium monosulfide to the
animals, elemental analysis, melting point, and x-ray diffraction revealed that the compound administered
included some selenium disulfide. No other chemical or physical analyses of the selenium compound

administered were reported.

The LDs, and lethal LOAEL values from each reliable study following oral exposure to elemental
selenium dust, selenium dioxide dissolved in water (selenious acid), sodium selenate, sodium selenite,
potassium selenate, and dietary selenium for each species and exposure duration are recorded in Table 3-2

and plotted in Figure 3-2. The LOAEL values for death in rats and mice following acute and intermediate
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oral exposures to selenium sulfide or selenium disulfide are recorded in Table 3-3 and plotted in

Figure 3-3.

3.2.2.2 Systemic Effects

The highest NOAEL value and all LOAEL values for each reliable study for systemic effects in each

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

Respiratory Effects. Pulmonary edema and lesions of the lung have been noted in case reports of
humans (Carter 1966; Koppel et al. 1986) and animals (Glenn et al. 1964a; Rosenfeld and Beath 1947)
after ingestion of lethal doses of selenium compounds. Rabbits orally administered sodium selenite
(subroute not specified) at levels approximating the LDs, (1-5 mg selenium/kg body weight) developed
pulmonary congestion, hemorrhages, and edema; dyspnea; general muscular weakness; and asphyxial
convulsions (Smith and Westfall 1937). Pulmonary edema and hemorrhages were observed in four sheep
treated orally (subroute not specified) with a single dose of sodium selenite of 5 mg selenium/kg (Smyth
et al. 1990). The lungs may be a target of acute exposure to excess selenium because the metabolite,

dimethyl selenide, is exhaled.

The effects of intermediate or chronic exposures to selenium compounds are less clear. Although Harr et
al. (1967) stated that absolute lung weights decreased with increasing doses of selenite or selenate
chronically administered to rats in the diet in a 2-year cancer study, they did not report lung weights at
specific dose levels. Selenium administration also might have contributed to pneumonic lesions, but
again, the authors did not statistically analyze their results or relate the severity of the effect to the doses
of selenium administered. Respiratory effects were not observed in rats treated with selenite in the diet
for 8 weeks at a dose of 0.45 mg selenium/kg/day (Chen et al. 1993). Effects on the lungs were not
observed in pigs fed 1.25 mg selenium/kg as organic selenium found in the plant Astragalus bisulcatus
for up to 5 days, or D,L-selenomethionine or selenate in the diet for up to 6 weeks (Panter et al. 1996).
Treatment of steers with selenomethionine or selenite in food at doses up to 0.808 mg selenium/kg/day
for 120 days did not produce any signs of respiratory distress or changes in lung weight or histology
(O’Toole and Raisbeck 1995). Ingestion of selenium in drinking water for 13 weeks at doses up to

1.67 and 7.17 mg selenium/kg as selenate in rats and mice, respectively, and 1.57 and 3.83 mg
selenium/kg as selenite in rats and mice, respectively, did not cause any respiratory effects (NTP 1994).
Nelson et al. (1943) reported that no effects on the lungs were apparent in rats administered 0.50 mg

selenium/kg/day as seleniferous corn for 2 years.
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An increased incidence of amyloidosis of the major organs, including the lungs, was observed in mice
following lifetime exposure to sodium selenate or sodium selenite in drinking water at a level of 0.57 mg
selenium/kg/day (Schroeder and Mitchener 1972). This effect was noted in 30% of control mice and 58%

(p<0.001) of selenium-treated mice. Data for individual organs were not provided.

Administration of lethal doses of selenium sulfide particles in carboxymethylcellulose by gavage has been
reported to cause irregular breathing in mice (Henschler and Kerschner 1969), but not in rats (Cummins
and Kimura 1971). No respiratory effects were seen in mice administered 464 mg selenium
sulfides/kg/day or in rats administered 31.6 mg selenium sulfides/kg/day by gavage once daily for

13 weeks (NTP 1980c).

Cardiovascular Effects. Tachycardia has occasionally been reported as a result of a lethal, acute
oral exposure to selenium compounds in humans (Carter 1966); however, the dose was not reported in
this lethal exposure to a gun-bluing solution containing selenious acid. Although myocardial disorders
(cardiogenic shock, congestive heart failure, arrhythmia, multifocal necrosis of the myocardium) have
been associated with selenium deficiencies (Yang et al. 1988), none has been reported to be associated
with chronic dietary selenosis in humans observed at doses of >0.016 mg/kg/day (Yang et al. 1989a). A
preliminary study completed in China suggests that selenium supplementation (100 pg/day, form not
stated) during pregnancy may reduce the incidence of pregnancy-induced hypertension (Li and Shi-mei

1994).

In contrast, postmortem studies of sheep that died from acute oral exposure to sodium selenite or sodium
selenate have revealed petechial hemorrhages of the endocardium (Glenn et al. 1964a; Smyth et al. 1990).
The sheep were treated with a time-weighted average dose of 0.65 or 0.9 mg selenium/kg/day as selenate
over a 171-day period (Glenn et al. 1964a, 1964b), or a single dose of selenite at 5 mg selenium/kg
(Smyth et al. 1990). Vacuolation and pyknosis of nuclei were observed in the hearts of pigs fed an
unspecified form of selenium at a dose of 0.46 mg selenium/kg/day for 34 days (Stowe et al. 1992). In a
2-year cancer study, Harr et al. (1967) reported the occurrence of myocardial hyperemia, hemorrhage, and
degeneration, as well as pericardial edema, in young rats administered sodium selenite or sodium selenate
in the feed at doses of 0.5 mg selenium/kg/day, although the authors did not specify the duration of

exposure required to produce the effects.
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Exposure of pigs to feed containing 54 mg/kg selenium for 1-7 days resulted in severe toxicity and death
of several of the animals (Penrith and Robinson 1996). Histological examination of heart tissue from pigs
that died revealed myocardial lesions consisting of widespread hypertrophy, atrophy, and disorganization

of fibers, occasional fibrosis, and marked medial hypertrophy of the arterioles.

Wistar rats administered 0.324 mg selenium/kg/day as sodium selenite in food for 12—14 weeks showed
severe diffuse degenerative changes, including edema in the sub-endocardial connective tissue and the
interfibers of prevascular regions, and myofibril swelling with profuse intercellular edema (Turan et al.
1999a). Myocyte borders were irregular, and there was a loss of striations and a degeneration of the
sarcolemma and myofibril structure and order. Examination of the mechanical function of the heart in
vitro using either Langendorff perfusion or papillary muscle recordings showed increased coronary
perfusion pressure, increased resting force, and increased heart rate with irregular beating. No difference

in contractile force was observed. Chronic heart failure did not occur in any of the animals in the study.

Cardiac damage was also observed in mice exposed to 0.2 mg selenium/kg/day as sodium selenite in food
for 12 weeks (Skowerski et al. 1997b). Ultrastructural examination revealed cardiomyocytes that had

numerous damaged mitochondria, a large number of lipid droplets, and numerous lysosomes.

Hearts of New Zealand white rabbits administered 0.137 mg selenium/kg/day as sodium selenite in food
for 3 months showed distinct, degenerative changes indicating disintegration of the internal structure of
the myocytes (Turan et al. 1999b). Muscle fibers were fragmented and separated. Disruption and loss of
myofibrils was observed, sarcomeres were irregular, and the I, Z, and H bands were disorganized and
discontinuous. Mitochondria were fewer and more variable in size and shape, with disoriented cristae and

a loss of matrix substance. Hearts of control animals (0.007 mg selenium/kg/day) had normal histology.

Treatment of steers with selenomethionine or selenite in food at doses up to 0.808 mg selenium/kg/day
for 120 days did not produce any changes in heart weight or histology (O’Toole and Raisbeck 1995).
Histopathological changes in the heart were not observed in pigs fed selenium at 1.25 mg selenium/kg as
organic selenium found in the plant A. bisulcatus for up to 5 days, or D,L-selenomethionine or selenate
for up to 6 weeks (Panter et al. 1996). Histopathological changes were not observed in the hearts of rats
treated with selenite in the diet for 8 weeks at a dose of 0.45 mg selenium/kg/day (Chen et al. 1993).
Selenium administered to rats and mice in drinking water for 13 weeks at doses up to 1.57 and 7.17 mg
selenium/kg/day as selenate, respectively, and up to 1.67 and 3.83 mg selenium/kg/day as selenite,
respectively, did not cause any histopathological changes in the heart tissue (NTP 1994). No
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histopathological changes were noted in mice administered 464 mg selenium sulfides/kg/day or in rats
administered 31.6 mg selenium sulfides/kg/day by gavage once daily for 13 weeks (NTP 1980c).

An increased incidence of amyloidosis of the major organs, including the heart, was observed in mice
following lifetime exposure to sodium selenate or sodium selenite in drinking water at a level of 0.57 mg
selenium/kg/day (Schroeder and Mitchener 19