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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 (Rise
Julie Louise Gerberdin. M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry
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*|_eqislative Background

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization
Act (SARA) of 1986 (Public law 99-499) which amended the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public law directed ATSDR to
prepare toxicological profiles for hazardous substances most commonly found at facilities on the
CERCLA National Priorities List and that pose the most significant potential threat to human health, as
determined by ATSDR and the EPA. The availability of the revised priority list of 275 hazardous
substances was announced in the Federal Register on November 17, 1997 (62 FR 61332). For prior
versions of the list of substances, see Federal Register notices dated April 29, 1996 (61 FR 18744); 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); and February
28, 1994 (59 FR 9486). 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: (770) 488-4178
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
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Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.

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 11 are planning guides to assist first responders and hospital emergency
department personnel in planning for incidents that involve hazardous materials. Volume I11—
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:
AOQOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 ¢ Phone: 202-347-4976
e 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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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.

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

A peer review panel was assembled for zinc. The panel consisted of the following members:

1. Olen Brown, Ph.D., University of Missouri-Columbia, Columbia, Missouri;
2. Robert Michael, Ph.D., RAM TRAC Corporation, Schenectady, New York; and
3. Gary Pascoe, Ph.D., DABT, Pascoe Environmental Consulting, Port Townsend, Washington.

These experts collectively have knowledge of zinc's physical and chemical properties, toxicokinetics, key
health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans. All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(1)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as
amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.

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

This public health statement tells you about zinc and the effects of exposure to it. Zinc is an
essential element needed by your body and is commonly found in nutritional supplements.

However, taking too much zinc into the body can affect your health.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for
long-term federal clean-up activities. Zinc has been found in at least 985 of the 1,662 current or
former NPL sites. Although the total number of NPL sites evaluated for zinc is not known, the
possibility exists that the number of sites at which zinc is found may increase in the future as
more sites are evaluated. This information is important because these sites may be sources of

exposure and exposure to zinc may harm you.

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

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

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

family traits, lifestyle, and state of health.

1.1 WHAT IS ZINC?

Zinc is one of the most common elements in the Earth's crust. Zinc is found in the air, soil, and
water and is present in all foods. In its pure elemental (or metallic) form, zinc is a bluish-white,
shiny metal. Powdered zinc is explosive and may burst into flames if stored in damp places.

Metallic zinc has many uses in industry. A common use for zinc is to coat steel and iron as well
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1. PUBLIC HEALTH STATEMENT

as other metals to prevent rust and corrosion; this process is called galvanization. Metallic zinc
is also mixed with other metals to form alloys such as brass and bronze. A zinc and copper alloy
is used to make pennies in the United States. Metallic zinc is also used to make dry cell

batteries.

Zinc can also combine with other elements, such as chlorine, oxygen, and sulfur, to form zinc
compounds. Zinc compounds that may be found at hazardous waste sites are zinc chloride, zinc
oxide, zinc sulfate, and zinc sulfide. Most zinc ore found naturally in the environment is in the
form of zinc sulfide. Zinc compounds are widely used in industry. Zinc sulfide and zinc oxide
are used to make white paints, ceramics, and other products. Zinc oxide is also used in
producing rubber. Zinc compounds, such as zinc acetate, zinc chloride, and zinc sulfate, are used
in preserving wood and in manufacturing and dyeing fabrics. Zinc chloride is also the major
ingredient in smoke from smoke bombs. Zinc compounds are used by the drug industry as
ingredients in some common products, such as vitamin supplements, sun blocks, diaper rash
ointments, deodorants, athlete's foot preparations, acne and poison ivy preparations, and
antidandruff shampoos. Information can be found on the chemical and physical properties of

zinc in Chapter 4 and on its occurrence and fate in the environment in Chapter 6.

1.2 WHAT HAPPENS TO ZINC WHEN IT ENTERS THE ENVIRONMENT?

Zinc enters the air, water, and soil as a result of both natural processes and human activities.
Most zinc enters the environment as the result of mining, purifying of zinc, lead, and cadmium
ores, steel production, coal burning, and burning of wastes. These activities can increase zinc
levels in the atmosphere. Waste streams from zinc and other metal manufacturing and zinc
chemical industries, domestic waste water, and run-off from soil containing zinc can discharge
zinc into waterways. The level of zinc in soil increases mainly from disposal of zinc wastes from
metal manufacturing industries and coal ash from electric utilities. Sludge and fertilizer also
contribute to increased levels of zinc in the soil. In air, zinc is present mostly as fine dust
particles. This dust eventually settles over land and water. Rain and snow aid in removing zinc
from air. Most of the zinc in lakes or rivers settles on the bottom. However, a small amount

may remain either dissolved in water or as fine suspended particles. The level of dissolved zinc
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in water may increase as the acidity of water increases. Fish can collect zinc in their bodies from
the water they swim in and from the food they eat. Most of the zinc in soil is bound to the soil
and does not dissolve in water. However, depending on the type of soil, some zinc may reach
groundwater, and contamination of groundwater has occurred from hazardous waste sites. Zinc
may be taken up by animals eating soil or drinking water containing zinc. Zinc is also a trace
mineral nutrient and as such, small amounts of zinc are needed in all animals. For more

information about what happens to zinc in the environment, see Chapter 6.

1.3 HOW MIGHT | BE EXPOSED TO ZINC?

Zinc is an essential element needed by your body in small amounts. We are exposed to zinc
compounds in food. The average daily zinc intake through the diet in this country ranges from
5.2 to 16.2 milligrams (milligram=0.001 gram). Food may contain levels of zinc ranging from
approximately 2 parts of zinc per million (2 ppm) parts of foods (e.g., leafy vegetables) to

29 ppm (meats, fish, poultry). Zinc is also present in most drinking water. Drinking water or
other beverages may contain high levels of zinc if they are stored in metal containers or flow
through pipes that have been coated with zinc to resist rust. If you take more than the
recommended daily amount of supplements containing zinc, you may have higher levels of zinc

exposure.

In general, levels of zinc in air are relatively low and fairly constant. Average levels of zinc in
the air throughout the United States are less than 1 microgram of zinc per cubic meter (ug/m?®) of
air, but range from 0.1 to 1.7 ug/m® in areas near cities. Air near industrial areas may have
higher levels of zinc. The average zinc concentration for a 1-year period was 5 pg/m® in one

area near an industrial source.

In addition to background exposure that all of us experience, about 150,000 people also have a
source of occupational exposure to zinc that might elevate their total exposure significantly
above the average background exposure. Jobs where people are exposed to zinc include zinc
mining, smelting, and welding; manufacture of brass, bronze, or other zinc-containing alloys;

manufacture of galvanized metals; and manufacture of machine parts, rubber, paint, linoleum,
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oilcloths, batteries, some kinds of glass and ceramics, and dyes. People at construction jobs,
automobile mechanics, and painters are also exposed to zinc. For more information on exposure

to zinc, see Chapter 6.

1.4 HOW CAN ZINC ENTER AND LEAVE MY BODY?

Zinc can enter the body through the digestive tract when you eat food or drink water containing
it. Zinc can also enter through your lungs if you inhale zinc dust or fumes from zinc-smelting or
zinc-welding operations on your job. The amount of zinc that passes directly through the skin is
relatively small. The most likely route of exposure near NPL waste sites is through drinking
water containing a high amount of zinc. Zinc is stored throughout the body. Zinc increases in
blood and bone most rapidly after exposure. Zinc may stay in the bone for many days after
exposure. Normally, zinc leaves the body in urine and feces. More information on how zinc

enters and leaves your body can be found in Chapter 3.

1.5 HOW CAN ZINC AFFECT MY HEALTH?

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find

ways for treating persons who have been harmed.

One way to learn whether a chemical will harm people is to determine how the body absorbs,
uses, and releases the chemical. For some chemicals, animal testing may be necessary. Animal
testing may also help identify health effects such as cancer or birth defects. Without laboratory
animals, scientists would lose a basic method for getting information needed to make wise
decisions that protect public health. Scientists have the responsibility to treat research animals
with care and compassion. Scientists must comply with strict animal care guidelines because

laws today protect the welfare of research animals.

Inhaling large amounts of zinc (as zinc dust or fumes from smelting or welding) can cause a

specific short-term disease called metal fume fever, which is generally reversible once exposure
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to zinc ceases. However, very little is known about the long-term effects of breathing zinc dust

or fumes.

Taking too much zinc into the body through food, water, or dietary supplements can also affect
health. The levels of zinc that produce adverse health effects are much higher than the
Recommended Dietary Allowances (RDASs) for zinc of 11 mg/day for men and 8 mg/day for
women. If large doses of zinc (10-15 times higher than the RDA) are taken by mouth even for a
short time, stomach cramps, nausea, and vomiting may occur. Ingesting high levels of zinc for
several months may cause anemia, damage the pancreas, and decrease levels of high-density
lipoprotein (HDL) cholesterol.

Eating food containing very large amounts of zinc (1,000 times higher than the RDA) for several
months caused many health effects in rats, mice, and ferrets, including anemia and injury to the
pancreas and kidney. Rats that ate very large amounts of zinc became infertile. Rats that ate
very large amounts of zinc after becoming pregnant had smaller babies. Putting low levels of
certain zinc compounds, such as zinc acetate and zinc chloride, on the skin of rabbits, guinea
pigs, and mice caused skin irritation. Skin irritation from exposure to these chemicals would
probably occur in humans. EPA has determined that because of lack of information, zinc is not

classifiable as to its human carcinogenicity.

Consuming too little zinc is at least as important a health problem as consuming too much zinc.
Without enough zinc in the diet, people may experience loss of appetite, decreased sense of taste
and smell, decreased immune function, slow wound healing, and skin sores. Too little zinc in the
diet may also cause poorly developed sex organs and retarded growth in young men. If a

pregnant woman does not get enough zinc, her babies may have birth defects.

More information on the health effects linked with exposure to higher-than-normal levels of zinc

is presented in Chapter 3.
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1.6 HOW CAN ZINC AFFECT CHILDREN?

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

conception to maturity at 18 years of age.

Zinc is essential for proper growth and development of young children. Mothers who did not eat
enough zinc during pregnancy had a higher frequency of birth defects and gave birth to smaller
children (lower birth weight) than mothers whose zinc levels were sufficient. Very young
children who did not receive enough zinc in the diet were smaller, both in length and in body
weight, than children who ate enough zinc. Some foods, such as soy-based formulas, contain
high levels of phytate, which can result in a decreased absorption of zinc in the diet. Too much
of these foods may result in effects similar to those that occur when children receive too little

zinc in the diet.

Little is known about whether children who eat too much zinc will react differently from adults
who have ingested large amounts of zinc. A child who accidentally drank a large amount of a
caustic zinc solution was found to have damage to his mouth and stomach, and later to his

pancreas, but similar effects have been seen in adults who accidentally drank the same solution.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO ZINC

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

Children living near waste sites containing zinc are likely to be exposed to higher environmental
levels of zinc through breathing, drinking contaminated drinking water, touching soil, and eating
contaminated soil. It is unlikely that a child would ingest enough zinc from eating soil to cause
harmful effects. However, parents should supervise to see that children avoid eating soil and

wash their hands frequently, especially before eating. Parents should consult their family
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physicians about whether (and how) hand-to-mouth behaviors in their children might be

discouraged. A more complete discussion can be found in Section 3.11 of the profile.

Children and adults require a certain amount of zinc in the diet in order to remain healthy.
However, overuse of some medicines or vitamin supplements containing zinc might be harmful,
these medicines should always be used appropriately. If you are accidentally exposed to large

amounts of zinc, consult a physician immediately.

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

Medical tests can determine whether your body fluids contain high levels of zinc. Samples of
blood or feces can be collected in a doctor's office and sent to a laboratory that can measure zinc
levels. It is easier for most laboratories to measure zinc in blood than in feces. The presence of
high levels of zinc in the feces can mean recent high zinc exposure. High levels of zinc in the
blood can mean high zinc consumption and/or high exposure. High zinc levels in blood or feces
reflect the level of exposure to zinc. Measuring zinc levels in urine and saliva also may provide
information about zinc exposure. Tests to measure zinc in hair may provide information on
long-term zinc exposure; however, no useful correlation has been found between hair zinc levels
and zinc exposure and these tests are not routinely used. Since zinc levels can be affected by
dietary deficiency and cell stress, these results may not be directly related to current zinc
exposure. More information on tests to measure zinc in the body can be found in Chapter 7.

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

The federal government develops regulations and recommendations to protect public health.
Regulations can be enforced by law. The EPA, the Occupational Safety and Health
Administration (OSHA), and the Food and Drug Administration (FDA) are some federal
agencies that develop regulations for toxic substances. Recommendations provide valuable

guidelines to protect public health, but cannot be enforced by law. The Agency for Toxic
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Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety
and Health (NIOSH) are two federal organizations that develop recommendations for toxic

substances.

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a
toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based
on levels that affect animals; they are then adjusted to levels that will help protect humans.
Sometimes these not-to-exceed levels differ among federal organizations because they used
different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other
factors.

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

provides it. Some regulations and recommendations for zinc include the following:

The federal government has set standards and guidelines to protect individuals from the potential
health effects of excessive zinc. EPA has stated that drinking water should contain no more than
5 mg of zinc per liter of water (5 mg/L or 5 ppm) because of taste. Furthermore, any release of
more than 1,000 pounds (or in some cases 5,000 pounds) of zinc or its compounds into the

environment (i.e., water, soil, or air) must be reported to EPA.

The National Academy of Sciences (NAS) estimates an RDA for zinc of 11 mg/day (men).
Eleven mg/day is the same as 0.16 mg per kilogram (kg) of body weight per day for an average
adult male (70 kg). An RDA of 8 mg/day, or 0.13 mg per kg of body weight for an average adult
female (60 kg), was established for women because they usually weigh less than men. Lower
zinc intake was recommended for infants (2—-3 mg/day) and children (5-9 mg/day) because of
their lower average body weights. The RDA provides a level of adequate nutritional status for
most of the population. Extra dietary levels of zinc are recommended for women during
pregnancy and lactation. An RDA of 11-12 mg/day was set for pregnant women. \WWomen who
nurse their babies need 12—-13 mg/day.
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To protect workers, OSHA has set an average legal limit of 1 mg/m?® for zinc chloride fumes and
5 mg/m? for zinc oxide (dusts and fumes) in workplace air during an 8-hour workday, 40-hour
work week. This regulation means that the workroom air should contain no more than an
average of 1 mg/m® of zinc chloride over an 8-hour working shift of a 40-hour work week.
NIOSH similarly recommends that the level of zinc oxide in workplace air should not exceed an
average of 1 mg/m® over a 10-hour period of a 40-hour work week. For more information on

recommendations and standards for zinc exposure, see Chapter 8.

1.10 WHERE CAN I GET MORE INFORMATION?

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

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

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

hazardous substances.

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

atsdric@cdc.gov, or by writing to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE

Mailstop F-32

Atlanta, GA 30333

Fax: 1-770-488-4178



ZINC
1. PUBLIC HEALTH STATEMENT

Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

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

10
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO ZINC IN THE UNITED
STATES

Zinc is ubiquitous in the environment, constituting 20-200 ppm (by weight) of the Earth's crust. It is not
found as elemental zinc in nature, instead being found mainly as zinc oxide or sphalerite (ZnS). Zinc is
released into the environment as the result of mining, smelting of zinc, lead, and cadmium ores, steel
production, coal burning, and burning of wastes. Ambient background air concentrations of zinc are
generally <1 ug/m®. Zinc is found in soils and surficial materials of the contiguous United States at
concentrations between <5 and 2,900 mg/kg, with a mean of 60 mg/kg. The zinc background

concentrations in surface waters are usually <0.05 mg/L, but can range from 0.002 to 50 mg/L.

Zinc metal is used most commonly as a protective coating of other metals, such as iron and steel. Zinc is
also a component of various alloys including those used for die casting as well as brass and bronze. Many
zinc alloys may be found in electrical components of household goods. Alloys containing zinc and
copper are used to make U.S. one-cent coins. Zinc metal dust is widely used in paint coatings, as a

catalyst, and as a reducing and precipitating agent in organic and analytical chemistry.

Exposure of the general population to zinc is primarily by ingestion. The average daily intake of zinc
from food in humans is 5.2—-16.2 mg zinc/day; assuming a 70-kg average body weight, this corresponds to
0.07-0.23 mg zinc/kg/day. Zinc is widespread in commonly consumed foods, but tends to be higher in
those of animal origin, particularly some sea foods. Meat products contain relatively high concentrations
of zinc, whereas fruits and vegetables have relatively low concentrations. Other possible pathways for
zinc exposure are water and air. Individuals involved in galvanizing, smelting, welding, or brass foundry

operations are exposed to metallic zinc and zinc compounds.

2.2 SUMMARY OF HEALTH EFFECTS

Zinc is an essential nutrient for humans and animals that is necessary for the function of a large number of
metalloenzymes, including alcohol dehydrogenase, alkaline phosphatase, carbonic anhydrase, leucine
aminopeptidase, and superoxide dismutase. Zinc deficiency has been associated with dermatitis,

anorexia, growth retardation, poor wound healing, hypogonadism with impaired reproductive capacity,
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impaired immune function, and depressed mental function; an increased incidence of congenital
malformations in infants has also been associated with zinc deficiency in the mothers. Zinc deficiency
may also have an impact on the carcinogenesis of other chemicals, although the direction of the influence
seems to vary with the carcinogenic agent. The recommended dietary allowance (RDA) for zinc is

11 mg/day in men and 8 mg/day in women; these correspond to approximately 0.16 mg/kg/day for men
and 0.13 mg/kg/day for women. Higher RDAs are recommended for women during pregnancy and

lactation (12 mg/day).

The effects of inhalation exposure to zinc and zinc compounds vary somewhat with the chemical form of
the zinc compound, but the majority of the effects seen will occur within the respiratory tract. Following
inhalation of zinc oxide, and to a lesser extent zinc metal and many other zinc compounds, the most
commonly reported effect is the development of “metal fume fever.” Metal fume fever is characterized
by chest pain, cough, dyspnea, reduced lung volumes, nausea, chills, malaise, and leukocytosis.
Symptoms generally appear a few hours after exposure, and are reversible 1-4 days following cessation
of exposure. Exposure levels associated with the development of metal fume fever have not been
identified, though are generally in the range of 77-600 mg zinc/m®. Acute experimental exposures of
humans to lower concentrations of zinc oxide (14 mg/m? for 8 hours or 45 mg zinc/m?® for 20 minutes)
and occupational exposures to low concentrations of zinc (8-12 mg zinc/m?® for 1-3 hours and 0.034 mg

zinc/m? for 6-8 hours) did not produce symptoms of metal fume fever.

In contrast, inhalation of high levels of zinc chloride, which is corrosive, generally results in more
pronounced damage to the mucous membranes of the respiratory tract without the effects normally seen
in metal fume fever. Symptoms of high-concentration zinc chloride exposure include dyspnea, cough,
pleuritic chest pain, bilateral diffuse infiltrations, pneumothorax, and acute pneumonitis, resulting from
respiratory tract irritation. In many cases, exposure levels for these effects have not been reported, as the
exposures were to zinc chloride-containing smoke and were not quantified and the contribution of other
components of the smoke cannot be entirely eliminated. However, one study of zinc chloride exposure
estimated an exposure level of 1,955 mg zinc/m®. Similar irritant effects of zinc chloride have been seen
in animal studies of lower exposure levels (13-121 mg/m®) and longer duration (5-100 daily exposures).
The effects observed after zinc chloride inhalation are likely due to the caustic nature of zinc chloride,

rather than a direct action of the zinc ion.

Nausea has been reported by humans exposed to high concentrations of zinc oxide fumes (300-

600 mg/m®) and zinc chloride (~120 mg/m®) smoke, as well as following oral exposure to zinc chloride
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and zinc sulfate. Other gastrointestinal symptoms reported in cases of excess zinc exposure include
vomiting, abdominal cramps, and diarrhea, in several cases with blood. In general, oral exposure levels
associated with gastrointestinal effects of zinc have not been reliably reported, but the limited available
data suggest that oral concentrations of 910 mg zinc/L or single-dose exposures of ~140-560 mg zinc
(acute oral doses of 2—-8 mg/kg/day) are sufficient to cause these effects. The noted effects are consistent
with gastrointestinal irritation. It is unclear in the majority of human studies whether the gastrointestinal
effects seen following zinc inhalation were due to systemic zinc or were the result of direct contact with
the gastrointestinal tract following mucociliary clearance of inhaled zinc particles and subsequent

swallowing.

Following longer-term exposure to lower doses (~0.5-2 mg zinc/kg/day) of zinc compounds, the
observed symptoms generally result from a decreased absorption of copper from the diet, leading to early
symptoms of copper deficiency. The most noticeable manifestation of the decreased copper levels is
anemia, manifesting as decreased erythrocyte number or decreased hematocrit. High-dose zinc
administration has also resulted in reductions in leukocyte number and function. Some studies have also
found decreases in high-density lipoprotein (HDL) levels in humans exposed to increased levels of zinc;
however, not all studies have confirmed this observation. Long-term consumption of excess zinc may

also result in decreased iron stores, although the mechanism behind this effect is not presently clear.

In most cases, dermal exposure to zinc or zinc compounds does not result in any noticeable toxic effects.
Zinc oxide is used routinely in topical applications including sunscreens and creams designed to assist in
wound healing. However, dermal exposure to zinc chloride, and to a lesser extent other zinc salts, can
result in severe skin irritancy, characterized by parakeratosis, hyperkeratosis, inflammatory changes in the

epidermis and superficial dermis, and acanthosis of the follicular epithelia.

Available studies have not presented evidence of reproductive or developmental effects in humans or
animals following inhalation of zinc compounds. Effects on reproductive or developmental end points

have been noted in oral-exposure animal studies, but generally only at very high doses (>200 mg/kg/day).

Available studies of zinc-induced carcinogenic effects in humans and animals following both oral or
inhalation exposure have not adequately demonstrated an increase in cancer incidence following long-
term exposure to zinc compounds. The EPA currently classifies zinc and compounds as carcinogenicity

group D (not classifiable as to human carcinogenicity).
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The primary effects of zinc are the development of metal fume fever and effects of zinc on copper status;
a more detailed discussion of these end points follows. The reader is referred to Section 3.2, Discussion

of Health Effects by Route of Exposure, for additional information on other health effects.

Metal Fume Fever. Metal fume fever, a well-documented acute disease induced by inhalation of metal
oxides, especially zinc, impairs pulmonary function but does not usually progress to chronic lung disease.
Symptoms generally appear within a few hours after acute exposure, usually with dryness of the throat
and coughing. The most prominent respiratory effects of metal fume fever are substernal chest pain,
cough, and dyspnea. The impairment of pulmonary function is characterized by reduced lung volumes
and a decreased diffusing capacity of carbon monoxide. Leukocytosis persisting for approximately

12 hours after the fever dissipates is also a common manifestation of metal fume fever. In general, the
symptoms of metal fume fever resolve within 1-4 days after cessation of exposure and do not lead to
long-term respiratory effects. Inhalation of “ultrafine” zinc oxide particles may also result in metal fume

fever, as well as histologic damage and inflammation of the lung periphery.

Exposure levels leading to the development of metal fume fever have been characterized. Minimal
changes in forced expiratory flow were observed 1 hour after a 15-30-minute exposure to 77 mg zinc/m?
as zinc oxide, while at higher levels (300-600 mg/ms, from 10 minutes to 3 hours), shortness of breath,
nasal passage irritation, cough, substernal chest pain, persistent rales of the lung base, and a decreased
vital capacity have been reported. Exposure to lower levels of zinc oxide, either for acute (14 mg zinc/m®
for 8 hours or 45 mg zinc/m? for 20 minutes) or chronic (812 mg zinc/m® for 1-3 hours and 0.034 mg
zinc/m® for 6-8 hours) duration did not result in the symptoms of metal fume fever. However, analysis by
bronchoalveolar lavage of volunteers exposed to zinc oxide for up to 2 hours (mean concentration

16.4 mg zinc/m®) revealed an increase in levels of the cytokines TNF, IL-6 and IL-8, and increases in the
number of polymorphonuclear leukocytes and lymphocytes in the BAL fluid. Thus, it appears that while
the precursor events for the development of metal fume fever begin to occur even at very low zinc
concentrations, the condition itself does not appear to fully manifest until exposure levels reach much
higher (>75 mg/m°) levels. Similar effects, including decreased ventilation, an inflammatory response,

and changes in cytokine levels, have also been seen in animal studies of zinc oxide inhalation.

The exact mechanism behind the development of metal fume fever is not known, but it is believed to
involve an immune response to the inhaled zinc oxide. It has been suggested that the zinc oxide causes
inflammation of the respiratory tract and the release of histamine or histamine-like substances. In

response, an allergen-antibody complex is formed that may elicit an allergic reaction upon subsequent
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exposure to the allergen. In response to the allergen-antibody complex, an anti-antibody is formed. The
anti-antibody dominates with continued exposure to the zinc oxide, thereby producing a tolerance. When
the exposure is interrupted and re-exposure occurs, the allergen-antibody complex dominates, producing

an allergic reaction and symptoms of metal fume fever.

Effects on Copper Status. When ingested zinc levels are very high, zinc is believed to inhibit copper
absorption through interaction with metallothionein at the brush border of the intestinal lumen. Both
copper and zinc appear to bind to the same metallothionein protein; however, copper has a higher affinity
for metallothionein than zinc and displaces zinc from metallothionein protein. Copper complexed with
metallothionein is retained in the mucosal cell, relatively unavailable for transfer to plasma, and is
excreted in the feces when the mucosal cells are sloughed off. Thus, an excess of zinc can result in a
decreased availability of dietary copper, and the development of copper deficiency. This fact has been
used therapeutically in the treatment of Wilson’s Disease. Zinc supplementation is used to substantially

decrease the absorption of copper from the diet, which can aggravate the disease.

Copper is incorporated into metalloenzymes involved in hemoglobin formation, carbohydrate
metabolism, catecholamine biosynthesis, and cross-linking of collagen, elastin, and hair keratin. The
copper-dependent enzymes, which include cytochrome c oxidase, superoxide dismutase, ferroxidases,
monoamine oxidase, and dopamine f-monooxygenase, function mainly to reduce molecular oxygen.
Excess zinc may alter the levels or activity of these enzymes before the more severe symptoms of copper
deficiency, which include anemia and leucopenia, begin to manifest. Numerous studies in humans
receiving 40-50 mg supplemental zinc/day (0.68-0.83 mg zinc/kg/day) have reported decreases in
erythrocyte superoxide dismutase, mononuclear white cell 5'-nucleotidase, and plasma 5'-nucleotidase
activities. While the results from study to study are not always consistent, the available studies of
volunteers identify 40-50 mg supplemental zinc/day as the level at which subtle changes in copper-
containing enzymes begin to be seen. This effect level is supported by other studies that collectively
identify a no-observed-adverse-effect level (NOAEL) of 30 mg supplemental zinc/day for changes in

copper-containing enzyme levels in adult men.

Long-term administration (1-8 years) of high zinc levels (2-11.6 mg/kg/day) has caused anemia in
humans. However, adequate studies of the chronic effects of lower levels of zinc on copper status in
humans are not available. Decreased hemoglobin and hematocrit and the development of anemia have

also been observed in animals orally exposed to high zinc doses.
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2.3 MINIMAL RISK LEVELS (MRLS)

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for zinc. 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. MRLSs are based on
noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived for
acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

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

significant human exposure improve, these MRLs will be revised.

Inhalation MRLs

No inhalation MRLs have been derived for zinc. A number of acute-duration studies of exposed workers
have identified metal fume fever as an end point of concern, with effects generally noted at airborne zinc
oxide levels of 77-600 mg zinc/m? (Blanc et al. 1991; Hammond 1944: Sturgis et al. 1927). However,
these occupational studies were not able to adequately control or correct for possible exposure to other
compounds, and were therefore not suitable for use in MRL derivation. Animal studies (Amdur et al.
1982; Drinker and Drinker 1928) corroborate the effects observed in humans; however, the studies are
generally limited in the methods utilized, and other possible targets of toxicity were not examined. Only
one chronic-duration inhalation study in humans was located (Ameille et al. 1992). In this study,
exposure levels were not reported; thus, the study could not be used as the basis for the derivation of a

chronic-duration MRL. Thus, no chronic-duration inhalation MRL could be derived.
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Oral MRLs

An oral acute MRL was not derived for zinc. A number of case reports involving high-dose acute
exposure were located (Brandao-Neto et al. 1990a; Callender and Gentzkow 1937; Lewis and Kokan
1998; Murphy 1970); nausea, vomiting, and other signs of gastrointestinal distress were the primary
effects noted. However, a great deal of uncertainty exists for these studies, including a lack of accurate
assessment of exposure levels and a minimal evaluation of end points. Animal studies of acute-duration
oral exposure to zinc are generally limited to studies of mortality (Domingo et al. 1988a; Straube et al.
1980), with the exception of a study in rats that only evaluated effects on the central nervous system
(Kozik et al. 1980). As no studies sufficient for derivation of an acute oral MRL were available, no value

was derived.

e An MRL of 0.3 mg zinc/kg/day has been derived for intermediate-duration oral exposure (15—
364 days) to zinc.

Prolonged oral exposure to zinc has been shown to decrease the absorption of copper from the diet,
resulting in the development of copper deficiency. At low doses (~0.7-0.9 mg zinc/kg/day) and
intermediate exposure durations (6—13 weeks), the effect is minor and manifests as subclinical changes in
copper-sensitive enzymes, such superoxide dismutase (Davis et al. 2000; Fischer et al. 1984; Milne et al.
2001; Yadrick et al. 1989). At higher exposure levels (~2 mg zinc/kg/day) for chronic duration, more
severe symptoms of copper deficiency, including anemia, have been reported (Broun et al. 1990; Gyorffy
and Chan 1992; Hale et al. 1988; Hoffman et al. 1988; Patterson et al. 1985; Porter et al. 1977; Prasad et
al. 1978; Ramadurai et al. 1993; Stroud 1991; Summerfield et al. 1992).

Available intermediate-duration studies have examined the effect of zinc supplementation on sensitive
biological indices in humans. A series of two studies (Bonham et al. 2003a, 2003b) evaluated a large
number of hematological and immunological parameters as well as several copper-sensitive enzymes
(e.g., superoxide dismutase) in healthy men exposed to 0.43 mg supplemental zinc/kg/day, and reported
no significant changes resulting from zinc exposure. Studies by three other groups have evaluated
exposures in the 0.6-0.8 mg zinc/kg/day range and identified slight but measurable effects. A study in
postmenopausal women receiving a total of 53 mg zinc/day (44 mg supplemental zinc/day, or 0.68 mg
supplemental zinc/kg/day) (Davis et al. 2000; Milne et al. 2001) reported increases in bone-specific
alkaline phosphatase (~25%) and extracellular superoxide dismutase (~15%) levels and decreases in
mononuclear white cell 5'-nucleotidase (~30%) and plasma 5'-nucleotidase (~36%) activity. Another

study (Fischer et al. 1984) exposed groups of male volunteers to 0.71 mg supplemental zinc/kg/day for
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6 weeks; erythrocyte superoxide dismutase (ESOD) activity decreased after 4 weeks in the supplement
group and was significantly lower than controls by 6 weeks. In women exposed to 0.83 mg supplemental
zinc/kg/day for 10 weeks, ESOD activity declined over the supplementation period and was significantly

(p<0.05) lower (47% decrease) than pretreatment values at 10 weeks (Yadrick et al. 1989).

While the decrease in ESOD activity reported in the available human studies is noteworthy, it is important
to note that other enzymes, including catalase and other forms of superoxide dismutase, also serve to
detoxify superoxide within the body. The overall effect of reducing the levels of an isoform of
superoxide dismutase on the body’s ability to detoxify superoxide radical is therefore uncertain. The
subjects in the zinc supplementation studies did not report increased frequencies of clinical signs or
symptoms. The other changes in copper status across the studies evaluating zinc supplementation in the
50 mg/day range, such as changes in alkaline phosphatase, mononuclear white cell 5'-nucleotidase, and
plasma 5'-nucleotidase activities (Davis et al. 2000; Milne et al. 2001), are generally slight and of
questionable clinical and biological significance. The subclinical changes in copper status observed in the
intermediate-duration studies of zinc supplementation (Davis et al. 2000; Fischer et al. 1984; Milne et al.

2001; Yadrick et al. 1989) are considered nonadverse effects.

Yadrick et al. (1989) also reported decreased serum ferritin in zinc-supplemented (0.86 mg supplemental
zinc/kg/day) premenopausal women. A statistically significant decrease in serum ferritin levels from
36.6 t0 28.2 pg/L (23% decrease), was observed. According to the most recent NHANES data (cited in
IOM 2000), the median range for serum ferritin levels in menstruating women is 36—40 pug/L, while a
value of <12 pg/L represents depleted iron stores. Thus, the subjects in the Yadrick study dropped below
the median range for women of their age group, but were still considerably above the level that would
represent a depletion of iron stores. This is supported by a lack of reported changes in hemoglobin or
hematocrit levels in the study population (Yadrick et al. 1989). In a 90-day study of postmenopausal
women exposed to 0.68 mg supplemental zinc/kg/day while living in a metabolic ward (Milne et al.
2001), no changes were reported in serum iron, hematocrit, or percentage of transferrin saturation were
observed. However, the study did not evaluate ferritin levels, which are the most sensitive indicator of
body iron stores. Other studies that evaluated similar zinc dose levels (Black et al. 1988; Fischer et al.
1984) have not evaluated ferritin levels or other indices of iron status. ATSDR considers the subclinical

change in iron stores as indicated by a decrease in serum ferritin levels to be nonadverse.

As it identified the highest NOAEL for effects of zinc exposure, the Yadrick et al. (1989) study was
selected as the principal study for MRL derivation. The study identified subclinical changes in copper
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status (decreased ESOD levels) and iron status (decreased ferritin levels) in women exposed to 0.83 mg
supplemental zinc/kg/day. This exposure level was designated a NOAEL and selected as the point of
departure for the derivation of the MRL. The uncertainty factor for MRL derivation was 3, representing
uncertainties involving intrahuman variability; a larger factor for sensitive populations was not believed
necessary, as women already represent a sensitive population with regards to changes in iron status. The

resulting intermediate-duration MRL is 0.3 mg/kg/day.

It should be noted that the MRL is calculated based on the assumption of healthy dietary levels of zinc
(and copper), and represents the level of exposure above and beyond the normal diet that is believed to be
without an appreciable risk of toxic response. The MRL is based on soluble zinc salts; it is less likely that

nonsoluble zinc compounds would have these effects at similar exposure levels.

e The intermediate-duration oral MRL of 0.3 mg zinc/kg/day has been accepted as the chronic oral
MRL.

The chronic oral MRL is expected to be without adverse effects when consumed on a daily basis over a
long period of time; neither inducing nutritional deficiency in healthy, nonpregnant, adult humans
ingesting the average American diet nor resulting in adverse effects from excess consumption. The MRL
was not based on a chronic-duration oral study due to a lack of adequate long-term studies in humans and
animals. Several studies have reported copper deficiency-induced anemia resulting from longer-term
exposure to zinc, either via supplements or other sources (Broun et al. 1990; Gyorffy and Chan 1992;
Hale et al. 1988; Hoffman et al. 1988; Patterson et al. 1985; Porter et al. 1977; Prasad et al. 1978;
Ramadurai et al. 1993; Stroud 1991; Summerfield et al. 1992); effects generally occurred at estimated
exposure levels of approximately 2-10 mg zinc/kg/day. However, the available studies are limited by
small numbers of subjects evaluated (often a single individual), limited evaluation of end points, and
limited reporting of study results, making them unsuitable for use in the derivation of a chronic-duration
MRL.
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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 zinc. 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.

Zinc is an essential nutrient in humans and animals that is necessary for the function of a large number of
metalloenzymes. These enzymes include alcohol dehydrogenase, alkaline phosphatase, carbonic
anhydrase, leucine aminopeptidase, superoxide dismutase, and deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) polymerase. As such, zinc is required for normal nucleic acid, protein, and
membrane metabolism, as well as cell growth and division. Zinc also plays an essential role in the
maintenance of nucleic acid structure of genes (zinc finger phenomenon). Zinc deficiency has been
associated with dermatitis, anorexia, growth retardation, poor wound healing, hypogonadism with
impaired reproductive capacity, impaired immune function, and depressed mental function; increased
incidence of congenital malformations in infants has also been associated with zinc deficiency in the
mothers (Cotran et al. 1989; Elinder 1986; Sandstead 1981). Zinc deficiency may also have an impact on
carcinogenesis, though the direction of the influence seems to vary with the agent (Fong et al. 1978;
Mathur 1979; Wallenius et al. 1979). Therefore, certain levels of zinc intake are recommended. The
RDA for zinc is 11 mg/day in men and 8 mg/day in women (I0M 2002). Higher RDAs are
recommended for women during pregnancy and lactation (12 mg/day for pregnant women and nursing
women). While a detailed discussion of zinc deficiency is beyond the scope of this toxicological profile,
the subject has been thoroughly reviewed by other agencies (IOM 2002; WHO 1996).

Just as zinc deficiency has been associated with adverse effects in humans and animals, overexposures to
zinc also have been associated with toxic effects. This chapter contains a description of the toxic effects
that have been associated with exposures to high levels of zinc and selected zinc compounds by the
inhalation, oral, and dermal routes. Specifically, zinc chloride, zinc oxide, zinc sulfate, and zinc sulfide

will be discussed. Other zinc compounds are discussed in this chapter whenever data regarding these
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compounds add relevant information to the discussion on zinc. Any general comments regarding the lack

of data on zinc refer to both zinc and its compounds.

Because there are differences in toxicity between the various zinc compounds following inhalation
exposure, these compounds will be discussed under separate subheadings in Section 3.2.1 (Inhalation
Exposure). After oral or dermal exposure, the toxicities are comparable for all zinc compounds.
Therefore, in Section 3.2.2 (Oral Exposure) and Section 3.2.3 (Dermal Exposure), the discussion will not

be subdivided, but the specific zinc compounds will be identified in each case.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

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

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

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

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

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLSs.

3.2.1 Inhalation Exposure

3.2.1.1 Death

In humans, death has resulted from acute exposure to zinc compounds. When a high concentration
(estimated at 33,000 mg zinc/m®) of zinc chloride smoke resulted from the explosion of many generators
in a tunnel following a bombing raid in World War 11, 10 of the 70 exposed people in the tunnel died
within 4 days (Evans 1945). The smoke generated contained mainly highly caustic zinc chloride, but
exposure to other constituents, namely zinc oxide, hexachloroethane, calcium silicate, and an igniter, was
also possible. Therefore, the deaths resulting from the explosion cannot be conclusively attributed to only
exposure to zinc chloride. This is the only human study reporting an estimated exposure level that caused
death. Another study reported the death of a fireman exposed to the contents of a smoke bomb in a closed
environment (Milliken et al. 1963). The man died 18 days after exposure because of respiratory
difficulty. Again, exposure to zinc chloride was simultaneous with exposure to other substances in the
smoke. Two soldiers exposed without gas masks to zinc chloride smoke during military training
developed severe adult respiratory distress syndrome (ARDS) and died 25-32 days after the incident
(Hjortso et al. 1988). Diffuse microvascular obliteration, widespread occlusion of the pulmonary arteries,
and extensive interstitial and intra-alveolar fibrosis were observed at autopsy. Zinc levels in major organs
and tissues obtained during autopsy were within the normal range, and no zinc particles were observed by
scanning electron microscopy. According to the authors, the fumes from the smoke bombs consisted
mainly of zinc chloride. However, no exposure levels were estimated, and other substances were also
present in the smoke. Because of the caustic nature of zinc chloride, it is likely that these effects were the

result of severe irritation from the compound, rather than direct actions of the zinc ion.
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A case study presented by Murray (1926) reported on an infant death due to bronchopneumonia resulting
from inhalation, and possibly ingestion, of an unspecified amount of zinc stearate powder spilled from a
container. However, it is unclear whether the death was due to the zinc content or whether aspiration

bronchopneumonia would result from inhalation of similar powders that do not contain zinc.

In mice, the reported LCTs, (product of lethal concentration and time to kill 50% of animals) of zinc
chloride is 11,800 mg/minute/m® (Schenker et al. 1981). However, Schenker et al. (1981) did not provide
information on how this value was determined. Following exposure to zinc chloride smoke for 3—

20 weeks, mortality was 50% in mice exposed to 121.7 mg zinc/m® (compared to 20% in controls) and
22% in guinea pigs exposed to 119.3 mg zinc/m® (compared to 8% in controls) (Marrs et al. 1988). The
smoke was similar to that described by Evans (1945) and also contained zinc oxide, hexachloroethane,

and other compounds.

3.2.1.2 Systemic Effects

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

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

No studies were located regarding musculoskeletal, endocrine, dermal, or body weight effects in humans
or animals after inhalation exposure to zinc or zinc compounds. The systemic effects observed after
inhalation exposure are discussed below. In most cases, the effects of zinc are discussed without
separating effects caused by the individual zinc compounds. However, the respiratory effects of the
individual zinc compounds are discussed separately because the nature of the respiratory toxicity differs

depending on the particular compound to which one is exposed.

Respiratory Effects.

Zinc Oxide. Metal fume fever, a well-documented acute disease induced by intense inhalation of metal
oxides, especially zinc, impairs pulmonary function but does not progress to chronic lung disease (Brown
1988; Drinker and Drinker 1928; Malo et al. 1990). Symptoms generally appear within a few hours after

acute exposure, usually with dryness of the throat and coughing (Drinker et al. 1927b). The most



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

Exposure/ LOAEL
Duration/
Key tg Species Fr;quetncy NOAEL Less Serious Reference
Figure (Strain) (Route) System (mg/m?) (mg/m?) Chemical Form
ACUTE EXPOSURE
Systemic
1 Human 15-30 min Resp 77  (minimal change in Blanc et al. 1991
pulmonary function) Zinc oxide
2 Human ;hdr/d Resp 3.9 (dry or sore throat, chest Gordon et al. 1992
tightness) Zinc oxide
Other 3.9 (fever/chills and
headache)
3 Human 1)5(_120 minutes €SP 16.4 (Increased indices of Kuschner et al. 1995
1x pulmonary inflammation) Zinc oxide
4 Human 16-30 iutes Resp 33 (Altered levels of Kuschner et al. 1997
1x inflammatory cytokines in Zinc oxide
bronchoalveolar lavage
fluid)
5 Human 2hr Resp 0.0036 Linn et al. 1981
Zinc amm sulfate
6 Human 6-8 hr Resp 0.034 M Marquart et al. 1989
(Occup)

Zinc oxide

S103443 H11V3IH €

ONIZ

14



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

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form
7 Human 10.5-12 min Resp 600 M (decreased vital capacity) Sturgis et al. 1927
Zinc oxide
Gastro 600 M (nausea)
Hemato 600 M (increased leukocytes)
8 Rl’ft her- 344 :13h(:'/d Resp 2.2 (increased LDH protein in Gordon et al. 1992
(Fischer- ) bronchoalveolar lavage Zinc oxide
fluid)
9 Gn Pig Thr Resp 0.73 M (decrease in lung Amdur et al. 1982
compliance) Zinc oxide
10 Gn Pig 113;1?;/3 Resp 1.8M 4.7 M (increased neutrophils, Conner et al. 1988
LDH, and protein in Zinc oxide
bronchoalveolar lavage
fluid)
11 (iln Pllg ;hdr/d Resp 2.2 (increased LDH and Gordon et al. 1992
(Hartley) protein in Zinc oxide
bronchoalveolar lavage
fluid)

S103443 H11V3IH €

ONIZ

9¢



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

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;%uuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form
12 Gn Pig 3hr Resp 6.3 M (decreased functional Lam et al. 1982
(Hartley) residual capacity) Zinc oxide
13 Gn Pig gﬁr/d Resp 3.7M (impaired lung function; ~ Lam etal. 1985
(Hartley) inflammation; increased  Zinc oxide
pulmonary resistance;
increased lung weight)
14 Gn Pig ghdr/d Resp 22M 5.6 M (impaired lung function; ~ Lam et al. 1988
(Hartley) increased lung weight i i
Zinc oxide
15 Rabbit 1d Resp 46 Gordon et al. 1992
(New 2hr/d } i
Zealand) Zinc oxide

Immuno/ Lymphoret
16 Human 15-30 min

77 (increased number of
leukocytes, T cells, T
suppressor cells, and
natural killer cells in
bronchoalveolar lavage
fluid)

Blanc et al. 1991
Zinc oxide

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

amm sulfate = ammonium sulfate; d = day(s); Gastro = gastrointestinal; Gn pig = guinea pig; Hemato = hematological; hr = hour(s); LDH = lactate dehydrogenase; LOAEL =
lowest-observed-adverse-effect level; min = minute(s); NOAEL = no-observed-adverse-effect level; (occup) = occupational; Resp = respiratory

S103443 H11V3IH €

ONIZ

yx4



Figure 3-1 Levels of Significant Exposure to Zinc - Inhalation
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prominent respiratory effects of metal fume fever are substernal chest pain, cough, and dyspnea (Rohrs
1957). The impairment of pulmonary function is characterized by reduced lung volumes and a decreased
diffusing capacity of carbon monoxide (Malo et al. 1990; Vogelmeier et al. 1987). The respiratory effects
have been shown to be accompanied by an increase in bronchiolar leukocytes (Vogelmeier et al. 1987).
The respiratory symptoms generally disappear in the exposed individual within 1-4 days (Brown 1988;
Drinker et al. 1927b; Sturgis et al. 1927). Inhalation of zinc oxide is most likely to occur in occupational
situations where zinc smelting or welding take place. Ultrafine zinc oxide particles (0.2-1.0 um)
originate from heating zinc beyond its boiling point in an oxidizing atmosphere. Upon inhalation, these
small particles (<1 um) reach the alveoli and cause inflammation and tissue damage in the lung periphery
(Brown 1988; Drinker et al. 1927b; Vogelmeier et al. 1987).

A number of studies have measured exposure levels associated with metal fume fever. Workers involved
in pouring molten zinc reported shortness of breath and chest pains 2—-12 hours following exposure to
320-580 mg zinc/m® as zinc oxide for 1-3 hours (Hammond 1944); the number of workers was not
reported. Two volunteers had nasal passage irritation, cough, substernal chest pain, persistent rales of the
lung base, and a decreased vital capacity for approximately 3—49 hours following acute inhalation (10—
12 minutes) of 600 mg zinc/m® as zinc oxide (Sturgis et al. 1927). This study is limited due to an
inadequate number of subjects, a lack of controls, and a lack of analysis of the final aerosol product. A
subject experimentally exposed to zinc oxide fumes reported mild pain when breathing deeply the next
day after a 5-hour exposure to 430 mg zinc/m® (Drinker et al. 1927a). Minimal changes in forced
expiratory flow were observed 1 hour after a 15-30-minute exposure to 77 mg zinc/m®as zinc oxide
(Blanc et al. 1991).

Acute experimental exposures to lower concentrations of zinc oxide (14 mg/m? for 8 hours or 45 mg
zinc/m* for 20 minutes) and occupational exposures to similar concentrations (8-12 mg zinc/m?® for 1-

3 hours and 0.034 mg zinc/m? for 6-8 hours) did not produce symptoms of metal fume fever (Drinker et
al. 1927b; Hammond 1944; Marquart et al. 1989). In a single-blind experiment, exposure of subjects to
3.9 mg zinc/m® as zinc oxide resulted in sore throat and chest tightness but no impairment of pulmonary
function (Gordon et al. 1992). It is speculated that subjects in other studies may have been less
susceptible because of the development of tolerance to zinc (Gordon et al. 1992). Kuschner et al. (1995)
exposed a group of 14 volunteers to a single exposure of varying levels of zinc oxide fume (mean
concentration 16.4+12.5 mg/m?®) for 15-120 minutes (mean duration 45+28 minutes) and evaluated the
response by bronchoalveolar lavage (BAL). Significant increases were reported in the number of poly-

morphonuclear leukocytes and lymphocytes in the BAL fluid, but not in the number of macrophages or in
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lymphocyte subpopulations; aside from a decrease in FEV4, no changes were reported in pulmonary
function tests. In a follow-up study by the same group (Kuschner et al. 1997), single-exposed volunteers
showed an increase in levels of the cytokines TNF, IL-6, and IL-8 as a result of zinc oxide inhalation.
Recurrent episodes of cough and dyspnea were reported in a former mild smoker 3 years after beginning
work in a metal foundry where exposure to zinc oxide presumably occurred (Ameille et al. 1992). This
case was distinguishable from metal fume fever because of the lack of tolerance to zinc (as shown by the

late emergence of symptoms).

Several animal studies have been conducted to quantify specific effects after acute zinc oxide inhalation.
As in human exposure, the respiratory system is the primary site of injury following inhalation exposure.
Acute administration of 88-482 mg zinc/m? as zinc oxide to rats and rabbits resulted in the following
pulmonary changes: grayish areas with pulmonary congestion, various degrees of peribronchial
leukocytic infiltration, and bronchial exudate composed almost entirely of polymorphonuclear leukocytes
(Drinker and Drinker 1928). Cats similarly exposed exhibited more severe effects including
bronchopneumonia, leukocyte infiltration into alveoli, and grayish areas with congestion. During the
exposure period, the cats demonstrated labored breathing and evidence of upper respiratory tract
obstruction. A minimum effect level could not be determined for any species because the concentration

varied widely (88-482 mg zinc/m®) during exposure.

Guinea pigs administered 0.73 mg zinc/m? as zinc oxide for 1 hour had a progressive decrease in lung
compliance but no change in air flow resistance. These observations reflect a response in the lung
periphery where submicrometer aerosols are likely to deposit (Amdur et al. 1982). The authors postulated

that reduced compliance may be associated with human metal fume fever.

In contrast to the results of Amdur et al. (1982), no effects on ventilation, lung mechanics (respiratory
frequency, tidal volume, pulmonary resistance, and pulmonary compliance), diffusing capacity of carbon
monoxide, or most lung volume parameters were observed by Lam et al. (1982) following the exposure of
guinea pigs to 6.3 mg zinc/m® as zinc oxide for 3 hours. However, functional residual capacity was
significantly decreased. The discrepancy between the results of Amdur et al. (1982) and Lam et al.

(1982) may be attributable to the use of anesthetized animals by Lam et al. (1982). In a later study,
exposures of guinea pigs to 3.7 or 4.3 mg zinc/m? as zinc oxide for 3 hours/day, for 6 days, resulted in
transient functional, morphological, and biochemical changes (Lam et al. 1985). Functional changes
included increased flow resistance, decreased lung compliance, and decreased diffusing capacity, all of

which returned to normal within 24-72 hours following exposure. The morphological changes (increased
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lung weight, inflammation involving the proximal portion of alveolar ducts and adjacent alveoli,
interstitial thickening, and increased pulmonary macrophages and neutrophils in adjacent air spaces)
were, however, still present at 72 hours. In guinea pigs with evidence of an inflammatory reaction
involving the peripheral airways, DNA synthesis increased in bronchiolar cells. Similarly, exposure of
guinea pigs to 5.6 mg zinc/m?® as zinc oxide for 3 hours/day, for 5 days, resulted in gradual decreases in
total lung capacity, vital capacity, and decreased carbon monoxide diffusing capacity (Lam et al. 1988);
however, no effects were observed in guinea pigs exposed to 2.2 mg zinc/m®. The reason that effects
have been seen in the guinea pig at exposure levels lower than humans may have to do with the structural
features of the guinea pig lung. The bronchi and peripheral airways of guinea pigs have a thicker smooth
muscle layer and only a small surface area covered by alveolar sacs compared to the bronchi and
peripheral airways of other laboratory animals and humans. This makes the guinea pig more susceptible
than other laboratory animals to functional impairment of the peripheral airways and should be noted in

toxicity comparisons (Lam et