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

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

Primary Chapters/Sections of Interest

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

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

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

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

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

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

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

The following additional material can be ordered through the ATSDR Information Center:
Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an

exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental


mailto:cdcinfo@cdc.gov
http://www.atsdr.cdc.gov

ARSENIC viii

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 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: 202-3471
4976 « FAX: 202-347-4950 * e-mail: AOEC@AOEC.ORG * Web Page: http://www.aoec.org/.

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

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

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

substance-specific Minimal Risk Levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review. The Applied Toxicology Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.

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

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

1. Toby Rossman, Ph.D., Professor of Environmental Medicine, New York University School of
Medicine, Nelson Institute of Environmental Medicine, Tuxedo, New York;

2. Rosalind Schoof, Ph.D., DABT, Integral Consulting, Inc., Mercer Island, Washington; and

3. Allan Smith, M.D., Ph.D., Professor of Epidemiology, School of Public Health, University of
California, Berkeley, California.

Draft for Public Comment:

1. Alan Hall, M.D., Toxicology Consulting and Medical Translating Services, Inc. (TCMTS, Inc.),
Elk Mountain, Wyoming;

2. Gary Pascoe, Ph.D., Pascoe Environmental Consulting, Port Townsend, Washington; and

3. Toby Rossman, Ph.D., Professor of Environmental Medicine, New York University School of

Medicine, Nelson Institute of Environmental Medicine, Tuxedo, New York.

These experts collectively have knowledge of arsenic'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 arsenic and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for
long-term federal clean-up activities. Arsenic has been found in at least 1,149 of the

1,684 current or former NPL sites. Although the total number of NPL sites evaluated for this
substance is not known, the possibility exists that the number of sites at which arsenic is found
may increase in the future as more sites are evaluated. This information is important because

these sites may be sources of exposure and exposure to this substance 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 arsenic, 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 ARSENIC?

Arsenic is a naturally occurring element that is widely distributed in the Earth’s crust. Arsenic is
classified chemically as a metalloid, having both properties of a metal and a nonmetal; however,
it is frequently referred to as a metal. Elemental arsenic (sometimes referred to as metallic
arsenic) is a steel grey solid material. However, arsenic is usually found in the environment

combined with other elements such as oxygen, chlorine, and sulfur. Arsenic combined with
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these elements is called inorganic arsenic. Arsenic combined with carbon and hydrogen is

referred to as organic arsenic.

Most inorganic and organic arsenic compounds are white or colorless powders that do not
evaporate. They have no smell, and most have no special taste. Thus, you usually cannot tell if

arsenic is present in your food, water, or air.

Inorganic arsenic occurs naturally in soil and in many kinds of rock, especially in minerals and
ores that contain copper or lead. When these ores are heated in smelters, most of the arsenic
goes up the stack and enters the air as a fine dust. Smelters may collect this dust and take out the
arsenic as a compound called arsenic trioxide (As;Os3). However, arsenic is no longer produced

in the United States; all of the arsenic used in the United States is imported.

Presently, about 90% of all arsenic produced is used as a preservative for wood to make it
resistant to rotting and decay. The preservative is copper chromated arsenate (CCA) and the
treated wood is referred to as “pressure-treated.” In 2003, U.S. manufacturers of wood
preservatives containing arsenic began a voluntary transition from CCA to other wood
preservatives that do not contain arsenic in wood products for certain residential uses, such as
play structures, picnic tables, decks, fencing, and boardwalks. This phase out was completed on
December 31, 2003; however, wood treated prior to this date could still be used and existing
structures made with CCA-treated wood would not be affected. CCA-treated wood products
continue to be used in industrial applications. It is not known whether, or to what extent, CCA-

treated wood products may contribute to exposure of people to arsenic.

In the past, inorganic arsenic compounds were predominantly used as pesticides, primarily on
cotton fields and in orchards. Inorganic arsenic compounds can no longer be used in agriculture.
However, organic arsenic compounds, namely cacodylic acid, disodium methylarsenate
(DSMA), and monosodium methylarsenate (MSMA), are still used as pesticides, principally on
cotton. Some organic arsenic compounds are used as additives in animal feed. Small quantities

of elemental arsenic are added to other metals to form metal mixtures or alloys with improved
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properties. The greatest use of arsenic in alloys is in lead-acid batteries for automobiles.

Another important use of arsenic compounds is in semiconductors and light-emitting diodes.

To learn more about the properties and uses of arsenic, see Chapters 4 and 5.

1.2 WHAT HAPPENS TO ARSENIC WHEN IT ENTERS THE ENVIRONMENT?

Arsenic occurs naturally in soil and minerals and it therefore may enter the air, water, and land
from wind-blown dust and may get into water from runoff and leaching. Volcanic eruptions are
another source of arsenic. Arsenic is associated with ores containing metals, such as copper and
lead. Arsenic may enter the environment during the mining and smelting of these ores. Small
amounts of arsenic also may be released into the atmosphere from coal-fired power plants and

incinerators because coal and waste products often contain some arsenic.

Arsenic cannot be destroyed in the environment. It can only change its form, or become attached
to or separated from particles. It may change its form by reacting with oxygen or other
molecules present in air, water, or soil, or by the action of bacteria that live in soil or sediment.
Arsenic released from power plants and other combustion processes is usually attached to very
small particles. Arsenic contained in wind-borne soil is generally found in larger particles.
These particles settle to the ground or are washed out of the air by rain. Arsenic that is attached
to very small particles may stay in the air for many days and travel long distances. Many
common arsenic compounds can dissolve in water. Thus, arsenic can get into lakes, rivers, or
underground water by dissolving in rain or snow or through the discharge of industrial wastes.
Some of the arsenic will stick to particles in the water or sediment on the bottom of lakes or
rivers, and some will be carried along by the water. Ultimately, most arsenic ends up in the soil
or sediment. Although some fish and shellfish take in arsenic, which may build up in tissues,
most of this arsenic is in an organic form called arsenobetaine (commonly called "fish arsenic")

that is much less harmful.

For more information on how arsenic behaves in the environment, see Chapter 6.
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1.3 HOW MIGHT | BE EXPOSED TO ARSENIC?

Since arsenic is found naturally in the environment, you will be exposed to some arsenic by
eating food, drinking water, or breathing air. Children may also be exposed to arsenic by eating
soil. Analytical methods used by scientists to determine the levels of arsenic in the environment
generally do not determine the specific form of arsenic present. Therefore, we do not always
know the form of arsenic a person may be exposed to. Similarly, we often do not know what
forms of arsenic are present at hazardous waste sites. Some forms of arsenic may be so tightly

attached to particles or embedded in minerals that they are not taken up by plants and animals.

The concentration of arsenic in soil varies widely, generally ranging from about 1 to 40 parts of
arsenic to a million parts of soil (ppm) with an average level of 3—4 ppm. However, soils in the
vicinity of arsenic-rich geological deposits, some mining and smelting sites, or agricultural areas
where arsenic pesticides had been applied in the past may contain much higher levels of arsenic.
The concentration of arsenic in natural surface and groundwater is generally about 1 part in a
billion parts of water (1 ppb), but may exceed 1,000 ppb in contaminated areas or where arsenic
levels in soil are high. Groundwater is far more likely to contain high levels of arsenic than
surface water. Surveys of U.S. drinking water indicate that about 80% of water supplies have
less than 2 ppb of arsenic, but 2% of supplies exceed 20 ppb of arsenic. Levels of arsenic in food
range from about 20 to 140 ppb. However, levels of inorganic arsenic, the form of most concern,
are far lower. Levels of arsenic in the air generally range from less than 1 to about

2,000 nanograms (1 nanogram equals a billionth of a gram) of arsenic per cubic meter of air (less
than 1-2,000 ng/m3), depending on location, weather conditions, and the level of industrial
activity in the area. However, urban areas generally have mean arsenic levels in air ranging from

20 to 30 ng/m’.

You normally take in small amounts of arsenic in the air you breathe, the water you drink, and
the food you eat. Of these, food is usually the largest source of arsenic. The predominant
dietary source of arsenic is seafood, followed by rice/rice cereal, mushrooms, and poultry. While
seafood contains the greatest amounts of arsenic, for fish and shellfish, this is mostly in an

organic form of arsenic called arsenobetaine that is much less harmful. Some seaweeds may



ARSENIC 5

1. PUBLIC HEALTH STATEMENT

contain arsenic in inorganic forms that may be more harmful. Children are likely to eat small
amounts of dust or soil each day, so this is another way they may be exposed to arsenic. The
total amount of arsenic you take in from these sources is generally about 50 micrograms

(1 microgram equals one-millionth of a gram) each day. The level of inorganic arsenic (the form
of most concern) you take in from these sources is generally about 3.5 microgram/day. Children
may be exposed to small amounts of arsenic from hand-to-mouth activities from playing on play
structures or decks constructed out of CCA-treated wood. The potential exposure that children
may receive from playing in play structures constructed from CCA-treated wood is generally
smaller than that they would receive from food and water. Hand washing can reduce the
potential exposure of children to arsenic after playing on play structures constructed with CCA-

treated wood, since most of the arsenic on the children’s hands was removed with water.

In addition to the normal levels of arsenic in air, water, soil, and food, you could be exposed to

higher levels in several ways, such as the following:

e Some areas of the United States contain unusually high natural levels of arsenic in rock,
and this can lead to unusually high levels of arsenic in soil or water. If you live in an area
like this, you could take in elevated amounts of arsenic in drinking water. Children may
be taking in higher amounts of arsenic because of hand-to-mouth contact or eating soil in
areas with higher than usual arsenic concentrations.

e Some hazardous waste sites contain large quantities of arsenic. If the material is not
properly disposed of, it can get into surrounding water, air, or soil. If you live near such a
site, you could be exposed to elevated levels of arsenic from these media.

e If you work in an occupation that involves arsenic production or use (for example, copper
or lead smelting, wood treating, or pesticide application), you could be exposed to
elevated levels of arsenic during your work.

e If you saw or sand arsenic-treated wood, you could inhale some of the sawdust into your
nose or throat. Similarly, if you burn arsenic-treated wood, you could inhale arsenic in
the smoke.

e Ifyou live in a former agricultural area where arsenic was used on crops, the soil could
contain high levels of arsenic.
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e In the past, several kinds of products used in the home (rat poison, ant poison, weed
killer, some types of medicines) had arsenic in them. However, most of these uses of
arsenic have ended, so you are not likely to be exposed from home products any longer.

You can find more information on how you may be exposed to arsenic in Chapter 6.

1.4 HOW CAN ARSENIC ENTER AND LEAVE MY BODY?

If you swallow arsenic in water, soil, or food, most of the arsenic may quickly enter into your
body. The amount that enters your body will depend on how much you swallow and the kind of
arsenic that you swallow. This is the most likely way for you to be exposed near a waste site. If
you breathe air that contains arsenic dusts, many of the dust particles settle onto the lining of the
lungs. Most of the arsenic in these particles is then taken up from the lungs into the body. You
might be exposed in this way near waste sites where arsenic-contaminated soils are allowed to
blow into the air, or if you work with arsenic-containing soil or products. If you get arsenic-
contaminated soil or water on your skin, only a small amount will go through your skin into your

body, so this is usually not of concern.

Both inorganic and organic forms leave your body in your urine. Most of the inorganic arsenic
will be gone within several days, although some will remain in your body for several months or
even longer. If you are exposed to organic arsenic, most of it will leave your body within several

days.

You can find more information on how arsenic enters and leaves your body in Chapter 3.

1.5 HOW CAN ARSENIC 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.
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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.

Inorganic arsenic has been recognized as a human poison since ancient times, and large oral
doses (above 60,000 ppb in water which is 10,000 times higher than 80% of U.S. drinking water
arsenic levels) can result in death. If you swallow lower levels of inorganic arsenic (ranging
from about 300 to 30,000 ppb in water; 100—10,000 times higher than most U.S. drinking water
levels), you may experience irritation of your stomach and intestines, with symptoms such as
stomachache, nausea, vomiting, and diarrhea. Other effects you might experience from
swallowing inorganic arsenic include decreased production of red and white blood cells, which
may cause fatigue, abnormal heart rhythm, blood-vessel damage resulting in bruising, and

impaired nerve function causing a "pins and needles" sensation in your hands and feet.

Perhaps the single-most characteristic effect of long-term oral exposure to inorganic arsenic is a
pattern of skin changes. These include patches of darkened skin and the appearance of small
"corns" or "warts" on the palms, soles, and torso, and are often associated with changes in the
blood vessels of the skin. Skin cancer may also develop. Swallowing arsenic has also been
reported to increase the risk of cancer in the liver, bladder, and lungs. The Department of Health
and Human Services (DHHS) has determined that inorganic arsenic is known to be a human
carcinogen (a chemical that causes cancer). The International Agency for Research on Cancer
(IARC) has determined that inorganic arsenic is carcinogenic to humans. EPA also has

classified inorganic arsenic as a known human carcinogen.

If you breathe high levels of inorganic arsenic, then you are likely to experience a sore throat and
irritated lungs. You may also develop some of the skin effects mentioned above. The exposure

level that produces these effects is uncertain, but it is probably above 100 micrograms of arsenic
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per cubic meter (ug/m’) for a brief exposure. Longer exposure at lower concentrations can lead
to skin effects, and also to circulatory and peripheral nervous disorders. There are some data
suggesting that inhalation of inorganic arsenic may also interfere with normal fetal development,
although this is not certain. An important concern is the ability of inhaled inorganic arsenic to
increase the risk of lung cancer. This has been seen mostly in workers exposed to arsenic at
smelters, mines, and chemical factories, but also in residents living near smelters and arsenical
chemical factories. People who live near waste sites with arsenic may have an increased risk of

lung cancer as well.

If you have direct skin contact with high concentrations of inorganic arsenic compounds, your
skin may become irritated, with some redness and swelling. However, it does not appear that

skin contact is likely to lead to any serious internal effects.

Almost no information is available on the effects of organic arsenic compounds in humans.
Studies in animals show that most simple organic arsenic compounds (such as methyl and
dimethyl compounds) are less toxic than the inorganic forms. In animals, ingestion of methyl
compounds can result in diarrhea, and lifetime exposure can damage the kidneys. Lifetime

exposure to dimethyl compounds can damage the urinary bladder and the kidneys.

You can find more information on the health effects of inorganic and organic arsenic in

Chapters 2 and 3.

1.6 HOW CAN ARSENIC AFFECT CHILDREN?

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

conception to maturity at 18 years of age.

Children are exposed to arsenic in many of the same ways that adults are. Since arsenic is found
in the soil, water, food, and air, children may take in arsenic in the air they breathe, the water
they drink, and the food they eat. Since children tend to eat or drink less of a variety of foods

and beverages than do adults, ingestion of contaminated food or juice or infant formula made
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with arsenic-contaminated water may represent a significant source of exposure. In addition,
since children often play in the soil and put their hands in their mouths and sometimes
intentionally eat soil, ingestion of contaminated soil may be a more important source of arsenic
exposure for children than for adults. In areas of the United States where natural levels of
arsenic in the soil and water are high, or in areas in and around contaminated waste sites,
exposure of children to arsenic through ingestion of soil and water may be significant. In
addition, contact with adults who are wearing clothes contaminated with arsenic (e.g., with dust
from copper- or lead-smelting factories, from wood-treating or pesticide application, or from
arsenic-treated wood) could be a source of exposure. Because of the tendency of children to
taste things that they find, accidental poisoning from ingestion of pesticides is also a possibility.
Thus, although most of the exposure pathways for children are the same as those for adults,

children may be at a higher risk of exposure because of normal hand-to-mouth activity.

Children who are exposed to inorganic arsenic may have many of the same effects as adults,
including irritation of the stomach and intestines, blood vessel damage, skin changes, and
reduced nerve function. Thus, all health effects observed in adults are of potential concern in
children. There is also some evidence that suggests that long-term exposure to inorganic arsenic
in children may result in lower 1Q scores. We do not know if absorption of inorganic arsenic
from the gut in children differs from adults. There is some evidence that exposure to arsenic in

early life (including gestation and early childhood) may increase mortality in young adults.

There is some evidence that inhaled or ingested inorganic arsenic can injure pregnant women or
their unborn babies, although the studies are not definitive. Studies in animals show that large
doses of inorganic arsenic that cause illness in pregnant females can also cause low birth weight,
fetal malformations, and even fetal death. Arsenic can cross the placenta and has been found in

fetal tissues. Arsenic is found at low levels in breast milk.

In animals, exposure to organic arsenic compounds can cause low birth weight, fetal
malformations, and fetal deaths. The dose levels that cause these effects also result in effects in

the mothers.
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You can find more information about how arsenic can affect children in Sections 3.7 and 6.6.

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

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

department to investigate.

Many communities may have high levels of arsenic in their drinking water, particularly from
private wells, because of contamination or as a result of the geology of the area. The north
central region and the western region of the United States have the highest arsenic levels in
surface water and groundwater sources, respectively. Wells used to provide water for drinking
and cooking should be tested for arsenic. As of January 2006, EPA’s Maximum Contaminant
Level (MCL) for arsenic in drinking water is 10 ppb. If you have arsenic in your drinking water
at levels higher that the EPA’s MCL, an alternative source of water should be used for drinking

and cooking should be considered.

If you use arsenic-treated wood in home projects, personal protection from exposure to arsenic-
containing sawdust may be helpful in limiting exposure of family members. These measures
may include dust masks, gloves, and protective clothing. Arsenic-treated wood should never be
burned in open fires, or in stoves, residential boilers, or fire places, and should not be composted
or used as mulch. EPA’s Consumer Awareness Program (CAP) for CCA is a voluntary program
established by the manufacturers of CCA products to inform consumers about the proper
handling, use, and disposal of CCA-treated wood. You can find more information about this
program in Section 6.5. Hand washing can reduce the potential exposure of children to arsenic
after playing on play structures constructed with CCA-treated wood, since most of the arsenic on

the children’s hands was removed with water.

If you live in an area with a high level of arsenic in the water or soil, substituting cleaner sources
of water and limiting contact with soil (for example, through use of a dense groundcover or thick

lawn) would reduce family exposure to arsenic. By paying careful attention to dust and soil
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control in the home (air filters, frequent cleaning), you can reduce family exposure to
contaminated soil. Some children eat a lot of soil. You should prevent your children from eating
soil. You should discourage your children from putting objects in their mouths. Make sure they
wash their hands frequently and before eating. Discourage your children from putting their
hands in their mouths or engaging in other hand-to-mouth activities. Since arsenic may be found
in the home as a pesticide, household chemicals containing arsenic should be stored out of reach
of young children to prevent accidental poisonings. Always store household chemicals in their
original labeled containers; never store household chemicals in containers that children would
find attractive to eat or drink from, such as old soda bottles. Keep your Poison Control Center’s

number by the phone.

It is sometimes possible to carry arsenic from work on your clothing, skin, hair, tools, or other
objects removed from the workplace. This is particularly likely if you work in the fertilizer,
pesticide, glass, or copper/lead smelting industries. You may contaminate your car, home, or
other locations outside work where children might be exposed to arsenic. You should know

about this possibility if you work with arsenic.

Your occupational health and safety officer at work can and should tell you whether chemicals
you work with are dangerous and likely to be carried home on your clothes, body, or tools and
whether you should be showering and changing clothes before you leave work, storing your
street clothes in a separate area of the workplace, or laundering your work clothes at home
separately from other clothes. Material safety data sheets (MSDS) for many chemicals used
should be found at your place of work, as required by the Occupational Safety and Health
Administration (OSHA) in the U.S. Department of Labor. MSDS information should include
chemical names and hazardous ingredients, and important properties, such as fire and explosion
data, potential health effects, how you get the chemical(s) in your body, how to properly handle
the materials, and what to do in the case of emergencies. Your employer is legally responsible
for providing a safe workplace and should freely answer your questions about hazardous
chemicals. Your state OSHA-approved occupational safety and health program or OSHA can
answer any further questions and help your employer identify and correct problems with

hazardous substances. Your state OSHA-approved occupational safety and health program or
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OSHA will listen to your formal complaints about workplace health hazards and inspect your
workplace when necessary. Employees have a right to seek safety and health on the job without

fear of punishment.

You can find more information about how arsenic can affect children in Sections 3.7 and 6.6.

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

Several sensitive and specific tests can measure arsenic in your blood, urine, hair, or fingernails,
and these tests are often helpful in determining if you have been exposed to above-average levels
of arsenic in the past. These tests are not usually performed in a doctor’s office. They require

sending the sample to a testing laboratory.

Measurement of arsenic in your urine is the most reliable means of detecting arsenic exposures
that you experienced within the last several days. Most tests measure the total amount of arsenic
present in your urine. This can sometimes be misleading, because the nonharmful forms of
arsenic in fish and shellfish can give a high reading even if you have not been exposed to a toxic
form of arsenic. For this reason, laboratories sometimes use a more complicated test to separate
“fish arsenic” from other forms. Because most arsenic leaves your body within a few days,
analysis of your urine cannot detect if you were exposed to arsenic in the past. Tests of your hair
or fingernails can tell if you were exposed to high levels over the past 6—12 months, but these
tests are not very useful in detecting low-level exposures. If high levels of arsenic are detected,
this shows that you have been exposed, but unless more is known about when you were exposed
and for how long, it is usually not possible to predict whether you will have any harmful health

effects.

You can find more information on how arsenic can be measured in your hair, urine, nails, and

other tissues in Chapters 3 and 7.
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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. The EPA, the Occupational Safety and Health
Administration (OSHA), and the Food and Drug Administration (FDA) are some federal
agencies that develop regulations for toxic substances. Recommendations provide valuable
guidelines to protect public health, but cannot be enforced by law. The Agency for Toxic
Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety
and Health (NIOSH) are two federal organizations that develop recommendations for toxic

substances.

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

factors.

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 ARSENIC include the following:

The federal government has taken several steps to protect humans from arsenic. First, EPA has
set limits on the amount of arsenic that industrial sources can release into the environment.
Second, EPA has restricted or canceled many of the uses of arsenic in pesticides and is
considering further restrictions. Third, in January 2001, the EPA lowered the limit for arsenic in
drinking water from 50 to 10 ppb. Finally, OSHA has established a permissible exposure limit
(PEL), 8-hour time-weighted average, of 10 pg/m’ for airborne arsenic in various workplaces

that use inorganic arsenic.

You can find more information on regulations and guidelines that apply to arsenic in Chapter 8.
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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 1-800-CDCINFO (1-800-232-4636), by e-mail at
cdcinfo@cdc.gov, or by writing to:

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

Mailstop F-32

Atlanta, GA 30333

Fax: 1-770-488-4178

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

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

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


http:cdcinfo@cdc.gov
http://www.ntis.gov/

ARSENIC 15

2. RELEVANCE TO PUBLIC HEALTH

2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO ARSENIC IN THE UNITED
STATES

Arsenic is widely distributed in the Earth's crust, which contains ~3.4 ppm arsenic. In nature, arsenic is
mostly found in minerals and only to a small extent in its elemental form. Arsenic is mainly obtained as a
byproduct of the smelting of copper, lead, cobalt, and gold ores. Arsenic trioxide is the primary form in
which arsenic is marketed and consumed. There has been no domestic production of arsenic since 1985.

In 2003, the world’s largest producer of arsenic compounds was China, followed by Chile and Peru.

In 2003, the United States was the world's largest consumer of arsenic. Production of wood preservatives,
primarily copper chromated arsenate (CCA), CrO;CuO¢As,0s, accounted for >90% of domestic
consumption of arsenic trioxide. In response to consumer concerns, U.S. manufacturers of arsenical
wood preservative began a voluntary transition from CCA to other wood preservatives for certain
residential wood products. This phase-out was completed on December 31, 2003; wood treated prior to

this date could still be used and CCA-treated wood products continue to be used in industrial applications.

Other uses for arsenic compounds include the production of agricultural chemicals, as an alloying element
in ammunition and solders, as an anti-friction additive to metals used for bearings, and to strengthen lead-
acid storage battery grids. High-purity arsenic (99.9999%) is used by the electronics industry for gallium-
arsenide semiconductors for telecommunications, solar cells, and space research. Various organic
arsenicals are still used in the United States as herbicides and as antimicrobial additives for animal and
poultry feed. However, the use of inorganic arsenic compounds in agriculture has virtually disappeared
beginning around the 1960s. Arsenic trioxide and arsenic acid were used as a decolorizer and fining
agent in the production of bottle glass and other glassware. Arsenic compounds also have a long history
of use in medicine, and have shown a re-emergence of late with the recent introduction of arsenic trioxide

treatment for acute promyelocytic leukemia.

The principal route of exposure to arsenic for the general population is likely to be the oral route,
primarily in the food and in the drinking water. Dietary exposures to total arsenic were highly variable,
with a mean of 50.6 ug/day (range of 1.01-1,081 pg/day) for females and 58.5 pg/day (range of 0.21—
1,276 pg/day) for males. U.S. dietary intake of inorganic arsenic has been estimated to range from 1 to

20 pg/day, with grains and produce expected to be significant contributors to dietary inorganic arsenic
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intake. Drinking water generally contains an average of 2 pg/L of arsenic, although 12% of water
supplies from surface water sources in the North Central region of the country and 12% of supplies from
groundwater sources in the Western region have levels exceeding 20 pg/L. Arsenic is also widely
distributed in surface water, groundwater, and finished drinking water in the United States. Surveys of
arsenic concentrations in rivers and lakes indicate that most values are below 10 pg/L, although individual
samples may range up to 3,400 pg/L. Arsenic released to the land at hazardous waste sites is likely to be
relatively immobile due to a high capacity for soil binding, particularly to iron and manganese oxides.
Exposure to arsenic from other pathways is generally small, but may be significant for areas with high
levels of arsenic contamination or in occupational settings. For a more complete discussion of possible

exposures to arsenic, see Chapter 6 of the profile.

2.2 SUMMARY OF HEALTH EFFECTS

Arsenic is a potent toxicant that may exist in several oxidation states and in a number of inorganic and
organic forms. Most cases of arsenic-induced toxicity in humans are due to exposure to inorganic arsenic,
and there is an extensive database on the human health effects of the common arsenic oxides and
oxyacids. Although there may be some differences in the potency of different chemical forms (e.g.,
arsenites tend to be somewhat more toxic than arsenates), these differences are usually minor. An
exception would be arsine, which is highly toxic. However, because arsine and its methyl derivatives are
gases or volatile liquids and are unlikely to be present at levels of concern at hazardous waste sites, health
effect data for these compounds are not discussed in this document. Humans may be exposed to organic
arsenicals (mainly methyl and phenyl derivatives of arsenic acid) that are used in agriculture and to
organic arsenicals found in fish and shellfish (arsenobetaine and arsenocholine). Although the toxicity of
organic arsenicals has not been as extensively investigated as inorganic arsenicals, there are sufficient
animal data to evaluate the toxicity of methyl arsenates (e.g., monomethylarsonic acid [MMA] and
dimethylarsinic acid [DMA]) and roxarsone. The so-called “fish arsenic” compounds (e.g.,

arsenobetaine) are not thought to be toxic and health effects data are not discussed in this document.

It is generally accepted that the arsenic-carbon bond is quite strong and most mammalian species do not
have the capacity to break this bond; thus, inorganic arsenic is not formed during the metabolism of
organic arsenicals. In most species, including humans, ingested (or exogenous) MMA(V) and DMA(V)
undergo limited metabolism, do not readily enter the cell, and are primarily excreted unchanged in the
urine. This is in contrast to inorganic arsenic, which undergoes sequential reduction and methylation

reactions leading to the formation of MMA and DMA. Inorganic As(V) is readily reduced to inorganic
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As(III), which is taken up by the cell. Within the cell (primarily in the liver), As(IIl) is methylated to
form MMA(V), which is reduced to MMA(I11); MMA(III) subsequently undergoes oxidative
methylations to form DMA(V). DMA(V) is the primary excretion product in humans. Because inorganic
and organic arsenicals exhibit distinct toxicokinetic characteristics, the health effects and MRLs are

considered separately.

Inorganic Arsenicals. Exposures of humans near hazardous waste sites could involve inhalation of
arsenic dusts in air, ingestion of arsenic in water, food, or soil, or dermal contact with contaminated soil
or water. Increased risk of lung cancer, respiratory irritation, nausea, skin effects, and neurological
effects have been reported following inhalation exposure. There are only a few quantitative data on
noncancer effects in humans exposed to inorganic arsenic by the inhalation route. Animal data similarly
identify effects on the respiratory system as the primary noncancer effect of inhaled inorganic arsenic
compounds, although only a few studies are available. Only limited data on the effects of inhaled organic
arsenic compounds in humans or animals are available; these studies are generally limited to high-dose,

short-term exposures, which result in frank effects.

Relatively little information is available on effects due to direct dermal contact with inorganic arsenicals,
but several studies indicate that the chief effect is local irritation and dermatitis, with little risk of other

adverse effects.

The database for the oral toxicity of inorganic arsenic is extensive, containing a large number of studies of
orally-exposed human populations. These studies have identified effects on virtually every organ or
tissue evaluated, although some end points appear to be more sensitive than others. The available data
from humans identify the skin as the most sensitive noncancer target following long-term oral arsenic
exposure. Typical dermal effects include hyperkeratinization of the skin (especially on the palms and
soles), formation of multiple hyperkeratinized corns or warts, and hyperpigmentation of the skin with
interspersed spots of hypopigmentation. Oral exposure data from studies in humans indicate that these
lesions typically begin to manifest at exposure levels of about 0.002—0.02 mg As/kg/day, but one study
suggests that lesions may appear at even lower levels. At these exposure levels, peripheral vascular
effects are also commonly noted, including cyanosis, gangrene, and, in Taiwanese populations, the
condition known as “Blackfoot Disease.” Other reported cardiovascular effects of oral exposure to
inorganic arsenic include increased incidences of high blood pressure and circulatory problems. The use
of intravenous arsenic trioxide as therapy for acute promyelocytic leukemia has raised further concerns

about the cardiovascular effects of arsenic, including alterations in cardiac QT interval and the
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development of torsades de pointes. Decrements in lung function, assessed by spirometry, have been
reported in subjects exposed to approximately 0.008—0.04 mg As/kg/day in the drinking water who

exhibited skin lesions.

In addition to dermal, cardiovascular, and respiratory effects, oral exposure to inorganic arsenic may
result in effects on other organ systems. Nausea, vomiting, and diarrhea are very common symptoms in
humans following oral exposure to inorganic arsenicals, both after acute high-dose exposure and after
repeated exposure to lower doses; these effects are likely due to a direct irritation of the gastrointestinal
mucosa. Acute, high-dose exposure can lead to encephalopathy, with clinical signs such as confusion,
hallucinations, impaired memory, and emotional lability, while long-term exposure to lower levels can
lead to the development of peripheral neuropathy characterized by a numbness in the hands and feet that
may progress to a painful "pins and needles" sensation. Recent studies also have reported

neurobehavioral alterations in arsenic-exposed children.

Chronic exposure of humans to inorganic arsenic in the drinking water has been associated with excess
incidence of miscarriages, stillbirths, preterm births, and infants with low birth weights. Animal data
suggest that arsenic may cause changes to reproductive organs of both sexes, including decreased organ
weight and increased inflammation of reproductive tissues, although these changes may be secondary
effects. However, these changes do not result in a significant impact on reproductive ability. Animal
studies of oral inorganic arsenic exposure have reported developmental effects, but generally only at

concentrations that also resulted in maternal toxicity.

Arsenic is a known human carcinogen by both the inhalation and oral exposure routes. By the inhalation
route, the primary tumor types are respiratory system cancers, although a few reports have noted
increased incidence of tumors at other sites, including the liver, skin, and digestive tract. In humans
exposed chronically by the oral route, skin tumors are the most common type of cancer. In addition to
skin cancer, there are a number of case reports and epidemiological studies that indicate that ingestion of
arsenic also increases the risk of internal tumors (mainly of bladder and lung, and to a lesser extent, liver,

kidney, and prostate).

The Department of Health and Human Services (DHHS) has concluded that inorganic arsenic is known to
be a human carcinogen. The International Agency for Research on Cancer (IARC) cites sufficient
evidence of a relationship between exposure to arsenic and human cancer. The IARC classification of

arsenic is Group 1. The EPA has determined that inorganic arsenic is a human carcinogen by the
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inhalation and oral routes, and has assigned it the cancer classification, Group A. EPA has calculated an
oral cancer slope factor of 1.5 (mg/kg/day)” and a drinking water unit risk of 5x107 (ug/L)" for inorganic
arsenic based on human dose-response data. The inhalation unit risk for cancer is calculated to be

0.0043 (ug/m>)”. The unit risk is the upper-bound excess lifetime cancer risk estimated to result from
continuous exposure to an agent at a concentration of 1 pug/L in water or 1 ug/m’ in air. EPA is currently
revising the assessment for inorganic arsenic; a more detailed discussion of the uncertainties associated

with human cancer risk levels for arsenic is presented in Section 3.2.2.7.

The following sections discuss significant effects resulting from exposure to inorganic arsenic in greater
detail: dermal, cardiovascular, respiratory, gastrointestinal, neurological, and cancer. Additional

information on these effects and on other effects is discussed in Section 3.2.

Dermal Effects. The most characteristic effect of long-term oral exposure to inorganic arsenic
compounds is the development of skin lesions; these lesions are often used as diagnostic criteria for
arsenicosis. The three lesions most often associated with chronic arsenicosis are hyperkeratinization of
the skin (especially on the palms and soles), formation of multiple hyperkeratinized corns or warts, and
hyperpigmentation of the skin with interspersed spots of hypopigmentation. Numerous studies of long-
term, low-level exposure to inorganic arsenic in humans have reported the presence of these lesions. In
general, they begin to manifest at chronic exposure levels >0.02 mg As/kg/day. Chronic oral studies of
lower exposure levels, ranging from 0.0004 to 0.01 mg As/kg/day, have generally not reported dermal
effects. However, in a study with detailed exposure assessment, all confirmed cases of skin lesions
ingested water containing >100 pg/L arsenic (approximately 0.0037 mg As/kg/day) and the lowest known
peak arsenic concentration ingested by a case was 0.115 pg/L. (approximately 0.0043 mg As/kg/day).
Another large study reported increased incidence of skin lesions associated with estimated doses of
0.0012 mg As/kg/day (0.023 mg As/L drinking water). The mechanism(s) by which inorganic arsenic
causes dermal effects is not well-understood. Elucidating the mechanism of dermal effects has been
particularly difficult because the dermal effects common in humans have not been seen in studies in

animals.

Dermal effects have also been reported following inhalation exposures to inorganic arsenic, although they
are not as diagnostic as for oral exposure. Several studies of arsenic-exposed workers have reported the
development of dermatitis; exposure levels required to produce this condition are not well-established.
Altered dermal pigmentation and hyperkeratosis have also been reported in studies of humans exposed to

inorganic arsenic by inhalation, although exposure levels have varied considerably. Direct dermal contact
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with inorganic arsenicals may cause irritation and contact dermatitis. Usually, the effects are mild
(erythema and swelling), but may progress to papules, vesicles, or necrotic lesions in extreme cases; these

conditions tend to heal without treatment if exposure ceases.

Cardiovascular Effects. A large number of studies in humans have reported cardiovascular effects
following oral exposure to inorganic arsenic compounds. The cardiac effects of arsenic exposure are
numerous, and include altered myocardial depolarization (prolonged QT interval, nonspecific ST segment
changes), cardiac arrhythmias, and ischemic heart disease. These effects have been seen after acute and
long-term exposure to inorganic arsenic in the environment, as well as side effects from intravenous
therapy with arsenic trioxide for acute promyelocytic leukemia. Exposure levels for environmental
exposures have not been well characterized, but intravenous doses for arsenic trioxide therapy are

generally on the order of 0.15 mg As/kg/day.

Chronic exposure to inorganic arsenic has also been shown to lead to effects on the vascular system. The
most dramatic of these effects is “Blackfoot Disease,” a disease characterized by a progressive loss of
circulation in the hands and feet, leading ultimately to necrosis and gangrene. Blackfoot Disease is
endemic in an area of Taiwan where average drinking water levels of arsenic range from 0.17 to

0.80 ppm, corresponding to doses of about 0.014-0.065 mg As/kg/day. The results of a another study
suggested that individuals with a lower capacity to methylate inorganic arsenic to DMA have a higher risk
of developing peripheral vascular disease in the Blackfoot Disease-hyperendemic area in Taiwan.
Arsenic exposure in Taiwan has also been associated with an increased incidence of cerebrovascular and
microvascular diseases and ischemic heart disease. While Blackfoot Disease itself has not been reported
outside of Taiwan, other vascular effects are common in areas with high arsenic exposures, and include
such severe effects as increases in the incidences of Raynaud's disease and of cyanosis of fingers and toes
as well as hypertension, thickening and vascular occlusion of blood vessels, and other unspecified
cardiovascular conditions. However, while the majority of human studies have reported cardiovascular

effects following exposure to inorganic arsenic, some have found no such effects.

Changes in cardiac rhythm and in some vascular end points have also been reported in animal studies of
inorganic arsenicals, but generally only at higher exposure levels and not to the degree of severity seen in

humans.

Respiratory Effects. While case reports and small cohort studies have routinely reported an increase

in respiratory symptoms of humans exposed occupationally to inorganic arsenic, dose-response data for
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these symptoms are generally lacking. The only study that evaluated respiratory effects (changes in chest
x-ray or respiratory performance) and reported an exposure estimate did not report significant changes at
an exposure level of 0.613 mg As/m’. Exposed workers often report irritation of the mucous membranes
of the nose and throat, which may lead to laryngitis, bronchitis, or rhinitis. Increased mortality due to
respiratory disease has been reported in some cohort mortality studies of arsenic-exposed workers, but no
conclusive evidence of an association of these diseases with arsenic exposure has been presented. It is not
known whether respiratory effects following inhaled inorganic arsenic compounds are due to a direct
effect of arsenic on respiratory tissues, general effects of foreign material in the lungs, or an effect of
arsenic on the pulmonary vasculature. Similar responses, including rales, labored breathing, and
respiratory hyperplasia, have been noted in animal studies of inhaled or instilled inorganic arsenic

compounds.

Respiratory effects have also been reported following oral exposure of humans to inorganic arsenic.
Acute oral exposure to >8 mg As/kg may result in serious respiratory effects, including respiratory
distress, hemorrhagic bronchitis, and pulmonary edema; however, it is not clear whether these are primary
effects or are the result of damage to the pulmonary vascular system. In general, respiratory effects have
not been widely associated with long-term oral exposure to low arsenic doses. However, some studies
have reported minor respiratory symptoms, such as cough, sputum, rhinorrhea, and sore throat, in people
with repeated oral exposure to 0.03—-0.05 mg As/kg/day. More serious respiratory effects, such as
bronchitis and sequelae (bronchiectasis, bronchopneumonia) have been observed in patients chronically
exposed to arsenic and at autopsy in some chronic poisoning cases. There are few animal data reporting
respiratory effects of oral exposure to inorganic arsenic, and those studies generally found effects only at

very high dose levels.

Gastrointestinal Effects. Both short-term and chronic oral exposures to inorganic arsenicals have
been reported to result in irritant effects on gastrointestinal tissues. Numerous studies of acute, high-dose
exposure to inorganic arsenicals have reported nausea, vomiting, diarrhea, and abdominal pain, although
specific dose levels associated with the onset of these symptoms have not been identified. Chronic oral
exposure to 0.01 mg As/kg/day generally results in similar reported symptoms. For both acute and
chronic exposures, the gastrointestinal effects generally diminish or resolve with cessation of exposure.
Similar gastrointestinal effects have been reported after occupational exposures to inorganic arsenicals,
although it is not known if these effects were due to absorption of arsenic from the respiratory tract or

from mucociliary clearance resulting in eventual oral exposure.
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Neurological Effects. A common effect following both oral and inhalation exposure to inorganic is
the development of peripheral neuropathy. Following occupational exposure to inorganic arsenic in
pesticide plants or smelters, exposed workers have shown increased incidence of neurological changes,
including altered nerve conduction velocities. One study reported that these effects were seen after

28 years of exposure to 0.31 mg As/m’. In another study, signs and symptoms of sensory and motor
polyneuropathy on both upper and lower extremities were reported in workers at a power station in
Slovakia. The average length of exposure was 22.3 years (standard deviation [SD] £8.4 years) and the

average arsenic exposure in inhaled air ranged from 4.6 to 142.7 pg/m’.

Following high-dose (>2 mg As/kg/day) acute oral exposures to inorganic arsenicals in humans, reported
effects include headache, lethargy, mental confusion, hallucination, seizures, and coma. Following
longer-term exposure to 0.03—0.1 mg As/kg/day, peripheral neuropathy, characterized initially by
numbness of the hands and feet and a “pins and needles” sensation and progressing to muscle weakness,
wrist-drop and/or ankle-drop, diminished sensitivity, and altered reflex action. Histological features of
the neuropathy include a dying-back axonopathy and demyelination. Following removal from exposure,
the neuropathy is only partially reversible and what recovery does occur is generally slow. Reports of
neurological effects at lower arsenic levels (0.004-0.006 mg As/kg/day) have been inconsistent, with
some human studies reporting fatigue, headache, depression, dizziness, insomnia, nightmare, and
numbness while others reported no neurological effects. Some studies also have reported that exposure to
arsenic may be associated with intellectual deficits in children. Neurological effects have also been
reported in oral studies of arsenic toxicity in animals, although these were generally performed at higher
doses (0.4-26.6 mg As/kg/day) than has been reported in exposed human populations. The mechanism(s)

of arsenic-induced neurological changes has not been determined.

Cancer. There is clear evidence from studies in humans that exposure to inorganic arsenic by either the
inhalation or oral routes increases the risk of cancer. Numerous studies of copper smelters or miners
exposed to arsenic trioxide have reported an increased risk of lung cancer. Increased incidence of lung
cancer has also been observed at chemical plants where exposure was primarily to arsenate. Other studies
suggest that residents living near smelters or arsenical chemical plants may have increased risk of lung
cancer, although the reported increases are small and are not clearly detectable in all cases. In general,
studies reporting long-term exposure to 0.07 mg As/m’ or greater have shown an increased incidence of

lung cancer, while at lower exposure levels, the association has been less clear or not present.
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There is convincing evidence from a large number of epidemiological studies and case reports that
ingestion of inorganic arsenic increases the risk of developing skin cancer. The most common tumors
seen are squamous cell carcinomas, which may develop from the hyperkeratotic warts or corns commonly
seen as a dermal effect of oral inorganic arsenic exposure. Early studies of populations within the United
States did not suggest an increased risk of cancer from oral inorganic arsenic exposure. Later studies
have found suggestive evidence that the possibility of arsenic-induced skin cancers cannot be discounted

based on an association between toenail arsenic levels and incidence of skin cancer.

There is increasing evidence that long-term exposure to arsenic can result in the development of bladder
cancer, with transitional cell cancers being the most prevalent. While studies have noted statistical dose-
response trends in arsenic-induced bladder cancers, reliable quantitative assessments of dose-response
relationships have not been presented. Several studies have also shown that chronic oral exposure to
arsenic results in the development of respiratory tumors, making lung cancer an established cause of death
from exposure to arsenic in drinking water. Exposure levels in studies evaluating respiratory and bladder
cancers have been comparable to those in studies evaluating skin tumors. Studies of U.S. populations
have not identified an increased risk of bladder or respiratory tumors following oral exposure to inorganic

arsenic.

Animal studies of both inhalation and oral exposure to inorganic arsenicals have not resulted in increased
incidence of cancer formation in adult animals. However, a series of studies have shown that inorganic
arsenic can induce cancer in the offspring from mice exposed to arsenic during gestation (transplacental

carcinogen) and acts as a co-carcinogen with UV light and polycyclic aromatic hydrocarbons (PAHs).

Organic Arsenicals. Humans may be exposed to organic arsenicals via inhalation of dusts, ingestion of
organic arsenic in water, food, soil, or dermal contact with contaminated soil, water or plants following
pesticide application. There are limited data on the toxicity of organic arsenicals following inhalation
exposure in humans and animals and these data do not allow for identification of critical effects.
Keratosis was observed in workers exposed to 0.065 mg/m? arsanilic acid (i.e., 4-aminophenyl arsenic
acid); no alterations in gastrointestinal symptoms or hematological alterations were observed. In animals,
very high concentrations (>3,000 mg/m®) of DMA results in respiratory distress, diarrhea, and
erythematous lesions on the feet and ears. No adverse effects were observed in rats exposed to DMA

concentrations as high as 100 mg DMA/m’ for 95 days.
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Similarly, the available dermal toxicity data do not allow for identification of critical effects. Contact
dermatitis was observed in workers applying DMA (and its sodium salt) and mild dermal irritation was
observed in a Draize test in rabbits (adverse effect level not reported). Intermediate duration (21 days)
exposure studies in rabbits did not result in systemic toxicity or skin irritation following 5 day/week

exposure to 1,000 mg/kg/day MMA or DMA.

The preponderance of toxicity data for organic arsenicals involves oral exposure. Human data are limited
to three case reports of individuals intentionally ingesting pesticides containing organic arsenicals.
Gastrointestinal irritation (vomiting, nausea, and diarrhea) were consistently reported in these cases.
Animal data has primarily focused on the toxicity of MMA, DMA, and roxarsone; these data suggest that

the targets of toxicity may differ between the compounds.

MMA. The gastrointestinal tract appears to be the most sensitive target of toxicity for MMA. Diarrhea
and tissue damage in the large intestine have been reported in several animal species following dietary,
gavage, and capsule exposure. For diarrhea, both the time of onset and incidence appear to be dose-
related. In rats, diarrhea was observed in 100% of females exposed to 98.5 mg MMA/kg/day, 55% of
females exposed to 33.9 mg MMA/kg/day, and 5.1% of females exposed to 3.9 mg MMA/kg/day. The
increased incidence of diarrhea was observed after 3 weeks of exposure to 98.5 mg MMA/kg/day,

4 weeks at 33.9 mg MMA/kg/day, and 18 months at 3.9 mg MMA/kg/day. Histological damage
consisting of squamous metaplasia of the epithelial columnar absorptive cells in the cecum, colon, and
rectum was observed in rats and mice chronically exposed to 72.4 or 67.1 mg MMA/kg/day, respectively.
Hemorrhagic, necrotic, ulcerated, or perforated mucosa were also observed in the large intestine of rats
exposed to 67.1 mg MMA/kg/day for 2 years. In rats, the damage to the large intestine resulted in
intestinal contents leaking into the abdominal cavity and the development of peritonitis. The available
data provide suggestive evidence that there may be some species differences in the sensitivity to
gastrointestinal damage; however, some of these differences may be due to the route of administration.
The lowest adverse effect levels, regardless of duration of exposure, for gastrointestinal effects in rats,
mice, rabbits, and dogs are 25.7, 67.1, 12, and 2 mg MMA/kg/day, respectively; the no adverse effect
levels in rats and mice (NOAELSs were not identified in rabbits and dogs) were 3.0 and 24.9 mg
MMA/kg/day. However, the rabbit and dog studies involved bolus administration (gavage and capsule
administration), which may have increased sensitivity; the rat and mouse studies involved dietary

exposure.
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The kidney also appears to be a sensitive target in rats and mice chronically exposed to MMA. An
increase in the severity of progressive glomerulonephropathy was observed in female rats exposed to
33.9 mg MMA/kg/day for 2 years and an increase in the incidence of progressive glomerulonephropathy
was observed in male mice exposed to 6.0 mg MMA/kg/day for 2 years. Other adverse effects that have
been observed in animals exposed to MMA include hypertrophy of the thyroid follicular cells in rats
exposed to 33.9 mg MMA /kg/day in the diet for 2 years, reproductive toxicity, and developmental
toxicity. Decreases in pregnancy rate and male fertility index were observed in F, and F, rats exposed to
76 mg MMA/kg/day for 14 weeks prior to mating and during the mating period; the findings were not
significantly different than control values but were considered treatment-related because they were
outside the range found in historical controls. This study also reported a decrease in pup survival in the F,
and F, offspring of rats exposed to 76 mg MMA/kg/day; as with the reproductive effects, the incidence
was not statistically different from controls but was considered biologically significant because survival
in the MMA pups was outside the range found in historical controls. Another study reported impaired
fetal growth (decreases in fetal weights and incomplete ossification) and minor skeletal defects (an
increase in the number of fetuses with supernumerary thoracic ribs and eight lumbar vertebrae) in rat and
rabbit fetuses exposed to 500 or 12mg MMA/kg/day, respectively; maternal toxicity was also observed at
these dose levels and the effects may be secondary to maternal stress rather than a direct effect on the
developing organisms. A 2-year bioassay did not result in significant increases in the incidence of
neoplastic lesions in rats and mice exposed to doses as high as 72.4 and 67.1 mg MMA/kg/day,

respectively.

DMA. The most sensitive targets of DMA toxicity in rats are the urinary bladder and kidneys. In the
bladder, the effects progress from cytotoxicity to cellular necrosis to regenerative proliferation and
hyperplasia. At dietary doses of 11 mg DMA/kg/day, cytotoxicity is observed as early as 6 hours after
exposure initiation and cellular proliferation (as evident by increased BrdU labeling) was observed after
2 weeks of exposure. After 10 weeks of exposure, necrosis and hyperplasia were also observed. The
lowest adverse effect levels for urinary bladder effects following intermediate or chronic duration
exposure were 5 mg DMA/kg/day for evidence of regenerative proliferation and 3.1 mg DMA/kg/day for
vacuolar degeneration of urothelium and hyperplasia. Vacuolization of the superficial cells of the
urothelium was observed in mice exposed to 7.8 mg DMA/kg/day and higher for 2 years. However,
unlike the vacuolar degeneration observed in rats, the vacuolization observed in mice was not associated

with cytotoxicity, necrosis, inflammation, or hyperplasia.
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Kidney damage characterized by increased urinary calcium levels, calcification, nephrocalcinosis, and
necrosis of the renal papillae have been observed in rats following intermediate- or chronic-duration
exposure. Increases in urine calcium levels and corticomedullary junction calcification were observed in
rats exposed to 5 or 10 mg DMA/kg/day for 10 weeks and cortical degeneration and necrosis were
observed in rats exposed to 57 mg DMA/kg/day for 4 weeks. Chronic-duration exposure to 3.1 mg
DMA/kg/day resulted in an increased incidence of nephrocalcinosis and necrosis of the renal papillae in
rats; these lesions are typical in aged rats, although DMA exposure appeared to exacerbate them. An
exacerbation of age-related kidney lesion (progressive glomerulonephropathy and nephrocalcinosis) has
also been observed in male mice exposed to 37 or 94 mg DMA/kg/day, respectively, for 2 years. A
consistent finding in intermediate and chronic rat studies is an increase in urine volume, which
corresponds to an increase in water consumption; the toxicological significance of this finding is not
known. The observed decreases in electrolyte levels and specific gravity are likely due to the higher urine

volume.

Although gastrointestinal effects have been observed in animals exposed to DMA, it does not appear to be
as sensitive a target compared to MMA. Diarrhea has been observed in rats exposed to a lethal dose of
190 mg DMA/kg/day for 4 weeks and in dogs administered via 16 mg DMA/kg/day. No gastrointestinal

effects were observed in rats or mice chronically exposed to 7.8 or 94 mg DMA/kg/day.

Other adverse effects that have been observed in animals exposed to organic arsenicals include
hypertrophy of thyroid follicular cells in rats exposed to 4.0 mg DMA/kg/day in the diet for 13 weeks and
7.8 mg DMA/kg/day in the diet for 2 years and developmental effects in rats and mice. Decreases in fetal
growth and delays in ossification have been observed in rat fetuses exposed to >36 mg DMA/kg/day;
these alterations typically occur at doses associated with decreases in maternal weight gain. Other
developmental effects that have been reported include an increase in the incidences of irregular palatine
rugae in rats exposed to 30 mg DMA/kg/day, diaphragmatic hernia in rats exposed to 36 mg
DMA/kg/day, and cleft palate in mice exposed to 400 mg DMA/kg/day. No developmental effects were
observed in rabbits exposed to 12 mg DMA/kg/day.

The available data provide strong evidence that DMA is carcinogenic in rats. A 2-year exposure to DMA
resulted in significant increases in the incidence of neoplastic urinary bladder tumors in rats exposed to
7.8 mg DMA/kg/day in the diet or 3.4 mg DMA/kg/day in drinking water. No increases in neoplastic

tumors were observed in mice exposed to doses as high as 94 mg DMA/kg/day for 2 years; however, a
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50-week exposure to 10.4 mg DMA/kg/day did result in an increased incidence of lung tumors in

A/J mice.

The available data for DMA suggest that there are species differences in terms of the critical effects and
sensitivity. In rats, the urinary bladder and kidneys are the most sensitive targets with effects occurring at
5 mg DMA/kg/day following intermediate-duration exposure and 3.1 mg DMA/kg/day following
chronic-duration exposure. Although the urinary bladder and kidneys are also sensitive targets in mice
with LOAELSs of 7.8 and 37 mg DMA/kg/day, respectively, following chronic exposure, the effects are
not associated with cytotoxicity or elevated urine calcium levels. In dogs, the most sensitive effect is

gastrointestinal tract irritation (diarrhea), which occurs at 16 mg DMA/kg/day.

There is concern that the rat may not be a good model to predict the human risk associated with organic
arsenic exposure due to the unique toxicokinetic properties of DMA in rats. In humans and most animal
species, DMA is rapidly eliminated from the body; >90% of the dose is excreted 2—3 days after dosing.
In contrast, DMA is slowly eliminated in rats. One study estimated that 45% of an initial oral DMA dose
was eliminated with a half-time of 13 hours; the remaining 55% of the dose DMA dose had an
elimination half-time of 50 days. In rats, DMA has a strong affinity for hemoglobin resulting in an
accumulation of DMA in erythrocytes. Species differences in DM A metabolism have also been found.
In particular, DMA undergoes further methylation to trimethylarsine oxide (TMAO) in rats. In most
animal species, almost the entire oral DMA dose is excreted in the urine unchanged; however, in rats,
about half of the dose is excreted in the urine as DMA and the other half as TMAOQO. During the
metabolism of DMA to TMAO, DMA(III) is formed as a metabolic intermediate. The formation of this
highly reactive intermediate and the excretion of small amounts of DMA(III) in urine may damage the

urinary bladder.

There are limited data on the mode of action of DMA for most end points. Recently, there has been
considerable research on the mode of action for the development of neoplastic urinary bladder tumors in
rats. Although the mechanisms have not been fully elucidated, it has been proposed that the mode of
action involves cytotoxicity leading to necrosis and subsequent regeneration of the urinary bladder
urothelium. There is strong evidence to suggest that DMA(III) is the causative agent for the urothelial
cytotoxicity. The strongest evidence comes from the finding that urinary concentrations of DMA(III)
measured in rats exhibiting urothelial cytotoxicity are equivalent to DMA(III) concentrations that are
cytotoxic to urothelial cells in vitro. Urothelial cytotoxicity, regenerative urothelial proliferation, and

urothelial tumors have not been detected in other animal species. Other animal species, including
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humans, only metabolize a small percentage of ingested DMA to TMAO; thus, much lower levels of
DMA(III) are produced, suggesting that rats may be very sensitive to toxicity of DMA and therefore are

not an appropriate model for human risk assessment.

Roxarsone. The available data on the toxicity of roxarsone suggest that following bolus administration,
the gastrointestinal tract, kidney, and nervous system are sensitive end points of roxarsone toxicity.
Vomiting and gastrointestinal hemorrhage were observed in dogs receiving a single capsulized dose of
50 mg/kg roxarone; no gastrointestinal effects were observed in rats or mice administered 4 or

42 mg/kg/day roxarsone for 2 years. Kidney effects included increases in kidney weight, minimal tubular
epithelial cell degeneration, and focal mineralization in rats exposed to 32 mg roxarsone/kg/day for

13 weeks; no kidney effects were observed at 16 mg/kg/day or in mice exposed to doses as high as

136 mg/kg/day for 13 weeks or 43 mg/kg/day for 2 years. Hyperexcitability, ataxia, and/or trembling
were observed in rats exposed to 20 mg/kg/day for 13 weeks or 64 mg/kg/day for 13 weeks. A 14-day
study in rats reported slight inactivity in rats exposed to 32 mg/kg/day, but this was not observed in
longer-term studies. Neurological effects were observed in mice exposed to doses as high as

136 mg/kg/day for 13 weeks or 43 mg/kg/day for 2 years, although a slight decrease in activity at

42 mg/kg/day was reported in a 14 day study. Pigs appear to be especially sensitive to the neurotoxicity
of roxarsone. Muscle tremors have been observed at doses of >6.3 mg roxarsone/kg/day and myelin
degeneration in the spinal cord was noted at 6.3 mg/kg/day. Both the clinical signs of neuropathy and the
myelin degeneration followed a time-related pattern. Mild lethargy and ataxia were observed 7 days after
exposure initiation, exercise-induced muscle tremors and clonic seizures were observed at day 11,
paraparesis was observed at day 22, and paraplegia was observed at day 33. At day 11, equivocal lesions
were observed in the cervical spinal cord, and the severity of these lesions increased with time; myelin
degeneration was observed in the peripheral nerves and optic nerve starting at day 32 (2 days after
exposure termination). Equivocal evidence of carcinogenicity (a slight increase in the incidence of
pancreatic tumors) was found in male rats chronically exposed to roxarsone; no increases in neoplastic

tumors were observed in female rats or male and female mice.

2.3 MINIMAL RISK LEVELS (MRLS)

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

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990i),
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.
Inorganic Arsenicals

Inhalation MRLs. No inhalation MRLs were derived for inorganic arsenic. Human data suggest that
dermal or respiratory effects may be the most prevalent (Lagerkvist et al. 1986; Mohamed 1998; Perry et
al. 1948); respiratory or immunological effects appeared to be the most common following inhalation
exposure to inorganic arsenic in animals (Aranyi et al. 1985; Holson et al. 1999). Adequate human
studies evaluating dose-response relationships for noncancer end points were not located for inorganic
arsenic, and animal data on the health effects of inorganic arsenic following inhalation exposure are
limited to studies that did not evaluate a suitable range of health effects. Lacking suitable studies upon

which to base the MRLs, no inhalation MRLs were derived for inorganic arsenic.

Oral MRLs

e An MRL of 0.005 mg As/kg/day has been derived for acute-duration (14 days or less) oral
exposure to inorganic arsenic.

Mizuta et al. (1956) summarized findings from 220 poisoning cases associated with an episode of arsenic
contamination of soy sauce in Japan. The soy sauce was contaminated with approximately 0.1 mg
As/mL, probably as calcium arsenate. Arsenic intake in the cases was estimated by the researchers to be
3 mg/day (0.05 mg/kg/day, assuming 55 kg average body weight for this Asian population). The duration
of exposure was 2—3 weeks in most cases. The primary symptoms were edema of the face, and

gastrointestinal and upper respiratory symptoms initially, followed by skin lesions and neuropathy in
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some patients. Other effects included mild anemia and leukopenia, mild degenerative liver lesions and
hepatic dysfunction, abnormal electrocardiogram, and ocular lesions. For derivation of the acute oral
MRL, facial edema and gastrointestinal symptoms (nausea, vomiting, diarrhea), which were characteristic
of the initial poisoning and then subsided, were considered to be the critical effects. The MRL of

0.005 mg As/kg/day was calculated by applying an uncertainty factor of 10 (10 for use of a lowest-
observed-adverse-effect level (LOAEL) and 1 for human variability) to the LOAEL of 0.05 mg As/kg/day
(see Appendix A for MRL worksheets).

An intermediate-duration oral MRL for inorganic arsenic was not derived due to inadequacy of the
database. The lowest LOAEL identified in a limited number of intermediate-duration human studies
available was 0.05 mg As/kg/day in a study by Mizuta et al. (1956) (summarized above). While this
study was considered appropriate to derive an acute-duration oral MRL for inorganic arsenic, there is
considerable uncertainty regarding what the effects and severity might be beyond the relatively short 2—

3 weeks of exposure that most subjects experienced. There are numerous studies in animals dosed for
intermediate durations, but as indicated in Section 3.5.3, animals are not appropriate models for effects of

inorganic arsenic in humans.

e An MRL of 0.0003 mg As/kg/day has been derived for chronic-duration (365 days or more) oral
exposure to inorganic arsenic.

Tseng et al. (1968) and Tseng (1977) investigated the incidence of Blackfoot Disease and dermal lesions
(hyperkeratosis and hyperpigmentation) in a large number of poor farmers (both male and female)
exposed to high levels of arsenic in well water in Taiwan. A control group consisting of 17,000 people,
including one group in which arsenic exposure was “undetermined” and which included those villages
where arsenic-contaminated wells were no longer used or the level could not be classified, and a control
population of 7,500 people who consumed water from wells almost free of arsenic (0.001-0.017 ppm)
was also examined. The authors stated that the incidence of dermal lesions increased with dose, but
individual doses were not provided. However, incidence data were provided based on stratification of the
exposed population into low (<300 pg/L), medium (300—600 pg/L), or high (>600 pg/L) exposure levels.
Doses were calculated from group mean arsenic concentrations in well water, assuming the intake
parameters described by IRIS (IRIS 2007). Accordingly, the control, low-, medium-, and high-exposure
levels correspond to doses of 0.0008, 0.014, 0.038, and 0.065 mg As/kg/day, respectively. The no-
observed-adverse-effect level (NOAEL) identified by Tseng (1977) (0.0008 mg As/kg/day) was limited
by the fact that the majority of the population was <20 years of age and the incidence of skin lesions

increased as a function of age, and because the estimates of water intake and dietary arsenic intake are
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highly uncertain. Schoof et al. (1998) estimated that dietary intakes of arsenic from rice and yams may
have been 15-211 pg/day (mean=61 pg/day), based on arsenic analyses of foods collected in Taiwan in
1993-1995. Use of the 50 pg/day estimate would result in an approximate doubling of the NOAEL
(0.0016 mg/kg/day) (see Appendix A for MRL worksheets). The MRL was derived by applying an
uncertainty factor of 3 (for human variability) to the NOAEL of 0.0008 mg/kg/day.

The MRL is supported by a large number of well-conducted epidemiological studies that identify reliable
NOAELSs and LOAELSs for dermal effects. EPA (1981b) identified a NOAEL of 0.006—-0.007 mg
As/kg/day for dermal lesions in several small populations in Utah. Harrington et al. (1978) identified a
NOAEL of 0.003 mg As/kg/day for dermal effects in a small population in Alaska. Guha Mazumder et
al. (1988) identified a NOAEL of 0.009 mg As/kg/day and a LOAEL of 0.006 mg As/kg/day for
pigmentation changes and hyperkeratosis in a small population in India. Haque et al. (2003) identified a
LOAEL 0f 0.002 mg As/kg/day for hyperpigmentation and hyperkeratosis in a case-control study in
India. Cebrian et al. (1983) identified a NOAEL of 0.0004 mg As/kg/day and a LOAEL of 0.022 mg
As/kg/day in two regions in Mexico. Borgofio and Greiber (1972) and Zaldivar (1974) identified a
LOAEL of 0.02 mg As/kg/day for abnormal skin pigmentation in patients in Chile, and Borgofio et al.
(1980) identified a LOAEL of 0.01 mg As/kg/day for the same effect in school children in Chile.
Valentine et al. (1985) reported a NOAEL of 0.02 mg As/kg/day for dermal effects in several small
populations in California. Collectively, these studies indicate that the threshold dose for hyper™
pigmentation and hyperkeratosis is approximately 0.002 mg As/kg/day. While many of these studies also
identified effects on other end points at these exposure levels, including effects on gastrointestinal
(Borgono and Greiber 1972; Cebrian et al. 1983; Guha Mazumder et al. 1988; Zaldivar 1974),
cardiovascular (Tseng et al. 1995, 1996), hepatic (Hernandez-Zavala et al. 1998), and neurological end
points (Guha Mazumder et al. 1988; Lianfang and Jianzhong 1994; Tsai et al. 2003), the overall database

for dermal effects is considerably stronger than for effects on other end points.
Organic Arsenicals

Inhalation MRLs. No inhalation MRLs were derived for organic arsenic. Human data are limited to an
occupational exposure study of workers exposed to 0.065 mg/m’ ansanilic acid (Watrous and McCaughey
1945). The exposed workers more frequently complained of keratosis than nonexposed workers. A
limited number of animal studies have examined the toxicity of organic arsenicals following inhalation
exposure. Respiratory distress and diarrhea were observed in rats and mice exposed to high
concentrations of MMA and DMA (Stevens et al. 1979); at lower concentrations (1,540-3,150 mg

3 . . . . . . . . . .
DMA/m"), respiratory irritation, as evidenced by a decrease in respiration rate, was observed in animals
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exposed to MMA or DMA (Stevens et al. 1979). The acute-duration studies do not clearly identify the
most sensitive targets of inorganic arsenical toxicity; the available studies are of limited scope and none

included a comprehensive histological examination.

One study examined the toxicity of DMA in rats following intermediate-duration exposure. This study
(Whitman 1994) found an increase in intracytoplasmic eosinophilic globules in the nasal turbinates of rats
exposed to 34 or 100 mg/m’ DMA 6 hours/day, 5 days/week for 6768 exposures; no other adverse
effects were observed in this comprehensive study. As discussed in greater detail in the oral MRL
section, the toxicokinetic properties of DMA in rats differ from other species and rats do not appear to be
a good model for human exposure. The half-time of DMA in the body is much longer in rats compared to
other species, including humans, and DMA is more extensively methylated in rats. In the absence of data
to determine whether the observed effect is due to a direct interaction of DMA, derivation of an

intermediate-duration MRL using rat data is not recommended at this time.

No studies examined the chronic toxicity of organic arsenicals precluding the derivation of a chronic-

duration inhalation MRL.

Oral MRLs

MMA. A limited number of animal studies have examined the acute oral toxicity of MMA. These
studies consisted of LDsq studies in rats (Gur and Nyska 1990), mice (Kaise et al. 1989), and rabbits
(Jaghabir et al. 1988) and developmental toxicity studies in rats (Irvine et al. 2006) and rabbits (Irvine et
al. 2006); all studies administered MMA via gavage. Adverse effects reported in the LDs, studies
included diarrhea in rats at 2,030 mg monosodium methane arsonate (MSMA)/kg (Gur and Nyska 1990),
mice at 2,200 mg MMA/kg (Kaise et al. 1989) and rabbits at 60 mg MSMA/kg (Jaghabir et al. 1988) and
respiratory arrest in mice at 1,800 mg MMA/kg/day (Kaise et al. 1989). These doses were at or near the
LDs, levels of 2,449 mg MSMA/kg, 1,800 mg MMA/kg, 100 mg MSMA/kg for the rats, mice, and
rabbits, respectively. In the developmental toxicity studies (Irvine et al. 2006), maternal effects included
decreases in maternal body weight gain in rats (17% less than controls) and rabbits (70% less than
controls) receiving gavage doses of 100 and 12 mg MMA/kg/day, respectively, and loose feces/diarrhea
in rabbit does administered 12 mg MMA/kg/day. The NOAELs for maternal effects were 10 and 7 mg
MMA/kg/day in the rats and rabbits, respectively. Minor developmental effects (decreased fetal weight,
incomplete ossification, and supernumerary ribs) were also observed at the maternally toxic doses in the

rats and rabbits (Irvine et al. 2006); these effects were probably secondary to the maternal stress. These



ARSENIC 33

2. RELEVANCE TO PUBLIC HEALTH

data, coupled with the results of longer-term studies (Arnold et al. 2003; Waner and Nyska 1988), suggest
that the gastrointestinal tract is a sensitive target of MMA toxicity. The rabbit developmental toxicity
study (Irvine et al. 2006) identified the lowest LOAEL (12 mg MMA/kg/day) for gastrointestinal
irritation. However, this study is not suitable for the derivation of an acute-duration oral MRL for MMA
because the MMA was administered via bolus doses. It is likely that the observed gastrointestinal effect
is a concentration-dependent effect; thus, at a given dose level, effects are more likely to occur following

bolus administration. A marked decrease in body weight gain was also observed at this dose level.

e An MRL of 0.1 mg MMA/kg/day has been derived for intermediate-duration (15-364 days) oral
exposure to MMA.

Three studies have examined the intermediate-duration toxicity of MMA; two of these are chronic-
duration studies reporting diarrhea and decreases in body weight gain after MMA exposure for <1 year.
Diarrhea was observed in rats exposed to 30.2 mg MMA/kg/day in the diet (Arnold et al. 2003) and in
dogs exposed via a capsule to 2 mg MMA/kg/day (Waner and Nyska 1988). Decreases in body weight
were observed at the next highest doses, 106.9 mg MMA/kg/day in rats and 8 mg MMA/kg/day in dogs.
In the rat study (Arnold et al. 2003), diarrhea was observed in 16.7 and 40% of the males and females,
respectively, exposed to 30.2/35.9 mg MMA/kg/day during the first 52 weeks of the study; diarrhea first
occurred after 4 weeks of exposure. At the highest dose level (106.9 mg MMA/kg/day), diarrhea was
observed in all exposed male and female rats. In dogs, the increased incidence of diarrhea first occurred
during weeks 25-28; at the highest dose tested in the study (35 mg MMA/kg/day), vomiting was also
observed. A NOAEL of 3.5 mg MMA/kg/day was identified in the rat study; a NOAEL was not
identified in the dog study. The remaining study in the intermediate-duration database is a 2-generation
study that reported reproductive (decreased pregnancy rate and male fertility index in Fy and F,
generations) and developmental (decreased pup survival in F; and F, generation) effects in rats exposed to
76 mg MMA/kg/day in the diet (Schroeder 1994). The lowest LOAEL identified in the intermediate-
duration database is 2 mg MMA/kg/day for diarrhea in dogs (Waner and Nyska 1988). Although dogs
appear to be more sensitive to the gastrointestinal effects of MMA, a direct comparison of the two studies
is not possible due to the difference in the routes of exposure. It is possible that the bolus administration
of MMA, in the form of a capsule, resulted in increased sensitivity of the dogs. Because the most likely
route of exposure for humans would be ingestion and the critical effect appears to be irritation of the
gastrointestinal tract, studies involving bolus administration (gavage or capsule) were not considered for
derivation of oral MRLs. The Arnold et al. (2003) and Schroeder (1994) studies were considered as the
basis for an intermediate-duration MRL. Of these two studies, Arnold et al. (2003) identified the lowest
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LOAEL, 30.2 mg MMA/kg/day, for gastrointestinal effects and was selected as the principal study for the

intermediate-duration oral MRL.

Arnold et al. (2003) exposed groups of 60 male and 60 female Fischer 344 rats to 0, 50, 400, or

1,300 ppm MMA in the diet for 104 weeks. Using the average doses for weeks 1-50 reported in an
unpublished version of this study (Crown et al. 1990), doses of 0, 3.5, 30.2, and 106.9 mg MMA/kg/day
and 0, 4.2, 35.9, and 123.3 mg MMA/kg/day were calculated for males and females, respectively. Body
weights, food consumption, and water intake were monitored regularly. Blood was taken at 3, 6, and

12 months for clinical chemistry measurements, and urine samples were collected at the same interval.
Mortality was increased in high-dose males and females during the first 52 weeks of the study. Body
weights were decreased in the mid- and high-dose groups of both sexes; however, at 51 weeks, only the
body weight for the high-dose males was <10% of the control weight (14.5%). Food and water
consumption was increased in the mid- and high-dose groups. Diarrhea was observed in 100% of the
high-dose males and females and in 16.7 and 40% of the mid-dose males and females during the first

52 weeks of exposure. Diarrhea first occurred after 3 weeks of exposure to the high dose and 4 weeks of
exposure to the mid-dose group; the severity of the diarrhea was dose-related. The gastrointestinal system
was the primary target in animals dying early; numerous macroscopic and histological alterations were

observed.

A benchmark dose (BMD) analysis of the incidence data for diarrhea was conducted; details of this
analysis are presented in Appendix A. Using the female incidence data, a BMD (BMD) of 16.17 mg
MMA/kg/day, which corresponds to a 10% increase in the incidence of diarrhea, was calculated; the 95%
lower confidence limit on the BMD (BMDL,y) was 12.38 mg MMA/kg/day. The female incidence data
were selected over the male data because the females may be more sensitive than the males. Thus, the
intermediate-duration oral MRL of 0.1 mg MMA/kg/day is based on the BMDL,, of 12.38 mg
MMA/kg/day in female rats and an uncertainty factor of 100 (10 to account for animal to human

extrapolation and 10 for human variability).

e An MRL of 0.01 mg MMA/kg/day has been derived for chronic-duration (365 days or longer)
oral exposure to MMA.
The available data on the chronic toxicity of MMA in animals (no human data are available) suggest that
the gastrointestinal tract and the kidney are the most sensitive targets. Diarrhea has been observed in rats
and mice exposed to MMA in the diet for 2 years (Arnold et al. 2003). The NOAEL and LOAEL values
for diarrhea are 3.0 and 25.7 mg MMA/kg/day in rats, respectively, and 24.9 and 67.1 mg MMA/kg/day
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in mice, respectively. At 72.4 mg MMA/kg/day, necrotic, ulcerated, or perforated mucosa and metaplasia
were observed in the cecum, colon, and rectum of rats. Squamous metaplasia was also observed in the
cecum, colon, and rectum of mice exposed to 67.1 mg MMA/kg/day. Diarrhea was observed in dogs
exposed via capsule to 2 mg MMA/kg/day for 52 weeks (Waner and Nyska 1988). The bolus
administration used in the dog study probably increased the dog’s sensitivity to MMA. In both the rats
and mice, chronic administration of MMA resulted in an exacerbation of chronic progressive
nephropathy. In female rats, significant increases in the severity of chronic progressive nephropathy were
observed at 33.9 and 98.5 mg MMA/kg/day; the NOAEL was 3.9 mg MMA/kg/day (Arnold et al. 2003).
In male mice, there was an increased incidence of slight progressive nephropathy at doses >6.0 mg
MMA/kg/day; the NOAEL was 1.2 mg MMA/kg/day (Arnold et al. 2003; incidence data reported in Gur
et al. 1991). Nephrocalcinosis was also observed in male mice exposed to >24.9 mg MMA/kg/day
(Arnold et al. 2003). Other effects that have been observed following chronic exposure MMA include
decreased weight gain in male and female rats exposed to 25.7/33.9 mg MMA/kg/day and higher (Arnold
et al. 2003) and hypertrophy of the thyroid follicular epithelium in female rats exposed to >33.9 mg
MMA/kg/day (Arnold et al. 2003). A variety of other lesions including peritonitis, pancreatitis,
inflammation of the ureter, uterus, prostate, testes, epididymis, and seminal vesicles, hydronephrosis,
pyelonephritis, and cortical tubular cystic dilation were also observed in rats; however, these alterations
were probably secondary to the ulceration and perforation of the large intestine, which resulted in leaking
of gastrointestinal contents into the abdominal cavity. Hyperplasia of the urinary bladder was also
observed in rats exposed to 2.1 mg MMA/kg/day as MMA in drinking water for 2 years (Shen et al.
2003). Although hyperplasia of the urinary bladder is commonly observed in rats exposed to DMA, it
was not observed in the Arnold et al. (2003) study at doses as high as 72.4 mg MMA /kg/day; thus, the
significance of the results of the Shen et al. (2003) study is not known.

The lowest reliable LOAEL identified in the chronic oral MMA database was 6.0 mg MMA/kg/day for an
increased incidence of progressive glomerulonephropathy in mice (Arnold et al. 2003). Although the
investigators noted that the kidney lesions were consistent with the normal spectrum of spontaneous renal
lesions and that there was no difference in character or severity of lesions between groups, ATSDR

considers the dose-related increase in glomerulonephropathy to be treatment-related.

In the Arnold et al. (2003) study (incidence data reported in Gur et al. 1991), groups of 52 male and

52 female B6C3F; mice were exposed to 0, 10, 50, 200, or 400 ppm of MMA in the diet for 104 weeks.
The average doses reported in Gur et al. (1991) were 0, 1.2, 6.0, 24.9, and 67.1 mg MMA/kg/day for
males and 0, 1.4, 7.0, 31.2, and 101 mg MMA/kg/day for females. Body weights, food consumption, and
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water intake were monitored regularly. Blood was taken at 3, 6, 12, 18, and 24 months for white cell
counts. At sacrifice, complete necropsies were performed, including histological examination of at least
13 organs. No treatment-related increases in mortality were observed. Significant decreases in body
weights were observed in males and females exposed to 67.1 or 101 mg MMA/kg/day, respectively; at
week 104, the males and females weighed 17 and 23%, respectively, less than controls. Food
consumption was increased in females exposed to 101 mg MMA/kg/day, and water consumption was
increased in 67.1 mg MMA/kg/day males and 31.2 and 101 mg MMA/kg/day females. Loose and
mucoid feces were noted in mice exposed to 67.1/101 mg MMA/kg/day. No changes were seen in white
cell counts of either sex. Small decreases in the weights of heart, spleen, kidney, and liver weights were
observed in some animals, but the decreases were not statistically significant. Squamous metaplasia of
the cecum, colon, and rectum was observed at 67.1/101 mg MMA/kg/day. The incidence of metaplasia in
the cecum, colon, and rectum were 29/49, 14/49, and 39/49 in males and 38/52, 17/52, and 42/52 in
females; metaplasia was not observed in other groups of male or female mice. An increased incidence of
progressive glomerulonephropathy (incidence of 25/52, 27/52, 38/52, 39/52, and 46/52 in the 0, 1.2, 6.0,
24.9, and 67.1 mg MMA/kg/day males, respectively) was observed in males; the incidence was
significantly higher (Fisher Exact Test) than controls at >6.0 mg MMA/kg/day. Significant increases in
the incidence of nephrocalcinosis was observed in the males at 24.9 and 67.1 mg MMA/kg/day (Fisher
Exact Test) (incidences of 25/52, 30/52, 30/52, 45/52, and 45/51 in males and 0/52, 1/52, 1/52, 2/52, and
5/52 in females). A reduction in the incidence of cortical focal hyperplasia in the adrenal gland of male
mice exposed to 67.1 mg MMA/kg/day was possibly related to MMA exposure; the toxicological
significance of this effect is not known. Thus, this study identifies a NOAEL of 1.2 mg MMA/kg/day and
a LOAEL of 6.0 mg MMA/kg/day for progressive glomerulonephropathy in male mice.

As described in greater detail in Appendix A, BMD was applied to the incidence data for progressive
glomerulonephropathy in male mice using all available dichotomous models in EPA’s Benchmark Dose
Software (version 1.4.1) to calculate predicted doses associated with a 10% extra risk. As assessed by the
Akaike’s Information Criteria (AIC), the log-logistic model provided the best fit to the data. The
predicted BMD;y and BMDL, are 2.09 and 1.09 mg MMA/kg/day. The BMDL,, was selected as the
point of departure and divided by an uncertainty factor of 100 (10 for extrapolation from animals to

humans and 10 for human variability) to derive a chronic-duration oral MRL of 0.01 mg MMA/kg/day.

DMA. As discussed in greater detail in Section 2.2, urinary bladder effects characterized by cytotoxicity
and regenerative proliferation and hyperplase have been observed in rats, but not in other species. The

LOAELSs for these effects are lower than the LOAELSs for sensitive effects in other species. Additionally,



ARSENIC 37

2. RELEVANCE TO PUBLIC HEALTH

rats have a much greater capacity than other species to metabolize ingested DMA to form DMA(III) (a
reactive intermediate) and TMAO (Cohen et al. 2006; Marafante et al. 1987b; Yoshida et al. 1998). It is
likely that DMA(III) is the causative agent for the urothelial cytoxicity observed in rats (Cohen et al.
2006). Thus, rats were not considered a suitable model for humans and these data were not considered for

derivation of MRLs for DMA.

There are limited data to assess the acute toxicity of DMA in species other than rats. Diarrhea, increased
startle reflex, and ataxia were observed in mice exposed to a lethal gavage dose of 1,757 mg DMA/kg
(Kaise et al. 1989); vomiting and diarrhea were also observed during the second week of a 52-week study
in dogs exposed via capsule to 16 mg DMA/kg/day (Zomber et al. 1989). The remaining studies in the
acute database are developmental toxicity studies in mice and rabbits. Rabbits appear to be more
sensitive than mice to maternal and developmental effects. Gavage exposure to 48 mg DMA/kg/day on
gestational days 7—19 resulted in maternal weight loss and abortion in approximately 75% of the does; no
adverse effects were observed at 12 mg DMA/kg/day (Irvine et al. 2006). In mice, decreases in maternal
body weight gain were observed at gavage doses of 200 mg DMA/kg/day on gestational days 7—

16 (Rogers et al. 1981), decreases in fetal body weight, delays in ossification, and increased incidence of
cleft palate were observed at 400 mg DMA/kg/day on gestational days 7-16 (Rogers et al. 1981) and fetal
deaths, decreases in growth, and increased incidence of malformations were observed in mice
administered 1,600 mg DMA/kg on gestational day 8 (Kavlock et al. 1985). The acute-duration database
for DMA was not considered adequate for derivation of an oral MRL. The database is lacking a
comprehensive toxicity study, which would be useful in establishing the critical target of toxicity. In a
chronic-duration study in mice (Arnold et al. 2006), vacuolization was observed in the urinary bladder at
>7.8 mg DMA/kg/day; it is not known if these effects would also be observed after acute-duration
exposure. Thus, it is not known if systemic effects would occur at lower doses than the maternal
developmental effects observed in rabbits exposed to 48 mg DMA/kg/day (Irvine et al. 2006); an acute-

duration oral MRL for DMA is not recommended at this time.

Excluding rat studies, the database on the toxicity of DMA following intermediate-duration oral exposure
is limited to a chronic study of dogs exposed to DMA via capsule 6 days/week for 52 weeks (Zomber et
al. 1989). Diarrhea and vomiting were observed at 16 and 40 mg DMA/kg/day starting after the first
week of exposure. A slight decrease in erythrocyte levels and increase in total leukocyte levels were
observed in males exposed to 40 mg DMA/kg/day for 51 weeks. This dog study was not selected as the
basis of an MRL because it is likely that bolus administration of DMA would increase sensitivity to the

gastrointestinal effects.
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e An MRL of 0.02 mg DMA/kg/day has been derived for chronic-duration (365 days or longer)
oral exposure to DMA.

Two studies investigated the chronic-duration toxicity of DMA in a species other than rats. In dogs,
diarrhea and vomiting were observed after 52 weeks of exposure to 16 or 40 mg As/kg/day (Zomber et al.
1989); no histological alterations were observed. In mice exposed to DMA in the diet for 2 years,
vacuolization of the urothelium in the urinary bladder was observed at >7.8 mg DMA/kg/day and
progressive glomerulonephropathy was observed at >37 mg DMA/kg/day (Arnold et al. 2006). As noted
in Section 2.2, the vacuolization was not associated with cytotoxicity or proliferation. Because the
bladder effects in mice occurred at the lowest adverse effect level for the database, it was selected as the

critical effect and Arnold et al. (2006) was selected as the principal study.

In the Arnold et al. (2006) study, groups of 56 male and 56 female B6C3F; mice were exposed to 0, 8, 40,
200, or 500 ppm DMA in the diet for 2 years; the results of this study were also reported in an
unpublished paper (Gur et al. 1989b) submitted to EPA under Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA). The investigators reported dietary doses of approximately 0, 1.3, 7.8, 37, and
94 mg DMA/kg/day. The following parameters were used to assess toxicity: clinical observations, body
weight, food consumption, water consumption, differential leukocyte levels measured at 12, 18, and

24 months in mice in the control and 94 mg DMA/kg/day groups, organ weights (brain, kidneys, liver,
and testes), and histopathological examination of major tissues and organs. No deaths or treatment-
related clinical signs were observed. Decreases in body weight gain were observed in the male mice
exposed to 94 mg DMA/kg/day; the difference was <10% and not considered adverse. An increase in
water consumption was observed in males exposed to 94 mg DMA/kg/day during weeks 60-96. In the
female mice exposed to 51 mg As/kg/day, a statistically significant decrease in lymphocytes and an
increase in monocytes were observed at 24 months. Treatment related nonneoplastic alterations were
observed in the urinary bladder and kidneys. In the urinary bladder, increases in the vacuolization of the
superficial cells of the urothelium were observed in males exposed to 37 or 94 mg DMA/kg/day (0/44,
1/50, 0/50, 36/45, 48/48) and in females exposed to 7.8, 37, and 94 mg DMA/kg/day (1/45, 1/48, 26/43,
47/47, 43/43); incidence data reported in Gur et al. (1989b). An increased incidence of progressive
glomerulonephropathy was observed in males at 37 mg DMA/kg/day (16/44, 22/50, 17/50, 34/45, 30/50)
and an increased incidence of nephrocalcinosis was also observed in male mice at 94 mg DMA/kg/day
(30/44, 25/50, 27/50, 29/50, 45/50). Neoplastic alterations were limited to an increased incidence of
fibrosarcoma of the skin in females exposed to 94 mg DMA/kg/day (the incidence of 3/56, 0/55, 1/56,
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1/56, and 6/56 in the 0, 1.3, 7.8, 37, and 94 mg DMA/kg/day groups, respectively); however, it was

concluded that this lesion was not related to DMA exposure.

As described in detail in Appendix A, BMD analysis was applied to the incidence data for vacuolization
of the urothelium in the urinary bladder of female mice using all available dichotomous models in EPA’s
Benchmark Dose Software (version 1.4.1) to calculate predicted doses associated with a 10% extra risk.
As assessed by the AIC, the multi-stage model provided the best fit to the data. The predicted BMD;, and
BMDL, are 2.68 and 1.80 mg DMA/kg/day. The BMDL,, was selected as the point of departure and
divided by an uncertainty factor of 100 (10 for extrapolation from animals to humans and 10 for human

variability) to derive a chronic-duration oral MRL of 0.02 mg DMA/kg/day.

Roxarsone. A series of three National Toxicology Program (NTP) studies in rats and mice (NTP 1989b)
and a study in dogs (Kerr et al. 1963) have examined the acute toxicity of roxarsone; adverse effects have
also been reported within the first 2 weeks of a longer-term study in pigs (Rice et al. 1985; Kennedy et al.
1986). A single exposure study reported diarrhea and ataxia in rats and mice exposed to doses that
exceeded the LDsy (NTP 1989b). In another study, no alterations in hematological parameters (only end
point assessed) were found after 10 or 9 days of dietary exposure in rats and mice, respectively (NTP
1989b). In a 14-day study (NTP 1989b), a decrease in body weight gain and slight inactivity were
observed in rats exposed to 32 mg roxarsone/kg/day and slight inactivity was observed in mice exposed to
42 mg roxarsone/kg/day; a decrease in body weight gain was also observed in mice exposed to 168 mg
roxarsone/kg/day. The dog study was considered inadequate because a small number (n=3) of animals
were tested and no control group was used. In a 30-day dietary exposure study in pigs (Rice et al. 1985;
Kennedy et al. 1986), mild lethargy and ataxia were observed from day 7 forward and exercise-induced
muscle tremors and clonic seizures were observed from day 11 forward in pigs exposed to 6.3 mg
roxarsone/kg/day; equivocal evidence of myelin degeneration was also observed in pigs sacrificed after
11 days of exposure. These data clearly identify pigs as the most sensitive species following acute-
duration oral exposure; in the absence of data to the contrary, it is assumed that pigs are a good model to
predict the toxic potential of roxarsone in humans. Because the lowest dose tested in pigs was a serious
LOAEL for neurotoxicity and a NOAEL for this effect was not identified, an acute-duration oral MRL

cannot be derived for roxarsone.

As with the acute-duration database, pigs appear to be the most sensitive species; neurotoxicity has been
observed at >6.3 mg roxarsone/kg/day. In a study reported by Rice et al. (1985) and Kennedy et al.

(1986), exercise-induced muscle tremors and clonic convulsions were observed in pigs during the early



ARSENIC 40

2. RELEVANCE TO PUBLIC HEALTH

part of the study; when the pigs returned to a recumbent position, the seizures and tremors stopped.
Paraparesis, evidenced by reluctance to rise and the pigs dragging their hindquarters on the ground, was
observed at day 22; paraplegia was observed 2 days after exposure termination. In addition to these
clinical signs of neuropathy, histological alterations consisting of myelin degeneration was observed in
the spinal cord, peripheral nerves, and optic nerve. The lesions were first detected in the spinal cord on
day 15 and in the peripheral nerves and optic nerve 2 days after exposure termination. The Rice et al.
(1985) and Kennedy et al. (1986) studies did not identify a NOAEL. Muscle tremors were also observed
in pigs exposed to 10 mg roxarsone/kg/day for 28 days (Edmonds and Baker 1986). This study was not
designed to assess neurotoxicity and did not include histological examination of the spinal cord or nerves.
Trembling, ataxia, and hyperexcitability were also observed in rats exposed to 64 mg roxarsone/kg/day
for 13 weeks (NTP 1989b). Other effects that have been observed include tubular degeneration and focal
regenerative hyperplasia in the kidney and decreased body weight in rats exposed to 32 mg roxarsone/
kg/day for 13 weeks (NTP 1989b) and decreased body weight in mice at 136 mg roxarsone/kg/day for

13 weeks (NTP 1989b). The lowest identified adverse effect level is 6.3 mg roxarsone/kg/day for serious
neurological effects in pigs (Kennedy et al. 1986; Rice et al. 1985) and is not suitable for the derivation of

an intermediate-duration oral MRL.

The chronic toxicity of roxarsone has been examined in rats (NTP 1989b; Prier et al. 1963), mice (NTP
1989b; Prier et al. 1963), and dogs (Prier et al. 1963) in 2-year dietary exposure studies. None of these
studies reported adverse effects at the highest doses tested; the highest NOAELSs for each species are 10,
43, and 5 mg roxarsone/kg/day for rats, mice, and dogs, respectively. The results from shorter duration
studies suggest that pigs are more sensitive to the neurotoxic effects of roxarsone than rats, mice, or dogs.
Because no chronic duration pig studies were identified and deriving an MRL using a potentially less
sensitive species may not be protective of human health, a chronic-duration oral MRL is not

recommended at this time.
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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 arsenic. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

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

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

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

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

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

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious" or "serious" effects. "Serious" effects are those that
evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress
or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death,
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
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the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.

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

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of arsenic are
indicated in Tables 3-1 and 3-3 and Figures 3-1 and 3-3. Because cancer effects could occur at lower
exposure levels, Figures 3-1 and 3-3 also show a range for the upper bound of estimated excess risks,

ranging from a risk of 1 in 10,000 to 1 in 10,000,000 (107 to 107), as developed by EPA.

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.

Chemical Forms of Concern. Analysis of the toxic effects of arsenic is complicated by the fact that
arsenic can exist in several different oxidation states and many different inorganic and organic
compounds. Most cases of human toxicity from arsenic have been associated with exposure to inorganic

arsenic, so these compounds are the main focus of this profile.

The most common inorganic arsenical in air is arsenic trioxide (As,03), while a variety of inorganic
arsenates (AsO4~) or arsenites (AsO,") occur in water, soil, or food. A number of studies have noted
differences in the relative toxicity of these compounds, with trivalent arsenites tending to be somewhat
more toxic than pentavalent arsenates (Byron et al. 1967; Gaines 1960; Maitani et al. 1987a; Sardana et

al. 1981; Willhite 1981). However, these distinctions have not been emphasized in this profile, for
several reasons: (1) in most cases, the differences in the relative potency are reasonably small (about 2—
3-fold), often within the bounds of uncertainty regarding NOAEL or LOAEL levels; (2) different forms of
arsenic may be interconverted, both in the environment (see Section 6.3) and the body (see Section 3.4);
and (3) in many cases of human exposure (especially those involving intake from water or soil, which are

of greatest concern to residents near wastes sites), the precise chemical speciation is not known.
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Gallium arsenide (GaAs) is another inorganic arsenic compound of potential human health concern, due
to its widespread use in the microelectronics industry. Available toxicokinetic data suggest that although
gallium arsenide is poorly soluble, it undergoes slow dissolution and oxidation to form gallium trioxide
and arsenite (Webb et al. 1984, 1986). Therefore, the toxic effects of this compound are expected to be

attributable to the arsenite that is liberated, plus the additional effects of the gallium species.

It is beyond the scope of this profile to provide detailed toxicity data on other less common inorganic
arsenic compounds (e.g., As,Ss), but these are expected to be of approximately equal or lesser toxicity

than the oxycompounds, depending mainly on solubility (see Section 3.4).

Although organic arsenicals are usually viewed as being less toxic than the inorganics, several methyl and
phenyl derivatives of arsenic that are widely used in agriculture are of possible human health concerns
based on their toxicity in animal species (Arnold et al. 2003, 2006; NTP 1989b). Chief among these are
monomethylarsonic acid (MMA) and its salts (monosodium methane arsonate [MSMA] and disodium
methane arsonate [DSMAY]), dimethylarsinic acid (DMA, also known as cacodylic acid) and its sodium
salt (sodium dimethyl arsinite, or sodium cacodylate), and roxarsone (3-nitro-4-hydroxyphenylarsonic
acid). However, it should be noted that food is the largest contributor to background intakes of organic
arsenicals. Estimates on the concentration of organic arsenicals in the diet were not located; Cohen et al.
(2006) estimated that the intake of DMA from food and water is <1 ng/kg/day. As with the inorganic
compounds, there are toxicological differences between these various organic derivatives; because of
these differences, the discussion of the health effects of MMA, DMA, and roxarsone are discussed
separately. As discussed below, animals do not appear to be good quantitative models for inorganic

arsenic toxicity in humans, but it is not known if this also applies to toxicity of organic arsenicals.

Several organic arsenicals are found to accumulate in fish and shellfish. These derivatives (mainly
arsenobetaine and arsenocholine, also referred to as "fish arsenic") have been studied by several
researchers and have been found to be essentially nontoxic (Brown et al. 1990; Cannon et al. 1983;
Charbonneau et al. 1978; Kaise et al. 1985; Luten et al. 1982; Siewicki 1981; Tam et al. 1982; Yamauchi

et al. 1986). Thus, these compounds are not considered further here.

Arsine (AsH;) and its methyl derivatives, although highly toxic, are also not considered in this profile,
since these compounds are either gases or volatile liquids that are unlikely to be present at levels of

concern at hazardous waste sites.
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Use of Animal Data. An additional complexity to the analysis of arsenic toxicity is that most laboratory
animals appear to be substantially less susceptible to inorganic arsenic than humans. For example,
chronic oral exposure of humans to inorganic arsenic at doses of 0.05-0.1 mg/kg/day is frequently
associated with neurological (Barton et al. 1992; Goddard et al. 1992; Guha Mazumder et al. 1988;
Haupert et al. 1996; Hindmarsh et al. 1977; Huang et al. 1985; Sass et al. 1993; Silver and Wainman
1952; Szuler et al. 1979; Tay and Seah 1975; Valentine et al. 1981) or hematological signs of arsenic
toxicity (Glazener et al. 1968; Guha Mazumder et al. 1988; Prasad and Rossi 1995; Sass et al. 1993; Tay
and Seah 1975), but no characteristic neurological or hematological signs of arsenism were detected in
monkeys, dogs, or rats chronically exposed to arsenate or arsenite at doses of 0.7-2.8 mg As/kg/day
(Byron et al. 1967; EPA 1980f; Heywood and Sortwell 1979). This may be because the studies were not
conducted for a sufficient length of time, or because too few animals were used. Moreover, while there is
good evidence that inorganic arsenic is carcinogenic in humans by both oral and inhalation routes,
evidence of inorganic arsenic-induced carcinogenicity in animals is mostly negative, with the exception of
studies in mice demonstrating transplacental carcinogenesis. For these reasons, quantitative dose-
response data from animals are not judged to be reliable for determining levels of significant human

exposure, and will be considered only briefly except when human data are lacking.

3.2.1 Inhalation Exposure

Most information on human inhalation exposure to arsenic derives from occupational settings such as
smelters and chemical plants, where the predominant form of airborne arsenic is arsenic trioxide dust.
One limitation to this type of study is that exposure data are usually difficult to obtain, especially from
earlier time periods when exposure levels were higher than in recent years. This is further complicated by
the fact that significant oral and dermal exposures are also likely to occur under these conditions and

co exposure to other metals and chemicals is also common. Thus, studies of this type are, like virtually
all epidemiological studies, subject to some limitations and uncertainties. Table 3-1 and Figure 3-1
summarize studies that provide the most reliable quantitative data on health effects in humans, along with
several studies in animals exposed to arsenic trioxide and other inorganic arsenic compounds by the
inhalation route. Data for DMA are shown in Table 3-2 and Figure 3-2. All exposure data are expressed
as milligrams of arsenic (as the element) per cubic meter of air (mg As/m’). These studies and others that
provide useful qualitative information on health effects of inorganic and organic arsenicals are discussed

below.



Table 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
ACUTE EXPOSURE
Immuno/ Lymphoret
1 Mouse 3hr 0.123F 0.271 F (decreased pulmonary Aranyi et al. 1985
(CD-1) bactericidal activity and As(+3)
increased susceptibility
to streptococcal infection)
2 Mouse ggr/d 0.259 F 0.519 F (decreased pulmonary Aranyi et al. 1985
(CD-1) bactericidal activity and As(+3)
increased susceptibility
to streptococcal infection)
Developmental
3 Mouse 4Gﬂr%12 0.2 2.2 (10% decreased average 21.6 (increased fetal deaths, Nagymajtenyi et al. 1985
(CFLP) fetal body weight) skeletal malformations,  Ag(+3)
and retarded growth)
INTERMEDIATE EXPOSURE
Death
4 Rat 14 pmd- Gd 19 20 F (5110 dams died) Holson et al. 1999
(CD) 7 diwk
6 hr/d As(+3)
Systemic
5 RCaEt) ;‘Lmd' Cd19 Resp 2F 8 F (rales, dried red material Holson et al. 1999
(CD) 6 hr/d around nose) As(+3)
Bd Wt 2F 8 F (decreased body weight

gain during gestation)
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Table 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Fi Strai (Route) )
igure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
° Fi:aé ;iimd_ e Resp 0.9F 8 F (rales) 20 F (labored breathing, Holson et al. 1999
(CD) 6 hrid gasping) As(+3)
Gastro 8F 20 F (gross gastrointestinal
lesions)
Bd Wt 8F 20 F (drastic decrease body
weight)
Immuno/ Lymphoret
7 Mouse g\év/‘\(/vk 0.126 F 0.245 F (decreased pulmonary Aranyi et al. 1985
(CD-1) 3 hr/d bactericidal activity) As(+3)
Reproductive
8 Rat 14 pmd- Gd 19
(CD) 7 diwk 8F Holson et al. 1999
6 hr/d As(+3)
9 Rat 14 pmd- Gd 19
(CD) 7 diwk 20F Holson et al. 1999
6 hr/d As(+3)
Developmental
10 Rat 14 pmd- Gd 19
(CD) 7 diwk 8 Holson et al. 1999
6 hr/d As(+3)

S103443 H1TV3aH '€
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Table 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
o o ;‘tjmd- cdte 8 20 (marked increase in post- Holson et al. 1999
(CD) 6 hr/d implantation loss and As(+3)

CHRONIC EXPOSURE

Systemic
12 Human 23 yr (avg) Cardio
(occup)
13 Human 0.5-50 yr Res
(occup) P
Dermal
Neurological
14 Human 28 yr (avg)
(occup)
Cancer
15 Human 1->30 yr
(occup)
16 Human 19.5yr
(avg)
(occup)

marked decrease in
viable fetuses)

0.36 M (increased incidence of ~ Lagerkvist et al. 1986

vasospasticity and As(+3)
clinical Raynaud's
phenomenon)
0.613 Perry et al. 1948
As(+3)
0.078  (mild pigmentation 0.613  (gross pigmentation with
keratosis of skin) hyperkeratinization of
exposed areas, wart
formation)
0.31 M (decreased nerve Lagerkvist and Zetterlund 1994
conduction velocity) As(+3)
0.213 M (CEL: lung cancer) Enterline et al. 1987a
As(+3)
0.069 M (CEL: lung cancer) Enterline et al. 1987b
As(+3)
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OINISHVY

yA4



Table 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
17 Human 3 mo- >30 yr 0.2 M (CEL: lung cancer) Jarup and Pershagen 1991
(occup) As(+3)
18 Human 3 mo- >30 yr 0.05 M (CEL: lung cancer) Jarup et al. 1989
(occup) As(+3)
19 Human 1->30 yr 0.38 M (CEL: lung cancer) Lee-Feldstein 1986
(occup) As(+3)
20 Human >25yr 0.29 M (CEL: lung cancer) Lubin et al. 2000
(occup) As(+3)
21 Human 14.8 yr (avg) 0.3 M (CEL: lung cancer) Welch et al. 1982
(occup)

As(+3)

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

avg = average; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); F = female; Gastro = gastrointestinal; Gd = gestation day; hr = hour(s);

Immuno/Lymphoret = immunological/lymphoreticular; LOAEL = lowest-observable-adverse-effect level; M = male; mo = month(s); NOAEL = no-observable-adverse-effect level; NS =
not specified; occup = occupational; pmd = pre-mating day; Resp = respiratory; wk = week(s); yr = year(s)
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Figure 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation
Acute (<14 days)
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Figure 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation (Continued)
Intermediate (15-364 days)

Systemic
3 \ o
mg/m N S @
o .0\0‘5\\ Q@\Q‘(\ 0\\,‘8«\ 00’\\*6 e
& <€ &© ) & & qe\(’Q
o ¢ s < W o o
100 —
@4r @6r @6r @6 Ogr ®11r
10 —
®@s5r Der  Oer  Ddsr Oer Osr  O10r Oft1r
Osr Osr
T Oer
D7m
O7m

01 —

c-Cat -Humans  f-Ferret n-Mink @ Cancer Effect Level-Animals ¥ Cancer Effect Level-Humans B | D50/LC50

d-Dog k-Monkey  j-Pigeon 0-Other @ | OAEL, More Serious-Animals A | OAEL, More Serious-Humans i Minimal Risk Level

r-Rat m-Mousé  e-Gerbil D LOAEL, Less Serious-Animals ALOAEL, Less Serious-Humans | for effects

p-Pig  h-Rabbit s-Hamster_ ONOAEL - Animals ANOAEL - Humans . other than

g-Cow a-Sheep g-Guinea Pig Cancer

S103443 H1TV3aH '€

OINISHVY

0s



Figure 3-1 Levels of Significant Exposure to Inorganic Arsenic - Inhalation (Continued)
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Table 3-2 Levels of Significant Exposure to Dimethylarsinic Acid - Inhalation

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Fi : (Route) .
igure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
ACUTE EXPOSURE
Death
L Rat 2 hr 3900 F (LC50) Stevens et al. 1979
(Sherman) DMA
Systemic
2 Rat 2hr Resp 4000 (respiratory distress) Stevens et al. 1979
(Sherman) DMA
Gastro 4000 (diarrhea)
Dermal 4100 6900 F (erythematous lesions of
ears and feet)
Ocular 4000 (eye encrustation)
Bd Wt 4000 (unspecified decrease in
body weight)
3 Mouse 5 min Resp 3150 M (RD50) Stevens et al. 1979
(Swiss- DMA
Webster)
INTERMEDIATE EXPOSURE
Systemic
4 Rat gg/r\//?k Resp 10 34 (intracytoplasmic Whitman 1994
(Sprague- eosinophilic globules in DMA
Dawley) 67-68 nasal turbinates)
exposures
Cardio 100
Gastro 100
Hemato 100
Hepatic 100
Renal 100
Endocr 100
Dermal 100
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Table 3-2 Levels of Significant Exposure to Dimethylarsinic Acid - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(%qouuig;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m3) (mg/m3) (mg/m?3) Chemical Form Comments
Bd Wt 100

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

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); DMA = dimethylarsinic acid; F = female; Gastro = gastrointestinal; Hemato = hematological; hr = hour(s); LC50 = lethal
concentration, 50% kill; LOAEL = lowest-observable-adverse-effect level; M = male; min = minute(s); NOAEL = no-observable-adverse-effect level; RD50 = 50% decrease in
respiration rate; Resp = respiratory; wk = week(s); yr = year(s)
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Figure 3-2 Levels of Significant Exposure to Dimethylarsinic Acid - Inhalation
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Figure 3-2 Levels of Significant Exposure to Dimethylarsinic Acid - Inhalation (Continued)
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3.2.1.1 Death

Inorganic Arsenicals. Although there are many studies of humans exposed to arsenic in air, no cases of
lethality from short-term exposure were located. This suggests that death is not likely to be of concern
following acute exposure, even at the very high exposure levels (1-100 mg As/m®) found previously in
the workplace (e.g., Enterline and Marsh 1982; Jarup et al. 1989; Lee-Feldstein 1986). Delayed lethality
from chronic exposure attributable to increased risk of cardiovascular disease or lung cancer is discussed
below in Sections 3.2.1.2 and 3.2.1.7, respectively. The only report of a lethal effect of inhaled inorganic
arsenic in animals was a developmental toxicology study in which four of nine pregnant rats died, and one
rat was euthanized in extremis, between days 12 and 19 of gestation after 30-35 days of exposure to an
aerosol of arsenic trioxide at an exposure concentration of 20 mg As/m’ (Holson et al. 1999). These
animals exhibited severe hyperemia and plasma discharge into the intestinal lumen at autopsy. In this
same study, there was 100% mortality in groups of 10 pregnant rats after 1 day of exposure to

concentrations >100 mg/m’ (76 mg As/m?).

Organic Arsenicals. No studies were located regarding death in humans after inhalation exposure to
organic arsenicals. A 2-hour LCs, of 3,900 mg DMA/m’ was calculated for DMA in female rats (Stevens
et al. 1979). This LCsg is shown in Table 3-2 and Figure 3-2. Male rats and mice of both sexes were less
susceptible, with only a few deaths after 2-hour exposures as high as 6,900 mg DMA/m’ in rats and

6,400 mg DMA/m’ in mice (Stevens et al. 1979). The cause of death was not specified, but was probably
due to lung injury (see Section 3.2.1.2). No deaths were observed among rats and mice exposed to
DSMA (the disodium salt of MMA) at concentrations up to 6,100 mg DSMA/m” in rats and 6,900 mg
DSMA/m’ in mice (Stevens et al. 1979). Chamber atmospheres at these high concentrations were so
dense that it was difficult to see the animals clearly. These data indicate that there is no significant risk of
acute lethality from concentrations of DMA or MMA that might be encountered in the environment or the

workplace.

3.2.1.2 Systemic Effects

The highest NOAEL values and all reliable LOAEL values for systemic effects from inhalation exposure
to inorganic arsenicals in each species and duration category are recorded in Table 3-1 and plotted in

Figure 3-1, while the corresponding data for DMA are shown in Table 3-2 and Figure 3-2.
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Respiratory Effects.

Inorganic Arsenicals. Workers exposed to arsenic dusts in air often experience irritation to the mucous
membranes of the nose and throat. This may lead to laryngitis, bronchitis, or rhinitis (Dunlap 1921;
Morton and Caron 1989; Pinto and McGill 1953), and very high exposures (characteristic of workplace
exposures in the past) can cause perforation of the nasal septum (Dunlap 1921; Pinto and McGill 1953;
Sandstrom et al. 1989). Despite the known respiratory irritant effects of arsenic, there have been few
systematic investigations of respiratory effects in humans exposed to arsenic. Perry et al. (1948) found no
difference in chest x-rays or respiratory performance (vital capacity and exercise-tolerance tests) between
unexposed and exposed workers in a cross-sectional study at a factory where sodium arsenite was
prepared. The NOAEL of 0.613 mg As/m’ for respiratory effects in this study is shown in Table 3-1 and
plotted in Figure 3-1.

Increased mortality due to respiratory disease has been reported in some cohort mortality studies of
arsenic-exposed workers, but no conclusive evidence of an association with arsenic has been produced.
In studies of workers exposed to arsenic trioxide at the Anaconda copper smelter in Montana, mortality
due to noncancer respiratory disease (e.g., emphysema) was significantly increased compared to the
general population (Lee-Feldstein 1983; Lubin et al. 2000; Welch et al. 1982). However, the data were
not adjusted for smoking (a well-known confounder for respiratory disease), and analysis of the data with
respect to arsenic exposure level did not show a clear dose-response. Similarly, Enterline et al. (1995)
found a significant excess of nonmalignant respiratory disease mortality in workers at the ASARCO
copper smelter in Tacoma, Washington, but only a slight negative relation to cumulative arsenic
exposure. Xuan et al. (1993) found an increase in the relative risk of mortality from pneumoconiosis
associated with arsenic exposure in a cohort of tin miners in China. However, this finding was based on a
small number of observations (n=32), a clear exposure-response relationship with arsenic was not
established, and the miners experienced confounding exposures to dust (a known risk factor for
pneumoconiosis) and to radon. These studies were all considered to be inconclusive as to the relationship

between inhaled inorganic arsenic and respiratory disease.

Respiratory symptoms were observed in a study of developmental effects in rats. Pregnant female rats
exposed to arsenic trioxide dust starting 14 days prior to mating and continuing through mating and
gestation exhibited rales at 8 mg As/m’ and labored breathing and gasping at 20 mg As/m’, with no
symptoms at 2 mg As/m’ (Holson et al. 1999). The lungs were examined by gross necropsy and no

lesions were found. Intratracheal instillation of arsenic trioxide (13 mg As/kg) or gallium arsenide (1.5—
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52 mg As/kg) can cause marked irritation and hyperplasia in the lungs of rats and hamsters (Goering et al.
1988; Ohyama et al. 1988; Webb et al. 1986, 1987). Since this sort of response is produced by a number
of respirable particulate materials, it is likely that the inflammatory response is not specifically due to the

arsenic.

Organic Arsenicals. No studies were located regarding respiratory effects in humans exposed to organic
arsenicals. Short-term exposure of rats and mice to high concentrations (>4,000 mg/m®) of DMA caused
respiratory distress, and necropsy of animals that died revealed bright red lungs with dark spots (Stevens
et al. 1979). Respiratory distress was also observed in rats and mice exposed to high levels

(>6,100 mg/m®) of the disodium salt of MMA (Stevens et al. 1979), although none of the MMA-exposed
animals died. Respiratory distress appears to be associated with inhalation of very high concentrations of
organic arsenicals. In 5-minute whole-body plethysmography trials, DMA and the disodium salt of
MMA had RDsq (concentration calculated to produce a 50% decrease in respiration rate) values of

3,150 and 1,540 mg/m’, respectively (Stevens et al. 1979). Based on these RDs values, neither DMA nor
MMA is considered to be a potent respiratory irritant. At low concentrations of DMA (34 or 100 mg
DMA/m’), an increase in intracytoplasmic eosinophilic globules were found in the nasal turbinates of rats

exposed to DMA 6 hours/day, 5 days/week for 67—68 exposures (Whitman 1994).

Cardiovascular Effects.

Inorganic Arsenicals. There is some evidence from epidemiological studies that inhaled inorganic
arsenic can produce effects on the cardiovascular system. Cardiovascular effects following oral exposure
to arsenic are well known (see Section 3.2.2.2). A cross-sectional study of workers exposed to an
estimated time-weighted average of 0.36 mg As/m’ (as arsenic trioxide) at the Ronnskar copper smelter in
Sweden for an average of 23 years showed that smelter workers had significantly increased incidences of
Raynaud’s phenomenon (a peripheral vascular disease characterized by spasm of the digital arteries and
numbness of the fingers) and showed increased vasospasticity (constriction of blood vessels) in response
to cold when tested in the fingers (Lagerkvist et al. 1986). A follow-up study conducted 2-3 years later
found that vasospasticity measurements in exposed workers had improved concurrent with a reduction in
arsenic exposure levels, although symptoms of peripheral vascular effects (cold hands or feet, white
fingers, numbness in fingers or feet) were still common (Lagerkvist et al. 1988). A cross-sectional study
including 46 workers in Denmark with varying, unquantified occupational exposure to arsenic in different
occupations found that systolic blood pressure was significantly increased in the arsenic workers

(median=125 mmHg) compared with controls (median=117 mmHg) (Jensen and Hansen 1998). Diastolic



ARSENIC 59

3. HEALTH EFFECTS

pressure was also increased in this study (77.9 vs. 74.7 mmHg), although the difference from controls was

not statistically significant.

Cohort mortality studies of arsenic-exposed workers at the ASARCO copper smelter in Tacoma,
Washington (Enterline et al. 1995), Anaconda copper smelter in Montana (Lee-Feldstein 1983; Welch et
al. 1982), Ronnskar copper smelter in Sweden (Wall 1980), orchard workers in Washington state
(Tollestrup et al. 1995), and tin miners in China (Qiao et al. 1997; Xuan et al. 1993) have all reported
increased risk of mortality from cardiovascular disease, specifically ischemic heart disease and
cerebrovascular disease, in the cohorts studied. However, none of these studies provided conclusive
evidence that the observed increase in risk was due to arsenic exposure. The studies in the ASARCO and
Anaconda copper smelter workers failed to find a clear dose-response relationship with arsenic (Enterline
et al. 1995; Welch et al. 1982), while a follow-up study of the Ronnskar smelter workers not only found
lack of a dose-response, but also that the risk of cardiovascular disease was no longer elevated in the
cohort (Jarup et al. 1989). The studies in orchard workers and tin miners were limited by confounding
exposures to copper, lead, and radon, respectively (Qiao et al. 1997; Tollestrup et al. 1995). The risk of
cardiovascular disease mortality in the tin miners not only showed no dose-response relationship with
arsenic exposure, but was positively associated with radon exposure, suggesting that radon may have been

responsible for the increased cardiovascular risk in this cohort (Xuan et al. 1993).

The LOAEL for Raynaud’s phenomenon and vasospasticity identified by Lagerkvist et al. (1986) is
shown in Table 3-1 and Figure 3-1. No studies were located regarding cardiovascular effects in animals

after inhalation exposure to inorganic arsenic.

Organic Arsenicals. No studies were located regarding cardiovascular effects in humans after inhalation
exposure to organic arsenicals. No histological alterations were observed in the hearts of rats exposed to

100 mg DMA/m’ for 67-68 exposures (Whitman 1994).

Gastrointestinal Effects.

Inorganic Arsenicals. Several case studies have reported nausea, vomiting, and diarrhea in workers with
acute arsenic poisoning following occupational inhalation exposure (Beckett et al. 1986; Bolla-Wilson
and Bleecker 1987; Ide and Bullough 1988; Morton and Caron 1989; Pinto and McGill 1953). Although
gastrointestinal effects are not typically associated with arsenic poisoning by inhalation (Pinto and McGill

1953), such effects are a common feature of oral ingestion of high doses of arsenic (see Section 3.2.2.2),
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and it is possible that mucociliary transport of arsenic dust from the lungs to the gut could be responsible

for the effects in these cases. Exposure levels were not reliably estimated for any of these cases.

The only report of gastrointestinal effects of inhaled inorganic arsenic in animals was a developmental
toxicology study in which four of nine pregnant rats died, and one rat was euthanized in extremis,
between days 12 and 19 of gestation after 30—35 days of exposure to an aerosol of arsenic trioxide at an
exposure concentration of 20 mg As/m’> (Holson et al. 1999). These animals exhibited severe hyperemia
and plasma discharge into the intestinal lumen at autopsy. Exposure to 8 mg As/m’ did not produce gross

gastrointestinal lesions.

Organic Arsenicals. Data regarding gastrointestinal effects in people exposed to organic arsenic in the
air are limited. The frequency of gastrointestinal complaints was no higher than controls in workers
exposed to arsanilic acid (i.e., 4-aminophenyl arsonic acid) at mean concentrations up to 0.17 mg/m’ in a
chemical factory (Watrous and McCaughey 1945). However, this sort of data might easily be biased by
workers who chose not to complain about minor symptoms, so no conclusion can be reached. Rats and
mice exposed to very high levels (above 3,000 mg/m’) of MMA (disodium salt) or DMA experienced
diarrhea (Stevens et al. 1979). The diarrhea could be due to transport of inhaled particulate material from
the lungs to the gastrointestinal system or to direct ingestion of the compound (e.g., from grooming of the
fur). No gastrointestinal effects were observed in rats repeatedly exposed to 100 mg DMA/m’

6 hours/day, 5 days/week for 67-68 exposures (Whitman 1994).

Hematological Effects.

Inorganic Arsenicals. Although anemia is a common feature of arsenic poisoning following oral
exposure in humans (see Section 3.2.2.2), case studies of workers with arsenic poisoning from
occupational inhalation exposure reported no effects on red blood cell count (Beckett et al. 1986; Bolla-
Wilson and Bleecker 1987; Ide and Bullough 1988; Morton and Caron 1989). The reason for this
apparent route specificity is not clear, but might simply be related to dose. No studies were located

regarding hematological effects in animals after inhalation exposure to inorganic arsenicals.

Organic Arsenicals. No effect on levels of hemoglobin, red cells, or white cells was detected in the
blood of manufacturing workers (323 counts in 35 workers) exposed to airborne arsanilic acid dusts at a
mean concentration of 0.17 mg/m’ in the workplace (Watrous and McCaughey 1945). Controls were an

unspecified number of unexposed manufacturing workers with 221 complete blood counts. No
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hematological alterations were observed in rats exposed to 100 mg DMA/m” for an intermediate duration

(Whitman 1994).

Musculoskeletal Effects.

Inorganic Arsenicals. Few data were located regarding musculoskeletal effects associated with
inhalation exposure to inorganic arsenic, and none to suggest the existence of any such effects.
Electromyographic examination of the calves and feet showed no differences between control and
arsenic-exposed workers in a cross-sectional study of workers at the Ronnskar copper smelter in Sweden
(Blom et al. 1985). No studies were located regarding musculoskeletal effects in animals after inhalation

exposure to inorganic arsenicals.

Organic Arsenicals. No studies were located regarding musculoskeletal effects in humans or animals

after inhalation exposure to organic arsenicals.

Hepatic Effects.

Inorganic Arsenicals. There is no evidence that inhaled inorganic arsenic produces effects on the liver,
although few data are available. Case studies of workers with inhalation arsenic poisoning that included
liver function tests did not find any evidence of hepatic dysfunction (Bolla-Wilson and Bleecker 1987;
Ide and Bullough 1988). No studies were located regarding hepatic effects in animals after inhalation

exposure to inorganic arsenicals.

Organic Arsenicals. No studies were located regarding hepatic effects in humans after inhalation
exposure to organic arsenicals. No histological alterations were observed in the livers of rats exposed to

100 mg DMA/m’ for 67-68 exposures (Whitman 1994).

Renal Effects.

Inorganic Arsenicals. The limited data available do not suggest any relationship between inhalation of
inorganic arsenic and kidney effects. A cross-sectional study of renal function parameters in glass factory
workers exposed to arsenic (concentrations unknown) found no meaningful differences from controls in
urinary levels of several proteins (albumin, retinol binding protein, ,-microglobulin, brush-border

antigen) used as markers of glomerular damage or tubular cell exfoliation (Foa et al. 1987). Routine
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clinical urinalysis was normal when included in case studies of workers with inhalation arsenic poisoning
(Ide and Bullough 1988; Morton and Caron 1989). No studies were located regarding renal effects in

animals after inhalation exposure to inorganic arsenicals.

Organic Arsenicals. No studies were located regarding renal effects in humans after inhalation exposure
to organic arsenicals. No renal effects were reported in rats exposed to 100 mg DMA/m’ 6 hours/day,

5 days/week for 67—68 exposures (Whitman 1994).

Dermal Effects.

Inorganic Arsenicals. Dermatitis has frequently been observed in industrial workers exposed to
inorganic arsenic in the air, with the highest rates occurring in the workers with the greatest arsenic
exposure (Col et al. 1999; Dunlap 1921; Holmgqvist 1951; Lagerkvist et al. 1986; Pinto and McGill 1953).
Limited quantitative information is available regarding the exposure levels that produce dermatitis, and
the high likelihood of co-exposure by the dermal route makes dose-response analysis difficult. A cross-
sectional study of workers at a factory where sodium arsenite was prepared found that workers with the
highest arsenic exposure (mean air levels ranging from 0.384 to 1.034 mg As/m’ and estimated to average
0.613 mg As/m’) tended to be grossly pigmented with hyperkeratinization of exposed skin and to have
multiple warts (Perry et al. 1948). In the same study, workers with lower arsenic exposure (estimated to
average 0.078 mg As/m’) were much less affected, but still had a higher incidence of pigmentation
keratosis than controls. LOAEL values identified by Perry et al. (1948) and Mohamed (1998) are shown
in Table 3-1 and Figure 3-1. NOAEL values for dermal irritation have not been identified. Dermal
effects (hyperkeratoses, hyperpigmentation) are also very common in people exposed to inorganic arsenic
by the oral route (see Section 3.2.2.2). No studies were located on dermal effects in animals after

inhalation exposure to inorganic arsenicals.

Organic Arsenicals. Data regarding dermal effects in people exposed to organic arsenic in the air are
limited. Complaints of keratosis were roughly 2-fold higher than unexposed controls in female packaging
workers exposed to arsanilic acid at an average concentration of 0.065 mg/m”® and in male manufacturing
workers exposed to an average concentration of 0.17 mg/m’ in a chemical factory (Watrous and
McCaughey 1945). Limitations in study methodology (e.g., alternate sources of effects were not
investigated, workers might choose not to report minor complaints to company officials) make the
reliability of this observation uncertain. Female rats exposed to DMA at 6,900 mg/m’ developed

erythematous lesions on the feet and ears (Stevens et al. 1979); these lesions did not develop in females
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exposed at lower concentrations (4,100 mg/m’) or males. It seems likely that these effects were due to
direct irritation from dermal contact with the dust. No dermal effects were observed in rats repeatedly

exposed to lower levels of DMA (100 mg/m’) (Whitman 1994).

Ocular Effects.

Inorganic Arsenicals. Chemical conjunctivitis, characterized by redness, swelling, and pain, has been
observed in workers exposed to arsenic dusts in air, usually accompanied by facial dermatitis (Dunlap
1921; Pinto and McGill 1953). No information was located regarding air levels of arsenic that produce
this effect. No studies were located on ocular effects in animals after inhalation exposure to inorganic

arsenicals.

Organic Arsenicals. No studies were located on ocular effects in humans after inhalation exposure to
organic arsenicals. Rats and mice exposed to high concentrations of DMA (>4,000 mg/m’) developed an
encrustation around the eyes (Stevens et al. 1979). It seems likely that these effects were due to direct

irritation from ocular contact with the dust.

Body Weight Effects.

Inorganic Arsenicals. No studies were located on body weight effects in humans after inhalation
exposure to inorganic arsenicals. Female rats exposed to arsenic trioxide dust starting 14 days before
mating and continuing through mating and gestation showed a marked decrease in body weight and food
consumption at 20 mg As/m’ (preliminary study) and a smaller decrease at 8 mg As/m’ (definitive study),

with no effect at 2 mg As/m’ (Holson et al. 1999).

Organic Arsenicals. No studies were located on body weight effects in humans after inhalation exposure
to organic arsenicals. Rats and mice exposed to high concentrations of DMA (>4,000 mg/m?) for 2 hours
had an unspecified decrease in body weight gain during the subsequent 14 days (Stevens et al. 1979). No
alterations in body weight gain were observed in rats exposed to 100 mg DMA/m’ for 6768 exposures

(Whitman 1994).
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3.2.1.3 Immunological and Lymphoreticular Effects

Inorganic Arsenicals. A single study was located regarding the immunological and lymphoreticular
effects of inhaled inorganic arsenic in humans. Bencko et al. (1988) detected no abnormalities in serum
levels of immunoglobins in 47 workers exposed to arsenic (exposure levels not measured) in a coal-
burning power plant. However, serum levels of other proteins such as transferrin, orosomucoid, and
ceruloplasmin were significantly elevated compared to levels in a group of 27 workers from a different
plant in which the arsenic content in the coal was 10 times lower. The investigators suggested that the
increased levels of ceruloplasmin might be related to higher cancer mortality rates found among these

workers.

The immune effects of inhaled arsenic in animals were studied by Aranyi et al. (1985). Female mice
exposed to arsenic trioxide aerosol for 3 hours showed a concentration-related decrease in pulmonary
bactericidal activity (presumably as a result of injury to alveolar macrophages) and a corresponding
concentration-related increase in susceptibility to introduced respiratory bacterial pathogens. Similar
results were found when the exposure was repeated over 1- and 4-week periods. The NOAEL and

LOAEL values for this study are shown in Table 3-1 and Figure 3-1.

Intratracheal studies in animals offer some support for an immune effect of inhaled inorganic arsenic.
Decreases in humoral response to antigens and in several complement proteins were noted in mice given
an intratracheal dose of 5.7 mg As/kg as sodium arsenite (Sikorski et al. 1989), although these changes
were not accompanied by any decrease in resistance to bacterial or tumor cell challenges. Animals given
an intratracheal dose of GaAs (25 mg As/kg or higher) also displayed a variety of changes in numerous
immunological end points (some increased, some decreased) (Burns and Munson 1993; Sikorski et al.
1989). Whether these effects were due to a direct effect on the immune system or were secondary to the

inflammatory effect of GaAs on the lung (see Section 3.2.1.2, above) is uncertain.

Organic Arsenicals. No studies were located regarding immunological and lymphoreticular effects in

humans or animals after inhalation exposure to organic arsenicals.

3.2.1.4 Neurological Effects

Inorganic Arsenicals. There is evidence from epidemiological studies that inhaled inorganic arsenic can
produce neurological effects. A study by Gerr et al. (2000) reported an elevated incidence of peripheral

neuropathy in subjects who lived near an arsenic-using pesticide plant (13/85=15.3%; odds ratio
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[OR]=5.1, p=0.004), relative to subjects who lived farther from the plant (4/118=3.4%). Concentrations
of arsenic in soil and house dust were elevated (~30-300 ug As/g) for residences near the plant, according
to 1993—-1995 monitoring data. Studies of copper smelter workers at the ASARCO smelter in Tacoma,
Washington (Feldman et al. 1979), a power station in Slovakia (Buchancova et al. 1998), and the
Ronnskar smelter in Sweden (Blom et al. 1985; Lagerkvist and Zetterlund 1994) have demonstrated
peripheral neurological effects in workers associated with arsenic trioxide exposure. Atthe ASARCO
smelter, the prevalence of clinically diagnosed peripheral neuropathy was markedly higher in arsenic-
exposed workers (26/61=43%) than controls (4/33=12%), and although the difference in mean nerve
conduction velocities (NCV) was not statistically significant, mean peroneal motor NCV was lower in
arsenic-exposed workers than controls and all 12 cases of abnormally low NCV occurred in the arsenic
group (Feldman et al. 1979). In the study of 70 workers in Slovakia, the investigators described 16 cases
of arsenic intoxication. Among these, 13 had signs and symptoms of sensory and motor polyneuropathy
on both upper and lower extremities, 10 were diagnosed with pseudoneurasthenic syndrome, and

6 suffered from toxic encephalopathy (Buchancova et al. 1998). The average length of exposure was
22.3 years (SD +8.4 years) and the average arsenic exposure in inhaled air ranged from 4.6 to

142.7 pg/m’. Similar results were observed at the Ronnskar smelter, where Blom et al. (1985) reported
significantly increased prevalence of workers with abnormally low NCV in the exposed group, and lower,
but not statistically significant, mean NCV in five peripheral nerves. A follow-up study on the Ronnskar
workers 5 years later found that the prevalence of abnormally low NCV remained significantly increased
in the exposed workers, but that the decrease in mean NCV was now also statistically significant in the
tibial (motor) and sural (sensory) nerves (Lagerkvist and Zetterlund 1994). Blood lead was monitored in
this study as a potential confounder, but levels were low and not considered likely by the researchers to
have had any influence on the results. The follow-up Ronnskar study provided enough information to
estimate that mean arsenic exposure was 0.31 mg As/m’ and lasted an average of 28 years in the exposed

group, and this LOAEL is shown in Table 3-1 and Figure 3-1.

The literature also contains several case studies of workers with inhalation arsenic poisoning who
developed neurological symptoms. Although these studies do not provide reliable information on
exposure levels or conclusive evidence that the observed effects were related to arsenic, the findings are
suggestive. Symptoms in these cases included not only indicators of peripheral neuropathy (numbness,
loss of reflexes, muscle weakness, tremors) (Ide and Bullough 1988; Morton and Caron 1989), but also
frank encephalopathy (hallucinations, agitation, emotional lability, memory loss) (Beckett et al. 1986;
Bolla-Wilson and Bleecker 1987; Morton and Caron 1989). Both peripheral neuropathy and

encephalopathy are associated with oral exposure to inorganic arsenic (see Section 3.2.2.4).
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The possible association between arsenic in air and neurological effects in children has also been
examined. A study by Bencko et al. (1977) reported that children of approximately 10 years of age
(n=56) living near a power plant burning coal of high arsenic content showed significant hearing losses
(increased threshold) compared to a control group of children (n=51) living outside the polluted area
(Bencko et al. 1977). The effect was most marked at low frequencies. The precise site affected within
the auditory pathway was not determined and could have been in the periphery, centrally-located, or both.
A small study of children in Mexico reported a significant negative correlation between tests of verbal 1Q
and urinary arsenic in children (n=41) living in an urban area near a smelter complex (Calderon et al.

2001). Exposure concentrations were not available in either study.

No studies were located regarding neurological effects in animals after inhalation exposure to inorganic
arsenicals. Mice given a single intratracheal dose of 200 mg/kg of GaAs displayed a decrease in overall
activity 68 hours later, but no additional neurological evaluations were conducted on these animals

(Burns and Munson 1993).

Organic Arsenicals. Data regarding neurological effects in people exposed to organic arsenic in the air
are limited to a single study. The frequency of central nervous system complaints was no higher than
controls in workers at a chemical factory exposed to arsanilic acid at mean concentrations up to

0.17 mg/m’ (Watrous and McCaughey 1945). Although peripheral nerve complaints were higher in
arsenic packaging workers (mean exposure=0.065 mg/m"’) than in unexposed controls, this was not the
case in manufacturing workers with higher arsenic exposure (mean=0.17 mg/m’). This suggests that the
effects on the peripheral nerves in the exposed packaging workers were not due to arsenic. The reliability
of these data is limited by shortcomings in the study methodology (e.g., the data might easily be biased by
workers who chose not to complain about minor symptoms). No studies were located regarding

neurological effects in animals after inhalation exposure to organic arsenicals.

3.2.1.5 Reproductive Effects

Inorganic Arsenicals. No studies were located regarding reproductive effects in humans after inhalation
exposure to inorganic arsenicals. Reproductive performance was evaluated in female rats exposed to
0.08-20 mg As/m’ (preliminary study) or 0.2-8 mg As/m’ (definitive study) as As,O;3 6 hours daily from
14 days prior to mating through gestation day 19 (Holson et al. 1999). No changes occurred in the

precoital interval (time to mating), mating index (percentage of rats mated), or fertility index (percentage
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of matings resulting in pregnancy). The NOAEL values for this study are shown in Table 3-1 and
Figure 3-1.

Organic Arsenicals. No studies were located regarding reproductive effects in humans or animals after

inhalation exposure to organic arsenicals.

3.2.1.6 Developmental Effects

Inorganic Arsenicals. Developmental effects associated with occupational and environmental exposure
to airborne arsenic have been investigated in a series of studies at the Ronnskar copper smelter in northern
Sweden (Nordstrom et al. 1978a, 1978b, 1979a, 1979b). In comparison to a northern Swedish reference
population, female employees of the smelter had a significantly increased incidence of spontaneous
abortion (Nordstrom et al. 1979a), and their children had a significantly increased incidence of congenital
malformations (Nordstrom et al. 1979b) and significantly decreased average birth weight (Nordstrom et
al. 1978a). Increased incidence of spontaneous abortion and decreased average birth weight of children
were also found in populations living in close proximity to the smelter (Nordstrom et al. 1978a, 1978b,
1979b). While these data are suggestive of developmental effects associated with occupational and
environmental exposure from the smelter, the reported effects are not large, the analyses include only
limited consideration of potential confounders (e.g., smoking), and there are no data relating the apparent

effects specifically to arsenic exposure.

Thrig et al. (1998) conducted a case-control study of stillbirths in the vicinity of a Texas arsenic pesticide
factory that included estimation of environmental arsenic exposures using atmospheric dispersion
modeling and multiple regression analysis considering arsenic exposure, race/ethnicity, maternal age,
median income, and parity as explanatory variables. There was a statistically significant increase in the
risk of stillbirth in the highest exposure category (>100 ng As/m’, midpoint=682 ng/m’). Further analysis
showed that this increase in risk was limited to people of Hispanic descent, who the researchers
speculated may be an especially sensitive population due to a genetic impairment in folate metabolism.
Interpretation of this study is limited by small numbers of cases and controls in the high exposure group,
lack of data on smoking, potential confounding exposures to other chemicals from the factory, and failure

to take into account previous years of deposition in the exposure estimates.

Arsenic has been shown to produce developmental effects by inhalation exposure in laboratory animals,

although it is unclear whether or not the effects occur only at maternally toxic doses. Mice exposed to
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22 mg As/m’ (as As,0;) for 4 hours on days 9—12 of gestation had serious developmental effects
(significant increases in the percentage of dead fetuses, skeletal malformations, and the number of fetuses
with retarded growth), while those exposed to 2.2 mg As/m’ had only a 10% decrease in average fetal
body weight, and those exposed to 0.20 mg As/m’ had no effects (Nagymajtényi et al. 1985). The study
was limited by failure to quantify malformations on a litter basis, discuss the nature and severity of the
observed malformations, or report on the occurrence of maternal effects. No increases in fetal
resorptions, fetal mortality, or malformations, and no decreases in fetal body weight occurred when rats
were exposed to 0.2-8 mg As/m’ (as As,03), 6 hours daily from 14 days prior to mating through gestation
day 19 (Holson et al. 1999). At the 8 mg/m’ exposure level, toxicity was observed in the dams, including
rales, a dried red exudate at the nose, and lower gains in net body weight than controls. In a preliminary
dose-range study, there was a marked significant increase in postimplantation loss (primarily early
resorptions) and consequent marked significant decrease in viable fetuses per litter at 20 mg As/m’, a

concentration that also produced severe maternal effects including mortality (Holson et al. 1999).

The NOAEL and LOAEL values for increased risk of stillbirth in humans identified by Ihrig et al. (1998)
and those for developmental effects in rodents found by Nagymajtényi et al. (1985) and Holson et al.
(1999) are shown in Table 3-1 and Figure 3-1.

Organic Arsenicals. No studies were located regarding developmental effects in humans or animals after

inhalation exposure to organic arsenicals.

3.2.1.7 Cancer

Inorganic Arsenicals. There is convincing evidence from a large number of epidemiological studies that
inhalation exposure to inorganic arsenic increases the risk of lung cancer. Most studies involved workers
exposed primarily to arsenic trioxide dust in air at copper smelters (Axelson et al. 1978; Brown and Chu
1982, 1983a, 1983b; Enterline and Marsh 1982; Enterline et al. 1987a, 1987b, 1995; Ferreccio et al. 1996;
Jarup and Pershagen 1991; Jarup et al. 1989; Lee and Fraumeni 1969; Lee-Feldstein 1983, 1986; Lubin et
al. 2000; Mazumdar et al. 1989; Pinto et al. 1977, 1978; Sandstrom et al. 1989; Viren and Silvers 1999;
Wall 1980; Welch et al. 1982) and mines (Liu and Chen 1996; Qiao et al. 1997; Taylor et al. 1989; Xuan
et al. 1993), but increased incidence of lung cancer has also been observed at chemical plants where
exposure was primarily to arsenate (Bulbulyan et al. 1996; Mabuchi et al. 1979; Ott et al. 1974; Sobel et
al. 1988). In addition, several studies suggest that residents living near smelters or arsenical chemical

plants may also have increased risk of lung cancer (Brown et al. 1984; Cordier et al. 1983; Matanoski et
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al. 1981; Pershagen 1985), although the increases are small and are not clearly detectable in all cases
(e.g., Frost et al. 1987). The strongest evidence that arsenic is responsible for the observed lung cancer
comes from quantitative dose-response data relating specific arsenic exposure levels to lung cancer risk.
These data are available for arsenic-exposed workers at the ASARCO copper smelter in Tacoma,
Washington (Enterline and Marsh 1982; Enterline et al. 1987a, 1995; Mazumdar et al. 1989), the
Anaconda copper smelter in Montana (Lee-Feldstein 1986; Welch et al. 1982), eight other U.S. copper
smelters (Enterline et al. 1987b), and the Ronnskar copper smelter in Sweden (Jarup and Pershagen 1991;
Jérup et al. 1989). A common limitation of these studies is confounding exposure to other chemicals,

such as sulfur dioxide, and cigarette smoking.

Enterline and Marsh (1982) reported a significant increase in respiratory cancer mortality (standard
mortality ratio [SMR]=189.4) based on 104 observed respiratory cancer deaths and only 54.9 expected
over the years 1941-1976 in a cohort of 2,802 male workers employed for >1 year between 1940 and
1964 at the ASARCO smelter. When the cohort was separated into low and high arsenic exposure
groups, with mean estimated time-weighted average arsenic exposures of 0.054 and 0.157 mg As/m’,
respectively (based on work history, historical urinary arsenic measurements, and an experimentally
derived relationship between urinary and inhaled arsenic), respiratory cancer mortality was significantly
increased in both groups in a concentration-related fashion (SMR=227.7 and 291.4 in the low and high
groups, respectively). Enterline et al. (1987a) re-analyzed these data using improved exposure estimates
that incorporated historical measurements of arsenic in the ambient air and personal breathing zone of
workers. Respiratory cancer mortality was significantly increased in a concentration-related fashion in
the low (SMR=213.0), medium (SMR=312.1), and high (SMR=340.9) arsenic exposure groups, which
had mean estimated time-weighted average arsenic exposures of 0.213, 0.564, and 1.487 mg As/m’,
respectively. An alternative analysis of these data by Mazumdar et al. (1989) produced similar results.
Enterline et al. (1995) extended the mortality follow-up from 1976 to 1986, but reported findings similar
to the earlier study in a less thorough analysis. The CEL from Enterline et al. (1987a), the most complete
analysis of the ASARCO cohort with the best exposure estimates, is presented in Table 3-1 and

Figure 3-1.

Respiratory cancer mortality was significantly increased (SMR=285) based on 302 observed respiratory
deaths between 1938 and 1977 in a cohort of 8,045 white male workers employed for at least 1 year
between 1938 and 1956 at the Anaconda smelter (Lee-Feldstein 1986). When workers were categorized
according to cumulative arsenic exposure and date of hire, lung cancer mortality was significantly

increased in all groups hired between 1925 and 1947. Workers in the lowest cumulative exposure group
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(<10 mg-mo/m®) were reported to have had <2 years of exposure at an average arsenic concentration of
0.38 mg/m’. An alternative analysis of a subset of the Anaconda cohort (n=1,800, including all

277 employees with heavy arsenic exposure and 20% of the others) that included information on smoking
and other occupational exposures was performed by Welch et al. (1982). This analysis showed that lung
cancer mortality increased with increasing time-weighted average arsenic exposure, with a small
nonsignificant increase in the low group (SMR=138) exposed to 0.05 mg/m’ and significant increases in
the medium (SMR=303), high (SMR=375), and very high (SMR=704) groups exposed to 0.3, 2.75, and
5.0 mg/m’, respectively. Cohort members were more likely to be smokers than U.S. white males, but
smoking did not differ among the arsenic exposure groups. Exposure-response analysis of smokers was
similar to the analysis based on the full subcohort, while analysis of nonsmokers (limited by small group
sizes) also showed a similar pattern, but with lower SMRs. In a followup analysis of the same cohort,
Lubin et al. (2000) re-weighted the exposure concentrations based on duration and time of exposure and
re-evaluated the effects of exposure. Relative risks for respiratory cancer increased with increasing
duration in each arsenic exposure area (light, medium, and heavy) after adjustment for duration in the
other two exposure areas. SMRs were significantly elevated following exposure to 0.58 mg/m’ (medium;
SMR=3.01, 95% CI=2.0-4.6) or 11.3 mg/m’ (high; SMR=3.68, 95% CI=2.1-6.4) for 10 or more years,
and following exposure to 0.29 mg/m’ (low; SMR=1.86, 95% CI=1.2-2.9) for 25 or more years. The
CELs from the analyses of the Anaconda cohort are presented in Table 3-1 and Figure 3-1.

Enterline et al. (1987b) studied the mortality experience from 1949 to 1980 of a cohort of 6,078 white
males who had worked for 3 years or more between 1946 and 1976 at one of eight U.S. copper smelters in
Arizona, Utah, Tennessee, and Nevada. Lung cancer mortality was significantly increased only in the
Utah smelter (SMR=226.7), which had the highest average arsenic exposure concentration (0.069 mg/m’
vs. 0.007-0.013 mg/m’ in the other smelters) and also contributed the largest number of cohort members
(n=2,288 vs. 189-965 from the other smelters). A nested case-control study showed that arsenic exposure
and cigarette smoking were significant risk factors for lung cancer in the smelter workers. Smoking was
lower in the Utah smelter workers than in the other smelter workers, but still higher than in the referent
Utah population, suggesting that the risk attributable to arsenic in this study population is somewhat
lower than indicated by the SMR reported above. The CEL from this study is presented in Table 3-1 and
Figure 3-1.

Jarup et al. (1989) reported significantly increased lung cancer mortality (SMR=372, 95% confidence
interval [CI]=304-450) based on 106 lung cancer deaths in a cohort of 3,916 male workers employed for
>3 months between 1928 and 1967 at the Ronnskar smelter and followed for mortality through 1981.
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Workers were separated into low, medium, and high arsenic exposure groups with mean time-weighted
average exposure estimates of 0.05, 0.2, and 0.4 mg/m’, respectively. Lung cancer mortality was
significantly increased in all three exposure groups in a concentration-related fashion (SMR=201, 353,
and 480, respectively). A nested case-control analysis of 102 lung cancer cases and 190 controls from the
cohort showed that lung cancer risk increased with increasing arsenic exposure in nonsmokers, light
smokers, and heavy smokers (Jarup and Pershagen 1991). The results demonstrated that arsenic is a risk
factor for lung cancer in the smelter workers, but also suggested a greater-than-additive interaction
between smoking and arsenic exposure. In this analysis, in contrast to the cohort study, lung cancer risk
due to arsenic was increased only in the higher arsenic-exposure groups. Potential explanations for this
difference between the cohort and case-control analyses include a higher proportion of smokers in the
smelter workers than in the regional referent population in the cohort study, and limited power to detect
increased risk in the case-control study due to small group sizes in the dose-response analysis. The CELs

from both the cohort and case-control studies are presented in Table 3-1 and Figure 3-1.

Several researchers have examined the histological cell types of lung cancer (epidermoid carcinoma,
small cell carcinoma, adenocarcinoma) in arsenic-exposed workers (e.g., Axelson et al. 1978; Newman et
al. 1976; Pershagen et al. 1987; Qiao et al. 1997; Wicks et al. 1981). Although the incidence of the
various cell types varied from population to population, all studies found an increase in several tumor
types. This indicates that arsenic does not specifically increase the incidence of one particular type of

lung cancer.

The studies of the ASARCO cohort (Enterline and Marsh 1982; Enterline et al. 1987a, 1995) noted a
supralinear exposure-response relationship (i.e., steeper at lower doses) between arsenic exposure and
lung cancer mortality. Hertz-Picciotto and Smith (1993) extended this observation to several other
occupationally exposed cohorts with quantitative exposure information. The authors suggest that neither
toxicokinetic mechanisms nor confounding from age, smoking, or other workplace carcinogens that differ
by exposure level are likely explanations for the curvilinearity. Plausible explanations offered include:
(1) synergism (with smoking), which varies in magnitude according to the level of arsenic exposure,

(2) long-term survivorship at higher exposures among the healthier, less susceptible individuals, and

(3) exposure estimate errors that were more prominent at higher-exposure levels as a result of past

industrial hygiene sampling or worker protection practices.

Quantitative risk estimates for inhaled inorganic arsenic have been derived using the exposure-response

data. EPA derived a unit risk estimate (the excess risk of lung cancer associated with lifetime exposure to
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1 ug/m?) of 4.3x107 per (ug/m’) based on the dose-response relationships between arsenic exposure and
excess lung cancer mortality in workers at the Anaconda smelter in Montana (Brown and Chu 1982,
1983a, 1983b; Lee-Feldstein 1983; and an unpublished paper by Higgins and associates) and the
ASARCO smelter in Tacoma, Washington (Enterline and Marsh 1982; EPA 1984a; IRIS 2007). In some
cases, calculations of exposure, as well as the procedures for generating quantitative risk estimates, are
quite complex and the interested reader is referred to the EPA documents (EPA 1981c, 1984a, 1987e,
1996b; IRIS 2007) for a detailed description. Viren and Silvers (1994) re-evaluated the unit risk estimate
using the same methods as EPA, but incorporating updated results from the ASARCO smelter (Enterline
et al. 1987a; Mazumdar et al. 1989) and the findings from the Swedish smelter (Jarup et al. 1989). Their
analysis yielded a revised unit risk of 1.28x107 per (ug/m®) that, when pooled with the earlier estimate
from the Montana smelter cohort, yielded a composite unit risk of 1.43x107 per (ug/m®). This unit risk
estimate is a factor of 3 smaller than the EPA’s current estimate of 4.3x10™ per (ug/m®). Figure 3-1
shows the air concentrations that correspond to excess lifetime cancer risks of 10°~107 based on the EPA

unit risk estimate.

There have been occasional reports of other types of cancer (i.e., nonrespiratory cancer) potentially
associated with inhalation exposure to inorganic arsenic, but there is no strong evidence for any of them.
For example, Enterline et al. (1995) found significantly increased mortality due to cancer of the large
intestine and bone cancer in the ASARCO cohort. However, neither cancer showed any relation to
cumulative arsenic exposure, and the purported increase in bone cancer risk was based on a very small
number of observations. Pesch et al. (2002) reported an increase in nonmelanoma skin cancers resulting
from exposure from a Slovakian coal-burning power plant, but exposure levels associated with the lesions
were not presented. Bencko et al. (2005) also reported an increase in the incidence of nonmelanoma skin
cancer among workers of a power plant burning coal of a high arsenic content and in the population living
in the vicinity of the power plant. Bulbulyan et al. (1996) reported an increase in risk of stomach cancer
among workers exposed to the highest average arsenic concentrations at a Russian fertilizer plant, but this
finding, which was based on a small number of observations and was only marginally statistically
significant, was confounded by exposure to nitrogen oxides, which were more convincingly associated
with stomach cancer in this study. Wingren and Axelson (1993) reported an association between arsenic
exposure and stomach and colon cancer in Swedish glass workers, but this result was confounded by
concomitant exposure to other metals. Lee-Feldstein (1983) observed a small, marginally significant
increase in digestive tract cancer (SMR=125) in one study of the Anaconda cohort, but this was not found
in other studies of this cohort (Lee and Fraumeni 1969; Lee-Feldstein 1986; Welch et al. 1982). Wulff et

al. (1996) observed an apparent increase in the risk of childhood cancer (all types combined) in the
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population living within 20 km of the Ronnskar smelter, but the apparent increase was based on a small
number of cases (13 observed vs. 6.7 expected) and was not statistically significant, and exposure to
arsenic was confounded by exposure to lead, copper, cadmium, sulfur dioxide, and possibly other
emissions such as nickel and selenium. A retrospective study of deaths due to unspecified types of
malignancies among workers of power plants found no significant differences in death rate between two
groups whose exposure levels to arsenic had a difference of one order of magnitude (Bencko et al. 1980).
However, the mean age of those deceased due to cancer in the high-exposure group was 55.9 years
compared to 61.2 years in the low-exposure group, and this difference was statistically significant
(p<0.05). Also, when the workers were stratified by exposure-duration, there was a significantly higher
frequency of tumors in the high-exposure group after shorter employment periods (<5 or 610 years) than
after a longer employment period (>11 years). No information was provided regarding specific types of
cancer. Various case reports have implicated occupational arsenic exposure as a potential contributing
factor in workers who developed sinonasal cancer (Battista et al. 1996), hepatic angiosarcoma (Tsai et al.
1998a), and skin cancer (C6l et al. 1999; Tsuruta et al. 1998), but provide no proof that inhaled arsenic
was involved in the etiology of the observed tumors. Wong et al. (1992) found no evidence that
environmental exposure to airborne arsenic produced skin cancer in residents living near the Anaconda

smelter or an open pit copper mine.

No studies were located regarding cancer in animals after inhalation exposure to inorganic arsenicals,
although several intratracheal instillation studies in hamsters have provided evidence that both arsenite
and arsenate can increase the incidence of lung adenomas and/or carcinomas (Ishinishi et al. 1983;
Pershagen and Bjorklund 1985; Pershagen et al. 1984; Yamamoto et al. 1987). These data support the

conclusion that inhalation of arsenic may lead to lung cancer in humans.

Organic Arsenicals. No studies were located regarding cancer effects in humans or animals after

inhalation exposure to organic arsenicals.

3.2.2 Oral Exposure

There are a large number of studies in humans and animals on the toxic effects of ingested arsenic. In
humans, most cases of toxicity have resulted from accidental, suicidal, homicidal, or medicinal ingestion
of arsenic-containing powders or solutions or by consumption of contaminated food or drinking water. In
some cases, the chemical form is known (e.g., the most common arsenic medicinal was Fowler's solution,

which contained 1% potassium arsenite or arsenic trioxide), but in many cases (e.g., exposures through
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drinking water), the chemical form is not known. In these cases, it is presumed that the most likely forms
are either inorganic arsenate [As(+5)], inorganic arsenite [As(+3)], or a mixture. Table 3-3 and

Figure 3-3 summarize a number of studies that provide reliable quantitative data on health effects in
humans and animals exposed to inorganic arsenicals by the oral route. Similar data for MMA, DMA, and
roxarsone are listed in Tables 3-4, 3-5, and 3-6, and shown in Figures 3-4, 3-5, and 3-6, respectively. All
exposure data are expressed as milligrams of arsenic (as the element) per kilogram body weight per day
(mg As/kg/day). These studies and others that provide useful qualitative information are summarized

below.

3.2.2.1 Death

Inorganic Arsenicals. There are many case reports of death in humans due to ingestion of high doses of
arsenic. In nearly all cases, the most immediate effects are vomiting, diarrhea, and gastrointestinal
hemorrhage, and death may ensue from fluid loss and circulatory collapse (Levin-Scherz et al. 1987;
Saady et al. 1989; Uede and Furukawa 2003). In other cases, death may be delayed and result from the
multiple tissue injuries produced by arsenic (Campbell and Alvarez 1989). Some accounts of fatal arsenic
poisoning describe both gastrointestinal effects soon after ingestion and extensive damage to multiple
organ systems prior to death (Quatrehomme et al. 1992). A precise estimate of the ingested dose is
usually not available in acute poisonings, so quantitative information on lethal dose in humans is sparse.
The lethal doses ranged from 22 to 121 mg As/kg in four cases where known amounts were ingested as a
single bolus (Civantos et al. 1995; Hantson et al. 1996; Levin-Scherz et al. 1987; Quatrehomme et al.
1992). Two people in a family of eight died from ingestion of water containing about 110 ppm of arsenic
for a week (Armstrong et al. 1984). This corresponded to a dose of about 2 mg As/kg/day. Based on a
review of clinical reports in the older literature, Holland (1904) estimated the minimum lethal dose to be
about 130 mg (also about 2 mg/kg). A similar estimate of 70—180 mg (about 1-3 mg/kg) was provided
by Vallee et al. (1960). Death due to chronic arsenic exposure has been reported at lower concentrations.
Five children between the ages of 2 and 7 years died from late sequelae of chronic arsenic poisoning after
drinking contaminated water throughout their lives at estimated average doses of 0.05-0.1 mg As/kg/day
(Zaldivar and Guillier 1977). A 22-year-old man with chronic arsenical dermatosis died from arsenic-
related effects after lifetime exposure to an estimated average dose of 0.014 mg As/kg/day in the drinking
water (Zaldivar et al. 1981). Systematic studies of lethality from chronic exposure attributable to
increased risk of cardiovascular disease or cancer are discussed below in Sections 3.2.2.2 and 3.2.2.7,

respectively.



Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Human 1wk 2 (death) Armstrong et al. 1984
(W) NS
2 Human once 121 M (death) Civantos et al. 1995
(IN) As(+5)
3 Human once 108 M (death) Hantson et al. 1996
(IN) As(+3)
4 Human once 22 M (death) Levin-Scherz et al. 1987
(IN) As(+3)
5 Human once 93 M (death) Quatrehomme et al. 1992
(IN) As(+3)
6 Rat once

(wild Norway) (G)

7 Rat once
(Sherman)  (G)

8 Rat once
(Sherman)  (G)

9 Rat once
(Sherman)  (G)

10 Rat once
(Sprague- (GW)
Dawley)

104  (LD50)

112 F (LD50)

44 F (LD50)

175 F (LD50)

15 M (LD50)

Dieke and Richter 1946
As(+3)

Gaines 1960
As(+5) calcium arsenate

Gaines 1960
As(+3)

Gaines 1960
As(+5) lead arsenate

Harrisson et al. 1958
As(+3)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
11 Rat once 145 M (LD50) Harrisson et al. 1958
(Sprague- (F)
Dawley) As(+3)
Rat
12 ( CaD) g&cg 23 F (7/25 dams died) Stump et al. 1999
(GW) As(+3)
13 Moqse once 39 M (LD50) Harrisson et al. 1958
(Swiss- (GW)
Webster) As(+3)
14 Mouse once i
26 M (LD Harrisson et al. 1958
(C57H46)  (GW) &M (LD30) As(+3)
15 ?/IDCE)USZe) ?Gn\(;\j) 32 M (LD50) Harrisson et al. 1958
a
As(+3)
16 '(\QC;U:)"? ?G”\(;\‘/a) 26 M (LD50) Harrisson et al. 1958
As(+3)
17 ?gzl:(s)e ?Gn\(;\j) 26 M (LD50) Kaise et al. 1985
As(+3)
R i -
18 (Na:x" od0-18 149 F (7/20 dams died) Nemec et al. 1998
Zealand)  (GW) As(+5)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Systemic
19 Human 1wk Gastro 0.2  (vomiting, diarrhea, 2 M (diffuse inflammation of ~ Armstrong et al. 1984
W) abdominal pain) the Gl tract) NS
Hemato 0.2 (pancytopenia,
leukopenia)
Hepatic 0.4  (hepatitis)
Renal 0.2 (nephropathy)
Ocular 0.2 (periorbital swelling)
20 Human once Resp 121 M (respiratory distress, lung Civantos et al. 1995
(IN) hemmorhage and As(+5)
edema)
Cardio 121 M (hypotension, ventricular
fibrillation, cardiac arrest)
Gastro 121 M (ulceration of upper

gastrointestinal tract)

OINISHVY
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
21 Human once Cardio 19 F (tachycardia) Cullen et al. 1995
(IN) As (+5)
Gastro 19 F (profuse vomiting and
diarrhea)
Hemato 19F
Hepatic 19F
Renal 19F
22 Human once Resp 8 M (hemorrhagic bronchitis, ~Fincher and Koerker 1987
(NS) pulmonary edema) As(+3)
Cardio 8 M (hypotension,
tachycardia, massive
cardiomegaly)
Gastro 8 M (gastrointestinal
bleeding)
Hemato 8 M (hemolysis)
Musc/skel 8 M (marked atrophy of distal
muscle groups)
Renal 8 M (acute renal failure)
Dermal 8 M (truncal macular rash)
23 Human (1V\7)r 2x Gastro 0.05 (occasional nausea, Franzblau and Lilis 1989

diarrhea, and abdominal
cramps)

As(+3) As(+5)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
24 Human once Gastro 120 M (vomiting and diarrhea) ~ Goebel et al. 1990
(W) NS
Renal 120 M (anuria)
Dermal 120 M (hyperkeratosis)
25 Human once Gastro 2 F (vomiting) Hantson et al. 1996
(IN) As(+3)
Hepatic 2 F (slightincrease in serum
bilirubin)
Renal 2 F (altered renal function
tests)
26 Human once Gastro 13 M (frequent vomiting, Kamijo et al. 1998
(IN) diarrhea) As(+3)
Hepatic 13 M (large increase in serum
bilirubin, ALT, AST, LDH)
Dermal 13 M (erythematous eruption)
Ocular 13 M (constricted vision)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System  (mg/kg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments
21 Human once Resp 22 M (tachypnea, respiratory ~ Levin-Scherz et al. 1987
(IN) failure) As(+3)
Cardio 22 M (cyanosis, hypotension,
tachycardia, ventricular
fibrillation)
Gastro 22 M (abdominal pain, nausea,
diarrhea, massive
vomiting, dysphagia,
hemorrhage)
Hepatic 22 M (large increase in serum
AST and LDH)
Renal 22 M (large increase in serum
creatinine and BUN
indicating acute renal
failure)
28 Human once ) . .
pregnancy wk Cardio 6 F (IL}Ilsg)tensmn, rapid Lugo et al. 1969
30 p As(+3)
(IN)
Gastro 6 F (abdominal pain,
vomiting)
Hemato 6 F (high leukocyte count,
low hematocrit)
Renal 6 F (acute renal failure)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
29 Human 2-3 wk Resp 0.05 (sore throat, rhinorrhea, Mizuta et al. 1956
(F) cough, sputum) As(+5)
Cardio 0.05 (abnormal
electrocardiogram)
b
Gastro 0.05 (nausea, vomiting,
diarrhea, occult blood in
feces and gastric and
duodenal juice)
Hemato 0.05 (mild anemia,
leukopenia)
Musc/skel 0.05 (tender calf muscle)
Hepatic 0.05 (mild hepatomegaly,

impaired liver function,
degenerative lesions)

Renal 0.05

Dermal 0.05 (pigmentation, itching,
desquamation,
exanthema)

Ocular 0.05 (edema of eyelids,

conjunctivitis, central
scotoma, neuro-retinitis)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System  (mg/kg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments
30 Human once Resp 1M 43 M (shortness of breath, Moore et al. 1994a
(IN) decreased oxygen As(+3)
saturation)
Cardio 11 M 43 M (hypotension, asystolic
cardiac arrest)
Gastro 11 M (profuse diarrhea and
vomiting, severe
abdominal pain)
Hemato 43 M
Renal 11 M (increased serum 43 M (acute renal failure)
creatinine)
31 Human once Resp 93 M (pulmonary edema) Quatrehomme et al. 1992
(IN)
As(+3)
Gastro 93 M (ulcero-necrotic
hemorrhagic gastritis)
Hepatic 93 M (hepatomegaly, diffuse
fatty degeneration)
Renal 93 M (glomerular congestion)
Dermal 93 M (dermoepidermic

separation)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
%2 Monkey 134 Gastro 3 6 (vomiting, unformed  Heywood and Sortwell 1979
(Rhesus) stool, "loss of condition”)  A(+5)
(IN)
Hepatic 3 6  (decreased liver
glycogen, vacuolation of
hepatocytes)
Renal 3 6  (dilation of proximal
tubules)
33 RaF 2'3/4 i Cardio 2F 11 F (decreased Bekemeier and Hirschelmann
(Wistar- W vasoreactivity) 1989
Barby) 1 x/d As(+3)
(©)
Gastro 2F 11 F (diarrhea, bloody stools)
34 Rat 2% Resp 14 F Brown and Kitchin 1996
(Sprague- (GW) As(+3)
Dawley)
Hepatic 0.9 F (slightincreased
ornithine decarboxylase
and heme oxygenase
activity in liver)
Dermal 14 F
35 ?Satra o (2GXW) Hepatic 8F 24 F (increased heme Brown et al. 1997¢
Da?lvlegy) oxygenase activity in As(+5)

liver)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
3% Rat 100 Bd Wt 10M 20 M (20-25% decreased body Rodriguez et al. 2001
(Sprague- weight) As(+3)
Dawley) (G)
37 ?g‘é) 4hod Bd Wt 15F 23 F (decreased body weight Stump et al. 1999
W) gain) As(+3)
38 Mouse 1Gg/245 Bd Wt 12F 24 F (decreased body weight Nemec et al. 1998
(CD-1) (W) gain during gestation) As(+5)
emato ecrease i :
39 Mouse 1 g/rd4 d H 3M 6M (d d Tice et al. 1997
(B6C3F1) polychromatic As(+3)
(GW) erythrocytes in bone
marrow)
40 Gn Pig ;g/d Cardio 3.8 M (prolongation of QT Chiang et al. 2002
©) interval) As203
41 (RNa:v‘;" od0-18 Bd Wt 037F  149F (oss of body weight Nemec et al. 1998
during treatment during As(+5
Zealand) (GW) gestation) o
Neurological
42 Human 1wk 2 (encephalopathy, Armstrong et al. 1984
(W) peripheral neuropathy)

NS

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
43 Human once . . ;
N 121 M (confusion, brain edema) Civantos et al. 1995
(IN) As(+5)
44 Human once 19F (lethargy) Cullen et al. 1995
(IN) As (+5)
45 Human once

8 M (severe, persistent
(NS) encephalopathy and
peripheral neuropathy)

46 Human once 120 M (severe polyneuropathy)
(W)
47 Human ?I:l(;e 216 M (peripheral neuropathy)
48 Human ?I:lc)e 13 M (peripheral neuropathy)
49 Human once 22 M (agitation, disorientation,
(IN) paranoia, violent
reactions)
50 Human 2-3 wk 0.05 (hypesthesia in legs,
(F) abnormal patellar reflex)
51 Human once

(IN) 43 M

Fincher and Koerker 1987
As(+3)

Goebel et al. 1990
NS

Hantson et al. 1996
As(+3)

Kamijo et al. 1998
As(+3)

Levin-Scherz et al. 1987
As(+3)

Mizuta et al. 1956
As(+5)

Moore et al. 1994a
As(+3)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
52 Human once 93 M (encephalopathy) Quatrehomme et al. 1992
(IN) As(+3)
53 Monkey 13;(/% 3 6 (marked salivation, Heywood and Sortwell 1979
(Rhesus) uncontrolled head As(+5)
(IN) shaking)
>4 ?Saptrag . 15)(/(? 10M 20 M (altered spontaneous Rodriguez et al. 2001
ue- | t tivit
Do ©) ocomotor activity) As(+3)
55 ?l\la:vt\jn ?i/g-m 0.37F 1.49 F (prostration, ataxia) Nemec et al. 1998
Zealand) (GW) As(+5)
Developmental
56 Human OPecenanc wk 6 (severe pulmonary Lugo et al. 1969
20 9 Y hemorrhage that may As(+3)
have contributed to death
(IN) in premature neonate)
57 Rat (C);r:jcg 15 23 (increased Stump et al. 1999
(CD) post-implantation loss  Ag(+3)
(GW) and decreased viable

fetuses)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
58 “:3051816 oGchg_w 11 23 (increased fetal mortality, Baxley et al. 1981
(CD-1) (W) exencephaly) As(+3)
59 i %%03_15 48  (increased fetal death, =~ Hood et al. 1978
(CD-1) decreased fetal weight,  Ag(+5)
(GW) gross and skeletal
malformations)
60 i ?i/g-w 12 24 (increased resorptions ~ Nemec et al. 1998
(CD-1) per litter, decreased live  Ag(+5)
(GW) fetuses per litter,
decreased mean fetal
weight)
61 Tank]'slit\(jg g&cg_u 11 14 (increased fetal mortality, Hood and Harrison 1982
ES?(R.]) (W) decreased fetal weight)  Ag(+3)
62 ila:vt;'t ?3/2_18 0.37 149 (increased resorptions ~ Nemec et al. 1998

per litter, decreased live

Zealand) (GW) fetuses per litter)

As(+5)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Cancer
63 Mouse 10d 9.55 M (CEL: liver and adrenal ~ Waalkes et al. 2003
C3H (W) tumors) As(+3)

19.13 F (CEL: ovarian and lung

tumors)
INTERMEDIATE EXPOSURE
Systemic
64 Human 3 mo Gastro 0.1 (severe nausea, Franzblau and Lilis 1989
W) diarrhea, pain, cramps,  Ag(+3) As(+5)
vomiting, traces of blood
in stool)
Hemato 0.1 (anemia, leukopenia)
Hepatic 0.1 (large increased AST and
ALT)
Dermal 0.1 (diffuse erythematous
and scaly rash)
Ocular 0.1 (swelling and irritation of
the eyes, impaired
peripheral vision)
65 Human 0.5-14 yr Dermal 0.05 (hyperpigmentation with Huang et al. 1985
W) keratosis, possibly NS

pre-cancerous)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
66 Human 4 mo Gastro 0.06 F (nausea, vomiting, Wagner et al. 1979
W) diarrhea) NS
Hemato 0.06 F (anemia, leukopenia,
erythroid hyperplasia of
bone marrow)
Dermal 0.06 F (persistent extensive
hyperkeratosis of palms
and soles)
Bd Wt 0.06 F (40 Ib weight loss)
67 RaF g‘é"/k K Cardio 11 F (decreased Bekemeier and Hirschelmann
(Wistar- W vasoreactivity) 1989
Barby) 1 x/d As(+3
(GW) s(+3)
68 Rat 6 wk Renal 4.7 M (increased relative kidney Brown et al. 1976
(Dsaelz?gyl;e- W) weight, impaired renal As(+5)

mitochondrial respiration,
ultrastructural changes in
proximal tubule)

Bd Wt 9.4 M 10.9 M (decreased body weight
gain)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
69  Rat ;g/(? Bd Wi 014 F Chattopadhyay et al. 2001
(Wistar) As(+3)
(G)
70 Rat 6 wk Hepatic 3M 6 M (ultrastructural changes Fowler et al. 1977
(CD) (W) in hepatocytes, impaired As(+5)
liver mitochondrial
respiration)
Bd Wt 6M 12 M (final body weight 28%
lower than controls)
& R’Caé ;tmd_ Gd19 Gastro 4F 8 F (stomach adhesions, Holson et al. 2000
(CD) 6 hrid eroded luminal As(+3)
epithelium in the
(GW) stomach)
Hepatic 2F 4 F (increased liver weight)
Renal 4F 8 F (increased kidney weight)
Bd Wt 4F 8 F (decreased body weight
gain)
72 Rat 16 wk Hemato 0.92 M (decreased erythrocyte Kannan et al. 2001
(NS) (W) and leukocyte numbers) As(+3)
Hepatic 2.3 M

S103443 H1TV3aH '€

OINISHVY

06



Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
3 FSaptrague ?Ww)k Hemato 0.12 0.3 (increased platelet Lee et al. 2002
- ti
Dawley) aggregation) As(+3)
& Rat ;JOX/C? Endocr 2.3 M (decreased islet cells in Mukherjee et al. 2003
(NS) - pancreas, increased As203
pancreatic SOD and
catalase)
75 Rat 1 x/d Resp 19 M Schulz et al. 2002
(Wistar) S diwk
12 wk As(+3)
(G)
Renal 19 M
Bd Wt 9.5 M 19 M (~17% decreased body
weight gain)
76 Mouse 6 wk Hepatic 5M 10 M (ultrastructural changes Fowler and Woods 1979
(C57BL) (W) in hepatocytes, impaired As(+5)
liver mitochondrial
respiration)
Bd Wt 5M 10 M (decreased body weight

gain)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
77 Mouse 14 wk . i
Hepatic 25 M Kerkvliet et al. 1980
(C57BL/6 B6) (W) As(+5)
Renal 25M
78 Gn Pig 16 wk Hemato 0.69 M (decreased erythrocyte Kannan et al. 2001
(NS) (W) number and leukocyte +
As(+3)
number, decreased
ALAD levels)
Hepatic 0.69 M (increased ALAS activity)
79 Dog 26 wk Hemato 19F Neiger and Osweiler 1989
(Beagle) ad lib
) As(+3)
Hepatic 0.8 F (mild increased serum
ALT/AST)
Renal 19F
Bd Wt 0.8F 1.5 F (decreased body weight 1.9 F (25% decrease in body
gain) weight)
Immuno/ Lymphoret
80  Mouse 14 wk 25M Kerkvliet et al. 1980
(C57BL/6 B6) (W) As(+5)
Neurological
81 Human 3 mo

0.1 (paresthesia of hands
(W) and feet; confusion,
disorientation and mental
sluggishness)

Franzblau and Lilis 1989
As(+3) As(+5)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
82 Human 4 mo 0.06 F (weakness, paresthesia) Wagner et al. 1979
(W) NS
83 Rat 16 wk 092M 2.3 M (decreased brain Kannan et al. 2001
(NS) (W) neurotransmitter levels) As(+3)
84 Rat 1 x/d 19M Schulz et al. 2002
(Wistar) S diwk
12 wk As(+3)
(G)
85  GnPig 16 wk 0.69M 1.7 M (changes in brain Kannan et al. 2001
(NS) (W) neurotransmitter levels) As(+3)
Reproductive
8 RaF ;g/(? 0.14 F (changes in uterine and Chattopadhyay et al. 2001
(Wistar) ovarian weights, As(+3)
(G) decreased estradiol)
87 Rat 14 pmd- Gd 19
8F Holson et al. 2000
(CD) 7 d/iwk
6 hr/d As(+3)
(GW)
88 Mouse 3gen i i i
1 (decreased litter size) Schroeder and Mitchener 1971
(CD) (W)

As(+3)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL ;jE
Duration/ @
Key t5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference CZ)
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Developmental
89 Rat ;‘tj md' Gd 19 4 8 (decreased fetal body Holson et al. 2000
(CD) 6 hrid weight, increased As(+3)
skeletal variations
(GW) )
90 Rat f?nls orpnd 1- 2.93 M (impaired performance in Rodriguez et al. 2002
(Sprague- postnatal As(+3)
Dawley) (W) neurobehavioral tests)
w
91 ?Q;O[l;)se ?vs)e” 1 (decreased litter size) Schroeder and Mitchener 1971 =
As(+3) E
CHRONIC EXPOSURE I
Death o
Ly
92 Human 2-7 yr . - m
children 0.05 (death) Zzldlvar and Guillier 1977 a
W) N
93 Human 22yr 0.014 M (death) Zaldivar et al. 1981 Cause of death was
(W) liver tumor.
NS
94 Monkey Tyr 3 (217 died) Heywood and Sortwell 1979
(Rhesus) (IN) As(+5)
95 T:/t t 2F7 mo 30 (increased mortality) Kroes et al. 1974
(Wistar) (F) As(+5) lead arsenate
96 Mouse 2yr ) .
1 (increased mortality, Schroeder and Balassa 1967
(CD) (W)

decreased life span)

As(+3)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
97 Dog 2yr 2.4  (6/6 died) Byron et al. 1967
(Beagle) (F) As(+3)
98 Dog 2yr 24 (1/6 died) Byron et al. 1967
(Beagle) (F) As(+5)
Systemic
99 Human NS Resp 0.032  (cough) Ahmad et al. 1997
(W) NS
Dermal 0.032  (melanosis, keratosis,
hyperkeratosis, and
depigmentation)
Ocular 0.032  (chronic conjunctivitis)
100 Human >8 yr Dermal 0.0012  (increased risk of Ahsan et al. 2006
(W) premalignant skin (NS)
lesions)
101 Human 4yr Dermal 0.1 F (de-pigmentation with Bickley and Papa 1989
(IN) hyperkeratosis, possibly  Ag(+3)
pre-cancerous)
102 Human NS Cardio 0.014  (gangrene of feet) Biswas et al. 1998
(W) NS
Dermal 0.014  (melanosis and keratosis

of hand palms and foot
soles)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
103 Human 12yr Cardio 002 (Raynaud's disease, Borgono and Greiber 1972
W) gangrene of toes) NS
Gastro 0.02 (diarrhea, abdominal
pain)
Dermal 0.02 (abnormal pigmentation
with hyperkaratosis,
possibly pre-cancerous)
104 Human 1115 yr Dermal 0.01  (hypo- and Borgono et al. 1980
(W) hyperpigmentation) NS
105 Human NS Gastro 0.0004 0.022 (gastrointestinal irritation, Cebrian et al. 1983
(W) diarrhea, nausea) As(+5)
Dermal 0.0004 0.022  (pigmentation changes
with hyperkeratosis,
possibly pre-cancerous)
106 Human 111 yr Hepatic 0.046  (hepatomegaly) Chakraborty and Saha 1987
(W) NS
Dermal 0.046 (pigmentation changes

with keratosis, possibly
pre-cancerous)

S103443 H1TV3aH '€
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
107 Human NS Cardio 0.064  (Blackfoot disease) Chen et al. 1988b
(W) NS
108 Human >10yr Cardio  0.0008 0.022 (increased risk of Chen et al. 1996
(W) ischemic heart disease  Ng
mortality)
109 Human NS Cardio 0.002 (increased prevalence of Chiou etal. 1997
(W) cerebrovascular disease Ng
and cerebral infarction)
110 Human >Syr Hemato  0.006 M EPA 1981b
(W) NS
0.007 F
C
Dermal 0.0009 M
0.001 F
111 Human 37 yr Cardio 0.05 (Blackfoot disease) Foy et al. 1992
W) NS
Dermal 0.05 (melanosis with

hyperkeratosis, possibly
pre-cancerous)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
112 Human 2I-l\€li r Hepatic 0.08 M (cirrhosis, ascites) Franklin et al. 1950
(IN) As(+3)
Dermal 0.08 M (pigmentation with
hyperkeratosis, possibly
pre-cancerous)
113 Human 1-45yr Hepatic 016 (portal fibrosis of the Guha Mazumder 2005
(W) liver) (NS)
114  Human NS Hepatic 0.004 0.014  (hepatomegaly) Guha Mazumder et al. 1988
(W) NS
Dermal 0.004 0.014  (pigmentation changes
with hyperkaratosis,
possibly pre-cancerous)
115 Human 1-20 yr Gastro 0.06 (abdominal pain) Guha Mazumder et al. 1988
(W) NS
Hemato 0.06 (anemia)
Hepatic 0.06 (hepatomegaly, fibrosis)
Dermal 0.06 (hyperpigmentation with
hyperkeratosis, possibly
pre-cancerous)
116 Human NS Dermal  0.0016 0.009 (hyperpigmentation with ~Guha Mazumder et al. 1998a
(W) keratosis, possibly NS

pre-cancerous)

OINISHVY
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
117 Human W) Dermal 0.0014  (arsenical dermatosis) Guo et al. 2001a
(NS)
118 Human ?‘S) Dermal 0.0043  (hyperkeratosis, Haque et al. 2003 dose listed s that =~
w ; ; associated with lowes
h
yperpigmentation) (NS) known peak As
concentration ingested
by a case with
complete water history
119  Human 10 yr Gastro 0.0046 Harrington et al. 1978
(W) NS
Hemato 0.0046
Dermal 0.0046
120 Human NS Hepatic 0.0008 0.006 (increased serum Hernandez-Zavala et al. 1998
(W) alkaline phosphatase and NS
bilirubin)
121 Human lifetime Hemato 0.002 F (anemia during Hopenhayn et al. 2006
(W) pregnancy) (NS)
122 Human ?V?) Cardio 0.067 (ischemic heart disease) Hsueh et al. 1998b
NS

OINISHVY
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
123 Human 0.5-14 yr Dermal 0.05 (hyperpigmentation with ~Huang etal. 1985
(W) keratosis, possibly NS
pre-cancerous)
124 Human 15 yr Gastro 0.03 M (hematemesis, Lander et al. 1975
(IN) hemoperitoneum, As(+3)
melena)
Dermal 0.03 M (hyperkeratosis - possibly
pre-cancerous)
125 Human NS Cardio 0.004 0.005 (cyanosis of extremities, Lianfang and Jianzhong 1994
(W) palpitations/chest NS
discomfort)
Dermal 0.004 0.005 (keratosis,
hyperpigmentation,
depigmentation)
126  Human 3-22yr Gastro 0.05 M (gastrointestinal Morris et al. 1974
(IN) hemorrhages) As(+3)
Hepatic 0.05 M (vascular fibrosis, portal
hypertension)
Dermal 0.05 M (hyperpigmentation with

keratoses, possibly
pre-cancerous)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
127 Human 1If\lyr Hepatic 0.05F (central fibrosis) Piontek et al. 1989
(IN) As(+3)
Dermal 0.05 F (hyperkeratosis, possibly
pre-cancerous)
128 Human NS Endocr 0.11  (diabetes mellitus) Rahman et al. 1998
w) NS
129 Human NS Cardio 0.018 0.055 (hypertension) Rahman et al. 1999
(W) NS
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
130 Human 28 mo Cardio 0.06 F Silver and Wainman 1952
(IN) As(+3)
Gastro 0.06 F (intermittent,
progressively severe
nausea, cramps, and
diarrhea)
Hemato 0.06 F
Hepatic 0.06 F (hepatomegaly, fatty
liver)
Renal 0.06 F
Dermal 0.06 F (melanosis with
hyperkeratosis, possibly
pre-cancerous)
Ocular 0.06 F (conjunctival injection,
periocular edema)
131 Human SSyr Hepatic 0.03 M (portal fibrosis and Szuler et al. 1979
(IN) hypertension, bleeding  Ag(+3)
from esophageal varices)
Dermal 0.03 M (hyperpigmentation with
hyperkeratosis, possibly
pre-cancerous)
132 Human 45 yr Cardio 0.014 (Blackfoot disease) Tseng 1977
(W) NS
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
133 Human NS Cardio 0.014  (Blackfoot disease) Tseng 1989
(W) NS
d
134 Human >45yr Dermal  0.0008M  0.014 M (hyperkeratosis and Tseng et al. 1968
(W) hyperpigmentation) NS
135 Human >30yr Cardio 0.064 M (deficits in cutaneous Tseng et al. 1995
(W) microcirculation of the As(+3)
toes)
136 Human (S:Qg)yr Cardio 0.016 0.031  (peripheral vascular Tseng et al. 1996
disease) NS
(W)
137 Human 16 mo Resp 01M Wade and Frazer 1953
(IN) As(+3)
Cardio 0.1 M
Hemato 0.1 M
Hepatic 0.1 M (liver enlargment)
Dermal 0.1 M (hyperkeratosis,
hyperpigmentation with

hyperkeratosis, possibly
pre-cancerous)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
9 System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
138 Human 30-33 yr Dermal 0.015 M (hyperkeratosis of foot, ~ Zaldivar 1974
(W) possibly pre-cancerous) NS
c .
139 Human 12yr Resp 0.015 M (bronchitis, Zaldivar 1974
W) bronchiectasis) NS
0.018 F (bronchitis,
bronchiectasis)
C
Cardio 0.015 M (Raynaud's disease,
thrombosis)
0.018 F
o
Gastro 0.015 M (diarrhea)
0.018 F (diarrhea)
C
Dermal 0.015 M (scaling of skin,
hyperkeratosis,
leukoderma,
melanoderma)
0.018 F
C
Bd Wt 0.015 M (unspecified decreased

body weight)

0.018 F (unspecified decreased
body weight)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
140 Human NS Dermal 0.063  (hyperpigmentation with ~ Zaldivar 1977
W) keratoses, possibly NS
pre-cancerous)
141 Human gmg’én Resp 0.08 (inflammation of bronchi  Zaldivar and Guillier 1977
w) and larynx, _ NS
bronchopneumonia)
Cardio 0.05 (vascular spasms,
thrombosis, ischemia,
hypotension, cardiac
failure)
Gastro 0.05 (nause, vomiting,
diarrhea, intestinal
hemorrhage)
Hemato 0.05 (anemia)
Hepatic 0.08 (cirrhosis)
Renal 0.08 (cloudy swelling in
kidneys)
Dermal 0.05 (hyperkeratosis of palms
and soles, melanoderma,
leukoderma)
142 Human (1\;\?)9 yr Cardio 0.06 (arterial thickening, Zaldivar and Guillier 1977

Raynaud's disease)

NS
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
143 Rat 2yr Resp 20 Byron et al. 1967
(Osborne- (F) As(+3)
Mendel)
Cardio 20
Gastro 20
Hemato 9 20  (slight transient decrease
in Hb and Hct values)
Hepatic 4 9 (enlarged bile duct, bile
duct proliferation)
Renal 9 20 (pigmentation)
Bd Wt 2 4  (decreased body weight
gain)
144 Rat 2yr Resp 30 Byron et al. 1967
(Osborne- (F) As(+5)
Mendel)
Cardio 30
Gastro 30
Hemato 30
Hepatic 9 20  (enlarged bile duct)
Renal 9 20 (pigmentation, cysts)
Bd Wt 2  (decreased body weight

gain in females)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(‘;qo“u‘igfy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
145 RaF 27 mo Resp 7 Kroes et al. 1974
(Wistar) (F) As(+5)
Cardio 7
Gastro 7
Hemato 7
Musc/skel 7
Hepatic 7
Renal 7
Endocr 7
Bd Wt 7  (decreased body weight

gain)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key t& Species Frequency NOAEL Less Serious Serious Reference
Fi ; (Route) .
igure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
146 IT:; t 2F7 mo Resp 30 Kroes et al. 1974
(Wistar) ) As(+5) lead arsenate
Cardio 30
Gastro 30
Hemato 7 30 (slight anemia)
Musc/skel 30
Hepatic 7 30 (enlarged bile duct with
extensive dilation and
inflammation)
Renal 30
Endocr 30
Bd Wt 7 30 (decreased body weight
gain)
147 Rat 3yr Resp 0.6 Schroeder et al. 1968
(Long- (W) As(+3)
Evans)
Cardio 0.6
Hepatic 0.6
Renal 0.6
Dermal 0.6
Bd Wt 0.6
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Keyto Species Fr(%qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
148 Mouse 48 wk Hepatic 11.1 Liu et al. 2000
(NS) (W) As(+3)
Renal 5.6 (histological alterations of
the kidney)
Bd Wt 111
149 Mouse 48 wk Hepatic 18.5 Liu et al. 2000
(NS) (W) As (+5)
Renal 18.5 (increased relative kidney
weight)
Bd Wt 18.5
150  Mouse 15mo Hepatic 0.7 M (increased liver weight, Santra et al. 2000
(BALB/c) (W) altered liver (NS)
histopathology,
decreased hepatic
enzymes in serum)
Bd Wt 0.7 M (13-17% decreased body
weight)
151  Mouse 2yr Bd Wt 1 (decreased body weight Schroeder and Balassa 1967
(CD) (W) gain after the first 6

months of the study)

As(+3)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
152 Dog 2yr Resp 24 Byron et al. 1967
(Beagle) (F) As(+3)
Cardio 2.4
Gastro 1 2.4  (bleeding in the gut)
Hemato 1 2.4  (slight to moderate
anemia)
Hepatic 1 2.4  (hemosiderin deposits in
hepatic macrophages)
Renal 2.4
Bd Wt 1 24  (44-61% weight loss)
153 Dog 2yr Resp 24 Byron et al. 1967
(Beagle) (F) As(+5)
Cardio 2.4
Gastro 2.4
Hemato 1 2.4  (mild anemia)
Hepatic 1 2.4  (pigmentation in hepatic
macrophages)
Renal 2.4
Bd Wt 1 2.4  (marked decreased

weight gain)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Neurological
154  Human >5yr 0.006 M EPA 1981b
(W) NS
0.007 F
155  Human 3-7yr 0.11F (wrist weakness) Foy et al. 1992
(W) NS
156 Human 1-20 yr 0.06 (tingling of hands and Guha Mazumder et al. 1988
(W) feet) NS
157 Human 10 yr 0.0046 Harrington et al. 1978
(W) NS
158 Human NS 0.0014 0.04  (functional denervation) ~ Hindmarsh et al. 1977
(W) NS
159  Human NS 0.004 0.005 (fatigue, headache, Lianfang and Jianzhong 1994
W) dizziness, insomnia, NS
nighmare, numbness)
160  Human 28 mo 0.06 F (paresthesia) Silver and Wainman 1952
(IN) As(+3)
161 Human 55 yr

(IN)

Szuler et al. 1979
As(+3)

0.03 M (absent ankle jerk reflex
and vibration sense in

legs)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
162 Human NS 0.0017  (decreased performance Tsai et al. 2003
W) in neurobehavioral tests) (NS)
163 Human E?r:itmlejous 0.005 (decreased performance Wasserman et al. 2004
in neurobehavioral tests) (NS)
(W)
164  Human lifetime 0.0008 0.003 (decreased score in Wasserman et al. 2007
Performance domain of (NS)
an intelligence scale)
Reproductive
165  Human NS 0.008 F (increased frequencies ~ Ahmad et al. 2001 98% of the exposed
W) for spontaneous abortion, (Ns) group drank water
stillbirth, and preterm containing 0.1 mg As/L
birth rates) or more.
166  Human lifetime 0.006 F (increased incidence of ~ Milton et al. 2005
W) spontaneous abortion) (NS)
167 Human lifetime 0.02 F (increased risk of von Ehrenstein et al. 2006
W) stilbirth) (NS)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Developmental
168 Human continuous 0.002  (reduced birth weight) Hopenhayn et al. 2003a
(W) (NS)
169  Human 71)(/{; 0.03 (increased SMR for Smith et al. 2006
malignant and (NS)
(W) non-malignant lung
disease)
170 Human lifetime 0.008 von Ehrenstein et al. 2006 NOAEL is for no
(W) ’ NS increase in risk of
(NS) neonatal mortality or
overall infant mortality.
Cancer
171 Human ’\\l; 0.022  (CEL: skin cancer) Cebrian et al. 1983
(W) As(+5)
172 Human NS 0.064 (CEL: bladder, lungand Chen et al. 1986
(W) liver cancers) NS
173 Human NS 0.064 (CEL: malignant Chen et al. 1988b
(W) neoplasms of the NS
bladder, skin, lung and
liver)
174 Human ?V?) 0.003  (CEL: bladder cancer) ~ Chiou et al. 2001

(NS)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
175 Human 2wk-12yr 3.67 (CEL:bladder cancer ~ Cuzick et al.1992
(IN) risk) As(+3)
176  Human NS 0.0011  (CEL: lung cancer) Ferreccio et al. 1998
(W) NS
177 Human '\\‘/? 0.0017  (CEL: lung cancers) Ferreccio et al. 2000
(W) (NS)
178 Human NS 0.018  (CEL: lung cancer Guo 2004
(W) mortality) (NS)
179 Human "\‘; 0.018  (CEL: bladder cancer) ~ Guo and Tseng 2000
(W) (NS)
180  Human NS 0.052  (CEL: increased Guo et al. 1997
(W) incidence of transitional  Ng
cell carcinomas of the
bladder, kidney, ureters,
and all urethral cancer)
C
181  Human z\lv?) 0.0049 M (CEL: squamous cell Guo et al. 2001b

0.0094 F

carcinoma of the skin)

(NS)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
182 Human >1yr 0.0075 (CEL: basal or squamous Haupert et al. 1996
W) skin carcinoma) NS
183 Human 16 yr (avg) 0.04 M (CEL: basal cell and Luchtrath 1983
(IN) squamous cell As(+5)
carcinomas of the skin,
small cell and squamous
cell carcinoma of the
lung)
184  Human 60 yr 0.038 (CEL:intraepidermal  Tseng 1977
(W) carcinoma) NS
185 Human >45 yr 0.014  (CEL: squamous cell Tseng et al. 1968
W) carcinoma of the skin) NS
186  Human (~V5V)yr 0.033  (CEL: lung, urinary tract  Tsuda et al. 1995a

cancer)

As(+3)
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Table 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System ma/ka/da ma/ka/da ma/ka/da Chemical Form Comments
(mg/kg/day) (mg/kg/day) (mg/kg/day)
187 Human 12yr 0.015 M (CEL: squamous cell Zaldivar 1974
W) carcinoma of the skin) NS
0.018 F (CEL: squamous cell
carcinoma of the skin)
188 Human (2\/2\/')34 yr 0.014 M (CEL: basal cell and Zaldivar et al. 1981

squamous cell
carcinomas of the skin,

hemangioendothelioma

of the liver)

NS

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

b Used to derive provisional acute oral minimal risk level (MRL) of 0.005 mg/kg/day; dose divided by an uncertainty factor of 10 (for extrapolation from a LOAEL to a NOAEL).

c Differences in levels of health effects and cancer effects between male 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.

d Used to derive chronic oral minimal risk level (MRL) of 0.0003 mg/kg/day; dose divided by an uncertainty factor of 3 (for human variability).

avg = average; ALAD = delta-aminolevulinic acid dehydratase; ALAS = delta-aminolevulinic acid synthetase; ALT = alanine aminotransferase; AST = aspartate aminotransferase; Bd
Wt = body weight; BUN = blood urea nitrogen; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine; (F) = feed; F = female; (G) = gavage; Gastro =
gastrointestinal; Gd = gestational day; Gl = gastrointestinal; (GW) = gavage in water; gen = generation; Gd = gestation day; Gn pig = guinea pig; Hemato = hematological; Hb =
hemoglobin; Het = hematocrit; Hemato = hematological; hr = hour(s); (IN) = ingestion; LD50 = lethal dose, 50% kill; LDH = lactate dehydrogenase; LOAEL =
lowest-observable-adverse-effect level; M = male; Metab = metabolic; mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observable-adverse-effect level; NS = not specified;
pmd = pre-mating day; pnd = post-natal day; Resp = respiratory; SMR =standardized mortality ratio; (W) = drinking water; wk = week(s); x = time(s); yr = year(s)

S103443 H1TV3aH '€

OINISHVY

9Ll



Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Figure 3-3 Levels of Significant Exposure to Inorganic Arsenic - Oral (Continued)
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat once 3184 M (LD50) Gur and Nyska 1990
(Sprague-  (GW) b MSMA
Dawley) 2449 F (LD50)
2 Mouse once 1800 M (LD50) Kaise et al. 1989
(ddY) (Gw) MMA
3 Rabbit once 102 M (LD50) Jaghabir et al. 1988
(New (Gw) MSMA
Zealand)
Systemic
4 ?Sap:rague ?Gn\(;\f) Gastro 2030 (mucoid feces and Gur and Nyska 1990
- diarrhea
Dawley) ) MSMA
Bd Wt 2030
5 Rat Gd 6-15 Bd Wt 10F 100 F (17% decrease in 500 F (40% decrease in Irvine et al. 2006
(Sprague- (GW) maternal body weight maternal body weight MMA
Dawley) gain) gain)
6 Mouse once Resp 1800 M (respiratory arrest) Kaise et al. 1989
(ddY) (Gw) MMA
Gastro 2200 M (diarrhea, slight

congestion of the small

intestine)
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
7 E\la:bn (CZjV\Z)-w Gastro 7F 12 F (loose feces/diarrhea in Irvine et al. 2006
w 7/14 pregnant rabbits
Zealand) preg ) MMA
Bd Wt 7TF 12 F (67% decrease in
maternal body weight
gain)

8 Rabbit once Gastro 60 M (diarrhea) Jaghabir et al. 1988

(New (GW) MSMA

Zealand)
Developmental
9  Rat Gd 6-15 100 500  (decreased fetal weight Irvine et al. 2006

(Sprague-  (GW) and increased fetal MMA

Dawley) incidence of imcomplete

ossification of thoracic
vertebrae)

10 Rabbit Gd7-19 7 12  (supernumerary thoracic Irvine et al. 2006

(New (GW) ribs and eight lumbar MMA

Zealand) vertebrae)

INTERMEDIATE EXPOSURE

Death
11 Rat

52 wk

(Fischer- 344) (F)

106.9 M (increased mortality)

Arnold et al. 2003
MMA
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/
Duration/
Key 6 Species Fr(%qouuiz;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) Chemical Form Comments
Systemic
C
12 R:,‘t er. 344 5F2 wk Gastro 35M 302 M (diarrhea) Arnold et al. 2003
(Fischer- ) (F) MMA
Bd Wt 30.2M 106.9 M (14% decrease in body
weight)
13 ?Satra e ;;f-rg:indg Bd Wt 76 Schroeder 1994
Dae/vlgy) mating, MMA
gestation, and
lactation
(F)
14 DBOg | 5(2: wk Gastro 2 M (diarrhea) Waner and Nyska 1988
(Beagle)  (C) MIMA
Bd Wt 2F 8 F (decrease in body
weight)
Reproductive
15 Rat ;;f-rg:indg 22 76  (decreased pregnancy Schroeder 1994
(Sprague- - ’ rate and male fertility MMA
Dawley) mating, : i
gestation, and index in FO and F1)
lactation
(F)
16 Msou.se o 119 M (reduced fertilty) Prukop and Savage 1986
(Swiss) W) MSMA
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Developmental
17 Rat 146-171d 22 76  (decreased pup survival Schroeder 1994
(Sprague-  Pre-mating, F1and F2) MMA
Dawley) mating,
gestation, and
lactation

(F)
CHRONIC EXPOSURE
Death

18 Rat 104 wk
(Fischer- 344) (F)

72.4 M (increased mortality)

Arnold et al. 2003
MMA

S103443 H1TV3aH '€

OINISHVY

8cl



Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL

Duration/
Key t& Species Frequency NOAEL Less Serious Serious Reference
Fi ; (Route) :

igure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Systemic
19 Re,lt 104 wk Gastro 3M 25.7 M (diarrhea) 72.4 M (necrosis, ulceration, Arnold et al. 2003
(Fischer- 344) (F) perforation in large MMA
intestine)
Hemato 724 M

Musc/skel 724 M

Hepatic 724 M

Renal 39F 33.9F (increased absolute
kidney weight and
progressive
glomerulonephropathy)

Endocr 39F 33.9 F (hypertrophy of thyroid
follicular epithelium,
decreased absolute
thyroid weight)

Dermal 724 M

Ocular 724 M

Bd Wt 3M 25.7 M (15% decrease in body 33.9F (30% decrease in body

weight) weight)
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
20 R?t 104 wk Hemato 84 M Shen et al. 2003
(Fischer- 344) (W) MMA
Hepatic 21 M 8.4 M (increased
GST-P-positive foci)
Renal 2.1 M (hyperplasia of the
bladder)
Bd Wt 84 M
21 Mouse 104 wk Cardio 671 M Arnold et al. 2003
(B6C3F1) (F) MMA
Gastro 249 M 67.1 M (loose and mucoid feces,
metaplasia of the cecum
and colon)
Musc/skel 67.1 M
Hepatic 67.1M
d
Renal 1.2M 6 M (increased incidence of
progressive
glomeruloephropathy)
Dermal 67.1M
Ocular 67.1 M
Bd Wt 249 M 67.1 M (17% decrease in body

weight)
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
22 Dog 52 wk Resp 35 Waner and Nyska 1988
(Beagle) (C) MMA
Gastro 2 M (diarrhea)
Hemato 35
Hepatic 35
Renal 8 (increased urine specific
gravity; increased kidney
weight)
Ocular 35
Bd Wt 2F 8 F (42% decrease in body
weight)
Neurological
23 Dog 52 wk 35 Waner and Nyska 1988
(Beagle) (©) MMA
Reproductive
24 Dog 52 wk 35M 35F (decrease in estrus) Waner and Nyska 1988 Histological
(Beagle) (©) MMA examination of
8F reproductive tissues.
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Table 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Cancer
25  Rat 104 wk 8.4 M Shen et al. 2003

(Fischer- 344) (W)

MMA

a The number corresponds to entries in Figure 3-4.

b Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-4. Where such differences exist, only the levels of effect for the

most sensitive gender are presented.

¢ The intermediate-duration oral MRL of 0.1 mg MMA/kg/day was calculated using a benchmark dose analysis. The BMDL10 of 12.38 mg MMA/kg/day was divided by an uncertainty

factor of 100 (10 to account for extrapolation from animals to humans and 10 for human variability)

d The chronic-duration oral MRL of 0.01 mg MMA/kg/day was calculated using a benchmark dose analysis. The BMDL10 of 1.09 mg MMA/kg/day was divided by an uncertainty
factor of 100 (10 to account for extrapolation from animals to humans and 10 for human variability)

Bd Wt = body weight; (C) = capsule; Cardio = cardiovascular; d = day(s); Endocr = endocrine; (F) = feed; F = female; Gastro = gastrointestinal; (GO) = gavage in oil; (GW) = gavage

in water; Gd = gestation day; GST-P = glutathione S-transferase placental form; Hemato = hematological; IN = ingestion; LD50 = lethal dose, 50% kill; LOAEL =
lowest-observable-adverse-effect level; M = male; MMA = monomethylarsonic acid; MSMA = monosodium methane arsonate; Musc/skel = musculoskeletal; NOAEL =

no-observable-adverse-effect level; Resp = respiratory; (W) = drinking water; wk = week(s); x = time(s)
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Figure 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral
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Figure 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral (Continued)
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Figure 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral (Continued)

Chronic (=365 days)
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Figure 3-4 Levels of Significant Exposure to Monomethylarsonic Acid - Oral (Continued)

Chronic (=365 days)
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat 13 wk 475M (100% mortality during ~ Crown et al. 1987
(Fischer- 344) (F) first 2 weeks of study) DMA
i (RCaEtJ) é%d7-16 60 F (67% mortality) Rogers et al. 1981
1x/d DMA
(GW)
3 Mouse once 1200 M (LD50) Kaise et al. 1989
(ddY) (GW) DMA
4 '(\2'3051319) 1G%d7 16 600 F (59% mortality) Rogers et al. 1981
1 x/d DMA
(GW)
Systemic
5 Rat 2wk Renal 11F (altered bladder cell Cohen et al. 2001
(Fischer- 344) (F) surface characteristics) DMA
Bd Wt 11F
6 Ra.lt 13 wk Gastro 475 M (diarrhea and congestion Crown et al. 1987
(Fischer- 344) (F) and hemorrhagic DMA
contents in

gastrointestinal tract in
rats dying during first 2
weeks)
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
7 R’Sat ngv\?_ﬁ Bd Wt 12F 36 F (decreased maternal Irvine et al. 2006
(Da?/ﬁg;)e- (GW) body weight gain) DMA
8 Rat é%d7_16 Bd Wt 40F (27% decreased Rogers et al. 1981
(CD) 1 x/d maternal weight gain) DMA
(GW)
9 I(\gc();ucssm) ?40:"2 X Resp 720 F (decreased lung ODC) Ahmad et al. 1999a
(GW) DMA
Hepatic 720 F (decreased liver GSH,
GSSG, CYP-450 and
ODC; increased serum
ALT)
10 l\gzl:(se oGn\(;\f Resp 900 M (respiratory arrest) Kaise et al. 1989
Gastro 1757 M (diarrhea, slight
congestion of the
intestion)
11 Mouse 09 16 Bd Wt 200 F (26% decreased Rogers et al. 1981
(CD-1) 1 x/d maternal weight gain) DMA
(GW)
12 E;Og | 502 wk Gastro 6.5 16 (vomiting and diarrhea) Zomber et al. 1989
(Beagle) (©) DMA
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
13 E\la:b't (CZjV\Z)-w Gastro 12F 48 F (fluid gastrointestinal Irvine et al. 2006
w tract contents
Zealand) ) DMA
Bd Wt 12F 48 F (maternal weight loss)
Neurological
14 Mouse once 1757 M (increased startle reflex; Kaise et al. 1989
(ddY) (GW) ataxia) DMA
Developmental
15 Rat GD6-15 40 F (decreased fetal body Chernoff et al. 1990
(Sprague-  (GW) weight) DMA
Dawley)
16 Rat Gd 6-15 12 36 (decreases in number of Irvine et al. 2006
(Sprague-  (GW) live fetuses and fetal DMA
Dawley) weight; increases in
fetuses with
diaphragmatic hernia;
delayed ossification)
17 RC?E) é;%d7-16 15 30 (malformed palates in Rogers et al. 1981
(€D) 1 x/d 15%) DMA
(GW)
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
18 Mouse Gd8 1600 F (fetal deaths, decreased Kavlock et al. 1985
(CD-1) (GW) fetal weight, delayed DMA
ossification, skeletal
malformations)
19 Mouse 096 200 400  (18% decrease infetal  Rogers et al. 1981
(CD-1) 1 x/d weight, delayed DMA
ossification, cleft palate
(GW) in 12/28; irregular
palatine rugae in 4.8%)
20 (RNabbit (Cgiv;)-w 12 Irvine et al. 2006
ew
Zealand) DMA
INTERMEDIATE EXPOSURE
Death
21 R?t 13 wk 190 M (100% mortality during Crown et al. 1987
(Fischer- 344) (F) first 4 weeks of study)  pMA
22 Rat 4 wk

(Fischer- 344) 5 d/wk
1 x/d

(©)

57

(50% survival in males;
20% survival in females)

Murai et al. 1993
DMA
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
23 Rat 8 wk ) . .
; 17 M (10/10 died) Wanibuchi et al. 1996
(Fischer- 344) (W) DMA
Systemic
24  Rat 100r20wk  renal 1F 10 M (necrosis in bladder Amold et al. 1999
(Fischer- 344) (F) epithelium) DMA
b_ . .
5F (increased kidney weight,
calcification at
corticomedullary junction;
increased bladder weight
and increased BrdU
labelling in bladder
epithelium)
Bd Wt 10
25 Rat 10wk Renal 11 F (increased bladder and Cohen et al. 2001

(Fischer- 344) (F)

kidney weights,
hyperplasia and necrosis
of bladder epithelium)

DMA
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
26 Rat 13 wk
) Resp 432 M Crown et al. 1987
(Fischer- 344) (F) DMA
Cardio 432 M
Gastro 432 M 190 M (diarrhea and congestion
and hemorrhagic
contents in
gastrointestinal tissues)
Hemato 0.44 F 4.5 F (decreased hemoglobin
and erythrocyte levels)
Hepatic 235M
Renal 0.4 M 4 M (increased urine volume
and decreased specific
gravity)
Endocr 0.4 M 4 M (hypertrophy of thyroid
follicle epithelium)
Bd Wt 43.2M
21 Ra_‘t gévlk K Renal 57  (papillary necrosis and ~ Murai et al. 1993
(Fischer- 344) 2 Q/W! h lasia; cortical
1 x/d yperplasia; cortica DMA
degeneration and
(©) necrosis)
Bd Wt 57 (decreased body weight)
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Fi Strai (Route) )
igure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
28 Rat 10wk Resp 16.5 Rubin et al. 1989
(Sprague- ~ Ppre-mating,
Dawley) gestation and DMA
lactation
periods
(F)
Cardio 16.5
Hemato 0.34 M 2.3 M (decreased mean
corpscular hemoglobin
concentration)
Hepatic 16.5
Renal 16.5
Endocr 23F 16.5 F (hypertrophy of thyroid
follicle epithelium)
Bd Wt 16.5
29 Rat 42d Hemato 37 M Siewicki 1981
(Sprague- (F) DMA
Dawley)
Hepatic 3.7M
Renal 3.7M
Bd Wt 3.7M
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
9 System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
30 Dog gzd/“:(k Gastro 6.5 16  (vomiting and diarrhea) Zomber et al. 1989
(Beagle) wi
(©) DMA
Hemato 16 M 40 M (decreased erythrocyte
and increased leukocyte
levels)
Reproductive
31  Rat 10wk 16.5 Rubin et al. 1989
(Sprague- ~ Ppre-mating,
Dawley) gestation and DMA
lactation
periods
(F)
Cancer
32 Z‘J’use o0 10.4 M (CEL: lung tumors) Hayashi et al. 1998
(W) DMA
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
9 System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
CHRONIC EXPOSURE
Systemic
33 Rat daily
R 78 Arnold et al. 2006
(Fischer- 344) 2 Y esp VA
(F)
Cardio 7.8
Gastro 7.8
Hemato 7.8
Musc/skel 7.8
Hepatic 7.8
Renal 0.77M 3.1 M (nephrocalcinosis)
0.77F 3.1 F (urothelial vacular

degeneration and
hyperplasia of urothelial
cells in urinary bladder)

Endocr 3.1 7.8 (hypertrophy of thyroid
follicle epithelium)

Dermal 7.8
Ocular 7.8
Bd Wt 7.8
34 Ra.‘t 104 wk Renal 0.75M 3.4 M (nodular or papillary Wei et al. 1999, 2002
(Fischer- 344) (W) hyperplasia in urinary DMA
bladder)
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain) (Route) i
9 System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
35 Mouse daily
R 94 Arnold et al. 2006
(B6C3F1)  2¥r esp VA
(F)
Cardio 94
Gastro 94
Hemato 94 F 94 F (decreased lymphocytes
and increased
monocytes)
Musc/skel 94
Hepatic 94
C
Renal 1.3F 37 M (progressive
glomerulonephropathy)
b L
7.8 F (vacuolization of
superficial cells of
urotheliumin urinary
bladder)
Dermal 94
Ocular 94
Bd Wt 94
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
36  Dog 6 diwk Resp 40 Zomber et al. 1989
(Beagle) 52 wk DMA
(C)
Cardio 40
Gastro 6.5 16  (vomiting and diarrhea)
Hepatic 40
Renal 40
Reproductive
37 Rat daily 78 Arnold et al. 2006 Histological
Fischer- 344) 2 Y1 examination of
DMA
(F) reproductive tissues.
38  Mouse daily 04 Arnold et al. 2006 Histological
examination o
B6C3F1 2yr e o on of
(F) reproductive tissues.
Cancer
39 Rat daily . i Arnold et al. 2006
i 2yr 7.8  (CEL: urothelial cell rnold et al.
(Fischer- 344) papillomas and DMA
(F) carcinomas in urinary

bladder)

40 Rat 104 wk

3.4 M (CEL: urinary bladder
(Fischer- 344) (W) ( i

tumors)

Wei et al. 1999, 2002

DMA
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Table 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
41 Mouse continuous ;
18 mo 11.8 M (CEL) Salim et al. 2003
knockout DA
(W)

a The number corresponds to entries in Figure 3-5.

b Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-5. Where such differences exist, only the levels of effect for the
most sensitive gender are presented.

¢ The chronic-duration oral MRL of 0.02 mg DMA/kg/day was calculated using a benchmark dose analysis. The BMDL10 of 1.80 mg DMA/kg/day was divided by an uncertainty
factor of 100 (10 to account for extrapolation from animals to humans and 10 for human variability)

ad lib = ad libitum; ALT = alanine aminotransferase; Bd Wt = body weight; BrdU = bromodeoxyuridine; (C) = capsule; Cardio = cardiovascular; CEL = cancer effect level; CYP =
cytochrome p; d= day(s); DMA = dimethylarsinic acid; Endocr = endocrine; (F) = feed; F = female; (G) = gavage; Gastro = gastrointestinal; Gd = gestation day; GSH = reduced
glutathione; GSSG = oxidized glutathione; (GW) = gavage in water; Hemato = hematological; hr = hour(s); LD50 = lethal dose, 50% kill; ODC = ornithine decarboxylase; LOAEL =
lowest-observable-adverse-effect level; M = male; mo = month; Musc/skel = musculoskeletal; NOAEL = no-observable-adverse-effect level; Resp = respiratory; (W) = drinking water;
wk = week(s); x = time(s); yr = year(s)
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Figure 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral
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Figure 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (Continued)
Intermediate (15-364 days)
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Figure 3-5 Levels of Significant Exposure to Dimethylarsinic Acid - Oral (Continued)
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
Fi Strai (Route) )
igure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat once
155  (LD50) Kerr et al. 1963
(Holtzman)  (GW) ROX
2 Rat once .
; 150 M (5/5 died) NTP 1989b
(Fischer- 344) (GO) b ROX
81 F (LD50)
b
S 128 M (3/5 died) NTP 1989b
(Fischer- ) (F) ROX
144 F (5/5 died)
4 Mouse once 300 M (5/5 died) NTP 1989b
(B6C3F1) (GO) b ROX
244 F (LD50)
5 Mouse 14d .
168 F (5/5 died) NTP 1989b
(B6C3F1) (F) ROX
Systemic
6 Re,lt 14d Bd Wt 16 M 32 M (22% reduced body NTP 1989b
(Fischer- 344) (F) weight) ROX
7 Mouse 144d Bd Wt 84 168  (34% decrease in body ~ NTP 1989b
(B6C3F1) (F) weight) ROX
Neurological
8 Rat 14d e
16 M 32 M (slight tivit NTP 1989b
(Fischer- 344) (F) (slight inactivity) mox
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System ma/ka/da ma/ka/da ma/ka/da Chemical Form Comments
Yy (mg/kg/day) (mg/kg/day) (mg/kg/day)
9 Mouse 14d 20 42 (slight inactivity; ruffled NTP 1989b
(B6C3F1)  (F) fur) ROX
10 Pig 33 Idb 6.3 (muscle tremors and Rice et al. 1985; Kennedy et al.
(Landrace) adli clonic convulsions) 1986
() ROX
INTERMEDIATE EXPOSURE
Death
11 Rat 13 wk 20 (10/12 died) Kerr et al. 1963
(Holtzman)  (F) ROX
12 Rat 13 wk 64 M (3/10 died) NTP 1989b
(Fischer- 344) ad lib ROX
(F)
13 Mouse ;g ;’ivb" 136 (6/10 males and 8/10  NTP 1989b
(B6C3F1) females died) ROX

(F)
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species F’(‘;qo“u‘igfy NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Systemic
14 Rat 310r90d Hemato 32 M NTP 1989b
(Fischer- 344) ad lib
ROX
(F)
Hepatic 9F 36 F (decreased absolute and
relative liver weight)
Renal 8 M 32 M (increased kidney weight;
minimal tubular
degeneration)
Bd Wt 8 M 32 M (27% decrease in body

weight)
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral

(continued)

Exposure/ LOAEL
Duration/
Key & Species Frequency NOAEL Less Serious Serious Reference
. ; (Route) :
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
15 Rat 13 wk
; R 64 M NTP 1989b
(Fischer- 344) ad lib esp
ROX
(F)
Cardio 64 M
Gastro 64 M
Musc/skel 64 M
Hepatic 4 M 8 M (increased relative liver
weight)
Renal 16 M 32 M (interstitial inflammation,
focal regenerative
hyperplasia of tubular cell
epithelium and
mineralization)
Endocr 64 M
Dermal 64 M
Bd Wt 8 M 16 M (14% decreased body 32 M (26% decreased body

weight) weight)
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral

(continued)

Exposure/ LOAEL
Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
16 Mouse 13 wk .
@6caFn)  adlib Cardio 136 NTP 1989b
) ROX
Gastro 136
Musc/skel 136
Hepatic 136
Renal 136
Endocr 136
Dermal 136
Bd Wt 136  (18% decreased body
weight in males; 11%
decreased body weight in
females)
17 Mouse 290r91d
(B6C3F1) d I Hemato 68 NTP 1989b
) ROX
Hepatic 68
Renal 68
Neurological
18 Rat 19k 32 M 64 M (trembling, ataxia, NTP 1989b
(Fischer- 344) hyperexcitability, slight ~ Rox

(F)

inactivity, ruffled fur)
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral (continued)

OINISHVY

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
19 Pig 28d 10  (muscle tremors) Edmonds and Baker 1986
) ROX
20 Pig gg ﬁb 6.3 (paraplegia, myelin Rice et al. 1985; Kennedy et al.
(Landrace) degeneration in spinal 1986
(F) cord, peripheral nerves, ROX
optic nerve)
CHRONIC EXPOSURE
Systemic
21 Rat 103 wk
; R 4 NTP 1989b
(Fischer- 344) ad lib esp
(F) ROX
Cardio 4
Gastro 4
Musc/skel 4
Hepatic 4
Renal 4
Endocr 4
Dermal 4
Ocular 4
Bd Wt 4
22 Mouse 103 wk
; R 43 M NTP 1989b
(Fischer- 344) ad lib esp
(F) ROX
Cardio 43 M
Gastro 43 M
Musc/skel 43 M

Hepatic 43 M
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Table 3-6 Levels of Significant Exposure to Roxarsone - Oral (continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
Renal 43 M
Endocr 43 M
Dermal 43 M
Ocular 43 M
Bd Wt 43 F

a The number corresponds to entries in Figure 3-6.

b Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-6. Where such differences exist, only the levels of effect for the
most sensitive gender are presented.

ad lib = ad libitum; Bd Wt = body weight; Cardio = cardiovascular; d = day(s); Endocr = endocrine; (F) = feed; F = Female; Gastro = gastrointestinal; (GO) = gavage in oil; (GW) =
gavage in water; Hemato = hematological; LC50 = lethal concentration, 50% kill, LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; Musc/skel =
musculoskeletal; NOAEL = no-observed-adverse-effect level; occup = occupational; Resp = respiratory; wk = week(s)
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Figure 3-6 Levels of Significant Exposure to Roxarsone - Oral
Acute (<14 days)
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Figure 3-6 Levels of Significant Exposure to Roxarsone - Oral (Continued)
Intermediate (15-364 days)
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Figure 3-6 Levels of Significant Exposure to Roxarsone - Oral (Continued)

Chronic (=365 days)
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3. HEALTH EFFECTS

Available LDs, values for arsenate and arsenite in rats and mice range from 15 to 175 mg As/kg (Dieke
and Richter 1946; Gaines 1960; Harrisson et al. 1958; Kaise et al. 1985). The variability can be attributed
to differences based on species, strain, specific route of exposure (feed vs. gavage), specific compound
tested, and testing laboratory. Most deaths occurred within 1 day of exposure, but details regarding cause
of death were not generally reported. Seven of 25 pregnant rats given a single gavage dose of 23 mg
As/kg as arsenic trioxide on day 9 of gestation died soon after dosing, while no deaths occurred at doses
of 4-15 mg As/kg (Stump et al. 1999). Data on lethality from repeated exposure studies in animals are
relatively sparse. Seven of 20 pregnant rabbits died from repeated gavage doses of 1.5 mg As/kg/day as
arsenic acid during gestation, while none died at 0.1-0.4 mg As/kg/day (Nemec et al. 1998). Chronic
studies observed treatment-related mortality in monkeys exposed to 3 mg As/kg/day as arsenate
(Heywood and Sortwell 1979), dogs exposed to 2.4 mg As/kg/day as arsenite or arsenate (Byron et al.
1967), mice exposed to 1 mg As/kg/day as arsenite (Schroeder and Balassa 1967), and rats exposed to

30 mg As/kg/day as lead arsenate (Kroes et al. 1974).

Reliable LOAEL and LDs, values for lethality from oral exposure to inorganic arsenicals in each species

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

Organic Arsenicals. No studies were located regarding death in humans after oral exposure to organic
arsenicals, but the acute lethality of MMA, DMA, and roxarsone have been investigated in several animal
studies. The LDs, values for MMA (including MSMA), DMA, and roxarsone are 102—3,184 mg/kg
MMA or MSMA (Gur and Nyska 1990; Jaghabir et al. 1988; Kaise et al. 1989), 1,200 mg DMA/kg/day
(Kaise et al. 1989), and 14.2-69.5 mg DMA/kg/day (Kerr et al. 1963; NTP 1989b), respectively. The
cause of death was not investigated in any of these studies. Intermediate-duration exposure to MMA,
DMA, or roxarsone resulted in increased mortality in laboratory animals exposed to 106.9 mg
MMA/kg/day (Arnold et al. 2003), 17-190 mg DMA/kg/day (Crown et al. 1987; Murai et al. 1993;
Wanibuchi et al. 1996) or 20-64 mg/kg/day roxarsone (Edmonds and Baker 1986; Kerr et al. 1963; NTP
1989b), respectively. Increased mortality was also observed in rats chronically exposed to 72.4 mg

MMA/kg/day (Arnold et al. 2003).

3.2.2.2 Systemic Effects

The highest NOAEL values and all reliable LOAEL values for systemic effects from oral exposure in

each species and duration category are recorded in Table 3-3 and plotted in Figure 3-3. Similar data for
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3. HEALTH EFFECTS

oral exposure to MMA, DMA, and roxarsone are shown in Tables 3-4, 3-5, and 3-6, and shown in

Figures 3-4, 3-5, and 3-6, respectively.

Respiratory Effects.

Inorganic Arsenicals. Serious respiratory effects, including respiratory distress, hemorrhagic bronchitis,
and pulmonary edema, have been reported in some cases of acute oral arsenic poisoning at doses of 8§ mg
As/kg and above (e.g., Civantos et al. 1995; Fincher and Koerker 1987; Levin-Scherz et al. 1987; Moore
et al. 1994b; Quatrehomme et al. 1992). These effects may be secondary to injury to the pulmonary
vasculature (see Cardiovascular Effects, below). In addition, bronchitis and sequelae (bronchiectasis,
bronchopneumonia) have been observed in patients and at autopsy in some chronic poisoning cases (Guha
Mazumder et al. 2005; Milton and Rahman 2002; Rosenberg 1974; Tsai et al. 1999; Zaldivar 1974;
Zaldivar and Guillier 1977). Bronchopneumonia secondary to arsenic-induced bronchitis was considered
to be the cause of death in one young child who died after several years of exposure to an average dose of
0.08 mg As/kg/day (Zaldivar and Guillier 1977). Decrements in lung function, measured as decreased
FEV,, FVC, and FEF,s ;5 have also been reported in subjects exposed to 0.1-0.5 mg As/L in the drinking
water and exhibiting skin lesions (von Ehrenstein et al. 2005). In general, however, respiratory effects
have not been widely associated with repeated oral ingestion of low arsenic doses. Nevertheless, a few
studies have reported minor respiratory symptoms, such as cough, sputum, rhinorrhea, and sore throat, in

people with repeated oral exposure to 0.03—0.05 mg As/kg/day (Ahmad et al. 1997; Mizuta et al. 1956).

There are few data regarding respiratory effects in animals following acute oral exposure to inorganic
arsenic. An infant Rhesus monkey that died after 7 days of oral exposure to a complex arsenate salt at a
dose of 3 mg As/kg/day exhibited bronchopneumonia with extensive pulmonary hemorrhage, edema, and
necrosis (Heywood and Sortwell 1979). Two other monkeys in this treatment group survived a 1-year
exposure period and had no gross or microscopic pulmonary lesions at sacrifice. Increased relative lung
weights were seen in rats exposed to 6.66 mg As/kg/day as sodium arsenite 5 days/week for 12 weeks
(Schulz et al. 2002). Chronic oral studies in dogs and rats treated with arsenate or arsenite failed to find

respiratory lesions (Byron et al. 1967; Kroes et al. 1974; Schroeder et al. 1968).

One study utilizing gallium arsenide included limited investigation of respiratory function. Respiration
rate was significantly decreased in rats following ingestion of a single dose of gallium arsenide at
1,040 mg As/kg, but was unaffected at a dose of 520 mg As/kg (Flora et al. 1997a). Respiration rate was

measured 1, 7, and 15 days after dosing, but the decrease was most noticeable after 15 days.
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Organic Arsenicals. No respiratory effects were noted after acute human ingestion of 1,714 mg
MSMA/kg (Shum et al. 1995). Mice exhibited respiratory arrest after a single oral dose of 1,800 mg
MMA/kg (Kaise et al. 1989) or 900 mg DMA/kg (Kaise et al. 1989) and lung ornithine decarboxylase
activity was reduced after ingestion of one or two doses of 720 mg DMA/kg (Ahmad et al. 1999a).
Localized lung hemorrhage was observed in dogs after a single oral dose of 14.2 mg/kg roxarsone in a
capsule (Kerr et al. 1963). No respiratory effects were seen after intermediate or chronic exposure of rats,
mice, or dogs exposed to 35 mg MMA/kg/day (Waner and Nyska 1988), 7.8-94 mg DMA/kg/day
(Arnold et al. 2006; Crown et al. 1987; Rubin et al. 1989; Zomber et al. 1989), or 4-136 mg/kg/day
roxarsone (NTP 1989Db).

Cardiovascular Effects.

Inorganic Arsenicals. A number of studies in humans indicate that arsenic ingestion may lead to serious
effects on the cardiovascular system. Characteristic effects on the heart from both acute and long-term
exposure include altered myocardial depolarization (prolonged QT interval, nonspecific ST segment
changes) and cardiac arrhythmias (Cullen et al. 1995; Glazener et al. 1968; Goldsmith and From 1986;
Heyman et al. 1956; Little et al. 1990; Mizuta et al. 1956; Moore et al. 1994b; Mumford et al. 2007). A
significant dose-related increase in the prevalence of cardiac electrophysiologic abnormalites was
observed in residents of Inner Mongolia, China; the incidences of QT prolongation were observed in 3.9,
11.1, and 20.6% of the residents with drinking water levels of <21, 110-300, and 430-690 ng/L,
respectively (Mumford et al. 2007). Hypertrophy of the ventricular wall was observed at autopsy after
acute exposure to 93 mg of arsenic (Quatrehomme et al. 1992). Long-term, low-level exposures may also
lead to damage to the vascular system. The most dramatic example of this is "Blackfoot Disease," a
condition that is endemic in an area of Taiwan where average drinking water levels of arsenic range from
0.17 to 0.80 ppm (Tseng 1977), corresponding to doses of about 0.014-0.065 mg As/kg/day (IRIS 2007).
The disease is characterized by a progressive loss of circulation in the hands and feet, leading ultimately
to necrosis and gangrene (Chen et al. 1988b; Ch’i and Blackwell 1968; Tseng 1977, 1989; Tseng et al.
1968, 1995, 1996). Several researchers have presented evidence that other factors besides arsenic (e.g.,
other water contaminants, dietary deficits) may play a role in the etiology of this disease (Ko 1986; Lu et
al. 1990; Yu et al. 1984). While this may be true, the clear association between the occurrence of
Blackfoot Disease and the intake of elevated arsenic levels indicates that arsenic is at least a contributing

factor. The results of a recent study suggested that individuals with a lower capacity to methylate
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inorganic arsenic to DMA have a higher risk of developing peripheral vascular disease in the Blackfoot

Disease-hyperendemic area in Taiwan (Tseng et al. 2005).

Arsenic exposure in Taiwan has also been associated with an increased incidence of cerebrovascular and
microvascular diseases (Chiou et al. 1997; Wang et al. 2002, 2003) and ischemic heart disease (Chang et
al. 2004; Chen et al. 1996; Hsueh et al. 1998b; Tsai et al. 1999; Tseng et al. 2003). Moreover, effects of
arsenic on the vascular system have also been reported in a number of other populations. For example,
hypertension, defined as a systolic blood pressure of >140 mm Hg in combination with a diastolic blood
pressure of >90 mm Hg, was associated with estimated lifetime doses of approximately 0.055 mg
As/kg/day (0.25 mg/L in water) in a study of people in Bangladesh (Rahman et al. 1999); no significant
association was found with estimated doses of 0.018 mg As/kg/day (0.75 mg/L in water). Wang et al.
(2003) found an increased incidence of microvascular and macrovascular disease among subjects in
Taiwan living in an arseniasis-endemic area in which the water of artesian wells had arsenic
concentrations >0.35 mg/L (estimated doses of >0.03 mg As/kg/day). An additional study of Taiwanese
subjects reported a significant increase in incidence of hypertension associated with concentrations of
arsenic in the water >0.7 mg/L (estimated doses of >0.06 mg As/kg/day) (Chen et al. 1995). Studies in
Chile indicate that ingestion of 0.6—0.8 ppm arsenic in drinking water (corresponding to doses of 0.02—
0.06 mg As/kg/day, depending on age) increases the incidence of Raynaud's disease and of cyanosis of
fingers and toes (Borgofio and Greiber 1972; Zaldivar 1974, 1977; Zaldivar and Guillier 1977). Autopsy
of five children from this region who died of apparent arsenic toxicity showed a marked thickening of
small and medium sized arteries in tissues throughout the body, especially the heart (Rosenberg 1974). In
addition, cardiac failure, arterial hypotension, myocardial necrosis, and thrombosis have been observed in
children who died from chronic arsenic ingestion (Zaldivar 1974), as well as adults chronically exposed to
arsenic (Duefias et al. 1998). Likewise, thickening and vascular occlusion of blood vessels were noted in
German vintners exposed to arsenical pesticides in wine and in adults who drank arsenic-contaminated
drinking water (Roth 1957; Zaldivar and Guillier 1977). A survey of Wisconsin residents using private
wells for their drinking water found that residents exposed for at least 20 years to water concentrations of
>10 pg As/L had increased incidences of cardiac bypass surgery, high blood pressure, and circulatory
problems as compared with residents exposed to lower arsenic concentrations (Zierold et al. 2004).
Similarly, Lewis et al. (1999) reported increased mortality from hypertensive heart disease in both men
and women among a cohort exposed to arsenic in their drinking water in Utah, as compared with the
general population of Utah. Limitations in the study included lack of evaluation of smoking as a
confounder and of other dietary sources of arsenic, and the lack of a dose-response for hypertensive heart

disease. Another ecological study (Engel and Smith 1994) found significant increases in deaths from
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arteriosclerosis, aortic aneurysm, and all other diseases of the arteries, arterioles, and capillaries among
U.S. residents with arsenic drinking waters of >20 ug/L; the increase in deaths from congenital anomalies
of the heart and other anomalies of the circulatory system also observed in this subpopulation limits the

interpretation of the findings.

Similar alterations in vascular reactivity have been noted in rats given repeated oral doses of arsenic
trioxide (11 mg As/kg/day) for several weeks (Bekemeier and Hirschelmann 1989), although no
histological effects could be detected in the hearts of rats or dogs exposed to up to 30 mg As/kg/day as
arsenate or arsenite for 2 years (Byron et al. 1967; Kroes et al. 1974; Schroeder et al. 1968). Acute
exposure of rats to gallium arsenide at a dose of 1,040 mg As/kg resulted in an increase in blood pressure
and heart rate, while 520 mg As/kg had no effect (Flora et al. 1997a). Guinea pigs exposed to arsenic
trioxide for 1 day (0, 7.6, 22.7, or 37.9 mg As/kg) or 8 days (0 or 3.8 mg As/kg/day) showed prolongation
of the cardiac QT interval and action potential duration (Chiang et al. 2002).

Organic Arsenicals. No adverse cardiovascular effects were noted after acute human ingestion of

1,714 mg MSMA/kg (Shum et al. 1995). However, sinus tachycardia was noted after acute ingestion of
73 mg DMA/kg (as dimethyl arsenic acid and dimethyl arsenate) (Lee et al. 1995). No cardiovascular
effects were seen after intermediate or chronic exposure of laboratory animals to 35—67.1 mg
MMA/kg/day (Arnold et al. 2003; Waner and Nyska 1988), 7.8-94 mg DMA/kg/day (Arnold et al. 2006;
Crown et al. 1987; Rubin et al. 1989; Zomber et al. 1989), or 4-136 mg/kg/day roxarsone (NTP 1989b).

Gastrointestinal Effects.

Inorganic Arsenicals. Clinical signs of gastrointestinal irritation, including nausea, vomiting, diarrhea,
and abdominal pain, are observed in essentially all cases of short-term high-dose exposures to inorganic
arsenic (e.g., Armstrong et al. 1984; Bartolome et al. 1999; Campbell and Alvarez 1989; Chakraborti et
al. 2003a; Cullen et al. 1995; Fincher and Koerker 1987; Goebel et al. 1990; Kingston et al. 1993; Levin-
Scherz et al. 1987; Lugo et al. 1969; Moore et al. 1994b; Muzi et al. 2001; Uede and Furukawa 2003;
Vantroyen et al. 2004). Similar signs are also frequently observed in groups or individuals with longer-
term, lower-dose exposures (e.g., Borgofio and Greiber 1972; Cebrian et al. 1983; Franzblau and Lilis
1989; Guha Mazumder et al. 1988, 1998a; Haupert et al. 1996; Holland 1904; Huang et al. 1985; Mizuta
et al. 1956; Nagai et al. 1956; Silver and Wainman 1952; Wagner et al. 1979; Zaldivar 1974), but effects
are usually not detectable at exposure levels below about 0.01 mg As/kg/day (Harrington et al. 1978;

Valentine et al. 1985). These symptoms generally decline within a short time after exposure ceases.
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Gastrointestinal irritation symptoms form the basis (in part) for the acute oral MRL of 0.005 mg/kg/day
for inorganic arsenic, as described in footnote b in Table 3-3. More severe symptoms (hematemesis,
hemoperitoneum, gastrointestinal hemorrhage, and necrosis) have been reported in some cases with acute
exposure to 8 mg As/kg or more (Civantos et al. 1995; Fincher and Koerker 1987; Levin-Scherz et al.
1987; Quatrehomme et al. 1992), and also in some people with long-term ingestion of 0.03—0.05 mg
As/kg/day as a medicinal preparation (Lander et al. 1975; Morris et al. 1974).

Clinical signs of gastrointestinal irritation were observed in monkeys and rats given repeated oral doses of
arsenic (6 and 11 mg As/kg/day, respectively) for 2 weeks (Bekemeier and Hirschelmann 1989; Heywood
and Sortwell 1979). Hemorrhagic gastrointestinal lesions have also been reported in animal studies. A
monkey that died after repeated oral treatment with 6 mg As/kg/day for approximately 1 month was found
to have acute inflammation and hemorrhage of the small intestine upon necropsy (Heywood and Sortwell
1979). This lesion was not found in other monkeys that died in this study, or in the survivors. Two
pregnant mice that died after repeated gavage treatment with 24 mg As/kg/day as arsenic acid had
hemorrhagic lesions in the stomach (Nemec et al. 1998). Gross gastrointestinal lesions (stomach
adhesions, eroded luminal epithelium in the stomach) were seen frequently in rats treated by gavage with
8 mg As/kg/day as arsenic trioxide starting before mating and continuing through the end of gestation
(Holson et al. 2000). The lesions were not found in rats treated with 4 mg As/kg/day in this study. No
histological evidence of gastrointestinal injury was detected in rats exposed to arsenate or arsenite in the
feed for 2 years at doses up to 30 mg As/kg/day, but dogs fed a diet containing 2.4 mg As/kg/day as
arsenite for 2 years had some bleeding in the gut (Byron et al. 1967; Kroes et al. 1974).

Organic Arsenicals. Vomiting was noted after ingestion of 793 mg/kg arsenic (as monosodium
methanearsenate) in a suicide attempt (Shum et al. 1995). Ingestion of 78 mg DMA/kg (as dimethyl
arsenic acid and dimethyl arsenate) induced vomiting, abdominal pain, hyperactive bowel, and diarrhea

(Lee et al. 1995).

The gastrointestinal tract appears to be the critical target of toxicity following oral exposure to MMA.
Diarrhea/loose feces has been reported in mice and rabbits following a single gavage dose of 2,200 mg
MMA/kg or 60 mg MSMA/kg, respectively (Jaghabir et al. 1988; Kaise et al. 1989), pregnant rabbits
administered 12 mg MMA/kg/day via gavage (Irvine et al. 2006), rats exposed to 30.2 mg MMA/kg/day
in the diet during the first year of a 2-year study (Arnold et al. 2003), dogs administered 2 mg
MMA/kg/day via capsule for 52 weeks (Waner and Nyska 1988), rats fed diets containing 25.7 mg
MMA/kg/day for 2 years (Arnold et al. 2003), and mice exposed to 67.1 mg MMA/kg/day in the diet for
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2 years (Arnold et al. 2003). However, the increased incidence of diarrhea is not always accompanied by
macroscopic or histological alterations in the gastrointestinal tissues. For example, in the 2-year rat study
(Arnold et al. 2003; incidence data reported in Crown et al. 1990), an increased incidence of diarrhea was
observed at 25.7 mg MMA/kg/day; macroscopic or histological alterations were observed in some
animals, but the incidence was similar to controls. At the next highest dose level (72.4 mg
MMA/kg/day), thickened wall and edema and hemorrhagic, necrotic, ulcerated, or perforated mucosa
were observed in the large intestine and significant increases in the incidence of squamous metaplasia of
the epithelial columnar absorptive cells were found in the cecum, colon, and rectum. Squamous
metaplasia was also observed in the cecum and colon of mice chronically exposed to 67.1 mg

MMA/kg/day (Arnold et al. 2003; incidence data reported in Gur et al. 1991).

There are some reports of gastrointestinal effects in rats and dogs exposed to DMA; however, the
LOAELSs for these effects are higher than the LOAELs for MMA and most rodent studies do not report
effects at nonlethal doses. Diarrhea with congestion and hemorrhagic gastrointestinal contents were
observed in rats exposed to a lethal dose of 190 mg DMA/kg/day in the diet for 4 weeks (Crown et al.
1987) and diarrhea and vomiting were reported in dogs administered 16 mg DMA/kg/day via capsule

6 days/week (Zomber et al. 1989). No gastrointestinal effects were observed in rats or mice chronically

exposed to 7.8 or 94 mg DMA/kg/day, respectively (Arnold et al. 2006).

Vomiting and gastrointestinal hemorrhage were observed in dogs after a single capsulized dose of
50 mg/kg roxarsone (Kerr et al. 1963), although slightly higher doses administered for 13 weeks to rats
and mice had no effect (NTP 1989b). No gastrointestinal effects were seen after chronic exposure of rats

(4 mg/kg/day) or mice (43 mg/kg/day) to roxarsone (NTP 1989b).

Hematological Effects.

Inorganic Arsenicals. Anemia and leukopenia are common effects of arsenic poisoning in humans, and
have been reported following acute (Armstrong et al. 1984; Goldsmith and From 1986; Mizuta et al.
1956; Muzi et al. 2001; Westhoff et al. 1975), intermediate (Franzblau and Lilis 1989; Heyman et al.
1956; Nagai et al. 1956; Wagner et al. 1979), and chronic oral exposures (Chakraborti et al. 2003a;
Glazener et al. 1968; Guha Mazumder et al. 1988; Hopenhayn et al. 2006; Kyle and Pease 1965; Tay and
Seah 1975) at doses of 0.002 mg As/kg/day or more. These effects may be due to both a direct cytotoxic
or hemolytic effect on the blood cells (Armstrong et al. 1984; Fincher and Koerker 1987; Goldsmith and
From 1986; Kyle and Pease 1965; Lerman et al. 1980) and a suppression of erythropoiesis (Kyle and
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Pease 1965; Lerman et al. 1980). However, hematological effects are not observed in all cases of arsenic
exposure (EPA 1981b; Harrington et al. 1978; Huang et al. 1985; Silver and Wainman 1952) or even all
acute poisoning cases (Cullen et al. 1995; Moore et al. 1994b).

In an acute animal study, Tice et al. (1997) found that there was a decrease in polychromatic erythrocytes
in the bone marrow of mice treated with 6 mg As/kg/day for 1 or 4 days. There was no effect at 3 mg
As/kg/day. Long-term studies found mild anemia in dogs fed arsenite or arsenate for 2 years at 2.4 mg
As/kg/day, but no hematological effect in dogs fed 1 mg As/kg/day for 2 years or 1.9 mg As/kg/day for
26 weeks (Byron et al. 1967; Neiger and Osweiler 1989). Chronic rat studies found little or no evidence
of anemia at doses up to 30 mg As/kg/day, even with co-exposure to lead (Byron et al. 1967; Kroes et al.
1974). No hematological effects were found in monkeys exposed to arsenic doses of 3—6 mg As/kg/day

for 1 year (Heywood and Sortwell 1979).

Rats exposed to arsenate for 6 weeks had decreased activities of several enzymes involved in heme
synthesis, but data were not provided on whether this resulted in anemia (Woods and Fowler 1977, 1978).
Exposure of rats to >5 ppm of arsenic (0.30 mg As/kg/day as sodium arsenite) in the drinking water for
4 weeks resulted in increased platelet aggregation, while 10 or 25 ppm (0.60 or 1.5 mg As/kg/day) was
associated with increased P-selectin-positive cells and decreased occlusion time (Lee et al. 2002),
representing a change in platelet function. Similarly, exposure of rats or guinea pigs to 10 or 25 ppm of
arsenic as arsenite (approximate doses of 0, 0.92, or 2.3 mg As/kg/day for rats and 0, 0.69, or 1.7 mg
As/kg/day for guinea pigs) in the drinking water for 16 weeks (Kannan et al. 2001) resulted in decreases
in erythrocyte and leukocyte numbers (rats and guinea pigs), increased blood mean corpuscular volume
and corpuscular hemoglobin mass (guinea pigs only), and decreased mean corpuscular hemoglobin
concentration (rats only). Gallium arsenide also disrupts heme synthesis in rats, although the evidence

suggests that this effect is due primarily to the gallium moiety (Flora et al. 1997a).

Organic Arsenicals. No adverse hematological effects were noted in a man who ingested 78 mg/kg as
dimethy] arsenic acid and dimethyl arsenate (Lee et al. 1995). No hematological effects were observed in
rats exposed to 8.4 or 72.4 mg MMA/kg/day for 2 years (Arnold et al. 2003; Shen et al. 2003) or dogs
administered 35 mg MMA/kg/day for 52 weeks (Waner and Nyska 1988); additionally, no alterations in
total or differential leukocyte levels were observed in mice exposed to 67.1 mg MMA/kg/day for 2 years
(Arnold et al. 2003). Although some studies have reported hematological alterations following oral
exposure to DMA, this is not a consistent finding. Observed alterations include decreased mean

corpuscular hemoglobin concentration in rats exposed to 2.3 mg DMA/kg/day for 10 weeks (Rubin et al.
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1989), decreased hemoglobin and erythrocyte levels in rats exposed to 4.5 mg DMA/kg/day for 13 weeks
(Crown et al. 1987), decreased erythrocyte levels and increased leukocyte levels in dogs administered
capsules containing 40 mg DMA/kg/day for 52 weeks (Zomber et al. 1989), and decreased lymphocyte
and increased monocyte levels were observed in mice chronically exposed to 94 mg DMA/kg/day
(Arnold et al. 2006). No hematological alterations have been observed in rats exposed to 7.8 mg

DMA /kg/day for 2 years (Arnold et al. 2006). Similarly, no hematological effects were observed in rats
(Kerr et al. 1963; NTP 1989b), mice (NTP 1989b), or dogs (Prier et al. 1963) exposed to 20-32, 68, or

5 mg/kg/day roxarsone, respectively, for intermediate or chronic durations

Musculoskeletal Effects.

Inorganic Arsenicals. No studies were located regarding musculoskeletal effects in humans or animals

after oral exposure to inorganic arsenicals.

Organic Arsenicals. No studies were located regarding musculoskeletal effects in humans after oral
exposure to organic arsenicals. No musculoskeletal effects were seen after intermediate or chronic
exposure of rats and mice to MMA (Arnold et al. 2003), DMA (Arnold et al. 2006), or roxarsone (NTP
1989Db).

Hepatic Effects.

Inorganic Arsenicals. A number of studies in humans exposed to inorganic arsenic by the oral route
have noted signs or symptoms of hepatic injury. Clinical examination often reveals that the liver is
swollen and tender (Chakraborty and Saha 1987; Franklin et al. 1950; Guha Mazumder et al. 1988,

1998a; Liu et al. 2002; Mizuta et al. 1956; Silver and Wainman 1952; Wade and Frazer 1953; Zaldivar
1974), and analysis of blood sometimes shows elevated levels of hepatic enzymes (Armstrong et al. 1984;
Franzblau and Lilis 1989; Guha Mazumder 2005; Hernandez-Zavala et al. 1998). These effects are most
often observed after repeated exposure to doses of 0.01-0.1 mg As/kg/day (Chakraborty and Saha 1987;
Franklin et al. 1950; Franzblau and Lilis 1989; Guha Mazumder et al. 1988; Mizuta et al. 1956; Silver and
Wainman 1952; Wade and Frazer 1953), although doses as low as 0.006 mg As/kg/day have been
reported to have an effect following chronic exposure (Herndndez-Zavala et al. 1998). Hepatic effects
have also been reported in acute bolus poisoning cases at doses of 2 mg As/kg/day or more (Hantson et al.
1996; Kamijo et al. 1998; Levin-Scherz et al. 1987; Quatrehomme et al. 1992; Vantroyen et al. 2004),
although acute exposure to 19 mg As/kg did not cause hepatic effects in an infant (Cullen et al. 1995).
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Histological examination of the livers of persons chronically exposed to similar doses has revealed a
consistent finding of portal tract fibrosis (Guha Mazumder 2005; Guha Mazumder et al. 1988; Morris et
al. 1974; Piontek et al. 1989; Szuler et al. 1979), leading in some cases to portal hypertension and
bleeding from esophageal varices (Szuler et al. 1979); cirrhosis has also been reported at an increased
frequency in arsenic-exposed individuals (Tsai et al. 1999). Several researchers consider that these
hepatic effects are secondary to damage to the hepatic blood vessels (Morris et al. 1974; Rosenberg
1974), but this is not directly established.

Acute exposure of monkeys to 6 mg As/kg/day resulted in vacuolization of the hepatocytes (Heywood
and Sortwell 1979). Studies in dogs or mice have not detected clinically significant hepatic injury
following exposure to either arsenite or arsenate (Byron et al. 1967; Fowler and Woods 1979; Kerkvliet et
al. 1980; Neiger and Osweiler 1989; Schroeder and Balassa 1967), although enlargement of the common
bile duct was noted in rats fed either arsenate or arsenite in the diet for 2 years (Byron et al. 1967; Kroes
et al. 1974) and lipid vacuolation and fibrosis were seen in the livers of rats exposed to 12 mg As/kg/day
as arsenate in the drinking water for 6 weeks (Fowler et al. 1977). Similarly, fatty changes and
inflammatory cell infiltration were seen in the livers of both normal and metallothionein-null mice
exposed to 5.6 mg arsenic/kg/day in the drinking water for 48 weeks (Liu et al. 2000). Increases in liver
zinc and copper concentrations were noted in rats receiving a single oral dose of 10 mg As/kg as sodium
arsenite (Flora and Tripathi 1998) and hepatic levels of malondialdehyde were increased and glutathione
levels were decreased in livers of rats receiving 200 mg As/kg as GaAs (Flora et al. 1998). An increase in
indices of peroxidation was reported in rats dosed with approximately 0.02 mg As/kg/day for 60 days
from drinking water containing 2.5 mg sodium arsenite/L (Bashir et al. 2006); absolute liver weight was
also increased at this dose level. Elevated levels of serum aspartate aminotransferase (AST) were
observed in rats administered a single oral dose of 100 mg As/kg as GaAs (Flora et al. 1998). Exposure
of guinea pigs to 0.69 or 1.7 mg As/kg/day in the drinking water for 16 weeks, but not in rats exposed to
0.92 or 2.3 mg As/kg/day, resulted in increases in delta-aminolevulinic acid synthetase (ALAS) levels
(Kannan et al. 2001). Exposure of BALB/C mice to 0.7 mg arsenic/kg/day in the drinking water for

15 months resulted in increased liver weights, changes in liver enzymes (glutathione S-transferase,
glutathione reductase, catalase, glucose-6-phosphate dehydrogenase, glutathione peroxidase), fatty liver,

and fibrosis (Santra et al. 2000).

Organic Arsenicals. No adverse hepatic effects were noted after ingestion of 1,714 mg/kg MSMA or
78 mg DMA/kg (as dimethyl arsenic acid and dimethyl arsenate) in a suicide attempt (Lee et al. 1995;

Shum et al. 1995). No other studies of the hepatic effects of organic arsenicals in humans were located.
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Histological examination of livers from rabbits given repeated oral doses of MMA showed diffuse
inflammation and hepatocellular degeneration (Jaghabir et al. 1989), but the lesions were not severe.
Male rats exposed to a time-weighted average (TWA) dose of 72.4 mg MMA /kg/day for 104 weeks
showed a decrease in absolute liver weight, while females exposed to 98.5 mg MMA /kg/day showed
histiocytic proliferation of the liver (Arnold et al. 2003); however, these effects were probably due to a
decrease in body weight and secondary complications of perforation and ulceration of the gastrointestinal
effect, respectively. Shen et al. (2003) reported increases in and the number of GST-P-positive foci in the
livers of rats exposed to average concentrations of 8.4 mg MMA/kg/day in the diet for 104 weeks. No
effects were observed in rats exposed to DMA (Siewicki 1981), but mice exposed to one or two oral
doses of 720 mg DM A/kg had decreased liver glutathione and cytochrome P-450 content and serum
ornithine decarboxylase activity (Ahmad et al. 1999a). Generalized icterus was reported in dogs after
acute exposure to roxarsone (Kerr et al. 1963). Some small fluctuations in liver weight have been noted
in rats and mice after intermediate oral exposure to roxarsone, but the toxicological significance of this is

not clear and is not observed after chronic exposure of rats and mice to lower doses (NTP 1989b).

Renal Effects.

Inorganic Arsenicals. Most case studies of acute and chronic arsenic toxicity do not report clinical signs
of significant renal injury, even when other systems are severely impaired (e.g., Cullen et al. 1995;
Franzblau and Lilis 1989; Jenkins 1966; Kersjes et al. 1987; Mizuta et al. 1956; Silver and Wainman
1952). In some cases, elevated serum levels of creatinine or bilirubin have been noted (Armstrong et al.
1984; Levin-Scherz et al. 1987; Moore et al. 1994b), and mild proteinuria may occur (Armstrong et al.
1984; Glazener et al. 1968; Tay and Seah 1975). Acute renal failure in some bolus poisoning episodes
(e.g., Fincher and Koerker 1987; Goebel et al. 1990; Levin-Scherz et al. 1987; Lugo et al. 1969; Moore et
al. 1994b) is probably a result of fluid imbalances or vascular injury (Rosenberg 1974; Zaldivar 1974).
Glomerular congestion has been observed after an acute exposure to high doses (Quatrehomme et al.

1992).

Studies in animals also indicate that the kidney is not a major target organ for inorganic arsenic (Byron et
al. 1967; Schroeder and Balassa 1967; Woods and Southern 1989), although some effects have been
reported at high exposure levels. Mild histological changes in the renal tubules of monkeys exposed to
arsenate for 2 weeks were noted by Heywood and Sortwell (1979), and some mild alterations in renal

mitochondria in rats exposed to arsenate for 6 weeks were noted by Brown et al. (1976). Mild proteinuria
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(Flora et al. 1998) and an increase in kidney zinc concentration (Flora and Tripathi 1998) have also been
noted in rats exposed orally to a single dose of 100 mg As/kg as GaAs or 10 mg As/kg as sodium arsenite,
respectively. These data suggest that the kidney is relatively less sensitive to arsenic than most other
organ systems, and renal effects are unlikely to be of concern except secondary to fluid imbalances or

cardiovascular injury.

Organic Arsenicals. No adverse renal effects were noted after ingestion of 1,714 mg MSMA/kg in a
suicide attempt (Shum et al. 1995). Animal studies have reported renal and urinary bladder effects
following oral exposure to organic arsenicals; the available data suggest that the urinary system is a more
sensitive target for DMA, than for MMA or roxarsone. A decrease in urine volume was observed in
rabbits following a single gavage dose of 30 mg MSMA/kg/day (Jaghabir et al. 1988) and a decrease in
urine volume (35 mg MMA/kg/day) and an increase in urine specific gravity (8 mg MMA/kg/day) were
observed in dogs administered MMA via capsule for 52 weeks (Waner and Nyska 1988). However, these
effects may be indicative of dehydration due to diarrhea rather than a direct effect on the kidney. In a
2-year study in rats (Arnold et al. 2003), an increase in the severity of progressive glomerulonephropathy
was observed in females at 33.9 mg MMA/kg/day. Hydronephrosis, pyelonephritis, cystitis, and
decreases in urine volume and pH were also observed 72.4 mg MMA/kg/day; however, the investigators
noted that these lesions probably resulted from urinary tract obstruction, which was secondary to
peritonitis caused by gastrointestinal tract ulcerations. An increased incidence of progressive
glomerulonephropathy was also observed in male mice exposed to >6.0 mg MMA/kg/day in the diet for
2 years (Arnold et al. 2003; incidence data reported in Gur et al. 1991); the investigators (Gur et al. 1991)
noted that the kidney lesions were consistent with the normal spectrum of spontaneous lesions and that

there were no differences in character or severity of the lesions between the different groups.

Exposure to DMA has resulted in kidney effects in rats and mice exposed to at least 3.1 or 37 mg
DMA/kg/day, respectively; no renal effects were observed in dogs exposed to doses as high as 40 mg
As/kg/day for 52 weeks (Zomber et al. 1989). In rats, the renal damage is characterized by increased
urine volume and pH, decreased urine osmolarity and electrolyte (sodium, potassium, chlorine) levels,
increased urinary calcium levels, and increased organ weight, nephrocalcinosis, and necrosis in the renal
papillae and/or cortex; an increase in water consumption is also typically observed. The LOAELSs for
these effects are 5-57 mg DMA/kg/day in intermediate-duration studies (Arnold et al. 1999; Crown et al.
1987; Murai et al. 1993) and 3.1 mg DMA/kg/day in a chronic-duration study (Arnold et al. 2006).
Another study did not find renal effects in rats exposed to 16.5 mg DMA/kg/day (Rubin et al. 1989). This

study involved exposure to Sprague-Dawley rats compared to Fischer 344 rats used in the studies with
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positive results; it is not known if this reflects a difference in strain sensitivity. In mice, progressive
glomerulonephropathy was observed at 37 mg DMA/kg/day and nephrocalcinosis was observed at 94 mg
DMA/kg/day (Arnold et al. 2006).

Increased kidney weights and minimal tubular epithelial cell degeneration, tubular casts, and focal
mineralization were observed in rats exposed to 32 mg/kg/day roxarsone for 13 weeks (NTP 1989b). No
adverse effects were observed in rats at doses as high as 20 mg/kg/day (Kerr et al. 1963; NTP 1989b) for
13 weeks or 10 mg/kg/day for 2 years (NTP 1989b; Prier et al. 1963). No adverse renal effects have been
observed in mice exposed to roxarsone doses as high as 136 mg/kg/day (NTP 1989b) or 43 mg/kg/day
(NTP 1989b; Prier et al. 1963) for intermediate or chronic durations, respectively, or in dogs exposed to

5 mg/kg/day for a chronic duration (Prier et al. 1963).

Damage to the urinary bladder has been observed in several studies in which rats were exposed to DMA.
The observed effects include altered bladder cell surface characteristics in rats exposed to 11 mg
DMA/kg/day in the diet for 2 weeks (Cohen et al. 2001), increased bladder weight and regenerative
proliferation (measured as an increase in BrdU labeling) in bladder epithelium at 5 mg DMA/kg/day for
10 weeks (Arnold et al. 1999), necrosis of bladder epithelium at 10 mg DMA/kg/day for 10 weeks
(Arnold et al. 1999), nodular or papillar hyperplasia at 3.4 mg DMA/kg/day for 2 years (Wei et al. 2002),
and urothelial vacuolar degeneration and hyperplasia of urothelial cells at 3.1 mg DMA/kg/day for 2 years
(Arnold et al. 2006). Vacuolization of the urothelium in the urinary bladder have also been observed in
mice exposed to 7.8 mg DMA/kg/day in the diet for 2 years (Arnold et al. 2006). Inconsistent results
were found for MMA. Hyperplasia was observed in the bladders of rats exposed to 1 mg As/kg/day as
MMA in drinking water for 2 years (Shen et al. 2003), but bladder effects were not observed in another
2-year study (Arnold et al. 2003) in which rats were exposed to doses as high as 34.8 mg As/kg/day as
MMA in the diet. No urinary bladder effects were found in rats and mice exposed to 64 or

136 mg/kg/day roxarsone for 13 weeks (NTP 1989b) or 4 or 43 mg/kg/day roxarsone for 2 years (NTP
1989b).

Endocrine Effects.

Inorganic Arsenicals. Very little has been written about the effects of oral exposure to arsenic on
endocrine glands. In a report of the autopsies of five children who died in Chile after chronic exposure to
arsenic in the drinking water, arterial thickening in the pancreas was noted (Rosenberg 1974). An

association has been demonstrated between exposure to arsenic in drinking water and an increased
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incidence of diabetes mellitus (Lai et al. 1994; Rahman et al. 1998; Tsai et al. 1999; Tseng et al. 2000;

Wang et al. 2003), although dose-response relationships are not available.

Exposure of rats to 2.3 mg As/kg/day as arsenic trioxide for 30 days resulted in reductions in the number
of islet cells in the pancreas, as well as significant reductions in pancreatic superoxide dismutase (SOD)
and catalase enzyme levels and increases in the production of nitric oxide and malondialdehyde

(Mukherjee et al. 2004).

Organic Arsenicals. No studies of effects of organic arsenic compounds on endocrine glands in humans
were found. Hypertrophy of thyroid epithelium was observed in rats exposed to 33.9 mg MMA/kg/day in
the diet for 2 years (Arnold et al. 2003), 4.0 mg DMA/kg/day in the diet for 13 weeks (Crown et al.
1987), 16.5 mg DMA/kg/day in the diet for at least 10 weeks (Rubin et al. 1989), and 7.8 mg
DMA/kg/day in the diet for 2 years (Arnold et al. 2006). No other biologically significant effects were
observed in other endocrine tissues following exposure to MMA or DMA. No adverse effects were seen
in the adrenal or pituitary glands, thyroid, or pancreas after intermediate or chronic exposure of rats (20—

64 or 4 mg/kg/day, respectively) and mice (136 or 43 mg/kg/day, respectively) to roxarsone (NTP 1989b).

Dermal Effects.

Inorganic Arsenicals. One of the most common and characteristic effects of arsenic ingestion is a pattern
of skin changes that include generalized hyperkeratosis and formation of hyperkeratotic warts or corns on
the palms and soles, along with areas of hyperpigmentation interspersed with small areas of
hypopigmentation on the face, neck, and back. These and other dermal effects have been noted in a large
majority of human studies involving repeated oral exposure (e.g., Ahmad et al. 1997, 1999b; Ahsan et al.
2000; Bickley and Papa 1989; Borgofio and Greiber 1972; Borgofio et al. 1980; Cebrian et al. 1983;
Chakraborti et al. 2003a, 2003b; Chakraborty and Saha 1987; Foy et al. 1992; Franklin et al. 1950;
Franzblau and Lilis 1989; Guha Mazumder et al. 1988, 1998a, 1998b, 1998c; Guo et al. 2001a; Haupert et
al. 1996; Huang et al. 1985; Lander et al. 1975; Liu et al. 2002; Liichtrath 1983; Milton et al. 2004;
Mizuta et al. 1956; Morris et al. 1974; Nagai et al. 1956; Piontek et al. 1989; Rosenberg 1974; Saha and
Poddar 1986; Silver and Wainman 1952; Szuler et al. 1979; Tay and Seah 1975; Tseng et al. 1968; Wade
and Frazer 1953; Wagner et al. 1979; Wong et al. 1998a, 1998b; Zaldivar 1974, 1977). In cases of low-
level chronic exposure (usually from water), these skin lesions appear to be the most sensitive indication
of effect, so this end point is considered to be the most appropriate basis for establishing a chronic oral

MRL. This is supported by the finding that other effects (hepatic injury, vascular disease, neurological
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effects) also appear to have similar thresholds. As shown in Table 3-3 and Figure 3-3, numerous studies
in humans have reported dermal effects at chronic dose levels generally ranging from about 0.01 to

0.1 mg As/kg/day (Ahmad et al. 1997; Bickley and Papa 1989; Borgofio and Greiber 1972; Borgoiio et al.
1980; Cebrian et al. 1983; Chakraborty and Saha 1987; Foy et al. 1992; Franklin et al. 1950; Guha
Mazumder et al. 1988; Huang et al. 1985; Liichtrath 1983; Piontek et al. 1989; Silver and Wainman 1952;
Tseng et al. 1968; Zaldivar 1974, 1977). However, in a study with detailed exposure assessment, all
confirmed cases of skin lesions ingested water containing >100 pg/L arsenic (approximately 0.0037 mg
As/kg/day) and the lowest known peak arsenic concentration ingested by a case was 0.115 ug/L
(approximately 0.0043 mg As/kg/day) (Haque et al. 2003). Another large study reported increased
incidence of skin lesions associated with estimated doses of 0.0012 mg As/kg/day (0.023 mg As/L
drinking water) (Ahsan et al. 2006). Several epidemiological studies of moderately sized populations
(20-200 people) exposed to arsenic through drinking water have detected no dermal or other effects at
average chronic doses of 0.0004—0.01 mg As/kg/day (Cebrian et al. 1983; EPA 1981b; Guha Mazumder
et al. 1988; Harrington et al. 1978; Valentine et al. 1985), and one very large study detected no effects in
any person at an average total daily intake (from water plus food) of 0.0008 mg As/kg/day (Tseng et al.
1968). This value has been used to calculate a chronic oral MRL for inorganic arsenic of

0.0003 mg/kg/day, as described in footnote c in Table 3-3.

Another prominent dermal effect associated with chronic ingestion of inorganic arsenic is skin cancer. As
discussed in greater detail in Section 3.2.2.7 (below), some of these skin cancers may evolve from the
hyperkeratotic corns or warts, while the areas of altered pigmentation are not considered to be

precancerous (EPA 1988d).

Dermal lesions similar to those observed in humans have not been noted in oral exposure studies in
monkeys (Heywood and Sortwell 1979), dogs (Byron et al. 1967), or rodents (Schroeder et al. 1968).
However, a hyperplastic response to oral arsenic exposure was reported in arsenic-exposed mice

(Rossman et al. 2004).

Organic Arsenicals. No studies were located regarding dermal effects in humans after oral exposure to
organic arsenicals. No gross or histological skin alterations were observed in rats or mice following
intermediate- or chronic-duration exposure to MMA (Arnold et al. 2003; as reported in Crown et al. 1990;
Gur et al. 1991), DMA (Arnold et al. 2006; as reported in Gur et al. 1989a, 1989b), or roxarsone (NTP
1989Db)
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Ocular Effects.

Inorganic Arsenicals. Periorbital swelling was reported in people drinking contaminated well water at an
approximate dose of 0.2 mg As/kg for 1 week (Armstrong et al. 1984). Facial edema, generally involving
the eyelids, was a prominent feature of arsenic poisoning among 220 cases associated with an episode of
arsenic contamination of soy sauce in Japan (Mizuta et al. 1956). Exposure was to an estimated dose of
0.05 mg/kg/day and lasted for up to 2—3 weeks. The edema developed soon after the initial exposure and
then subsided. This effect forms the basis (in part) for the acute oral MRL of 0.005 mg/kg/day for
inorganic arsenic, as described in footnote b in Table 3-3. Nemec et al. (1998) noted the appearance of
dried red material around the eyes of mice receiving daily oral doses of 24 mg As/kg as arsenic acid for

10 days during gestation.

Organic Arsenicals. No studies were located regarding ocular effects in humans or animals after oral
exposure to organic arsenicals. No gross or histological alterations in the eye were observed in rats or
mice following intermediate- or chronic-duration exposure to MMA (Arnold et al. 2003; as reported in
Crown et al. 1990; Gur et al. 1991), DMA (Arnold et al. 2006; as reported in Gur et al. 1989a, 1989b), or
roxarsone (NTP 1989b).

Body Weight Effects.

Inorganic Arsenicals. A 41-year old woman exposed to arsenic in the drinking water for 4 months at an
approximate dose of 0.06 mg As/kg/day reported losing 40 pounds (18 kg) of body weight before seeking
treatment (Wagner et al. 1979). Weight loss was also among the effects observed in a series of

475 chronic arsenism patients hospitalized in Antofagasto, Chile after receiving approximate doses of

0.02 mg As/kg/day in the drinking water for an unspecified number of years (Zaldivar 1974).

Reductions in body weight gain are commonly seen in animal studies of ingested arsenic. In pregnant
rats, body weight gain was reduced by gavage treatment with 23 mg As/kg/day as arsenic trioxide on

day 9 of gestation (NOAEL=15 mg As/kg/day, Stump et al. 1999), and by repeated gavage treatment with
8 mg As/kg/day as arsenic trioxide from 2 weeks prior to mating through gestation (NOAEL=4 mg
As/kg/day, Holson et al. 2000). Exposure of rats by gavage to 26.6 mg As/kg/day as sodium arsenite, but
not 13.3 mg As/kg/day or lower, 5 days/week for 4 weeks resulted in a significant decrease in body
weight (Schulz et al. 2002). In 6-week rat studies, body weight gain was decreased at 11-12 mg
As/kg/day, but not at 6-9 mg As/kg/day (Brown et al. 1976; Fowler et al. 1977). In a 12-week oral
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gavage study, rats dosed with 1.5 mg/kg/day sodium arsenite had a median final body weight 18% lower
than controls Dhar et al. (2005). A 60-day rat study with sodium arsenite in the drinking water reported a
13% reduction in final body weight in rats dosed with approximately 0.02 mg As/kg/day (Bashir et al.
2006). In chronic rat studies of arsenate and arsenite, body growth decreases were found at doses as low
as 2 mg As/kg/day in feeding studies (Byron et al. 1967; Kroes et al. 1974), while rats exposed to lower
levels of sodium arsenite in the drinking water (0.6 mg As/kg/day) throughout their lifetimes grew
normally (Schroeder et al. 1968). Rats given a single oral dose of 100 mg As/kg as GaAs exhibited a
15% reduction in body weight compared to controls 7 days after exposure (Flora et al. 1998). Body
weight gain was decreased in mice at 24 mg As/kg/day in a gestation exposure study (Nemec et al. 1998),
10 mg As/kg/day in a 6-week study (Fowler and Woods 1979), and 1 mg As/kg/day in a 2-year study
(Schroeder and Balassa 1967). Growth was unaffected in mice that received 12 mg As/kg/day in the
gestation exposure study (Nemec et al. 1998), 5 mg As/kg/day in the 6-week study (Fowler and Woods
1979), or 0.7-0.8 mg As/kg/day in 1-3 month arsenate drinking water studies (Healy et al. 1998). Dogs
chronically treated with 2.4 mg As/kg/day as sodium arsenite lost 44—61% of their starting body weight
and died, while lower doses had no effect on growth (Byron et al. 1967). Weight depression was also
reported in dogs chronically treated with 2.4 mg As/kg/day as sodium arsenate (Byron et al. 1967). Feed
consumption and body weight gain were significantly reduced in a dose-related manner in dogs fed 1.5 or
1.9 mg As/kg/day as sodium arsenite in the diet (Neiger and Osweiler 1989). Dogs in the high-dose
group lost 25% of their body weight over the 17-week study period. Pair-fed controls lost weight at the
same rate as high-dose dogs, showing that the effect on body weight was due to reduced feed

consumption, rather than a direct effect of arsenic.

Organic Arsenicals. No studies were located regarding body weight effects in humans after oral
exposure to organic arsenicals. In animal studies of organic arsenicals, decreases in body weight gain
were observed in rats and mice after acute, intermediate, and chronic duration exposure to MMA (Arnold
et al. 2003; Waner and Nyska 1988), DMA (Murai et al. 1993), and roxarsone (NTP 1989b); decreases in
body weight gain have also been reported in pregnant rats and rabbits exposed to MMA (Irvine et al.
2006) or DMA (Irvine et al. 2006; Rogers et al. 1981). For MMA, the decreases in body weight gain
were observed following intermediate-duration exposure of rats and dogs to 106.9 or 8 mg MMA /kg/day
(Arnold et al. 2003; Waner and Nyska 1988), respectively, and following chronic-duration exposure of
rats, mice, and dogs to 25.7, 67.1, or 8 mg MMA/kg/day, respectively (Arnold et al. 2003; Waner and
Nyska 1988). The decreases in body weight gain occurred at doses that were associated with diarrhea and
histological alterations in the gastrointestinal tract (Arnold et al. 2003; Waner and Nyska 1988). One

DMA study in nonpregnant animals reported decreases in body weight gain in rats administered 57 mg
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DMA/kg/day via gavage 5 days/week for 4 weeks (Murai et al. 1993); other DMA studies have not
reported decreases in body weight gain in rats following exposure to 11 mg DMA/kg/day for acute
durations (Cohen et al. 2001), 3.7-60 mg DMA/kg/day for intermediate durations (Arnold et al. 1999;
Crown et al. 1987; Rubin et al. 1989; Siewicki 1981; Wanibuchi et al. 1996; Yamamoto et al. 1995), or
0.77 mg DMA/kg/day for chronic durations (Arnold et al. 2006). No alterations in body weight gain were
observed in mice exposed to 94 mg DMA/kg/day for 2 years (Arnold et al. 2006). The lowest doses of
roxarsone to produce a decrease in growth were 32 and 16 mg/kg/day in rats following acute- or
intermediate-duration exposure, respectively, and 168 and 136 mg/kg/day in mice following acute or
intermediate exposure (NTP 1989b); at the highest dose tested in chronic studies, no significant
alterations in body weight gain were observed in rats at 4 mg/kg/day or in mice at 43 mg/kg/day (NTP
1989Db).

3.2.2.3 Immunological and Lymphoreticular Effects

Inorganic Arsenicals. No studies were located regarding immunological and lymphoreticular effects in
humans after oral exposure to inorganic arsenicals. No evidence of immunosuppression was detected in
mice exposed to arsenate at levels up to 100 ppm (20 mg As/kg/day) in drinking water (Kerkvliet et al.
1980). This NOAEL is shown in Table 3-3 and Figure 3-3. Gallium arsenide at doses of 52-260 mg
As/kg/day produced significant, dose-related decreases in relative spleen weight, spleen cellularity,
humoral immune response (antibody forming cell response to sheep RBC), and delayed type
hypersensitivity in rats (Flora et al. 1998). However, it is not clear to what extent these effects are due to

the arsenic moiety.

Organic Arsenicals. No studies were located regarding immunological and lymphoreticular effects in
humans or animals after oral exposure to organic arsenicals. No histological alterations were observed in
immunological or lymphoreticular tissues following intermediate-duration exposure of rats to 43.2 mg
DMA/kg/day in the diet (Crown et al. 1987) or rats and mice to 18.23 or 38.7 mg As/kg/day as roxarsone,
respectively (NTP 1989b) or following chronic-duration exposure of rats and mice to 72.4 or 67.1 mg
MMA/kg/day (Arnold et al. 2003), 7.8 or 94 mg DMA/kg/day (Arnold et al. 2006), or 4 or 43 mg/kg/day
roxarsone (NTP 1989b). No studies examined immune function following oral exposure to organic

arsenicals.
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3.2.2.4 Neurological Effects

Inorganic Arsenicals. A large number of epidemiological studies and case reports indicate that ingestion
of inorganic arsenic can cause injury to the nervous system. Acute, high-dose exposures (2 mg As/kg/day
or above) often lead to encephalopathy, with signs and symptoms such as headache, lethargy, mental
confusion, hallucination, seizures, and coma (Armstrong et al. 1984; Bartolome et al. 1999; Civantos et
al. 1995; Cullen et al. 1995; Danan et al. 1984; Fincher and Koerker 1987; Levin-Scherz et al. 1987;
Quatrehomme et al. 1992; Uede and Furukawa 2003; Vantroyen et al. 2004). Repeated exposures to
lower levels (0.03—-0.1 mg As/kg/day) are typically characterized by a symmetrical peripheral neuropathy
(Chakraborti et al. 2003a, 2003b; Foy et al. 1992; Franzblau and Lilis 1989; Guha Mazumder et al. 1988;
Hindmarsh et al. 1977; Huang et al. 1985; Lewis et al. 1999; Mizuta et al. 1956; Muzi et al. 2001; Silver
and Wainman 1952; Szuler et al. 1979; Wagner et al. 1979). This neuropathy usually begins as numbness
in the hands and feet, but later may develop into a painful "pins and needles" sensation. Both sensory and
motor nerves are affected, and muscle weakness often develops, sometimes leading to wrist-drop or
ankle-drop (Chhuttani et al. 1967; Heyman et al. 1956). Diminished sensitivity to stimulation and
abnormal patellar reflexes have also been reported (Mizuta et al. 1956). Histological examination of
nerves from affected individuals reveals a dying-back axonopathy with demyelination (Goebel et al.

1990; Hindmarsh and McCurdy 1986). Some recovery may occur following cessation of exposure, but
this is a slow process and recovery is usually incomplete (Fincher and Koerker 1987; Le Quesne and
McLeod 1977; Murphy et al. 1981). Peripheral neuropathy is also sometimes seen following acute high-
dose exposures, with or without the previously described encephalopathy (Armstrong et al. 1984; Baker et
al. 2005; Fincher and Koerker 1987; Goebel et al. 1990; Hantson et al. 1996; Kamijo et al. 1998).
Neurological effects were not generally found in populations chronically exposed to doses of 0.006 mg
As/kg/day or less (EPA 1981b; Harrington et al. 1978; Hindmarsh et al. 1977), although fatigue,
headache, dizziness, insomnia, nightmare, and numbness of the extremities were among the symptoms
reported at 0.005, but not 0.004 mg As/kg/day in a study of 31,141 inhabitants of 77 villages in Xinjiang,
China (Lianfang and Jianzhong 1994), and depression was reported in some Wisconsin residents exposed

to 2-10 pg As/L in the drinking water for 20 years or longer (Zierold et al. 2004).

There is emerging evidence suggesting that exposure to arsenic may be associated with intellectual
deficits in children. For example, Wasserman et al. (2004) conducted a cross-sectional evaluation of
intellectual function in 201 children 10 years of age whose parents were part of a larger cohort in
Bangladesh. Intellectual function was measured using tests drawn from the Wechsler Intelligence Scale

for Children; results were assessed by summing related items into Verbal, Performance, and Full-Scale
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raw scores. The mean arsenic concentration in the water was 0.118 mg/L. The children were divided into
four exposure groups, representing <5.5, 5.6-50, 50-176, or 177-790 pg As/L drinking water. After
adjustment for confounding factors, a dose-related inverse effect of arsenic exposure was seen on both
Performance and Full-Scale subset scores; for both end points, exposure to >50 pg/L resulted in
statistically significant differences (p<0.05) relative to the lowest exposure group (<5.5 pg/L). In a later
report, the same group of investigators examined 301 6-year-old children from the same area (Wasserman
et al. 2007). In this case, the children were categorized into the following quartiles based on water arsenic
concentration: 0.1-20.9, 21-77.9, 78-184.9, and 185-864 pg/L. After adjustment for water Mn, blood
lead, and sociodemographic features known to contribute to intellectual function, water arsenic was
significantly negatively associated with both Performance and Processing speed raw scores. Analyses of
the dose-response showed that compared to the first quartile, those in the second and third categories had
significantly lower Performance raw scores (p<0.03 and p=0.05, respectively). Those in the fourth
category had marginally significantly lower Full-Scale and Processing Speed raw scores. It should be
mentioned, however, that in general, arsenic in the water explained <1% of the variance in test scores.
Water arsenic made no contribution to IQ outcomes. A study of 351 children age 515 years from West
Bengal, India, found significant associations between urinary arsenic concentrations and reductions in
scores of tests of vocabulary, object assembly, and picture completion; the magnitude of the reductions
varied between 12 and 21% (von Ehrenstein et al. 2007). In this cohort, the average lifetime peak arsenic
concentration in well water was 0.147 mg/L. However, no clear pattern was found for increasing
categories of peak arsenic water concentrations since birth and children’s scores in the various
neurobehavioral tests conducted. Furthermore, using peak arsenic as a continuous variable in the
regression models also did not support an adverse effect on the tests results. Exposure to arsenic in utero
also did not suggest an association with the tests scores. Von Ehrestein et al. (2007) concluded that the
study provided little evidence for an effect of long-term arsenic concentrations in drinking water and that
the lack of findings with past exposures via drinking water may be due to incomplete assessment of past
exposure, particularly exposure originating from food. Wasserman’s results are consistent with those of
ecological studies in children in Taiwan (Tsai et al. 2003) and in China (Wang et al. 2007). In the former,
adolescents exposed to low (0.0017-0.0018 mg As/kg/day; n=20) levels of inorganic arsenic in the
drinking water showed decreased performance in the switching attention task, while children in the high
exposure group (0.0034-0.0042 mg As/kg/day; n=29) showed decreased performance in both the
switching attention task and in tests of pattern memory, relative to unexposed controls (n=60). In the
study in China (age 8— 12 years), 87 children whose mean arsenic concentration in the drinking water was
0.190 mg/L had a mean IQ score of 95 compared with 101 for children (n=253) with 0.142 mg/L arsenic
in the water and 105 for control children (n=196) with 0.002 mg/L arsenic in the drinking water (Wang et
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al. 2007). The differences in IQ scores between the two exposure groups and the control group were

statistically significant.

Neurological effects have also been observed in animal studies. Rodriguez et al. (2001) evaluated
neurobehavioral changes in male Sprague-Dawley rats exposed to 0, 5, 10, or 20 mg As/kg/day as sodium
arsenite by gavage for 2 or 4 weeks; significant effects were seen in spontaneous locomotor activity and
the food pellet manipulation test in the high-dose animals, while no effects were seen in the low- or mid-
dose rats. Decreased performance in open field tests were also seen in rats exposed to 26.6 mg
As/kg/day, but not to 13.3 mg/kg/day or less, as sodium arsenite for 4 weeks (Schulz et al. 2002);
curiously, the behavioral changes were no longer present at 8 and 12 weeks of exposure, which may
suggest an adaptive response. Heywood and Sortwell (1979) reported salivation and uncontrolled head
shaking in two monkeys given several doses of 6 mg As/kg/day as arsenate, while no such effects were
noted in monkeys given 3 mg As/kg/day for 2 weeks. Nemec et al. (1998) observed ataxia and
prostration in pregnant female rabbits treated with 1.5 mg As/kg/day repeatedly during gestation, but not
in rabbits treated with 0.4 mg As/kg/day. Some changes in levels of neurotransmitters (dopamine,
norepinephrine, and 5-hydroxytryptamine) were seen in rats exposed to 2.3 mg As/kg/day as sodium
arsenite and guinea pigs exposed to 1.7 mg As/kg/day as sodium arsenite in the drinking water for

16 weeks (Kannan et al. 2001) or in rats exposed to 0.14 mg As/kg/day as sodium arsenite by gavage for
28 days (Chattopadhyay et al. 2001), but the functional significance of these changes is not clear.

The highest NOAEL values and all reliable LOAEL values for neurological effects from inorganic arsenic

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

Organic Arsenicals. Numbness and tingling of the fingertips, toes, and circumoral region were reported
by a women exposed to an unspecified amount of organic arsenic in bird’s nest soup. Discontinuation of
exposure resulted in the disappearance of symptoms (Luong and Nguyen 1999). Decreased absolute
brain weights were seen in male rats exposed to 25.7 mg MMA/kg/day and female rats exposed to

>33.9 mg MMA/kg/day, but decreased body weight also occurred at these exposure levels, and relative
brain weights were increased in the males at 25.7 mg MMA/kg/day and the females at >33.9 mg
MMA/kg/day in this study (Arnold et al. 2003). No neurological clinical signs or brain lesions were
observed following chronic exposure of rats to 72.4 mg MMA/kg/day or mice to 67.1 mg MMA/kg/day
(Arnold et al. 2003). Decreased spontaneous motility, increased startle response, and ataxia were
observed in mice receiving a single gavage dose of 1,757 mg DMA/kg/day (Kaise et al. 1989); no other

evidence (clinical signs or histological alterations) were observed in chronic studies of DMA in which
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rats and mice were exposed to 7.8 or 94 mg DMA/kg/day, respectively (Arnold et al. 2006). Two studies
in pigs indicate that repeated oral doses of roxarsone (6.3—20 mg/kg/day for 1 month) can cause
significant neurotoxicity (Edmonds and Baker 1986; Kennedy et al. 1986; Rice et al. 1985). The main
signs were time-dependent degenerations of myelin and axons (Kennedy et al. 1986; Rice et al. 1985).
Evidence of neurological effects (hyperexcitability, ataxia, trembling) was noted in some rat and mouse
studies (Kerr et al. 1963; NTP 1989b). Reliable NOAELs and LOAELSs are presented in Tables 3-4, 3-5,
and 3-6, and Figures 3-4, 3-5, and 3-6.

3.2.2.5 Reproductive Effects

Inorganic Arsenicals. Exposure to arsenic in drinking water has been associated with adverse
reproductive outcomes in some studies. For example, a study of 96 women in Bangladesh who had been
drinking water containing >0.10 mg As/L (approximately 0.008 mg As/kg/day) for 5-10 years reported a
significant increase in spontaneous abortions (p=0.008), stillbirth (p=0.046), and preterm birth (p=0.018)
compared to a nonexposed group (Ahmad et al. 2001). Similar results were reported by Milton et al.
(2005) who found a significant association between concentrations of arsenic in the water >0.05 mg/L
(approximately 0.006 mg As/kg/day) and spontaneous abortion (odds ratio [OR]=2.5; 95% CI=1.5-4.3) in
a study of 533 women, also from Bangladesh. A study of 202 women from West Bengal, India, reported
that exposure to arsenic concentrations of arsenic >0.2 mg/L in drinking water (approximately 0.02 mg
As/kg/day) during pregnancy were associated with a 6-fold increased risk of stillbirth (OR=6.1; 95%
CI=1.54-24.0) after adjustment for confounders (von Ehrenstein et al. 2006). No association was found
between arsenic exposure and risk of spontaneous abortion (OR=1.01; 95% CI=0.73-10.8). An earlier
study of 286 women in the United States also found no significant association between arsenic in the
drinking water (0.0016 mg/L; approximately 0.00005 mg As/kg/day) and spontaneous abortion (OR=1.7;
95% CI=0.7-4.2) (Aschengrau et al. 1989).

Lugo et al. (1969) reported a case of a 17-year-old mother who ingested inorganic arsenic (Cowley's Rat

and Mouse Poison) at week 30 of pregnancy. Twenty-four hours after ingestion of approximately 30 mL
of arsenic trioxide (0.39 mg As/kg), she was admitted for treatment of acute renal failure. She went into

labor and delivered a live female infant weighing 2 pounds, 7 ounces with a 1-minute Apgar score of 4.

The infant's clinical condition deteriorated and she died at 11 hours of age.

Reproductive performance was not affected in female rats that received gavage doses of 8 mg As/kg/day

(as As,0O;) from 14 days prior to mating through gestation day 19 (Holson et al. 2000). Reproductive
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indices that were evaluated included the precoital interval (time to mating), mating index (percentage of
rats mated), and fertility index (percentage of matings resulting in pregnancy). In a 3-generation study in
mice given sodium arsenite in drinking water at an average dose of 1 mg As/kg/day, there was a
significant increase in the incidence of small litters and a trend toward a decreased number of pups per
litter in all three generations of the treated group (Schroeder and Mitchener 1971). This finding is
consistent with the results of developmental toxicity studies reported in Section 3.2.2.6. Female rats
exposed to 0.24 mg As/kg/day (as arsenite) for 28 days showed changes in several reproductive system
end points, including decreases in wet weights of the ovary and uterus, inhibition of steroidogenic
enzymes, decreased ovarian and uterine peroxidase activities, and decreased estradiol levels relative to
controls (Chattopadhyay et al. 2001). NOAEL and LOAEL values from these studies are shown in
Table 3-3 and Figure 3-3.

Organic Arsenicals. No studies were located regarding reproductive effects in humans after oral
exposure to organic arsenicals. No histological alterations in male or female reproductive tissues were
observed in laboratory animals following exposure to MMA (Arnold et al. 2003), DMA (Arnold et al.
20006), or roxarsone (NTP 1989b) and no alterations in sperm parameters were observed in male rats
exposed to 76 mg MMA/kg/day for at least 14 weeks (Schroeder 1994). However, some functional
alterations have been reported in animals exposed to MMA or DMA. A decrease in estrus was observed
in dogs exposed to 35 mg MMA/kg/day for 52 weeks (Waner and Nyska 1988); decreases in body weight
gain (terminal body weight was 59% lower than controls) were also observed at this dose level and the
effect may have been secondary to systemic toxicity. Decreases in pregnancy rate and male fertility index
were observed in Fy and F; rats exposed to 76 mg MMA/kg/day for 14 weeks prior to mating and during
the mating, gestation, and lactation periods (Schroeder 1994). In the F, animals, the pregnancy rate and
male fertility index were not statistically different from controls; however, the values were below
historical controls and the investigators considered the effect to be treatment-related. In the F; animals,
the male fertility index was statistically different from controls but the pregnancy rate was not; both
parameters were within the range found in historical controls, but the investigators considered the effect
to be treatment-related due to the consistency of the findings in the Fy and F; animals. Impaired fertility,
as evidenced by a decreased number of litters, was observed in male mice dosed with MSMA

(119 mg/kg/day) during a 19-day mating period with unexposed females (Prukop and Savage 1986); the
poor reporting of the study protocol and results precludes drawing conclusions from this study. An
increase in the number of does with aborted fetuses was observed in rabbits exposed to 48 mg

DMA/kg/day as DMA (Irvine et al. 2006); severe maternal toxicity (weight loss, reduced food intake, and
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diarrhea) was also observed at this dose level. No reproductive effects were observed in a 2-generation

rat study in which rats were exposed to 16.5 mg DMA/kg/day (Rubin et al. 1989).

3.2.2.6 Developmental Effects

Inorganic Arsenicals. Whether ingestion of inorganic arsenic may cause developmental effects in
humans has not been extensively investigated. Lugo et al. (1969) reported a case of a mother who
ingested inorganic arsenic (Cowley's Rat and Mouse Poison) at 30 weeks of gestation. Twenty-four hours
after ingestion, she went into labor and delivered a live female infant weighing 2 pounds, 7 ounces with a
I-minute Apgar score of 4. The infant's clinical condition deteriorated with frequent episodes of apnea
and bradycardia; subsequent venous blood gas determinations documented hypoxia, hypercapnea, and
acidosis. The infant died at 11 hours of age. Autopsy performed 8 hours after death showed organ
immaturity, generalized petechial hemorrhages, and hyaline membrane disease. Severe intra-alveolar
pulmonary hemorrhage was remarkable. High arsenic levels were found in the infant’s liver, kidney, and
brain, demonstrating easy passage of inorganic arsenic across the placenta. The authors considered most
of the findings in the neonate to be attributable to immaturity, but suggested that arsenic may have played

arole in the severe intra-alveolar hemorrhaging that contributed to death.

Chronic exposure of women to arsenic in the drinking water has been associated with infants with low
birth weights in Taiwan (Yang et al. 2003) and Chile (Hopenhayn et al. 2003a). Similar associations have
been made between late fetal mortality, neonatal mortality, and postneonatal mortality and exposure to
high levels of arsenic in the drinking water (up to 0.86 mg/L during over a decade), based on comparisons
between subjects in low- and high-arsenic areas of Chile (Hopenhayn-Rich et al. 2000). More recently,
von Ehrenstein et al. (2006) reported no significant association between exposure to concentrations of
>0.1 mg/L arsenic in drinking water (approximately 0.008 mg As/kg/day) (n=117; 29 women were
exposed to >0.5 mg/L) and increased risk for neonatal death or infant mortality during the first year of life
in a study of a population in West Bengal, India. The same group of investigators reported significantly
increased SMRs for lung cancer and bronchiectasis among subjects in a city in Chile who had probable
exposure in utero (maternal exposure) or during childhood to high levels of arsenic (near 0.9 mg/L) in the
drinking water (Smith et al. 2006). For those exposed in early childhood, the SMR for lung cancer was
7.0 (95% CI=5.4-8.9, p<0.001) and for bronchiecstasis 12.4 (95% CI=3.3-31.7, p<0.001). For those
born during the high-exposure period, the corresponding SMRs were 6.1 (95% CI=3.5-9.9, p<0.001) and
46.2 (95% CI=21.1-87.7, p<0.001). The mortality data analyzed were for the age range 30—49 years.
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No overall association between arsenic in drinking water and congenital heart defects was detected in a
case-control study in Boston (Zierler et al. 1988), although an association with one specific lesion
(coarctation of the aorta) was noted (OR=3.4, 95% CI=1.3-8.9). A study of 184 women with neural tube
defects in the offspring living in a Texas county bordering Mexico found that exposure to levels of
arsenic in the drinking water >0.010 mg/L (range or upper limit not specified) did not significantly

increase the risk for neural tube defects (OR=2.0, 95% CI=0.1-3.1) (Brender et al. 2006).

Studies in animals, however, suggest that ingested inorganic arsenic may produce developmental effects
at high doses that also produce overt maternal toxicity. Rats treated with a single gavage dose of 23 mg
As/kg as arsenic trioxide on day 9 of gestation had a significant increase in postimplantation loss and a
decrease in viable fetuses per litter, while those treated with 15 mg As/kg showed no effects (Stump et al.
1999). Rats treated by daily gavage with 8 mg As/kg/day starting 14 days before mating and continuing
through gestation had significantly reduced fetal body weights and significantly increased incidences of
several skeletal variations (unossified sternebrae #5 or #6, slight or moderate sternebrae malalignment,
7th cervical ribs) that the researchers considered to be consequences of developmental growth retardation
(Holson et al. 2000). No developmental effects were found at 4 mg As/kg/day in this study. Exposure of
rats to 2.93-4.20 mg As/kg/day throughout gestation and for 4 months postnatally resulted in alterations
in neurobehavioral parameters in the offspring, including increased spontaneous locomotor activity and
number of errors in a delayed alternation task; maternal behavior was not affected (Rodriguez et al. 2002).
Studies in mice found increased fetal mortality, decreased fetal body weight, a low incidence of gross
malformations (primarily exencephaly), and an increase in skeletal malformations in mice given single
gavage doses of 23—48 mg As/kg during gestation (Baxley et al. 1981; Hood et al. 1978), with no effects
at 11 mg As/kg. Similarly, in mice treated with 24 mg As/kg/day as arsenic acid on days 6—15 of
gestation, there was a significant increase in the number of resorptions per litter (42% vs. 4% in controls)
and significant decreases in the number of live pups per litter (6.6 vs. 12.3 in controls) and mean fetal
weight (1.0 g vs. 1.3 g in controls), while no developmental effects were found at 12 mg As/kg/day
(Nemec et al. 1998). Hamsters treated with a single gavage dose of 14 mg As/kg during gestation also
had increased fetal mortality and decreased fetal body weight (Hood and Harrison 1982), with no effect at
11 mg As/kg. However, the most sensitive species was the rabbit, which had increased resorptions and
decreased viable fetuses per litter at 1.5 mg As/kg/day and a developmental NOAEL of 0.4 mg
As/kg/day, following repeated gavage dosing with arsenic acid during gestation (Nemec et al. 1998). In
each of these studies (except Hood et al. 1978, which failed to report maternal effects), overt maternal

toxicity, including death in some cases, was found at the same or lower doses as the developmental
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effects (Baxley et al. 1981; Holson et al. 2000; Hood and Harrison 1982; Nemec et al. 1998; Stump et al.
1999).

It is noteworthy that the effect in the 3-generation reproduction study in mice by Schroeder and Mitchener
(1971), decreased pups per litter (all generations), is consistent with the findings of many of these shorter-
term studies (Baxley et al. 1981; Hood and Harrison 1982; Hood et al. 1978; Nemec et al. 1998; Stump et
al. 1999). The dose in this long-term study was 1 mg As/kg/day; in a 2-year study by these researchers,
this dose produced effects such as decreased body weight gain and increased mortality (Schroeder and

Balassa 1967).

A series of studies presented evidence that inorganic arsenic may be a transplacental carcinogen in
animals. Waalkes et al. (2003, 2004a, 2004b, 2004c) exposed timed-pregnant AJ mice to 0, 42.5, or

85 ppm of sodium arsenite in the drinking water from gestation day 8 through 18 and observed the
offspring for 90 weeks following birth; the study authors estimated daily doses at 9.55 and 19.3 mg
As/kg/day. A dose-related increase was reported in the incidence of hepatocellular carcinomas and
adrenal tumors in the male offspring from both treatment levels, while male offspring from high-dose
animals showed an increase in total number of tumors. In female offspring, an increase in uterine
hyperplasia was seen in the offspring of both treated groups while the offspring of high-dose animals
showed increased incidence of lung carcinomas. For both exposed groups, regardless of gender, the
offspring showed a significant increase in the number of malignant tumors (Waalkes et al. 2003). More
recent studies from the same group of investigators have suggested that aberrant estrogen signaling,
potentially through inappropriate estrogen receptor-o (ER-a), may play a role in arsenic-induced liver
tumors in male offspring (Waalkes et al. 2006a) and in arsenic-induced uterine and bladder carcinoma in
female offspring (Waalkes et al. 2006b). The latter was based on the observation of over-expression of

ER-a and pS2, an estrogen-regulated gene, in the respective tissues.

These studies (shown in Table 3-3 and Figure 3-3) indicate that the fetus may be affected by ingested

arsenic.

Organic Arsenicals. No studies were located regarding developmental effects in humans after oral
exposure to organic arsenicals. The developmental toxicity of organic arsenicals has been investigated in
rats and rabbits for MMA and in rats, mice, and rabbits for DMA. Decreased fetal weights and an
increased incidence of fetuses with incomplete ossification of thoracic vertebrae were observed in the

offspring of rats administered via gavage 500 mg MMA/kg/day on gestational days 6—15; no
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developmental effects were observed at 100 mg MMA/kg/day (Irvine et al. 2006). Decreases in maternal
body weight gain were observed at 100 and 500 mg MMA/kg/day. A decrease in pup survival was
observed in F; and F, offspring of rats exposed to 76 mg MMA/kg/day (Schroeder 1994); although pup
survival was not statistically different from controls, the investigators considered the effect to be
biologically significant because survival in the MMA pups was outside the lower range of survival in
historical controls. Increases in the number of fetuses with supernumerary thoracic ribs and eight lumbar
vertebrae were observed in the offspring of rabbits administered to 12 mg MMA/kg/day on gestational
days 7-19 (Irvine et al. 2006); the investigators noted that these effects were probably secondary to

maternal stress.

No developmental effects were observed in the offspring of rats administered via gavage 15 mg
DMA/kg/day on gestational days 7—16 (Rogers et al. 1981). At 30 mg DMA/kg/day, there was an
increase in the percentage of fetuses with irregular palatine rugae; no maternal effects were observed at
this dose level (Rogers et al. 1981). The investigators noted that the functional significance of aberrant
rugae in rats is not known. Doses of >36 mg DMA/kg/day resulted in decreases in fetal weights and
delays in ossification (Chernoff et al. 1990; Irvine et al. 2006; Rogers et al. 1981); decreases in maternal
body weight gain were often observed at the same dose levels. Irvine et al. (2006) also reported an
increase in the occurrence of diaphragmatic hernia in the offspring of rats exposed to 36 mg DMA/kg/day
as DMA on gestational days 6—-15. Mice appear to be less sensitive than rats to the developmental
toxicity of DMA. No developmental effects were observed in the offspring of mice administered 200 mg
DMA/kg/day on gestational days 7—16 (Rogers et al. 1981); at higher doses, decreases in fetal body
weight, delays in ossification, and cleft palate were observed (Kavlock et al. 1985; Rogers et al. 1981). In
rabbits, a NOAEL of 12 mg DMA/kg/day was identified (Irvine et al. 2006); at 48 mg DMA/kg/day, there

were increased maternal deaths and abortions.

3.2.2.7 Cancer

Inorganic Arsenicals. There is convincing evidence from a large number of epidemiological studies and
case reports that ingestion of inorganic arsenic increases the risk of developing skin cancer (Alain et al.
1993; Beane Freeman et al. 2004; Bickley and Papa 1989; Cebrian et al. 1983; Chen et al. 2003; Guo et
al. 2001a; Haupert et al. 1996; Hsueh et al. 1995; Lewis et al. 1999; Liichtrath 1983; Mitra et al. 2004;
Morris et al. 1974; Piontek et al. 1989; Sommers and McManus 1953; Tay and Seah 1975; Tsai et al.
1998a, 1999; Tseng 1977; Tseng et al. 1968; Zaldivar 1974; Zaldivar et al. 1981). Lesions commonly

observed are multiple squamous cell carcinomas, some of which appear to develop from the
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hyperkeratotic warts or corns described in Section 3.2.2.2. In addition, multiple basal cell carcinomas
may occur, typically arising from cells not associated with hyperkeratinization. In most cases, skin cancer
develops only after prolonged exposure, but one study has reported skin cancer in people exposed for

<1 year (Reymann et al. 1978). Although both types of skin cancer can be removed surgically, they may
develop into painful lesions that may be fatal if left untreated (Shannon and Strayer 1989).

A number of studies that identify CELs in exposed humans are summarized in Table 3-3 and shown in
Figure 3-3. The EPA reviewed the studies that provided dose-response data on the risk of skin cancer
(EPA 1988d) and concluded that the most useful study for the purposes of quantitative risk assessment
was the ecologic epidemiology study by Tseng et al. (1968). In this study, the incidence of skin cancer
was measured as a function of exposure level in over 40,000 people residing in 37 villages in Taiwan, and
compared to a control group of over 7,500 people. Beyond the very large sample size, other strengths of
this study include excellent case ascertainment (physical examination), inclusion of both males and
females, and lifetime exposure duration. Weaknesses and uncertainties include poor nutritional status of
the exposed populations, their genetic susceptibility, their exposure to inorganic arsenic from nonwater
sources, and the applicability of extrapolating data from Taiwanese to the U.S. population because of
different background rates of cancer, possibly genetically determined, and differences in diet other than
arsenic (e.g., low protein and fat and high carbohydrate) (EPA 1988d). Because of a lack of information
on the amount of individual exposure, subjects were classified into three exposure groups (i.e., high,
medium, and low). Based upon pooled data for skin cancer incidence and average well concentrations for
each village in the Tseng et al. (1968) study, the EPA calculated a unit risk (the upper-bound excess
cancer risk from lifetime exposure to water containing 1 pug As/L) of 5x10” (IRIS 2007). The average
daily doses (expressed as mg As/kg/day) that correspond to excess cancer risks of 1x10”*~1x107 are

shown in Figure 3-3.

The use of a cancer risk estimate derived from the Tseng et al. (1968) study for a U.S. population has
been the source of intense debate. Some have argued and have provided data in support of the view that
there is persuasive evidence that inorganic arsenic is a cause of human cancer at several sites (i.e., Smith
et al. 1992, 1995, 2002). On the other hand, a number of concerns have been raised regarding the
strength, or lack of strength, of the database, including: the adequacy of the model used by EPA and the
accuracy and reliability of the exposure data (Brown et al. 1997a, 1997b); a number of host and
environmental factors among the Taiwanese not applicable elsewhere (Carlson-Lynch et al. 1994); a
possible threshold for arsenic carcinogenicity and nonlinearities in the dose-response curve (Abernathy et

al. 1996; Slayton et al. 1996); differences in health and nutrition between Taiwan and the United States



ARSENIC 190

3. HEALTH EFFECTS

that might increase cancer risk in Taiwan (Beck et al. 1995); the possibility that lower doses of arsenic
may be beneficial role in some physiological processes (EPA 1988d; FNB/IOM 2001; NRC 1999, 2001);
and the possibility of significant exposure to arsenic from sources other than the well water (Chappell et
al. 1997). Many of these factors were recognized by EPA (1988d). A report by NRC (2001) suggested
that the risks calculated based on increases in incidence of lung and bladder cancers may be greater than

those calculated by the EPA based on incidences of skin cancer.

Several early epidemiological studies performed in the United States did not report an increased
frequency of skin cancer in small populations consuming water containing arsenic at levels of around 0.1-
0.2 ppm (EPA 1981b; Goldsmith et al. 1972; Harrington et al. 1978; Morton et al. 1976). These early
data suggested that arsenic-associated skin cancer is not a common problem in this country, but these
studies lacked sufficient statistical power to detect small increases in skin cancer incidence that might
have occurred at these low doses (EPA 1983g). Later studies in exposed U.S. populations from Utah
(Lewis et al. 1999) and Iowa (Beane Freeman et al. 2004) have suggested that arsenic-exposed
individuals within the United States may have increased incidence or risk of mortality from some skin
cancers, melanoma in particular; however, exposure data from these studies are generally insufficient for
dose-response analysis. Another study found a suggestion of an arsenic-induced effect on the
development of skin cancer, but the association did not achieve statistical significance (Karagas et al.
2001). Therefore, the risk of arsenic-induced skin cancers in U.S. populations, while it may appear to be
less than in some other evaluated populations, may be the reflection that, in most studies, exposures were

lower.

In addition to the risk of skin cancer, there is mounting evidence that ingestion of arsenic may increase
the risks of internal cancers as well. Many case studies have noted the occurrence of internal tumors of
the liver and other tissues in patients with arsenic-induced skin cancer (Falk et al. 1981b; Kasper et al.
1984; Koh et al. 1989; Lander et al. 1975; Regelson et al. 1968; Sommers and McManus 1953; Tay and
Seah 1975; Zaldivar et al. 1981). These studies are supported by large-scale epidemiological studies,
where associations and/or dose response trends have been detected for tumors of the bladder, kidney,
liver, lung, and prostate (Chen and Wang 1990; Chen et al. 1985, 1986, 1988a, 1988b, 1992; Chiou et al.
1995; Cuzick et al. 1992; Ferreccio et al. 1998; Guo et al. 1997; Hopenhayn-Rich et al. 1998; Kurttio et
al. 1999; Lewis et al. 1999; Moore et al. 2002; Rivara et al. 1997; Smith et al. 1998; Tsuda et al. 1995a;
Wu et al. 1989). The EPA has not yet calculated a unit risk value or slope factor for arsenic-induced

internal tumors.
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There is increasingly convincing evidence that long-term exposure to arsenic can result in the
development of bladder cancer (Bates et al. 2004; Chen et al. 1992, 2003; Chiou et al. 1995, 2001; Cuzick
et al. 1992; Guo et al. 2001b; Karagas et al. 2004; Lamm et al. 2004; Michaud et al. 2004; Steinmaus et
al. 2003), with transitional cell cancers being the most prevalent. Chiou et al. (1995) reported a dose-
response relationship between long-term arsenic exposure from drinking artesian well water and the
incidence of lung cancer, bladder cancer, and cancers of all sites combined (after adjustment for age, sex,
and cigarette smoking) in four townships in Taiwan exposed to inorganic arsenic in drinking water (0—
1.14 mg/L). In a later followup study of the same cohort, the increase in bladder cancer was found to be
statistically significant only in subjects exposed for 40 years or longer (Chiou et al. 2001). Cuzick et al.
(1992) evaluated a cohort treated with Fowler's solution (potassium arsenite) in Lancashire, England,
during the period 1945-1969 and followed through 1991; the cohort of 478 patients showed a significant
excess of bladder cancer, but no excess for other causes of death. Of a subcohort of 142 patients
examined for signs of arsenicism around 1970 (Cuzick et al. 1992), all 11 subsequent cancer deaths
occurred in those with signs of arsenicism (p=0.0009). Hopenhayn-Rich et al. (1996a) investigated
bladder cancer mortality for the years 1986—1991 in the 26 counties of Cordoba, Argentina, and reported
that bladder cancer SMRs were consistently higher in counties with documented arsenic exposure; a later
case-control study by the same authors (Bates et al. 2004) did not report statistically significant increases
in bladder cancers resulting from arsenic exposure, except in individuals exposed for 50 years or longer.
Guo et al. (2001a) reported significantly increased rate differences for bladder cancer in men and women
in Taiwan exposed to 0.64 mg arsenic/L in the drinking water, but not at lower exposure levels. The
arsenic-induced bladder tumors do not appear to be histologically different than similar bladder tumor
types of nonarsenic origin (Chow et al. 1997), although they tended to be more pronounced. In contrast,
Michaud et al. (2004) reported no correlation between arsenic levels in toenails and the incidence of
bladder cancers in Finnish workers. Among evaluated U.S. cohorts, there has generally been no
association between arsenic exposure (~60—100 pg As/L) and the incidence of mortality from bladder
cancers (Lamm et al. 2004; Steinmaus et al. 2003), although it is possible that smoking may render
individuals more susceptible to arsenic-induced bladder tumors (Karagas et al. 2004; Steinmaus et al.

2003).

Studies have also suggested that chronic oral exposure to arsenic may result in the development of
respiratory tumors and increased incidence of lung cancer (Ferreccio et al. 2000; Guo 2004; Nakadaira et
al. 2002; Smith et al. 1998; Viren and Silvers 1999). A study of arsenic-exposed individuals in northern
Chile reported significantly increased odds ratios for lung cancer among subjects with >30 pg As/L of

drinking water (Ferreccio et al. 2000), although when adjusted for socioeconomic status, smoking, and
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other factors, the increase was only significant at 60 pg As/L or greater. Guo (2004) reported
significantly increased rates differences (RD) for lung cancer for Taiwanese men and women exposed to
0.64 mg As/L or greater, with those subjects >50 years of age being particularly at risk. Nakadaira et al.
(2002) suggested that even comparatively short exposure durations (<5 years) may be sufficient for the

development of arsenic-induced lung cancer.

Studies in U.S. populations exposed to arsenic in drinking water (EPA 1981b; Lamm et al. 2004; Lewis et
al. 1999; Morton et al. 1976; Steinmaus et al. 2003; Valentine et al. 1992) have not yielded the cancer
incidences and health effects noted in Taiwan, Mexico, and Chile. Whether this difference is due to a
smaller population of subjects compared to Taiwan, to overall lower doses in exposed U.S. populations,
or to differences in nutritional or socioeconomic conditions has not been resolved. It should be noted that

exposed populations in Mexico and Chile are also smaller than those in Taiwan.

Most studies of animals exposed to arsenate or arsenite by the oral route have not detected any clear
evidence for an increased incidence of skin cancer or other cancers (Byron et al. 1967; Kroes et al. 1974;
Schroeder et al. 1968). Arsenic has sometimes been called a “paradoxical” human carcinogen because of
this lack of animal data (Jager and Ostrosky-Wegman 1997). The basis for the lack of tumorigenicity in
animals is not known, but could be related to species-specific differences in arsenic distribution, and
induction of cell proliferation (Byrd et al. 1996) (see Section 3.5). As discussed in Section 3.5 below, the
carcinogenic effects of arsenic may partially result from its function as a cocarcinogen, which would not

manifest in most animal carcinogenicity studies.

One mouse study using transgenic mice (which carry the v-Ha-ras oncogene) administered 48 mg
As/kg/day as sodium arsenite in drinking water for 4 weeks followed by dermal application of
12-O-tetradecanoylphorbol-13-acetage (TPA) to shaved back skin twice a day for 2 weeks showed an
increase in the incidence of skin papillomas when compared to transgenic mice receiving only TPA
treatment, only arsenic, or to wild-type mice receiving both TPA and arsenic (Germolec et al. 1998);
arsenic treatment alone did not result in increased papilloma incidence. Increases in mRNA transcripts
for the growth factors transforming growth factor-o (TGF-a) and granulocyte/ macrophage-colony

stimulating factor (GM-CSF) were detected in the epidermis of the arsenic-treated mice.

A few studies in mice have noted that arsenic ingestion may actually decrease the incidence of some
tumor types. For example, arsenic exposure caused decreased incidence of urethane-induced pulmonary

tumors (Blakley 1987), spontaneous mammary tumors (Schrauzer and Ishmael 1974; Schrauzer et al.
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1976), and tumors resulting from injection of mouse sarcoma cells (Kerkvliet et al. 1980). However,
arsenic also increased the growth rate of the tumors that did occur, resulting in a net decrease in survival
time in tumor-bearing animals (Kerkvliet et al. 1980; Schrauzer and Ishmael 1974). These observations
suggest that arsenic may affect different types of neoplastic cells differently, perhaps acting mainly as a
tumor promoter (Schrauzer and Ishmael 1974; Shirachi et al. 1983), although some studies have
suggested that arsenic’s actions are not consistent with tumor promotion (Baroni et al. 1963; Boutwell

1963).

There is evidence suggesting that inorganic arsenic can induce cancer in the offspring from mice exposed
to arsenic during gestation (transplacental carcinogen) (Waalkes et al. 2003, 2004a, 2004b, 2004c, 20064,

2006b). These studies are summarized in Section 3.2.2.6, Developmental Effects.

Organic Arsenicals. No studies were located regarding cancer in humans after oral exposure to organic
arsenicals. Two lifetime carcinogenicity studies with MMA did not find significant increases in tumors in
rats exposed to 72.4 mg MMA/kg/day in the diet for 2 years (Arnold et al. 2003) or 8.4 mg MMA/kg/day
in drinking water for 2 years (Shen et al. 2003). No significant increases in neoplastic lesions were

observed in mice exposed to 67.1 mg MMA/kg/day in the diet for 2 years (Arnold et al. 2003).

In contrast, significant increases in the incidence of urinary bladder tumors have been observed in rats
exposed for 2 years to 7.8 mg DMA/kg/day in the diet (Arnold et al. 2006) or 3.4 mg DMA/kg/day in
drinking water (Wei et al. 1999, 2002). The incidence of bladder tumors was similar to controls in the
rats exposed to 0.77 mg DMA/kg/day (Arnold et al. 2006) or 0.75 mg DMA/kg/day (Wei et al. 1999,
2002). Neither study reported significant increases in the incidence of neoplastic lesions in other tissues.
Arnold et al. (2006) did not find increases in the incidence of neoplastic lesions in mice exposed to doses
as high as 94 mg DMA/kg/day in the diet for 2 years. Hayashi et al. (1998) reported that exposure of
A/J mice (a strain susceptible to lung tumorigenesis) to 10.4 mg DMA/kg/day (but not 1.3 or 5.2 mg
DMA/kg/day) in drinking water for 50 weeks resulted in an increased incidence of papillary adenomas

and/or adenocarcinomas and an increased number of lung tumors per mouse.

The incidence of basophilic foci (believed to be a precancerous lesion) in the liver of rats initiated with
diethylnitrosamine was increased by subsequent 6-month drinking water exposure to 11 mg DMA/kg/day,
suggesting that this compound could act as a cancer promoter (Johansen et al. 1984). Additional evidence
for the possible role of DMA as a promoter comes from Yamamoto et al. (1995), who reported that 15 or

60 mg DMA/kg/day in the drinking water for 24 weeks significantly enhanced the tumor induction in the
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urinary bladder, kidney, liver, and thyroid gland in male F344 rats treated with a series of initiators.
Wanibuchi et al. (1996) reported that treatment of F344 rats for 32 weeks with up to 14.3 mg
DMA/kg/day DMA in the drinking water did not result in increased incidences of urinary bladder
papillomas or carcinomas, but that incidence of these tumors was elevated if the animals were first
pretreated with an initiating compound (BBN). A later study by Li et al. (1998) reported that NBR rats
(which do not synthesize a,-globulin) exposed to an initiator for 4 weeks followed by DMA for

32 weeks, similar to the Wanibuchi et al. (1996) study, showed a statistically significant increase in
simple hyperplasia and papillary or nodular hyperplasia of the bladder. A study by Salim et al. (2003)

suggested that DMA primarily exerts its carcinogenic effects on spontaneous tumor development.

No increases in tumor incidence were observed in rats, mice, or dogs exposed to 10, 13, or 5 mg/kg/day
roxarsone, respectively, in the diet for 2 years (Prier et al. 1963). Similarly, no evidence of carcinol’
genicity was observed in female rats or male or female mice exposed to 4 or 43 mg/kg/day as roxarsone
in the diet for 2 years (NTP 1989b). However, a slight increase in pancreatic tumors was noted in male
rats exposed to 4 mg/kg/day (NTP 1989b); this was considered to constitute equivocal evidence of

carcinogenicity.

3.2.3 Dermal Exposure

Adverse effects from dermal exposure to inorganic or organic arsenicals have not been extensively
investigated. Table 3-7 summarizes studies in animals and humans that provide quantitative data on
dermal exposure-effect relationships for inorganic arsenicals. No quantitative data on dermal exposure to
organic arsenicals were located. Available quantitative and qualitative data are discussed in greater detail

below.

3.2.3.1 Death

Inorganic Arsenicals. No studies were located regarding death in humans after dermal exposure to
inorganic arsenicals. In rats, no deaths resulted from dermal exposure to arsenate or arsenite at doses up
to 1,000 mg As/kg (Gaines 1960). These data indicate that dermal exposure to inorganic arsenic

compounds is very unlikely to result in death.

Organic Arsenicals. No studies were located regarding death in humans after dermal exposure to organic

arsenicals. No deaths were observed in rabbits receiving daily dermal applications of 540 mg As/kg as



Table 3-7 Levels of Significant Exposure to Inorganic Arsenic - Dermal

Exposure/ LOAEL
Duration/
Species Frequency Reference
(Strain) (Route) System NOAEL Less Serious Chemical Form Comments
ACUTE EXPOSURE
Immuno/ Lymphoret
Gn Pig once Wahlberg and Boman 1986
(Hartley) 580
mg/L As(+3)
Gn Pig once Wahlberg and Boman 1986
(Hartley) 4000
mg/L As(+5)

INTERMEDIATE EXPOSURE

Systemic
Mouse 30 wk
(Rockland) 11 x/wk

Dermal

6 F  (gross hyperplasia,
mg/kg/day ulceration)

Boutwell 1963
As(+3)

F = female; Gn pig = guinea pig; Immuno/Lymphoret = immunological/lymphoreticular; wk = week(s); x = time(s)
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MMA 5 days/week for 21 days (Margitich and Ackerman 1991b) or 1,000 mg DMA/kg/day 5 days/week
for 21 days (Margitich and Ackerman 1991a).

3.2.3.2 Systemic Effects

No studies were located that have associated respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, renal, endocrine, ocular, or body weight effects in humans or animals with

dermal exposure to inorganic arsenicals.

Respiratory Effects. No studies were located regarding respiratory effects in humans after dermal
exposure to organic arsenicals. No histological effects were observed in the respiratory tracts of rabbits
following dermal application of 1,000 mg/kg/day MMA or DMA 5 days/week for 21 days (Margitich and
Ackerman 1991a, 1991b).

Cardiovascular Effects. No studies were located regarding cardiovascular effects in humans after
dermal exposure to organic arsenicals. No histological effects were observed in the hearts of rabbits
following dermal application of 1,000 mg/kg/day MMA or DMA 5 days/week for 21 days (Margitich and
Ackerman 1991a, 1991b).

Hematological Effects. No studies were located regarding hematological effects in humans after
dermal exposure to organic arsenicals. No treatment-related hematological alterations were observed in
rabbits receiving dermal applications of 1,000 mg MMA/kg/day (Margitich and Ackerman 1991a) or
1,000 mg DMA/kg/day 5 days/week for 21 days (Margitich and Ackerman 1991b).

Hepatic Effects. No studies were located regarding hepatic effects in humans after dermal exposure
to organic arsenicals. No significant alterations in blood clinical chemistry, liver weights, or
histopathology were observed in rabbits dermally exposed to 1,000 mg/kg/day MMA or DMA

5 days/week for 21 days (Margitich and Ackerman 1991a, 1991b).

Renal Effects. No studies were located regarding renal effects in humans after dermal exposure to
organic arsenicals. No significant alterations in urinalysis, kidney weights, or histopathology were
observed in rabbits following dermal exposure to 1,000 mg MMA/kg/day (Margitich and Ackerman
1991a) or 1,000 mg DMA/kg/day 5 days/week for 21 days (Margitich and Ackerman 1991b).
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Endocrine Effects. No studies were located regarding endocrine effects in humans after dermal
exposure to organic arsenicals. No alterations in adrenal gland weight or histopathology of the adrenal
glands, pancreas, pituitary gland, thyroid gland, and parathyroid gland were observed in rabbits following
dermal application of 1,000 mg/kg/day MMA or DMA 5 days/week for 21 days (Margitich and
Ackerman 1991a, 1991b).

Dermal Effects.

Inorganic Arsenicals. Several studies of humans exposed to arsenic dusts in the workplace have reported
that inorganic arsenic (usually arsenic trioxide) can cause contact dermatitis (Holmgqvist 1951; Pinto and
McGill 1953). Typical responses included erythema and swelling, with papules and vesicles in more
severe cases (Holmqvist 1951). The dermal contact rates that cause these effects in humans have not been
quantified, but a similar direct irritation of the skin has been noted in mice exposed to 4 mg As/kg/day as
potassium arsenite for 30 weeks (Boutwell 1963). In contrast, no significant dermal irritation was noted
in guinea pigs exposed to aqueous solutions containing 4,000 mg As/L as arsenate or 580 mg As/L as
arsenite (Wahlberg and Boman 1986). These studies indicate that direct contact may be of concern at

high exposure levels, but do not suggest that lower levels are likely to cause significant irritation.

Studies on possible dermal sensitization by inorganic arsenicals are discussed in Section 3.2.3.3 below.

Organic Arsenicals. Contact dermatitis was reported in workers involved in the application of an organic

arsenical herbicide, which is a mixture of DMA and its sodium salt (Peoples et al. 1979).

Application of an unspecified amount of MMA to the skin of rabbits was reported to result in mild dermal
irritation in a Draize test (Jaghabir et al. 1988). No dermal irritation was reported in rabbits repeatedly
exposed to 1,000 mg MMA/kg/day (Margitich and Ackerman 1991a) or 1,000 mg DMA/kg/day

5 days/week for 21 days (Margitich and Ackerman 1991Db).

Ocular Effects. No studies were located regarding ocular effects in humans or animals after dermal

exposure to organic arsenicals.

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

exposure to organic arsenicals. No significant alterations in body weight gain were observed in rabbits
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following a 5 day/week exposure to 1,000 mg/kg/day MMA or DMA for 21 days (Margitich and
Ackerman 1991a, 1991b).

3.2.3.3 Immunological and Lymphoreticular Effects

Inorganic Arsenicals. Examination of workers exposed to arsenic trioxide dusts in a copper smelter led
Holmgqvist (1951) to suspect that repeated dermal contact could lead to dermal sensitization. In support of
this, Holmqvist (1951) found a positive patch test in 80% of the exposed workers compared to 30% in a
control population. These data do suggest that workers may be sensitized to arsenic, but the high
response rate in controls seems unusual. A much lower response rate (0.5%) was noted in another patch
test study of dermal sensitization (Wahlberg and Boman 1986), and the few positive responses seemed to
be due to a cross-reactivity with nickel. Mohamed (1998) evaluated 11 male workers at a tin smelting
factory where arsenic trioxide levels ranged from 5.2 to 14.4 mg/m’. The workers experienced symptoms
of generalized itch, dry and hyperpigmented skin, folliculitis, and superficial ulcerations. The authors
concluded that arsenic-containing dust collected on the sweat on the workers’ skin, causing contact
dermatitis. Studies in guinea pigs did not yield evidence of a sensitization reaction to inorganic arsenic

(Wahlberg and Boman 1986).

Organic Arsenicals. Support for sensitization to DMA is provided in a case report of a 26-year-old
woman who was occupationally exposed to DMA and experienced eczema on her face (Bourrain et al.
1998). Patch testing confirmed an allergic reaction to DMA, and avoidance of DMA resulted in
disappearance of the symptoms. No studies were located regarding immunological or lymphoreticular

effects in animals after dermal exposure to organic arsenicals.

No studies were located that have associated any of the following effects in humans or animals with

dermal exposure to inorganic or organic arsenicals:

3.2.3.4 Neurological Effects
3.2.3.5 Reproductive Effects
3.2.3.6 Developmental Effects

3.2.3.7 Cancer

Inorganic Arsenicals. No studies were found that have associated cancer in humans with dermal

exposure to arsenic. Application of arsenic acid to the skin of mice pretreated with dimethylbenz[]



ARSENIC 199

3. HEALTH EFFECTS

anthracene did not result in any skin tumors (Kurokawa et al. 1989), suggesting that arsenic does not act

as a promoter in this test system.

Organic Arsenicals. No studies were located regarding cancer in humans or animals after dermal

exposure to organic arsenicals.

3.3 GENOTOXICITY

Inorganic Arsenicals. There have been a large number of studies of the genotoxic effects of arsenic.
Tables 3-8 and 3-9 summarize a number of reports on the in vitro and in vivo genotoxicity of inorganic
arsenicals, respectively. In general, in vitro studies in prokaryotic organisms have been negative for gene
mutations (Lantzsch and Gebel 1997; Lofroth and Ames 1978; Nishioka 1975; Rossman et al. 1980;
Ulitzur and Barak 1988). Studies in human fibroblasts, lymphocytes, and leukocytes, mouse lymphoma
cells, Chinese hamster ovary cells, and Syrian hamster embryo cells demonstrate that in vitro arsenic
exposure can induce chromosomal aberrations and sister chromatid exchange (see Table 3-8 for citations).
| vitro studies in human, mouse, and hamster cells have also been positive for DNA damage and repair

and enhancement or inhibition of DNA synthesis.

Studies of humans have detected a higher-than-average incidence of chromosomal aberrations in
peripheral lymphocytes, both after inhalation exposure (Beckman et al. 1977; Nordenson et al. 1978) and
oral exposure (Burgdorf et al. 1977; Nordenson et al. 1979). These studies must be interpreted with
caution, since in most cases, there were only a small number of subjects and a number of other chemical
exposures were possible (EPA 1984a). Human and animal data are available indicating that inhaled
inorganic arsenic is clastogenic. Workers exposed to unspecified concentrations of arsenic trioxide at the
Ronnskar copper smelter in Sweden were found to have a significant increase in the frequency of
chromosomal aberrations in peripheral lymphocytes (Beckman et al. 1977; Nordenson et al. 1978). This
result is supported by an animal study that found increased chromosomal aberrations in the livers of
fetuses from pregnant mice exposed to 22, but not 2.2 or 0.20, mg As/m’ as arsenic trioxide on days 9—
12 of gestation (Nagymajtényi et al. 1985). Workers in the arsenic-based glass making industry in
southern India had a significantly increased frequency of micronuclei in buccal cells and increased DNA
damage in leukocytes compared to a control group (Vuyyuri et al. 2006). Exposure levels were not
available, but the concentration of arsenic in the blood from workers was approximately 5 times higher

than in the reference group.
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Table 3-8. Genotoxicity of Inorganic Arsenic In Vitro

Results
With Without
Valence Species (test system) End point activation activation Reference
Prokaryotic organisms:
As™ Escherichia coli Reverse mutation No data + Nishioka 1975
As™ E. coli PQ37 Gene mutation No data - Lantzsch and
Gebel 1997
As™ E. coli (six strains) Reverse mutation No data - Rossman et al.
1980
As*™ Salmonella typhimurium Gene mutation No data - L6froth and
Ames 1978
As® Photobacterium fischeri Gene mutation No data - Ulitzur and Barak
1988
As™ S. typhimurium Gene mutation No data - Lofroth and
Ames 1978
As*® P. fischeri Gene mutation No data + Ulitzur and Barak
1988
Eukaryotic organisms:
Fungi:
As*?; Saccharomyces Gene mutation No data - Singh 1983
As*® cerevisiae
Mammalian cells:
As™® Human fibroblasts DNA repair inhibition No data + Okui and
Fujiwara 1986
As*™ Human fibroblasts DNA repair and mutant  + + Wiencke et al.
frequencies 1997
As*™ Human fibroblasts DNA repair inhibition + + Hartwig et al.
1997
As*™ Human fibroblasts DNA migration No data + Hartmann and
(MRC5CV1) Speit 1996
As*™ Human fibroblasts (HFW Cytotoxicity No data + Lee and Ho 1994
cells)
As*™ Human skin fibroblasts Chromosome No data + Huang et al.
(HFW) endoreduplication 1995
As*™ Human skin fibroblasts  Chromosomal No data + Yih et al. 1997
aberrations
As™ Human fetal lung DNA strand breaks No data + Dong and Luo
fibroblasts 1993
As™ Human fetal lung DNA damage and repair No data + Dong and Luo
fibroblasts (2BS cells) 1994
As*?; Human umbilical cord Chromosomal No data + Oya-Ohta et al.
As*® fibroblasts aberrations 1996
As™® Diploid human fibroblasts Morphological No data + Landolph 1994

transformation
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Table 3-8. Genotoxicity of Inorganic Arsenic In Vitro

Valence Species (test system) End point

Results

With Without
activation activation Reference

As®
As®
As*:

As*

As*:
As™S

As®
As®

As®
As®

As™

As™

As®

As™

As™
As®

As®

Human leukocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes
Human lymphocytes
Human lymphocytes
Human lymphocytes
Human lymphocytes
Human lymphocytes
Human lymphocytes
Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes

Human lymphocytes
Human lymphocytes

Human lymphocytes

Chromosomal aberration

DNA protein cross-links

Enhancement or
inhibition on DNA
synthesis

Enhancement or
inhibition on DNA
synthesis

Enhancement or
inhibition on DNA
synthesis

Hyperdiploidy and

chromosomal breakage

Hyperdiploid nuclei

Chromosomal aberration

Chromosomal

aberrations and sister

chromatid exchange

Chromosomal aberration

Chromosomal
aberrations

Chromosomal
aberrations

Chromosomal
aberrations

Chromosomal

aberrations and sister

chromatic exchange

Chromosome aberrations

and sister chromatid
exchanges

Sister chromatid
exchange

Sister chromatid
exchange

Sister chromatid
exchange
Sister chromatid
exchange
Sister chromatid
exchange

No data + Nakamuro and
Sayato 1981

Costa et al. 1997

No data + Meng 1993a

No data + Meng 1993b

No data + Meng 1994

No data (+) Rupa et al. 1997

No data + Ramirez et al.
1997

No data + Beckman and
Nordenson 1986

No data + Nordenson et al.
1981

No data Sweins 1983

No data Yager and
Wiencke 1993

No data + Vega et al. 1995

No data + Wan et al. 1982

No data + Wiencke and
Yager 1992

No data + Larramendy et al.
1981

No data + Gebel et al. 1997

No data - Gebel et al. 1997

No data + Hartmann and
Speit 1994

No data + Jha et al. 1992

No data + Rasmussen and

Menzel 1997
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Table 3-8. Genotoxicity of Inorganic Arsenic In Vitro

Results
With Without
Valence Species (test system) End point activation activation Reference
As™; Human T-cell ymphoma- PARP activity inhibition  No data + Yager and
As*® derived cell line (Molt-3) Wiencke 1997
As*™ Human cervix carcinoma DNA repair modification + + Chao 1996
HelLa and cisplatin
resistant HeLa/CPR
variant cells
As* Human cervix carcinoma DNA damage recognition No data - Hartwig et al.
cells (HeLa) 1998
As™ Human osteosarcoma DNA repair No data + Hu et al. 1998
cells (HOS)
As™ Human osteosarcoma Cell transformation No data + Mure et al. 2003
cells (HOS)
As*™ Human-hamster hybrid  DNA adducts No data + Kessel et al.
A, cells 2002
As*™ Mouse lymphoma cells Enhanced viral forward  No data (+) Oberly et al.
mutation 1982
As™; Mouse lymphoma cells  Chromosomal mutations No data + Moore et al.
As*™® [L5178Y/TK'/ (-3.7.2C)] 1997a
As*™ Mouse lymphoma cells  Mutagenicity No data + Oberly et al.
[L5178Y tk*/ (3.7.sC)] 1996
As™; Mouse lymphoma cells  Chromosomal No data + Moore et al.
As*® aberrations 1994a
As™ Mouse lymphoma cells  Chromosomal No data + Sofuni et al. 1996
aberrations
As*™® Mouse 3T6 cells Gene amplification No data Lee et al. 1988
As*™ Mouse embryo Morphological No data Landolph 1994
fibroblasts (C3H/10T/2  transformation
CI8)
As™ Chinese hamster V79 Gene mutation No data - Li and Rossman
cells 1991
As™ Chinese hamster V79 Gene mutation No data - Rossman et al.
cells 1980
As* Chinese hamster V79 DNA damage, DNA- No data + Gebel et al.
cells protein cross-linking, 1998a
micronucleus induction
As*™ Chinese hamster V79 DNA repair and mutant  No data + Li and Rossman
cells frequencies 1991
As*™ Chinese hamster V79 Intrachromosomal No data + Helleday et al.
cells homologous 2000
recombination
As*™ Chinese hamster ovary Gene mutation No data + Hei et al. 1998
cells (CHO-AL)
As™ Chinese hamster ovary  Mutagenicity No data + Meng and Hsie

cells (CHO-AS52)

1996
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Table 3-8. Genotoxicity of Inorganic Arsenic In Vitro
Results
With Without
Valence Species (test system) End point activation activation Reference
As™ Chinese hamster ovary  Gene mutation No data + Yang et al. 1992
cells
As*™ Chinese hamster ovary  DNA repair inhibition No data + Lee-Chen et al.
cells 1993
As*™ Chinese hamster ovary  DNA repair inhibition No data - Lee-Chen et al.
cells 1992
As*™ Chinese hamster ovary DNA strand breaks + + Lee-Chen et al.
cells (CHO-K1) 1994
As*® Chinese hamster ovary DNA strand breaks No data + Lynn et al. 1997
cells (CHO-K1)
As*® Chinese hamster ovary  Aberrant metaphases No data + Jan et al. 1986
cells
As*® Chinese hamster ovary  Aberrant metaphases No data + Lee et al. 1986
cells
As*™ Chinese hamster ovary Chromosomal + + Huang et al.
cells aberrations 1992
As*™ Chinese hamster ovary Chromosomal No data + Huang et al.
cells (CHO-K1) aberrations 1993
As™; Chinese hamster ovary Chromosomal No data + Kochhar et al.
As*® cells (CHO-K1) aberrations and sister 1996
chromatid exchange
As™ Chinese hamster ovary Chromosomal + + Lin and Tseng
cells aberrations and sister 1992
chromatid exchange
As™ Chinese hamster ovary  Chromosomal No data + Wan et al. 1982
cells aberrations and sister
chromatid exchange
As* Chinese hamster ovary  Sister chromatid No data + Fan et al. 1996
cells exchange and
micronucleus induction
As*® Chinese hamster ovary  Cell-killing and No data + Wang and Huang
cells micronucleus induction 1994
As*™ Chinese hamster ovary  Micronuclei No data + Liu and Huang
cells 1997
As*™? Chinese hamster ovary  Micronuclei formation No data + Yee-Chien and
cells Haimei 1996
As™ Chinese hamster ovary  Micronuclei induction No data + Wang et al. 1997
cells
As*™ Chinese hamster ovary  Cytotoxicity No data - Lee and Ho 1994
cells
As™ Syrian hamster embryo  Gene mutation No data - Lee et al. 1985

cells
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Table 3-8. Genotoxicity of Inorganic Arsenic In Vitro

Valence Species (test system)

End point

Results

With Without
activation activation Reference

As®

As*™
As*™
AS+3
AS+3
AS+3
AS+3
AS+3
As*®
As*®
As*®

As*

As*
As™®

As™®

AS+5
AS+5
As*®
As*®

As™

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Syrian hamster embryo
cells

Human fibroblasts
Human leukocytes
Human lymphocytes

Human lymphocytes

Human lymphocytes

Human peripheral
lymphocytes

Human keratinocyte line
SCC-9 cells

Mouse lymphoma cells
Mouse lymphoma cells

Chinese hamster ovary
cells
Syrian hamster embryo
cells
Syrian hamster embryo
cells

Chromosome aberrations

No data + Larramendy et al.

and sister chromatid 1981
exchanges
Chromosomal aberration No data + Lee et al. 1985
Sister chromatid No data + Lee et al. 1985
exchange
Micronuclei induction No data - Gibson et al.
1997
Micronuclei induction No data - Gibson et al.
1997
Morphological No data + Kerckaert et al.
transformation 1996
Morphological No data + Lee et al. 1985
transformation
Morphological No data + Casto et al. 1979
transformation
DNA repair inhibition No data - Okui and
Fujiwara 1986
Chromosomal No data (+) Nakamuro and
aberrations Sayato 1981
Chromosomal No data - Nordenson et al.
aberrations 1981
Chromosome aberrations No data + Larramendy et al.
and sister chromatid 1981
exchanges
Sister chromatid No data - Rasmussen and
exchange Menzel 1997
Sister chromatid No data + Zanzoni and
exchange Jung 1980
Keratinocyte No data + Kachinskas et al.
programming and 1997
transcriptional activity
Gene mutation No data - Amacher and
Paillet 1980
Gene mutation No data - Amacher and
Paillet 1980
Chromosomal No data + Wan et al. 1982
aberrations
Gene mutation No data - Lee et al. 1985
Chromosome aberrations No data + Larramendy et al.

and sister chromatid
exchanges

1981
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Results
With Without
Valence Species (test system) End point activation activation Reference
As™ Syrian hamster embryo  Chromosomal No data + Lee et al. 1985
cells aberrations
As™ Syrian hamster embryo  Sister chromatid No data + Lee et al. 1985
cells exchange
As™ Syrian hamster embryo  Morphological No data + Lee et al. 1985
cells transformation
As™ Syrian hamster embryo  Morphological No data + DiPaolo and
cells transformation Casto 1979

(+) = weakly positive or marginal result; — = negative result; + = positive result; DNA = deoxyribonucleic acid
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Table 3-9. Genotoxicity of Inorganic Arsenic In Vivo

Exposure Species (test
Valence route system) End point Results Reference
Nonmammalian
As™ As™ Injection Drosophila Somatic mutations and + Ramos-Morales and

As™ As™ Larval feeding

As™ Larvae
Mammalian

As™ Inhalation
As™ Inhalation
As™ Oral
No data Oral
No data Oral
As™ Oral
As™ Oral
No data Oral
No data Oral
No data Oral
As™ Oral
No data Oral
No data Oral
As™ Oral
As™ Oral
No data Oral
No data Oral
No data Oral
No data Oral

melanogaster

D. melanogaster

D. melanogaster

Human (lymphocytes) Chromosomal

aberrations
Human (lymphocytes) Chromosomal
aberrations
Human (lymphocytes) Chromosomal
aberrations
Human (lymphocytes) Chromosomal
aberrations
Human (skin) DNA adducts

Human (lymphocytes) Sister chromatid

exchange
Human (lymphocytes) Sister chromatid
exchange
Human (lymphocytes) Sister chromatid
exchange
Human (lymphocytes) Sister chromatid
exchange
Human (lymphocytes) Sister chromatid
exchange
Human (lymphocytes) Sister chromatid
exchange
Human (lymphocytes) Sister chromatid
exchange
Human skin Mutation and
carcinoma overexpression of p53
Exfoliated human Micronuclei
epithelial cells
Exfoliated human Micronuclei
epithelial cells
Human (bladder Micronuclei

cells)
Human (lymphocytes) Micronuclei
Human (lymphocytes) Micronuclei

Human (oral mucosa Micronuclei
cells)

mitotic recombination

Somatic mutations and
mitotic recombination

Mitotic recombinations

+

Rodriguez-Arnaiz
1995

Ramos-Morales and
Rodriguez-Arnaiz
1995

de la Rosa et al. 1994

Beckman et al. 1977
Nordenson et al. 1978
Burgdorf et al. 1977
Vig et al. 1984

Matsui et al. 1999
Burgdorf et al. 1977

Hsu et al. 1997

Lerda 1994

Liou et al. 1999
Mahata et al. 2003
Nordenson et al. 1978
Vig et al. 1984

Hsu et al. 1999
Moore et al. 1996
Tian et al. 2001
Moore et al. 1995

Martinez et al. 2004
Basu et al. 2004
Basu et al. 2004
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Table 3-9. Genotoxicity of Inorganic Arsenic In Vivo
Exposure Species (test

Valence route system) End point Results Reference

No data Oral Human (urothelial Micronuclei + Basu et al. 2004
cells)

As™ Oral Rat (bone marrow Chromosomal + Datta et al. 1986
cells) aberrations

As™ Inhalation Mouse (fetal liver) Chromosomal (+) Nagymaijtényi et al.

aberrations 1985

As™ Oral Mouse (bone marrow Chromosomal + Das et al. 1993
cells) aberrations

As® Oral Mouse (bone marrow Chromosomal + Poddar et al. 2000
cells) aberrations

As™ Oral Mouse (bone marrow Chromosomal breaks, -— Poma et al. 1987
cells) exchanges

As™ Oral Mouse Chromosomal - Poma et al. 1987
(spermatogonia) aberrations

As* Oral Mouse (leukocytes) Chromosomal breaks + McDorman et al. 2002

As* Intraperitoneal Mouse (bone marrow Chromosomal breaks, -— Poma et al. 1981
cells) exchanges

As* Intraperitoneal Mouse (bone marrow Micronuclei + DeKnudt et al. 1986
cells)

As*™ Intraperitoneal Mouse Spermatongonia - Poma et al. 1981
(spermatogonia)

As*™ Intraperitoneal Mouse Sperm morphology - DeKnudt et al. 1986
(spermatogonia)

As*™ Intraperitoneal Mouse Dominant lethal - DeKnudt et al. 1986

(spermatogenesis)

mutations

(+) = weakly positive or marginal result; — = negative result; + = positive result; DNA = deoxyribonucleic acid
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Investigations of genotoxic effects of ingested arsenic have yielded mixed results possibly due to the
different types of cells examined and the different exposure levels experienced by the populations studied.
A study of p53 mutations in arsenic-related skin cancers from patients in Taiwan exposed to arsenic from
drinking water found a high rate of p53 mutations and different types of p53 mutations compared with
those seen in UV-induced skin cancers (Hsu et al. 1999); similar results have been found in mice (Salim
et al. 2003). In humans exposed to Fowler's solution (potassium arsenite, usually taken at a dose of about
0.3 mg As/kg/day [Holland 1904]), increased sister chromatid exchanges, but no increase in chromosomal
aberrations, was reported in one study (Burgdorf et al. 1977), while just the converse (increased
aberrations but no increase in sister chromatid exchange) was reported in another (Nordenson et al. 1979).
Moore et al. (1997a) reported an exposure-dependent increase in the occurrence of micronucleated cells
in epithelial cells from the bladder in a male population in northern Chile chronically exposed to high and
low arsenic levels in their drinking water (average concentrations, 600 and 15 ug As/L, respectively), and
noted that chromosome breakage was the major cause of micronucleus (MN) formation. Similar results
were reported by Martinez et al. (2004) who evaluated micronuclei formation in peripheral lymphocytes
from people in northern Chile exposed to up to 0.75 mg As/L in their drinking water. In contrast,
Martinez et al. (2005) did not find a significant increase in micronuclei in buccal cells from subjects from
the same area relative to a low exposure group. Vig et al. (1984) found no significant differences in the
frequency of chromosomal aberrations or sister chromatid exchanges between two populations in Nevada
with differing levels of arsenic in their drinking water (mean concentrations of 5 and 109 pg/L). In
animal studies, an increased incidence of chromosomal abnormalities was detected in rats given oral
doses of sodium arsenate (4 mg As/kg/day) for 2-3 weeks (Datta et al. 1986), but no consistent increase
in chromosomal aberrations was detected in bone marrow cells or spermatogonia from mice given sodium
arsenite (about 50 mg As/kg/day) for up to 8 weeks (Poma et al. 1987). These studies suggest that

ingested arsenic may cause chromosomal effects, but these data are too limited to draw a firm conclusion.

Organic Arsenicals. The genotoxicity of the organic arsenicals has been investigated in a number of
studies (see Table 3-10). Several tests indicate that DMA and roxarsone may be able to cause
chromosome aberrations, mutations, and deoxyribonucleic acid (DNA) strand breaks; in vitro studies with
MMA did not find significant increases in the occurrence of chromosome aberrations, forward or reverse
mutations, unscheduled DNA synthesis (Chun and Killeen 1989a, 1989b, 1989c, 1989d). An increased
number of DNA strand breaks were detected in lung and other tissues of mice and rats given oral doses of
~1,500 mg/kg DMA (Okada and Yamanaka 1994; Yamanaka et al. 1989a); this effect appeared to be
related to the formation of some active oxygen species. These breaks were largely repaired within

24 hours, so the relevance with respect to health risk is uncertain.
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Table 3-10. Genotoxicity of Organic Arsenic
Results
With Without
Chemical form  Species (test system) End point activation activation Reference
Prokaryotic organisms (in vitro):
MMA Salmonella typhimurium Gene mutation - - Chun and
Killeen 1989c
DMA Escherichia coli Gene mutation Nodata  + Yamanaka et
al. 1989b
Roxarsone S. typhimurium Gene mutation - - NTP 1989b
Eukaryotic organisms (in vitro):
MMA Chinese hamster ovary Chromosome - - Chun and
cells aberrations Killeen 1989a
MMA Mouse lymphoma cells Forward mutation — - Chun and
(L5178Y/TK'™) Killeen 1989b
MMA Rat heptocytes Unscheduled DNA No data  — Chun and
synthesis Killeen 1989d
DMA Human peripheral Mitogenesis No data - Endo et al.
lymphocytes inhibited 1992
DMA Human lymphocytes Sister chromatid  No data - Rasmussen
exchange and Menzel
1997
DMA Human alveolar (L-132) Lung-specific DNA No data + Kato et al.
cells damage 1994
DMA Human alveolar type Il DNA single-strand + + Kawaguchi et
(L-132) cells breaks al. 1996
DMA Human diploid L-132 DNA single-strand No data + Rin et al. 1995
epithelial cells breaks
DMA Human alveolar type Il DNA strand breaks No data + Tezuka et al.
(L-132) cells 1993
DMA Human embryonic cell DNA single-strand No data + Yamanaka et
line of type Il alveolar  breaks and DNA- al. 1993
epithelial cells (L-132) protein crosslinks
DMA Human alveolar DNA single-strand No data + Yamanaka et
epithelial (L-132) cells  breaks and DNA- al. 1995
protein crosslinks
DMA Human pulmonary DNA single-strand No data + Yamanaka et
epithelial (L-132) cells  breaks al. 1997
DMA Human umbilical cord  Chromosomal No data + Oya-Ohta et al.
fibroblasts aberrations 1996
DMA Mouse lymphoma cells Chromosomal No data + Moore et al.
(L5178Y/TK'/ -3.7.2C) mutations 1997a
DMA Chinese hamster lung  Mitotic arrest and No data + Endo et al.
and diploid cells (V79) tetraploid 1992

formation
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Table 3-10. Genotoxicity of Organic Arsenic

210

Results
With Without
Chemical form  Species (test system) End point activation activation Reference
DMA Chinese hamster V79  Chromosomal No data + Ueda et al.
cells aberrations 1997
DMA Chinese hamster lung Chromosomal No data + Kitamura et al.
and diploid cells (V79) aberrations 2002
DMA Chinese hamster lung Chromosomal + + Kuroda et al.
and diploid cells (V79) aberrations 2004
DMA Chinese hamster V79  Tetraploids and No data + Eguchi et al.
cells mitotic arrest 1997
MMA Human umbilical cord  Chromosomal No data + Oya-Ohta et al.
fibroblasts aberrations 1996
MMA Chinese hamster V79  Tetraploids and No data + Eguchi et al.
cells mitotic arrest 1997
Roxarsone Drosophila Sex linked No data - NTP 1989b
melanogaster recessive
Roxarsone Rat hepatocyte DNA double- No data + Storer et al.
strand breaks 1996
Roxarsone A31-1-13 clone of Transformation Nodata - Matthews et al.
BALB/c-3T3 cells response and 1993
mutagenicity
Roxarsone Mouse lymphoma Trifluorothymidine No data + NTP 1989b
(L5178Y) cells resistance
Eukaryotic organisms (in vivo):
DMA Rat (oral exposure) DNA single-stand No data + Yamanaka and
breaks in lung Okada 1994
DMA Mouse (oral exposure) DNA strand breaks No data + Yamanaka et
in tissues al. 1989b
DMA Mouse (oral exposure) DNA single-stand No data + Yamanaka et
breaks in lung al. 1993
DMA Mouse (oral exposure) DNA single-strand No data  — Yamanaka et
breaks in lung al. 1989a
DMA Mouse (oral exposure) DNA adduct No data + Yamanaka et
formation al. 2001
DMA Mouse (injection) Aneuploidy in No data + Kashiwada et
bone marrow cells al. 1998

— = negative result; + = positive result; DMA = dimethylarsinic acid; DNA = deoxyribonucleic acid; MMA = monol]

methylarsonic acid
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3.4 TOXICOKINETICS

There is an extensive database on the toxicokinetics of inorganic arsenic. Most studies have been
performed in animals, but there are a number of studies in humans as well. These studies reveal the

following main points:

e Both arsenate and arsenite are well absorbed by both the oral and inhalation routes. Absorption by
the dermal route has not been well characterized, but is low compared to the other routes. Inorganic
arsenic in soil is absorbed to a lesser extent than solutions of arsenic salts.

e The rate of absorption of arsenic in highly insoluble forms (e.g., arsenic sulfide, lead arsenate) is
much lower than that of more soluble forms via both oral and inhalation routes.

e Once absorbed, arsenites are oxidized to arsenates and methylated. This process may then be
repeated to result in dimethylated arsenic metabolites.

e Distribution of arsenic in the rat is quite different from other animal species, suggesting that the rat is
probably not an appropriate toxicokinetic model for distribution, metabolism, or excretion of arsenic
by humans.

e The As(+3) form undergoes enzymic methylation primarily in the liver to form MMA and DMA.
The rate and relative proportion of methylation production varies among species. The rate of
methylation varies considerably among tissues.

e  Most arsenic is promptly excreted in the urine as a mixture of As(+3), As(+5), MMA, and DMA;
DMA is usually the primary form in the urine. Smaller amounts are excreted in feces. Some arsenic
may remain bound to tissues, depending inversely on the rate and extent of methylation.

Less information is available for the organic arsenicals. It appears that both MMA and DMA are well
absorbed, but are rapidly excreted in the urine and feces. MMA may be methylated to DMA, but neither
MMA nor DMA are demethylated to yield inorganic arsenic.

A review of the evidence that supports these conclusions is presented below.

3.4.1 Absorption

3.4.1.1 Inhalation Exposure

Inorganic Arsenicals. Since arsenic exists in air as particulate matter, absorption across the lung
involves two processes: deposition of the particles onto the lung surface, and absorption of arsenic from

the deposited material. In lung cancer patients exposed to arsenic in cigarette smoke, deposition was
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estimated to be about 40% and absorption was 75-85% (Holland et al. 1959). Thus, overall absorption
(expressed as a percentage of inhaled arsenic) was about 30-34%. In workers exposed to arsenic trioxide
dusts in smelters, the amount of arsenic excreted in the urine (the main route of excretion; see

Section 3.4.4) was about 40-60% of the estimated inhaled dose (Pinto et al. 1976; Vahter et al. 1986).
Absorption of arsenic trioxide dusts and fumes (assessed by measurement of urinary metabolites)
correlated with time weighted average arsenic air concentrations from personal breathing zone air
samplers (Offergelt et al. 1992). Correlations were best immediately after a shift and just before the start
of the next shift. Although the percent deposition was not measured in these cases, it seems likely that
nearly all of the deposited arsenic was absorbed. This conclusion is supported by intratracheal instillation
studies in rats and hamsters, where clearance of oxy compounds of arsenic (sodium arsenite, sodium
arsenate, arsenic trioxide) from the lung was rapid and nearly complete (60-90% within 1 day)
(Marafante and Vahter 1987; Rhoads and Sanders 1985). In contrast, arsenic sulfide and lead arsenate
were cleared more slowly (Marafante and Vahter 1987), indicating that the rate of absorption may be
lower if the inhaled arsenic is in a highly insoluble form. There are no data to suggest that absorption of

inhaled arsenic in children differs from that in adults.

Organic Arsenicals. No studies were located regarding absorption of organic arsenicals in humans or
animals after inhalation exposure. However, DMA instilled in the lungs of rats was absorbed very rapidly
(half-time of 2.2 minutes) and nearly completely (at least 92%) (Stevens et al. 1977). This indicates that

organic arsenicals are likely to be well absorbed by the inhalation route.

3.4.1.2 Oral Exposure

Inorganic Arsenicals. Several studies in humans indicate that arsenates and arsenites are well absorbed
across the gastrointestinal tract. The most direct evidence is from a study that evaluated the 6-day
elimination of arsenic in healthy humans who were given water from a high-arsenic sampling site (arsenic
species not specified) and that reported approximately 95% absorption (Zheng et al. 2002). A similar
absorption efficiency can be estimated from measurements of fecal excretion in humans given oral doses
of arsenite, where <5% was recovered in the feces (Bettley and O'Shea 1975). This indicates absorption
was at least 95%. These results are supported by studies in which urinary excretion in humans was found
to account for 55—87% of daily oral intakes of arsenate or arsenite (Buchet et al. 1981b; Crecelius 1977;
Kumana et al. 2002; Mappes 1977; Tam et al. 1979b). In contrast, ingestion of arsenic triselenide

(As;Ses) did not lead to a measurable increase in urinary excretion (Mappes 1977), indicating that
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gastrointestinal absorption may be much lower if highly insoluble forms of arsenic are ingested. There

are no data to suggest that absorption of arsenic from the gut in children differs from that in adults.

These observations in humans are supported by a number of studies in animals. Fecal excretion of
arsenates and arsenites ranged from 2 to 10% in monkeys and mice, with 70% or more appearing in urine
(Charbonneau et al. 1978; Roberts et al. 2002; Vahter 1981; Vahter and Norin 1980). Oral absorption of
[*As] labeled sodium arsenate in mice was unaffected by dose (0.0005—5 mg/kg) as reflected in
percentage of dose excreted in feces over 48 hours (Hughes et al. 1994). Absorption ranged from 82 to
89% at all doses. Gonzalez et al. (1995) found that the percentage of arsenate that was absorbed in rats
decreased as the dose increased from 6 to 480 pg, suggesting saturable, zero-order absorption of arsenate
in this species. Hamsters appear to absorb somewhat less than humans, monkeys, and mice, since fecal
excretion usually ranges from 10 to 40% (Marafante and Vahter 1987; Marafante et al. 1987a; Yamauchi
and Yamamura 1985). Rabbits also appear to absorb less arsenate than humans, monkeys, or mice after
oral exposure (Freeman et al. 1993). After a gavage dose of 1.95 mg/kg sodium arsenate, 45% of the
arsenate was recovered in feces in males and 52% in females. As in humans, when highly insoluble
arsenic compounds are administered (arsenic trisulfide, lead arsenate), gastrointestinal absorption is

reduced 20-30% (Marafante and Vahter 1987).

Bioavailability of arsenic was measured in rabbits ingesting doses of smelting soils that contained arsenic
primarily in the form of sulfides (Freeman et al. 1993). Bioavailability was assessed by comparing the
amounts of arsenic that was excreted after ingestion of the soil to that excreted after an intravenous dose
of sodium arsenate. The bioavailability of the arsenic in the ingested soil was 24+3.2% and that of
sodium arsenate in the gavage dose was 50+5.7%. Approximately 80% of the arsenic from ingested soil
was eliminated in the feces compared with 50% of the soluble oral dose and 10% of the injected dose. In
another study, rabbits dosed with sodium arsenite (0.8 mg As/kg) had 5 times greater blood arsenic
concentrations than rabbits dosed with arsenic-containing soil (2.8 mg As/kg), suggesting a lower

bioavailability of the arsenic in soil (Davis et al. 1992).

Studies of the bioavailability of arsenic suggest that absorption of arsenic in ingested dust or soil is likely
to be considerably less than absorption of arsenic from ingested salts (Davis et al. 1992, 1996; EPA
1997g; Freeman et al. 1993, 1995; Pascoe et al. 1994; Roberts et al. 2002, 2007; Rodriguez et al. 1999).
Oral absorption of arsenic in a group of three female Cynomolgus monkeys from a soluble salt, soil, and
household dust was compared with absorption of an intravenous dose of sodium arsenate (Freeman et al.

1995). Mean absolute percentage bioavailability based on urine arsenic excretion was reported at
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67.6+2.6% (gavage), 19.24+1.5% (oral dust), and 13.8+3.3% (oral soil). Mean absolute percentage
bioavailability based on blood arsenic levels was reported at 91.3+12.4% (gavage), 9.8+4.3% (oral dust),
and 10.9+£5.2% (oral soil). The arsenic in the dust and soil was approximately 3.5-5-fold (based on levels
in the urine) and 8-9-fold (based on levels in the blood) less bioavailable than arsenic in solution. Two
other studies in monkeys reported relative bioavailability of arsenic in soil from a number of locations
(electrical substation, wood preserving sites, pesticide sites, cattle-dip sites, volcanic soil, and mining
sites) ranged from 5 to 31% (Roberts et al. 2002, 2007). A study in beagle dogs fed with soil containing
As,0Os or treated with intravenous soluble arsenic found that compared to injection the bioavailability of
arsenic from ingested soil was 8.3+£2.0% (Groen et al. 1993). The bioavailability of arsenic in soil has
been studied in juvenile swine that received daily oral doses of soil or sodium arsenate (in food or by
gavage) for 15 days (EPA 1997g). The soils were obtained from various mining and smelting sites and
contained, in addition to arsenic at concentrations of 100-300 pg/g, lead at concentrations of 3,000—
14,000 ug/g. The arsenic doses ranged from 1 to 65.4 pug/kg/day. The fraction of the arsenic dose
excreted in urine was measured on days 7 and 14 and the relative bioavailability of the soil-borne arsenic
was estimated as the ratio of urinary excretion fractions, soil arsenic:sodium arsenate. The mean relative
bioavailability of soil-borne arsenic ranged from 0 to 98% in soils from seven different sites (mean+SD,
45%+32). Estimates for relative bioavailability of arsenic in samples of smelter slag and mine tailings
ranged from 7 to 51% (mean%SD, 35%=+27). Rodriguez et al. (1999) used a similar approach to estimate
the relative bioavailability of arsenic in mine and smelter wastes (soils and solid materials) in juvenile
swine. Samples included iron slag deposits and calcine deposits and had arsenic concentrations that
ranged from 330 to 17,500 pg/g. Relative bioavailability (waste:sodium arsenate) ranged from 3 to 43%
for 13 samples (mean, 21%) and was higher in iron slag wastes (mean, 25%) than in calcine wastes

(mean, 13%).

Bioavailability of arsenic from soil is reduced by low solubility and inaccessibility due to the presence of
secondary reaction products or insoluble matrix components (Davis et al. 1992). This is supported by
studies conducted with in vitro simulations of the gastric and/or intestinal fluids (Hamel et al. 1998;
Pouschat and Zagury 2006; Rodriguez et al. 1999; Ruby et al. 1996, 1999; Williams et al. 1998). When
soils containing arsenic are incubated in simulated gastrointestinal fluids, only a fraction of the arsenic
becomes soluble. Estimates of the soluble, or bioaccessible, arsenic fraction have ranged from 3 to 50%
for various soils and mining and smelter waste materials (Pouschat and Zagury 2006; Rodriguez et al.
1999; Ruby et al. 1996); these estimates are similar to in vivo estimates of the relative bioavailability of

arsenic in these same materials (Ruby et al. 1999).
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Organic Arsenicals. Based on urinary excretion studies in volunteers, it appears that both MMA and
DMA are well absorbed (at least 75—-85%) across the gastrointestinal tract (Buchet et al. 1981a; Marafante
et al. 1987b). This is supported by studies in animals, where at least 75% absorption has been observed
for DMA (Marafante et al. 1987b; Stevens et al. 1977; Vahter et al. 1984; Yamauchi and Yamamura
1984) and MMA (Hughes et al. 2005; Yamauchi et al. 1988). In mice, the relative bioavailability of
MMA appears to be dose-dependent; 81% was absorbed following a single gavage dose of 0.4 mg
MMA/kg/day compared to 60% following administration of 4 mg MMA/kg/day (Hughes et al. 2005).

3.4.1.3 Dermal Exposure

Inorganic Arsenicals. No quantitative studies were located on absorption of inorganic arsenicals in
humans after dermal exposure. Percutaneous absorption of [*As] as arsenic acid (H;AsOy) alone and
mixed with soil has been measured in skin from cadavers (Wester et al. 1993). Labeled arsenic was
applied to skin in diffusion cells and transit through the skin into receptor fluid measured. After 24 hours,
0.93% of the dose passed through the skin and 0.98% remained in the skin after washing. Absorption was
lower with ["*As] mixed with soil: 0.43% passed through the skin over 24 hours and 0.33% remained in

the skin after washing.

Dermal absorption of arsenic has been measured in Rhesus monkeys (Lowney et al. 2005; Wester et al.
1993). After 24 hours, 6.4% of [*As] as arsenic acid was absorbed systemically, as was 4.5% of ["*As]
mixed with soil (Wester et al. 1993). Similarly, 2.8% of soluble arsenic in water was detected in the urine
24 hours after exposure (Lowney et al. 2005). However, arsenic from soil was poorly absorbed; 0.12%
was detected in the urine after 24 hours. Differences between the Wester et al. (1993) and Lowney et al.
(2005) studies in terms of uptake from soil may be due to the differences in forms of arsenic in the soil.

In the Wester et al. (1993) study, soil was mixed with radiolabelled arsenic acid in water; Lowney et al.
(2005) used soil samples from a pesticide manufacturing facility that historically manufactured arsenical
pesticides (the arsenic was primarily in the iron oxide and iron silicate mineral phases). Lowney et al.
(2005) also measured urinary levels of arsenic following dermal application of CCA residues and found
that the levels did not increase from background. Uptake of arsenic into blood or tissues was undetectable
for up to 24 hours in rats whose tails were immersed in solutions of sodium arsenate for 1 hour.

However, arsenic began to increase in blood, liver, and spleen over the next 5 days (Dutkiewicz 1977).
The rate of uptake was estimated to be 1-33 pg/cm”*/hour. These findings suggest that dermal exposure
leads initially to arsenic binding to skin, and that the bound arsenic may slowly be taken up into the

blood, even after exposure ends.
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Organic Arsenicals. No studies were located on absorption of organic arsenicals in humans or animals

after dermal exposure.

3.4.2 Distribution

3.4.2.1 Inhalation Exposure

Inorganic Arsenicals. No studies were located on the distribution of arsenic in humans or animals after
inhalation exposure, but intratracheal administration of arsenic trioxide to rats resulted in distribution of
arsenic to the liver, kidney, skeleton, gastrointestinal tract, and other tissues (Rhoads and Sanders 1985).
This is consistent with data from oral and parenteral studies (below), which indicate that absorbed arsenic

is distributed throughout the body.

Organic Arsenicals. No studies were located regarding the distribution of organic arsenicals in humans
or animals after inhalation exposure. However, DMA administered to rats by the intratracheal route was
distributed throughout the body (Stevens et al. 1977), suggesting that inhalation of organic arsenicals

would also lead to widespread distribution.

3.4.2.2 Oral Exposure

Inorganic Arsenicals. Analysis of tissues taken at autopsy from people who were exposed to background
levels of arsenic in food and water revealed that arsenic is present in all tissues of the body (Liebscher and
Smith 1968). Most tissues had about the same concentration level (0.05-0.15 ppm), while levels in hair
(0.65 ppm) and nails (0.36 ppm) were somewhat higher. This indicates that there is little tendency for
arsenic to accumulate preferentially in any internal organs. However, exposure levels may not have been
high enough to cause elevated levels in tissues. Arsenic exposure may have been low enough that the
methylation process in the body resulted in limited accumulation in internal organs. Tissue analysis of
organs taken from an individual following death from ingestion of 8 g of arsenic trioxide (about 3 g of
arsenic) showed a much higher concentration of arsenic in liver (147 pg/g) than in kidney (27 pg/g) or
muscle, heart, spleen, pancreas, lungs, or cerebellum (11-12 pg/g) (Benramdane et al. 1999a). Small
amounts were also found in other parts of the brain (8 pg/g), skin (3 pg/g), and hemolyzed blood

(0.4 ug/g). Many studies have been performed where arsenic levels in hair and nails have been measured
and correlations with exposure analyzed. Some of these studies are discussed in Section 3.8, Biomarkers

of Exposure.
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Inorganic arsenic passes easily through the placenta. High levels of arsenic were found in the liver,
kidney, and brain during autopsy of an infant prematurely born to a young mother who had ingested
inorganic arsenic at week 30 of gestation (Lugo et al. 1969). Arsenic was detected in human breast milk
at concentrations of 0.00013—0.00082 ppm in a World Health Organization study (Somogyi and Beck
1993). Arsenic concentrations were 0.0001-0.0044 ppm in human milk sampled from 88 mothers on the
Faroe Islands whose diets were predominantly seafood (Grandjean et al. 1995). Exposures to arsenic
from the seafood diet in this population was most likely to organic “fish arsenic.” In a population of
Andean women exposed to high concentrations (about 200 ppb) of inorganic arsenic in drinking water,

concentrations of arsenic in breast milk ranged from about 0.0008 to 0.008 ppm (Concha et al. 1998b).

Studies in mice and hamsters given oral doses of arsenate or arsenite have found elevated levels of arsenic
in all tissues examined (Hughes et al. 2003; Vahter and Norin 1980; Yamauchi and Yamamura 1985),
including the placenta and fetus of pregnant females (Hood et al. 1987, 1988). Inorganic arsenic crosses
the placental barrier and selectively accumulates in the neuroepithelium of the developing animal embryo
(Hanlon and Ferm 1977; Lindgren et al. 1984). In mice, radiolabel from orally administered 74-As was
widely distributed to all tissues, with the highest levels in skin, kidney, and liver (Hughes et al. 2003). No
obvious differences between As(+3) and As(+5) were found, although residual levels after 24 hours
tended to be higher for As(+3) than As(+5) (Vahter and Norin 1980). However, in vitro studies have
found that the cellular uptake of As(+3) was higher than that of As(+5) (Bertolero et al. 1987; Dopp et al.
2004); in mouse cells, the difference was 4-fold (Bertolero et al. 1987). In hamsters, increases in tissue
levels were noted after oral treatment with As(+3) for most tissues (hair, kidney, liver, lung, skin,
muscle), with the largest increases in liver and lung (Yamauchi and Yamamura 1985). Liver and kidney
arsenic concentrations increased with dose in dogs fed arsenite in the diet for 6 months (Neiger and
Osweiler 1992). A study examining the speciation of arsenic following a single dose exposure to sodium
arsenate to mice (Kenyon et al. 2005) found that the levels of inorganic arsenic and DMA were similar in
the blood, liver, and kidney; much lower levels of MMA were found in these tissues. The concentration
of DMA in the lungs exceeded inorganic arsenic and the levels of inorganic arsenic and MMA were

similar; the DMA concentration was about 6 times higher than that of inorganic arsenic.

Inorganic arsenic crosses the placental barrier and selectively accumulates in the neuroepithelium of the
developing animal embryo (Hanlon and Ferm 1977; Lindgren et al. 1984). Following maternal exposure

to arsenite or arsenate throughout gestation and lactation, inorganic arsenic and DMA were detected in the
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newborn mouse brains (Jin et al. 2006). The levels of inorganic arsenic in the brain were similar to those

in the newborn livers; however, the levels of DMA in the brain were about twice as high as in the liver.

Organic Arsenicals. No studies were located on the distribution of organic arsenicals in humans
following oral exposure. Studies in animals found MMA and DMA distributed to all tissues after acute
oral doses (Hughes et al. 2005; Stevens et al. 1977; Vahter et al. 1984; Yamauchi and Yamamura 1984;
Yamauchi et al. 1988). In mice, MMA is rapidly distributed throughout the body with peak tissue
concentrations occurring between 0.25 and 4 hours after administration of a single gavage dose of 0.4 or
4 mg MMA/kg (Hughes et al. 2005). The peak levels of MMA in the bladder, kidneys, and lungs were
higher than blood, with the highest levels occurring in the bladder. The terminal half-lives of MMA were
4.2-4.9 hours in the liver, lung, and blood, 9.0 hours in the urinary bladder, and 15.9 hours in the kidney
in mice dosed with 0.4 mg MMA/kg; similar half-lives were measured in the 4.0 mg MMA/kg mice.
Two hours after dosing, most of the methylated arsenic in the tissues was in the form of MMA. In rats
exposed to 100 mg/kg DMA in the diet for 72 days, high levels of arsenic was detected in the blood (Lu
et al. 2004a). The arsenic was primarily found in the erythrocyte; the concentration in the erythrocyte

was 150 times higher than the arsenic concentration in the plasma.

3.4.2.3 Dermal Exposure

No studies were located regarding distribution of inorganic or organic arsenicals in humans or animals

after dermal exposure.

3.4.2.4 Other Routes of Exposure

Inorganic Arsenicals. Studies in mice, rabbits, and monkeys injected intravenously with solutions of
arsenite or arsenate confirm that arsenic is widely distributed throughout the body (Lindgren et al. 1982;
Marafante and Vahter 1986; Vahter and Marafante 1983; Vahter et al. 1982). Shortly after exposure, the
concentration of arsenic tends to be somewhat higher in liver, kidney, lung, and gastrointestinal
epithelium (Hughes et al. 2000; Lindgren et al. 1982; Vahter and Marafante 1983; Vahter et al. 1982), but
levels tend to equilibrate over time. Arsenate shows a tendency to deposit in skeletal tissue that is not

shared by arsenite (Lindgren et al. 1982, 1984), presumably because arsenate is an analog of phosphate.

The distribution of arsenic in the rat is quite different from other animal species. Following intramuscular
injection of carrier-free radio-arsenate in rats, most of the injected arsenic became bound to hemoglobin

in red blood cells, and very little reached other tissues (Lanz et al. 1950). However, similar experiments
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in dogs, mice, guinea pigs, rabbits, and chicks found very little uptake of arsenic into the blood in these

species (cats gave intermediate results).

Organic Arsenicals. Following intravenous administration of DMA in mice, DMA is rapidly distributed
throughout the body (Hughes et al. 2000). In the blood, the DMA was initially detected in the plasma, but
fairly rapidly equilibrated between the plasma and erythrocytes. Blood, plasma, erythrocyte, liver, and
kidney distribution and elimination of DMA did not differ in groups of mice administered 1.11 or 111 mg
DMA/kg. However, a significant difference in DMA elimination from the lungs was observed; the
elimination half-time increased from 91 minutes in the 1.11 mg DMA/kg group to 6,930 minutes in the

111 mg DMA/kg group.

3.4.3 Metabolism

Inorganic Arsenicals. The metabolism of inorganic arsenic has been extensively studied in humans and
animals, and is diagrammed in Figure 3-7. Two basic processes are involved: (1) reduction/oxidation
reactions that interconvert As(II) and As(V), and (2) methylation reactions, which convert arsenite to
MMA and DMA. The resulting series of reactions results in the reduction of inorganic arsenate to
arsenite (if necessary), methylation to MMA(V), reduction to MMA(III), and methylation to DMA(V).
These processes appear to be similar whether exposure is by the inhalation, oral, or parenteral route. The
human body has the ability to change inorganic arsenic to organic forms (i.e., by methylation) that are
more readily excreted in urine. In addition, inorganic arsenic is also directly excreted in the urine. It is
estimated that by means of these two processes, >75% of the absorbed arsenic dose is excreted in the
urine (Marcus and Rispin 1988), although this may vary with the dose and exposure duration. This
mechanism is thought to have an upper-dose limit which, when overwhelmed, results in a higher
incidence of arsenic toxicity. This is supported by a case report of an individual who died 3 days after
ingesting 8 g of arsenic trioxide (about 3 g of arsenic) (Benramdane et al. 1999a). Only 20% of the total
arsenic in all tissues analyzed was methylated (14% MMA, 6% DMA), while 78% remained as arsenite

and 2% as arsenate.

The majority of the evidence characterizing the metabolic pathways of arsenic is derived from analysis of
urinary excretion products. Exposure of humans to either arsenates or arsenites results in increased levels
of inorganic As(+3), inorganic As(+5), MMA, and DMA in urine (Aposhian et al. 2000a, 2000b; Buchet
et al. 1981a, 1981b; Concha et al. 1998a, 1998b; Crecelius 1977; Kurttio et al. 1998; Lovell and Farmer
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Figure 3-7. Inorganic Arsenic Biotransformation Pathway
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1985; Smith et al. 1977; Tam et al. 1979b; Vahter 1986). Similar results are obtained from studies in
mice (Vahter 1981; Vahter and Envall 1983), hamsters (Hirata et al. 1988; Marafante and Vahter 1987;
Takahashi et al. 1988), and rabbits (Maiorino and Aposhian 1985; Marafante et al. 1985; Vahter and
Marafante 1983). Historically, little distinction was made between MMA(V) and MMA(III) in the urine
in most studies, and the assumption was that the majority of MMA in the urine was MMA(V); however,
Aposhian et al. (2000a, 2000b) demonstrated that the methylated arsenic atom may be in either valance

state.

The relative proportions of As(+3), As(+5), MMA, and DMA in urine can vary depending upon the
chemical administered, time after exposure, route of exposure, dose level, and exposed species. In
general, however, DMA is the principal metabolite following long-term exposure, with lower levels of
inorganic arsenic [As(+3) and As(+5)] and MMA. In humans, the relative proportions are usually about
40-75% DMA, 20-25% inorganic arsenic, and 15-25% MMA (Buchet et al. 1981a; Hopenhayn et al.
2003b; Loffredo et al. 2003; Mandal et al. 2001; Smith et al. 1977; Tam et al. 1979b; Tokunaga et al.
2002; Vahter 1986). With relatively constant exposure levels, these metabolic proportions remain similar
over time (Concha et al. 2002), and appear to be similar among family members (Chung et al. 2002). One
study of groups of women and children in two villages in Argentina showed that children ingesting large
amounts of arsenic in their drinking water (200 pg/L) excreted about 49% inorganic arsenic and 47%
DMA (Concha et al. 1998b). This compared to 32% inorganic arsenic and 66% DMA for the women in
the study. This may indicate that metabolism of arsenic in children is less efficient than in adults. The
rabbit has a ratio of metabolites similar to human adults (Maiorino and Aposhian 1985), suggesting that
this may be a good animal model for toxicokinetics in humans. Mice may also be a good human
toxicokinetic model based on the similarity of arsenic metabolism and deposition (Vahter et al. 2002). In
contrast, the guinea pig, marmoset, and tamarin monkey do not methylate inorganic arsenic (Healy et al.
1998; Vahter and Marafante 1985; Vahter et al. 1982; Zakharyan et al. 1996); thus, they may be poor

models for humans.

Reduction of arsenate to arsenite can be mediated by glutathione (Menzel et al. 1994). Scott et al. (1993)
showed that glutathione forms complexes with both arsenate and arsenite in vitro, and that glutathione is
oxidized (and arsenate reduced) in the glutathione-arsenate reaction. Studies in vitro indicate that the
substrate for methylation is As(+3), and that As(+5) is not methylated unless it is first reduced to As(+3)
(Buchet and Lauwerys 1985, 1988; Lerman et al. 1983). The main site of methylation appears to be the
liver, where the methylation process is mediated by enzymes that utilize S-adenosylmethionine as

cosubstrate (Buchet and Lauwerys 1985, 1988). Under normal conditions, the availability of methyl
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donors (e.g., methionine, choline, cysteine) does not appear to be rate limiting in methylating capacity,
either in humans (Buchet et al. 1982) or in animals (Buchet and Lauwerys 1987; Buchet et al. 1981a).
However, severe dietary restriction of methyl donor intake can result in significant decreases in

methylating capacity (Buchet and Lauwerys 1987; Vahter and Marafante 1987).

Arsenic methyltransferase and MMA methyltransferase activities have been purified to homogeneity from
cytosol of rabbit liver (Zakharyan et al. 1995), Rhesus monkey liver (Zakharyan et al. 1996), and rat liver
(Thomas et al. 2004). It appears that a single protein catalyzes both activities. This activity transfers a
methyl group from S-adenosylmethionine to As(+3) yielding MMA, which is then further methylated to
DMA. Reduced glutathione is probably a co-factor in vivo, but other thiols can substitute in vitro
(L-cysteine, dithiothreitol). The substrate saturation concentration for rabbit arsenite methyltransferase is
50 uM, for MMA methyltransferase it is 1,000 uM. The purified activity is specific for arsenite and
MMA; selenite, selenate, selenide, and catechols do not serve as substrates. Thomas et al. (2004)
reported cloning the gene for an S-adenosylmethionine-dependent methyltransferase from rat liver cytosol
that catalyzes the conversion of arsenic to methylated and dimethylated species. It bears a high similarity
to translations of cyt19 genes in both the mouse and the human; both this gene and protein are now

termed arsenic (+3 oxidation state) methyltransferase (AS3MT).

Studies in mice indicate that exposure to arsenic does not induce arsenic methylation activity (Healy et al.
1998). Mice receiving up to 0.87 mg As/kg/day as sodium arsenate in drinking water for 91 days had the
same arsenic methylating activity as unexposed controls. Specific activities were highest in testis

(1.45 U/mg) followed by kidney (0.70 U/mg), liver (0.40 U/mg), and lung (0.20 U/mg). None were

affected by arsenic exposure.

An alternative biotransformation pathway (Figure 3-8) has recently been proposed for arsenic (Hayakawa
et al. 2005) based on the nonenzymatic formation of glutathione complexes with arsenite resulting in the
formation of arsenic triglutathione. The arsenic triglutathione is subsequently methylated by AS3MT to
form monomethyl arsenic glutathione. At low glutathione levels (1 mM), the monomethyl arsenic
glutathione is hydrolyzed to form MMA(III). At high glutathione levels (5 mM), the monomethy] arsenic
glutathione is methylated to dimethylarsinic glutathione by AS3MT. Dimethylarsinic glutathione is
quickly hydrolyzed to form DMA(III) (Hayakawa et al. 2005; Thomas et al. 2007). In the classical
inorganic arsenic biotransformation pathway (Figure 3-7), MMA(V) is converted to the more toxic

MMA(III); in contrast, in the alternative pathway, MMA(III) is converted to the less toxic MMA(V).
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Figure 3-8. Alternative Inorganic Arsenic Biotransformation Pathway
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ATG = arsenic triglutathione; DMAG = dimethylarsinic glutathione; GSH = glutathione; MADG = monomethyl arsenic
glutathione; SAHC = S-adenosylhomocysteine; SAM = S-adenosylmethionine

Source: Hayakawa et al. 2005; Thomas et al. 2007
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Since methylation tends to result in lower tissue retention of inorganic arsenic (Marafante and Vahter
1984, 1986; Marafante et al. 1985; Vahter and Marafante 1987), the methylation process is usually
viewed as a detoxification mechanism. However, several studies showing an elevated toxicity of
MMA(III) relative even to As(III) in cultured human liver cells (Petrick et al. 2000, 2001) have called this
assumption into question. Because methylation is an enzymic process, an important issue is the dose of
arsenic that saturates the methylation capacity of an organism, resulting in a possible increased level of
the more toxic As(III) in tissues, or whether or not such a dose exists. Limited data from studies in
humans suggest that methylation may begin to become limiting at doses of about 0.2—1 mg/day (0.003—
0.015 mg/kg/day) (Buchet et al. 1981b; Marcus and Rispin 1988). However, these observations are
relatively uncertain since they are based on data from only a few subjects, and the pattern of urinary
excretion products in humans who ingested high (near lethal) oral doses or were exposed to elevated
levels in the workplace is not much different from that in the general population (Lovell and Farmer
1985; Vahter 1986). Furthermore, the nutrient intakes reported by Engel and Receveur (1993) were
sufficient to accommodate the body stores of methyl groups needed for arsenic biomethylation. At the
highest arsenic level reported in the endemic area, the biomethylation process required only a few percent
of the total daily methyl intake (Mushak and Crocetti 1995). Thus, the dose rate at which methylation

capacity becomes saturated cannot be precisely defined with current data.

Organic Arsenicals. With the exception of arsenosugars, which may undergo extensive metabolism,
organic arsenicals appear to undergo little metabolism. Humans who ingested a dose of MMA converted
a small amount (about 13%) to DMA (Buchet et al. 1981a). Similarly, in mice and hamsters, DMA and
MMA are primarily excreted unchanged in the urine (Hughes et al. 2005; Marafante et al. 1987b; Vahter
et al. 1984). In mice, a small percentage of MMA is methylated to DMA and some is further methylated
to trimethylarsine oxide (TMAOQO) (Hughes et al. 2005). In contrast, administration of MMA(III) to mice
resulted in the excretion of mostly DMA(V) and smaller amounts of MMA(V), MMA(III), and DMA(III)
(Hughes et al. 2005). As with MMA, only a small percentage (<10%) of the DMA is methylated to
TMAO (Hughes et al. 2005; Marafante et al. 1987b; Yamauchi and Yamamura 1984; Yamauchi et al.
1988).

MMA and DMA are more extensively methylated in rats compared to other animal species. After 1 week
of exposure to 100 mg As/kg/day as MMA in drinking water, rats excreted 50.6% of the total arsenic in
urine as MMA, 19.0% as DMA, 6.9% as TMAO, and 0.4% as tetramethylarsonium (Yoshida et al. 1998).
In contrast, mice exposed to a single dose of 40 mg As/kg as MMA excreted 89.6% of the dose as MMA,
6.2% as DMA, and 1.9% as TMAO (Hughes et al. 2005). Similarly, 24 hours after administration of a



ARSENIC 225

3. HEALTH EFFECTS

single oral dose of 50 mg As/kg as MMA in hamsters, 26.9% was excreted in urine as MMA, 1.43% as
DMA, and 0.07% as trimethylarsenic compound (Yamauchi et al. 1988). As with MMA, oral exposure of
mice and hamsters to DMA results in most of the dose being excreted in the urine in the form of DMA (or
DMA complex) (Marafante et al. 1987b); in rats, the levels of DMA and TMAO are about equal (Yoshida
et al. 1998).

The available data suggest that the methylarsenates are not demethylated to inorganic arsenic either in
humans (Buchet et al. 1981a; Marafante et al. 1987b) or in animals (rats and hamsters) (Stevens et al.

1977; Yamauchi and Yamamura 1984; Yoshida et al. 2001).

3.4.4 Elimination and Excretion

3.4.4.1 Inhalation Exposure

Inorganic Arsenicals. As noted previously (see Section 3.4.1.1), urinary excretion of arsenic appears to
account for 30-60% of the inhaled dose (Holland et al. 1959; Pinto et al. 1976; Vahter et al. 1986). Since
the deposition fraction usually ranges from about 30 to 60% for most respirable particles (EPA 1989b),
this suggests that nearly all arsenic that is deposited in the lung is excreted in the urine. The time course
of excretion in humans exposed by inhalation has not been thoroughly investigated, but urinary arsenic
levels in workers in a smelter rose within hours after they came to work on Monday and then fell over the
weekend (Vahter et al. 1986). This implies that excretion is fairly rapid, and this is supported by
intratracheal studies in rats (Rhoads and Sanders 1985) and hamsters (Marafante and Vahter 1987), where
whole-body clearance of administered arsenate or arsenite occurred with a half-time of 1 day or less.
However, the study in rats (Rhoads and Sanders 1985) found that the clearance of arsenic trioxide was
biphasic, with 95% cleared with a half-time of 29 minutes and the remaining arsenic cleared with a halfT]
time of 75 days. For sodium arsenate and sodium arsenite, <0.1% of the dose was retained in the lung

3 days after exposure of hamsters; 1.3% of the arsenic trisulfide dose was retained after 3 days (Marafante
and Vahter 1987). The Marafante and Vahter (1987) study suggested that lung clearance was influenced
by compound solubility. The primary forms of arsenic found in the urine of inhalation-exposed humans
are DMA and MMA, with inorganic arsenic comprising <25% of the total urinary arsenic (Apostoli et al.

1999).

Organic Arsenicals. No studies were located regarding the excretion of organic arsenicals by humans or

animals after inhalation exposure. However, rats that were given a single intratracheal dose of DMA
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excreted about 60% in the urine and about 8% in the feces within 24 hours (Stevens et al. 1977). This

indicates that organic arsenicals are likely to be promptly excreted after inhalation exposure.

3.4.4.2 Oral Exposure

Inorganic Arsenicals. Direct measurements of arsenic excretion in humans who ingested known
amounts of arsenite or arsenate indicate that very little is excreted in the feces (Bettley and O'Shea 1975),
and that 45-85% is excreted in urine within 1-3 days (Apostoli et al. 1999; Buchet et al. 1981a; Crecelius
1977; Mappes 1977; Tam et al. 1979b). At low exposure levels, urinary arsenic levels generally increase
linearly with increasing arsenic intake (Calderon et al. 1999). During lactation, a very small percent of
ingested arsenic may also be excreted in the breast milk (Concha et al. 1998a). A similar pattern of
urinary and fecal excretion is observed in hamsters (Marafante and Vahter 1987; Yamauchi and
Yamamura 1985) and mice (Vahter and Norin 1980); this pattern is typically modeled as a biphasic
process (e.g., Hughes et al. 2003). Generally, whole body clearance is fairly rapid, with half-times of 40—
60 hours in humans (Buchet et al. 1981b; Mappes 1977). Clearance is even more rapid in mice and
hamsters, with 90% removed in 2 days (Hughes et al. 2003; Marafante and Vahter 1987; Vahter 1981;
Vahter and Norin 1980).

A study in pregnant women exposed to elevated levels of inorganic arsenic in drinking water found that
most of the ingested arsenic was excreted in the urine as DMA (79-85%), with smaller amounts excreted
as inorganic arsenic (8—16%) or MMA (5—6%) (Christian et al. 2006). Similarly, in mice, arsenate is
primarily excreted in the urine as DMA, with lesser amounts of inorganic arsenic and MMA (Kenyon et
al. 2005). Following a single oral dose of 10 umol/kg sodium arsenate, 78.4% was excreted as DMA,
20.2% as inorganic arsenic, and 1.45% as MMA; at a 10-fold higher dose, the ratio of DMA to inorganic
arsenic decreased (57.7% DMA, 39.8% inorganic arsenic, and 2.59% MMA).

Arsenic is also excreted in the bile via the formation of two arsenic-glutathione complexes (arsenic
triglutathione and methylarsenic diglutathione) (Kala et al. 2000). In rats administered 5.0 mg/kg sodium
arsenite, equal amounts of arsenic triglutathione and methylarsenic diglutathione were found in the bile
18-20 minutes after exposure. At a lower arsenic dose (0.5 mg/kg), only methylarsenic diglutathione was
found. As discussed in Section 3.4.4.4, biliary excretion of arsenic has also been detected in mice,

hamsters, guinea pigs, and rabbits following parenteral exposure (Csanaky and Gregus 2002).
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Organic Arsenicals. Studies in humans indicate that ingested MMA and DMA are excreted mainly in the
urine (75-85%), and this occurs mostly within 1 day (Buchet et al. 1981a; Marafante et al. 1987b). This
is supported by studies in rats, mice, and hamsters, although in animals, excretion is more evenly
distributed between urine and feces (Hughes et al. 2005; Marafante et al. 1987b; Stevens et al. 1977;
Yamauchi and Yamamura 1984; Yamauchi et al. 1988). In mice administered 40 mg As/kg as DMA,
56.4% was excreted in the urine as DMA, 7.7% as a DMA complex, and 3.5% as TMAO during a
48-hour period after dosing; in the feces, 24.3% was DMA and 4.9% as DMA complex (Marafante et al.
1987b). In hamsters, 38.7% was DMA, 11.2% as DMA co