DRAFT
For Review Only

Public Health Goal for

COPPER
in Drinking Water

Prepared by
Pesticide and Environmental Toxicology Branch

Office of Environmental Health Hazard Assessment

California Environmental Protection Agency

June 2007



DRAFT

LIST OF CONTRIBUTORS

To be added later

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW i June 2007



DRAFT

PREFACE

Drinking Water Public Health Goals
Pesticide and Environmental Toxicology Branch
Office of Environmental Health Hazard Assessment
California Environmental Protection Agency

This Public Health Goal (PHG) technical support document provides information on
health effects from contaminants in drinking water. PHGs are developed for

chemical contaminants based on the best available toxicological datadai¢imtific
literature. These documents and the analyses contained in them provide estimates of
the levels of contaminants in drinking water that would pose no significant health

risk to individuals consuming the water on a daily basis over a lifetime.

The California Safe Drinking Water Act of 1996 (Health and Safety Code, Section
116365) requires the Office of Environmental Health Hazard Assessment (OEHHA)
to perform risk assessments and adopt PHGs for contaminants in drinking water
based exclusively opublic health considerations. The Act requires that PHGs be
set in accordance with the following criteria:

1. PHGs for acutely toxic substances shall be set at levels at which no known or
anticipated adverse effects on health will occur, with an adequeatgin of
safety.

2. PHGs for carcinogens or other substances that may cause chronic disease shall be
based solely on health effects and shall be set at levels that OEHHA has
determined do not pose any significant risk to health.

3. To the extent the infonation is available, OEHHA shall consider possible
synergistic effects resulting from exposure to two or more contaminants.

4. OEHHA shall consider potential adverse effects on members of subgroups that
comprise a meaningful proportion of the populatiorcjuding but not limited to
infants, children, pregnant women, the elderly, and individuals with a history of
serious illness.

5. OEHHA shall consider the contaminant exposure and body burden levels that
alter physiological function or structure in a mantmat may significantly
increase the risk of iliness.

6. OEHHA shall consider additive effects of exposure to contaminants in media
other than drinking water, including food and air, and the resulting body burden.

7. Inrisk assessments that involve infants ahildren, OEHHA shall specifically
assess exposure patterns, special susceptibility, multiple contaminants with toxic
mechanisms in common, and the interactions of such contaminants.
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8. In cases of insufficient data for OEHHA to determine a level thatesesd
significant risk, OEHHA shall set the PHG at a level that is protective of public
health with an adequate margin of safety.

9. In cases where scientific evidence demonstrates that a safe dose response
threshold for a contaminant exists, then the P#HGuld be set at that threshold.

10.The PHG may be set at zero if necessary to satisfy the requirements listed above
in items seven and eight.

11.PHGs adopted by OEHHA shall be reviewed at least once every five years and
revised as necessary based oratveglability of new scientific data.

PHGs adopted by OEHHA are for use by the California Department of Health
Servicesnow the Department of Public Hea(fbPH) in establishing primary

drinking water standards (State Maximum Contaminant Levels, or MCANBereas
PHGs are to be based solely on scientific and public health considerations without
regard to economic cost considerations or technical feasibility, drinking water
standards adopted byPPi are to consider economic factors and technical feasibility
Each primary drinking water standard adopted I3H3Zhall be set at a level that is

as close as feasible to the corresponding PHG, placing emphasis on the protection of
public health. PHGs established by OEHHA are not regulatory in nature and
represenbnly nonmandatory goals. By state and federal law, MCLs established by
DPH must be at least as stringent as the federal MCL, if one exists.

PHG documents are used to provide technical assistandeHpdnd they are also
informative reference materialsr federal, state and local public health officials and
the public. While the PHGs are calculated for single chemicals only, they may, if the
information is available, address hazards associated with the interactions of
contaminants in mixtures. FurthéHGs are derived for drinking water only and are
not intended to be utilized as target levels for the contamination of other
environmental media.

Additional information on PHGs can be obtained at the OENMEY site at
www.oehha.ca.gov.
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PUBLIC HEALTH GOAL FOR COPPER IN DRINKING WATER

SUMMARY

A revised Public Health Go&PHG) of 300 parts per billion (ppbis proposed for copper

in drinking water, based on a-review of the scientific literature since the original PHG,
developed in 1997. Copper is an essential nutrient in humans, and has not been shown to
be carcinogermi in animals or humanddowever, young children, and infants in

particular, appear to be especially susceptible to the effects of excess dopper.

reports have attributed adverse effects (diarrhea and weight loss) in infants to rather low
levels of c@perin drinking waterestimated a8.22to 1.0 mg/L or parts per million

(ppm) (Stenhammar, 1999) or 1.0 to 6.5 mg C(#lerget al, 198]). High levels of

copper in tap water in homes with copper plumbing have been linked to childhood
cirrhosis in Gerrany Qieteret al, 1999). (Liver is the target organ feystemiccopper
toxicity). In other studiesHizarroet al.,1999b; Arayeet al, 2001, 2004; Olivarest al,

2001), consumption by adults of drinking water contair#r®mg/L ionized copper was
associated with a significant increase in nausea, abdominal pain, or vomiting.

The proposed PHG is based on children as a sensitive group, and absence of an adverse
effect in the principal study selected (Olivaesl,, 1998),which was undertaken to
confirm the safety of the World Health Orga
mg/L during infancy. This is supplementeddnta on gastrointestinal effects from other
studies as the adverse effect endpoint of concern @ely 1981; Stenhammal999;
Pizarroet al.,1999b; Arayeet al, 2001, 2004; Olivarest al, 2001). Although some
differences in biochemicahdicesof copper nutrition and liver function were observed
between exposure groups in the Olivageal (1998) study, no eviderof adverse or

toxic effects were reported in healthy infants (forrmalad breasfed) that consumed

water with a copper content of either <0.1 mg/L or 2 mg/L (~30 umol/L) from 3 to 12
months of age. The nobserveehdverseeffectlevel (NOAEL) was 426ug/kg-day

based on the higher drinking water copper concentration administered in the study.

The proposed PHG takes into consideration normal copper exposueflenelbreast

milk or formula. Arelative source contribution of 50 percent of total coppitke from
powdered formula versus tap water used in its reconstitution was applied, which is
consistent with the estimated exposures. A moderate uncertainty factor of 3 is applied to
the NOAEL of the Olivarest al (1998) data, based on its applicatiora sensitive
population, infants, who are presumed to be most at risk, using a 95 percent upper
confidence level of the expected fluid consumption rate.

The U.S.Environmental Protection Agency (U.S. EPA) Maximum Contaminant Level
Goal MCLG) and Acton Level for copper is 1.3 mg/L, as is the CaliforAion Level.
TheWorld Health Organization/HO) limit for copper in tap water is 2 mg/L (31.48
pmol/L) (WHO, 2004) and &cording to WHO guidelines, drinking water should not
provide more than aboonetenth of the daily requirement for minerals, including
copper (WHO, 1993) The proposed copper PHG, whichirisreasedrom the value of
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170 pg/L (170 ppb) in the 1997 PHG document, is based on new scientific sindias
improved drinking water ca@umption estimate. We believe the proposed val390

ppbis adequate to protect both infants and adults against any adverse acute or chronic
effects from copper in drinking water.

INTRODUCTION

The purpose of this document is to reevaluate the PHGofger in drinking water,

originally developed in 1997 (OEHHA, 1997). Copper may be present in source water or
may enter tap water in the distribution system of the individual household. Tap water is
used for drinking directly and also for the preparabbfoods and beverages. Copper is

an essential nutrient, but it is toxic at higher intake levels. Children under 10 years of age
appear to be particularly susceptible to copper toxicity (Spied@y, 1984; Mueller

Hoecheret al, 1988; Kleinet al, 1991; IOM, 2001; ATSDR, 2004).

As a required element, copper is incorporated into a number of proteins, such as

cytochrome oxidase, lysyl oxidase and superoxide dismutase. Copper is essential for
hemoglobin synthesis, carbohydrate metabolism, catetimdabiosynthesis and cress

linking of collagen, elastin, and hair keratin (Solomons, 1985; ATSDR, 2004). The daily
nutritional requirement for copper is easily met by food sources; deficiencies are

generally associated with disease conditions such asgest infantile diarrhea or

Il nherited metabolic disorder (Menkesd syndr

Reports of copper intoxication in humans most often arise from accidental poisoning or

suicide attempts (Akintowat al, 1989; ATSDR, 2004). Coppeértoxication from the

consumption of water containing high copper concentrations is uncommon. Symptoms

of mild copper poisoning from ingestion of contaminated water are nausea, abdominal

cramps, diarrhea, vomiting, dizziness and headaches. More sag@ssigvolving

hepatic and renal necr osi s, coma, and deat!t
Cirrhosiso (1 CC), a condition affecting pri
in the Indian subcontinent (Se#t al, 1993). It is generallpelieved that milk or water

stored in brass or copper containers led to increased dietary copper in these children,

possibly combined with variations in genetic susceptibility (McClain and Shedlofsky,

1988; Leeet al, 1989; Sethet al, 1993, ATSDR, 2004

In this document we evaluate the available data on the toxicity of copper by the oral
route, particularly toxic effects that may result from the ingestion of drinking water with
high levels of dissolved copper. To determine a safe level for copdanking water,
sensitive groups are identified and considered, and studies that can be used to identify
safe levels are reviewed and evaluated.
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CHEMICAL PROFILE

Chemical Identity

Copper is a naturally occurring metal with an atomic number of 29 andeaaggevatomic
weight of 63.54. The two naturally occurring stable isotope&®aneand™Cu,

occurring in a ratio of approximately 7:3. Two radioactive isotopes of coierand
®’Cu, have been useful for clinical and experimental purposes (Magtahp1970;
Stricklandet al, 1972).

Copper is a metallic element with a bright, lustrous reddish color. Itis malleable, ductile,
and an excellent conductor of heat and electricity. The melting point of copper is
1,083C and its boiling point is 2,386. The specific gravity of copper is 8.94.

Copper can exist in two valence states: monovalent (cuprous) and divalent (cupric).
Copper is found in pure metallic form, or as a component of many minerals, including
sulfides, oxides and carbonates. Purepeoan be obtained from these minerals by
smelting, leaching or electrolysis.

The copper salt most frequently used in toxicological experiments is cupric sulfate
(CusQ).

Production and Uses

Copper may have been the first metal that human beings smettetsed for

manufacturing implements. The manufacture of copper tools and weapons ended the
neolithic age (or late stone age) and eventually led to the bronze age when humans
learned to alloy copper with tin and other metals. Unalloyed copper is stilltasnake
coins, electrical wiring, casings for ammunition, and water pipes. Copper has excellent
electrical and heat conductivity, which makes it useful for electrical wires and for
cooking applications. The ductility of copper makes it useful for m@ifes that can be
bent to fit particular applications.

Bronze (copper alloyed chiefly with tin) is used in a wide variety of applications. Brass
(copper alloyed with zinc) is an attractive metal for decorative purposes such as rails and
doorknobs, andsiused in making musical instruments.

Copper salts are also extensively used as pesticides, with application as antifungals and
against moss and other plants. Copper sulfate and copper hydroxide were the tenth and
eleventh mosheavily used pesticides (byeight) in California in 2002, the most recent

year for which pesticide use data are available (DPR, 2004). Copper hydroxide alone
was applied to over 1 million acres. About 7 million pounds of copper salts were used as
pesticides in California in 2002.
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ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE

Copper is a component of many naturally occurring minerals and is extensively used in
industry and household products. Therefore, it is very widespread in the human
environment. Copper occurs in virtually adedia that humans contact, including air,
water and soil (ATSDR, 1990; Nriagu, 1990).

Air

Concentrations of copper in air tend to range between 5 and 208, aifhough they

may be as high as several thousand Agfnproximity to copper sources such a

smelters, mines, and power plants (ATSDR, 2004). Average values around 3@rey/m
common in urban air (Davies and Bennett, 1985). The concentrations of copper detected
in air samples from firemote ar3omdowofr ange
0.014 ng/mas reported by Wiersma and Davidson (1986). Copper emitted into the air
from natural sources amounts to 28 thousand tons annually, whereas anthropogenic
sources may contribute another 35 thousand tons (Nriagu and Pacyna, 1988). Natural
souces include wineblown dust, volcanic activity, and spray from ocean waves. The
anthropogenic sources are the mining, refining, smelting, and incineration of copper and
related metals that are mixed or alloyed with copper in the ores and in the processed
forms (ATSDR, 1990).

Soill

Copper is discharged to land from sewage treatment plants, as well as from mining and
industry. Based on the 2001 Toxic Release Inventory reports, it was estimated that 92
percent of the 11 million pounds of copper releasetieécnvironment by industrial
activities is deposited on land (ATSDR, 2004). Large quantities of copper salts used in
agriculture are deposited on land over extensive areas (DPR, 2004). The copper in soll
can run off to surface water and leach to grouatkew thus contaminating drinking water
sources (U.S. EPA, 200

Water

Copper is found in surface water, groundwater, seawater and drinking water. Surface
water concentrations of copper range from 0.5 to 1000 ppb, with a median of 10 ppb
(ATSDR, 2004).Most of the copper tends to be bound to sediments. Urban runoff often

contains elevated concentrations of copper due to household and industrial uses of water.

Sewage is also a major source of copper input to rivers and streams, although some is
removael in treatment plants because of its sediment binding properties (ATSDR, 2004).
Copper in surface water is a w&thown environmental hazard, associated with toxicity

to a variety of aquatic organisms (U.S. EPA, 2(X307.

The concentration of copper dhinking water can vary widely, depending on variations
in acidity/alkalinity (pH), mineral content (hardness), and copper availability in the
distribution system. Results from studies in the.]JJEBrope and Canada indicate that
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copper levels in drinkign water can range from < 0.005 to > 30 mg/L, with the corrosion
of copper pipes serving as the most frequent cause of copper contamination (U.S EPA,
1991; Health Canada, 1992; NRC, 2000).

Well water has a highly variable copper conteejpendent on thgoil and the underlying
water table (Lonnerdal, 1996). Additional copper is added to water due to leaching from
the distribution system as drinking water is carried from the water treatment plant to the
tap (Lonnerdal, 1996; Sharrettal., 1982). The se of copper sulfate for water treatment
(primarily as an algicide) can also add copper to drinking water.

Copper in drinking water is regulated by the lead and copper rigeeaal andtate

drinking water standard (Title 22 CCR section 64672.3)gpatifies requirements for
copper in drinking water systems, measur ed
The action level for copper refers to a concentration measured at the tap rather in the
municipal water supply system because much of the coppkinking water is derived

from household plumbing. The concentration at the tap is affected by water chemistry

(pH and various dissolved constituents), which affects the corrosivity of the water. The
leaching of copper into drinking water in the hedistribution system is greater if the

water is slightly acidic or very soft (Lonnerdal, 1996; Shaettl, 1982).

The action levebf 1,300 pplfor copper is exceeded if the concentration of copper in
more than 10 percent of the tap water samplésated during any monitoring period
(conducted in accordance with 22 CCR sections 64682 to 64685) is greatdrishan
level. Failure to comply with the applicable requirements for lead and copper is a
violation of primary drinking water standards foele substances (22 CCR Chapter
17.5).

The U.S. EPA also has a secondary maximum contaminant level (SMCL) for copper in
drinking water of 1.0 mg/L (40 CFR 143). Thisis an aesthetics guideline based on
consideration of taste and the staining of sinkslattitubs. This is the principal

regulatory guideline in many countries. The taste threshold for copper in water is 1 to 5
mg/L (Coheret al, 1960; McKee and Wolf, 1971).

Although the copper content of potable water is generally low, acidic and hasd wat
particularly if conducted by newdinstalled copper pipes, may be highly corrosive.
Stagnation is another factor that will increase the copper content of waterdr&isst

water from household systems that use copper plumbing can contain severaff mg/L
copper; concentrations are likely to be highest when drawn from the hot water pipes.
Copper leaching from pipes tends to decrease over several years, presumably from
accumulation of deposits on the inside of the pipes (ATSDR, 2004). Survey data from
U.S. municipal water supply systems are not generally availfiblde US., first-draw

copper concentrations (after a minimurh 8tatic period) must be reported to the U.S. EPA

if they exceed 1.3 mg/L. e 90" percentile concentration in firstraw water samples

taken by 4500 municipal systems (7,307 samples) from 1991 to 1999 was slightly greater
than 2 mg/L. Ten percent of the samples with exceedances had copper concentrations in
excess of 5 mg/L, and one percent had concentrations greater thayilLONRC, 2000)

A study of water samples from households in Ohio found about 30 percent exceeded 1
mg/L (Strainet al,, 1984). Similarly, a study of households in Seattle, Washington found
the median concentration of copper in standing water samplbes363 pg/L. In those
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homes with copper pipe (as opposed to galvanized), the&@entile for copper

concentrations in standing and running water were 760 pg/L and 353 ug/L, respectively;

the 75" percentile concentrations were 1,303 pg Cu/L and Z8wL, respectively.

For Seattle city employees (males only) chosen as the study subjects, the mean daily
copper consumption was 2.2 mg Cu from standing and 1.3 mg Cu from running water.
Running water appearéd providean intake equivalent tmore tha half the daily

copper requiremerior their wives and children as well (Sharrettal, 1982). The WHO
(2004) doc u me€mnsumptidn af stending bripatially flushed water from a
distribution system that includes copper pipes or fittingsammnsiderably increase total daily
copper exposure, especially for infants fed

Drinking water concentrations of copper vary widdlyt tap water could typically

contribute about 0.08 to 0.3 nadj copper, equivalerib 9 to 30 percent of the adult daily
nutritional requirement for coppewhich is now considered to be 0.9 mg/day (IOM,

2001). The nutritional requirement of children fopper is lower, ranging from a
Recommended Dietary AllowancBDA) of 0.34 mg/dayor infants of 13 years of age

to 0.89 mg/day for ages 1d 18 (IOM, 2001). Assuming that infants drink ~1 liter/day

of water, the copper exposure would represent 24 to 88 percent of their nutritional needs.
However, food provides an adequate amourmopiper except in special cases (IOM,

2001). According to WHO guidelines, drinking water should not provide more than

about ongenth of the daily requirement for minerals, including copper (WHO, 1993).

There exist few published reports on direct measargmof copper intake by oral

pathways in community settings. To improve public health protection, more data are
needed. In addition, most copper intake studies are designed to assess aggregate daily
intake of copper from ingestion of drinking water, emges and solid food as a whole.

Food

Food is a principal source of copper exposure for humans. As part of a total diet study
(Penningtoret al, 1986), the United States Food and Drug Administration (U.S. FDA)
estimated the daily dietary intake of copp@d other essential trace elements for eight
groups of the U.S. population by sex and age. These estimates were based on composite
samples of 234 foods purchased in 24 U.S. cities, together with earlier estimates of
dietary intakes of these foods by bahales and females per age groups. Table 1

displays the results of this study for copper.

Gibson (1994) compiled several studies and found that copper intakes in adults were
approximately 1.0 to 1.5 mg/day from omnivore diets, and 2.1 to 3.9 mg/day in

vegetarian diets. Copper intakes for children were 0.8 to 1.9 mg/day, with most of the
higher intakes from vegetarian diets (Gibson, 1994). Davies and Bennett (1985) used a
value of 2 mg/day in their copper exposure assessment. These estimated daiasy int

of copper are well over the estimated average requirements for copper established by the
Food and Nutrition Board of the U.S. Institute of Medicine (0.9 mg/day for adults), but
well below the estimated adult tolerated upper intake level (10 mg/dal), 2001).
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Table 1. Dietary Copper Intakes for Females and Males per Age Group

Dietary Copper Intake

Age Group Sex (mg/day)
6-11 months FIM 0.47
2 years FIM 0.58
14 to 16 years F 0.77

M 1.18
25 to 30 years F 0.93

M 1.24
60 to 65 years F 0.86

M 1.17

Data from Penningtoeat al, 1986.

Data collected from the U.S. National Health and Nutrition Examination Survey
(NHANES)(19881994) and from the Continuing Survey of Food Intakes by Individuals
(19941996) indicated that the median intake of copper frioendiet was 1.201.6

mg/day for adult males and 1t®1.1 mg/day for adult females. The median intake for
infants and young children (six months to three years) wa® 0.6 mg/day (IOM,

2001).

The Food and Nutrition Board (FNB) recently estdi#id recommended daily

allowances (RDAs) for copper in adults and children (IOM, 2001). The RDA for adults

is 900 ug Cu/day. Values for children are 340 pg/day for the first 3 years, 440 pg/day for
ages 48, 700 pg/day for agest® 13 and 890 pg/day faxges 140 18. RDAs of 1000

ug/day and 1300 pg/day, respectively, are recommended during pregnancy and lactation.
The data were judged not sufficient to establish RDAs for infants. However, intakes for
infants in the first year of life were estimatedséd on the copper concentration of human
milk. A copper intake of 200 pg/day was deemed adequate for the first six months of

life, and 220 pg/day for the second six months.

In 1973, the World Health Organization (WHO, 1973) recommende.gl@ of

copper/day for infants, and set a value of nglkg per day as the upper limit of the safe
range for infants. However, the FNB more recently concluded that an upper limit could
not be established for infants (IOM, 2001). In a subsequent dot¢utheiWHO (1996)
estimated that average copper requirements are 12.5 pug/kg of body weight per day for
adults and about 50 pg/kg of body weight per day for infants. For infants, the WHO
(1996) set 150 ug Cu/kg per day as the upper limit of the safe rdigelOM (2001)
recommended 10 mg/day as a tolerable upper intake levatitdisfrom food and
supplements.

Breast milk copper concentration is low, containing approximatehi) B2ng Cu/L
(Deweyet al, 1983; Vuori and Kuitunen, 1979), but copper frobreast milk is well
absorbed (Lonnerdal, 1998). The American Academy of Pediatrics (1985) has
recommended 6ug of copper per 100 kcal in infant formulas (infant formulas sold in
the U.S generally contain 7ug of copper per 100 kcal). This would pro&i0.4 mg of
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copper/day for an infant consuming 700 kcal/day. Term infant formulas generally
contain from 0.40.8 mg Cu/L, whereas formulas for giegrm infants may contain up to 2
mg Cu/L (Bauerlyet al, 2005).

Copper in the diet is contributed by ariety of foods. Potatoes and other vegetables
make the largest contribution (approximately 30 percent). Meat, poultry, fish and bread
contribute significantly (approximately 20 percent). Other food groups contribute lesser
amounts (Solomons, 1985; Laendal, 1996a). The food with the highest copper content
is beef liver, which was reported to contain 61 ppm copper. In most foods, copper is
present bound to macromolecules rather than as a free ion (IOM, 2001)

Surveys in the United States indicatatthbout 1%ercentof the population uses a

nutritional supplement containing copper (IOM, 200¥)tamin/mineral preparations for
children and adults typically contain 2 mg Cu per tablet or capsule, most often as copper
oxide (Olivares and Uauy, 1996).

METABOLISM AND PHARMACOKINETICS

Copper probably occurs in drinking water in the form of cupric iorf {Gzomplexed

with organic ligands (U.S. EPA, 1987). Copper iomsy bemore bioavailable in water
than in food,variouscomponents in foodan influence the metabolism, absorption and
mobilization of copper in human diets. For example, high levels of vitamin C (ascorbic
acid) adversely affect the absorption and metabolism of copgyso, there appears to be
an antagonistic relationship between capg®d zinc absorption and transport (Cousins,
1985).

Absorption

In humans, dietary copper is absorbed from the stomach and small intestine and
transferred into the interstitial fluid and blood (Linder and Haz&gam, 1996). In

humans about 65 percentanf oral dose d¥Cu as copper acetate was absorbed from the
gastrointestinal tract (range 1®7 percent) (Webest al., 1969; Stricklanabt al, 1972).
Absorption efficiency appeared to be inversely correlated with copper level in the diet
(Turnlundetal., 1989, 1998). Turnhdet al.(1989) measured copper absorption in
young men usin§’Cu retention®Cu retention was found to change from 55.6 percent to
36.3 percent and to 12.4 percent when copper intake was 0.79, 1.68 and 7.53 mg/d,
respectively.Orally administere§*Cu rapidly appears in the plasma (Bearn and Kunkel,
1955).

Results from a number of studies suggest that the ability to regulate copper homeostasis
Is agedependent. Mechanisms that control copper absorption from the Gl tract are
immature during early neonatal life in rats. Lonneedall.(1985) found that copper
absorption is very high during the neonatal period in rats, but that it decreases by the
weaning period. Varadat al.(1993), using perfused rat intestines, found tugiper
absorption was linear and nonsaturable in infant and weanling rats; copper absorption
was saturable in adolescent rats. Suckling rats had considerably higher tissue copper
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concentrations than weanling or adolescent rats. Several investigater®bag
significantly higher smalintestine and liver copper concentrations in copper
supplemented suckling rats than in adult and/or control rats (Baetealy 2004,
Fuentealbat al, 2000). Furthermore, it does not appear that MT is the proteiimigin
Cu in the small intestine during early life because induction of MT is much higher in
adolescent rats than in younger rats (Varetda.,1993).

Dorneret al.(1989) found that futterm, breasted human infants, with a copper intake

of 114 pg/kgday, retained 88 pg/kglay copper, representing an absorption value of ~77
percent. Copper retention decreased with age. At two weeks of age, 13@pygik@as
retained, and at age 16 weeks, 64 pglay was retained. In comparison, mean relative
retention in infants fed coppeifortified formula was 52 percent. Copper absorption in
infant rhesus monkeys usifi@Cu ranged from 5@ 70 percent, similar to the values
found for fulkterm human infants (Lonnerdat al.,1996b). Citrate, a dietary ligand

found in human and cow milk, has been shown to have a positive effect on copper
absorption in animal models (Shah, 1981).

Olivareset al (2002) administered an oral supplementation cug@u (as copper

sulfate solution)/kg daily for 15 days to Chilean mfaaged 13 months (n=20); one half

of the group (n=19) received no supplementation. At the end of the trial, copper

absorption was measured by using orally administ&@d as a tracer and fecall

monitoring of recovere®Cu. No major difference in theercentage of copper absorbed

was observed between the two groups. Me&D{ copper absorption at one month of

age was 83.6 5.8 percent and 74:815.2 percent for the unsupplemented and

supplemented infants, respectively. The authors concludeththakperimental design

of the study was inadequate because copper
adaptation of intestinal absorption. o

Arayaet al. (2005) fed infant rhesus monkeys, from birth to 5 months of age, a formula
supplemented with high copper load (6.6 mg Cu/L). Controls were fed a commercially
available infant formula that contained 0.6 mg Cu/L. Copper retention was measured
after radioisotope administration. Retentioff’@fu at ages 1 and 5 months was 19.8

2.6 percent anl0.9+ 2.0 percent, respectively, in the copjrerated animals (n = 4).

®’Cu retention was not measured in control animals in this study. Data from previous
studies by some of the same authors showed that ~75 peré&dua$ retained in

control animés at ages 1 and 5 months (Lonnerelahl.,1999). At age 8 months (i.e., 3
months after cessation of copper supplementation) there was no significant effect of prior
copper treatment oHCu retention (coppereated animals: 22:95.6 percent; control
animals: 31.5 13 percent).

Copper absorption in the gastrointestinal tract has been studied in rats and hamsters.
Absorption takes place from the stomach and duodenum in rats (Van Campen and
Mitchell, 1965) and from the lower small intestine in hamss{€ramptoret al, 1965).
Copper absorbed from the gastrointestinal tract may be bound to amino acids or in the
form of ionic copper. Copper becomes bound to metallothionein in the intestine and is
released into the bloodstream as metallothioweippe (Marceauet al, 1970). It does

not appear that MT is the protein binding Cu in the small intestine during early life
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because induction of MT is much higher in adolescent rats than in younger rats (Varada
et al.,1993).

Intragastric administration of@pper sulfate solution into the stomach and duodenum of
ferrets withligated pyloric sphinctershowed the stomach to be the primary site of the
emetic response to copper sulfate in this species (Makale and King, 1992). Studies
conducted by other autharsboth dogs and ferrets (Andrewesal., 1990; Bahandari and
Andrews, 1991; Fukwet al, 1994) confirm the importance of gastrointestinal neural
pathways and receptors in copper suHatfuced emesis. In beagle dogs, the vomiting
response to 100 mg obpper sulfate per kg of body weight was reduced or eliminated by
high doses of a chemical blocker of receptors for serotonin as well as severing the vagus
and splanchnic nerves. Serotonin iseairoactive compound that may activate or

sensitize abdomi@astric nerves involved in the emetic response (Fekal, 1994).

Protein source (plant or animal protein), amino acids, carbohydrates and ascorbic acid
can affect copper availability (Gibson, 1994; Lonnerdal, 1996). Competition with zinc
and cadmiunaffects copper absorption from both diet and drinking water (Davies and
Campbell, 1977; Hakt al, 1979). Ascorbic acid may alter the metallothionein binding
site. High dietary ascorbic acid has been shown to interfere with absorption of copper in
guinea pigs (Smith and Bidlack, 1980), but this does not appear to be a factor at the usual
ascorbic acid doses in humans (Jaebal, 1987). Phytates and fibbave been

postulated tanterfere with copper absorption by forming complexes with copper

(Gibson, 1994).However,phytic acid reportedly affects human absorptiomrar,

calcium, anazinc but not coppeHurrel, 2003;Egli et al, 2004). Relative absorption of
copper from a vegetarian diet was reported to be slightly less than that from a non
vegetarian diet (33 versus 42 percent) (Hunt and Vanderpool, 200&)endogenous

copper in pinto beans was recently reported to be as bioavailable in rats as copper from
copper sulfate (Saaet al, 2006). The amount of stored copper in humans (mainlihie

liver) does not appear to affect copper absorption (Strickdaat, 1972). There do not
appear to be any available studies of copper absorption in humans by inhalation.

Batsura (1969) observed copper oxide in alveolar capillaries after ratexysreed to

welding dust from a pure copper wire. No studies of the rate or extent of absorption of
copper through intact human skin were found, but as copper can cause contact dermatitis,
some absorption must occur (ATSDR, 199B)totet al.(1996) studed the absorption of
copper and zinc through human skirvitro. Skin absorption is not likely to contribute
significantly to total copper absorption.

Distribution

Copper in the portal blood and general circulation is transported in the plasma bound to
ceruloplasmin, albumin and transcuprein (Cousins, 1985). Most of this bound copper is
then rapidly deposited in the liver. Ceruloplasmin is a cysteateglycoprotein with

many free sulfhydryl groups that serve as binding points for metals; it cacdiper or

zinc, but has a stronger affinity for copper (Cousins, 1985). Ceruloplasmin is synthesized
on membrandound polyribosomes of liver parenchymal cells and secreted into the
plasma. Copper that enters the portal circulation from the intestirsagported directly

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 10 June 2007



DRAFT

to the liver. Copper released from the liver is transported in the bloodstream to other
organs including the kidney and brain. The synthesis of ceruloplasmin is controlled by
interleukintl via glucagon or glucocorticoid (Cousins,88). Circulating copper levels

are elevated in pregnant women because hormonal changes associated with pregnancy
stimulate ceruloplasmin synthesis (Solomons, 1985). Ceruloplasmin levels may be useful
as an indicator of copper status (Mendeal., 2004)

Recently, several copper transporters involved in copper uptake and transport by cells
have been identified (Bauert al.,2005). Copper transportér(Crtl) is a copper

import protein that is copper specific, and is believed to mediate copper umtakee

small intestine (Leet al, 2002). Crtl is expressed in the enterocytes of the small
intestine and in enterocyti&ke Caca?2 cells in culture (Klomgt al, 2002; Kucet al,

2001). The copper efflux protein, ATPase7A, is thought to mediatgecaiflux across

the plasma membrane during copper excess in transfected cells ¢Palrj$996).

Menkes disease, characterized by excessive copper accumulation in the intestine and
systemic copper deficiency, is a consequence of a defect in ATP&Selidefer and

Gitlin, 1999). ATPase7B, with functional similarity to ATPase7A, exports copper into
bile for excretion (Roelofseet al.,2000); ATPase7B is localized primarily in the liver
with lower expression found in the intestine, kidney and pladgmiekhartet al, 2000).

A defect in ATPase7B results in Wil sonods
as a result of impaired biliary copper excretiand liverand braindamage.

Metabolism/Excretion

The liver and intestine play key rolesdapper metabolism. Copper is taken up by
hepatocytes from the portal circulation. The mechanism by which copper enters
hepatocytes from transcuprein and albumin has not yet been elucidated. After uptake by
the hepatocyte, a portion of copper is incogped into ceruloplasmin. Much of the
incoming copper binds to several macromolecules, including metallothionein, a protein
that also binds zinc, iron and mercury (Linder, 1991). Copper can be released from
hepatocytes into the general circulation tdra@sported to other tissues, or it can be
excreted from the liver in bile (Cousins, 1985)p@er is excreted from the body in bile,
feces, sweat, hair, menses and urine (Luza and Speisky, 1996; Cox, ©¥®@n small

amount of copper is excreted hmeturine (Cousins, 1985); the major route of excretion is
in the bile. Biliary copper is discharged to the intestine, where, after minimal reabsorption, it
is eliminated in feces. Biliary export seems to involve glutathabeendent and
glutathioneindependent processes (NRC, 2008jliary excretion in human infants is
immature at birth, and the lack of an effective excretion mechanism may place infants at
increased risk for copper toxicity. It has been suggested that sheep susceptibility to
copper taicity is due to a reduction in biliary copper excretion (Weddaal, 1980).
Age-related differences in susceptibility to copjetluced liver damage have also been
observed in studies with young animals (Bauetlgl, 2005; Fuentealbat al.,2000).
Excretion of copper in bile may be even more important than absorption in regulating total
body level of copper (Turnlunet al, 1998).
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Physiological/Nutritional Role

Because copper is an essential nutrient that has numerous physiological roles in the body
an understanding of these roles is essential for understanding the deleterious effects of
copper deficiency or excess. Copper is essential for hemoglobin synthesis and
erythropoiesis (Solomons, 1985; Harris, 1997). Copper deficiency can therefote lead
anemia. Copper deficiency can likewise lead to abnormalities of myelin formation, with
attendant effects on the nervous system (Solomons, 1985; Harris, 1997). Nervous system
effects, including dementia, have been observed in individuals with copfpeeidey or

excess (Solomons, 1985; Harris, 1997). Effects on catecholamine metabolism likewise
are involved in the nervous system abnormalities. Other physiological functions that
involve copper include: leukopoiesis, skeletal mineralization, connectsige synthesis,
melanin synthesis, oxidative phosphorylation, thermal regulation, antioxidant protection,
cholesterol metabolism, immune and cardiac function, and regulation of glucose
metabolism. Since all of these physiological processes involveecagpy of them can

be affected by the availability of copper in the body or in specific tissues. In general,
deleterious effects may occur in any of these physiological processes due to either
deficiency or excess of copper in the systems affected (®ol§M 985; Harris, 1997).

Clinical dietary copper deficiencies are rare, especially in developed countries (Oditvares

al., 1999; IOM, 2001).

In infants, copper is an essential mineral that is required for normal growth, and the
development of bone, braiimmune system, and red blood cells (Hugéewl, 1980).

Fetal copper accumulation occurs primarily during the third trimester (Widdowson,
1977). Fuliterm infants are believed to possess adequate copper stores at birth to last
through weaning, butrpmature infants, prone to copper deficiency, must be given higher
provisions of copper to compensate for inadequate copper stores (Lonnerdal, 1998).
Preterm infants appear to have limited capacity to utilize copper from the diet. Studies in
human infang suggest that either the absorption mechanisms of preterm infants are
ineffective or the capacity of preterm infants to retain copper is poor (Cavell and
Widdowson, 1964; Dauncest al.,1977). Copper deficiency has been described in
premature infants,ral is characterized by edema, anemia, leucopenia, neutropenia, and
osteoporosis (Suttoet al, 1985).

Recommended Daily Allowancésr copper were not provided in the early RDA
compilations because of difficulty in determining the values (NAS, 1989mddstatic
mechanisms result in variable absorption and excretion of copper as dietary intake is
manipulated, complicating mass balance calculations in dietary studies. However, in the
most recent publication of recommended allowances (IOM, 2001), cappéional
requirements have at last been established for adults.

Table 2 shows the Dietary Reference Intake (DRI) values for copper for various age
groups, broken down into Estimated Average Requirements (EAR), Recommended
Dietary Allowances (RDA), andolerable Upper Intake Levels (UL) (IOM, 200I)he
data were not sufficient to establish RDAs for infan¥alues for infants were provided
only as Adequate Intake values, based primarily on content of copper in human milk.
The Al values are 20ug/day for infants 86 months of age, and 2;ug/day for infants at
7-12 months; an estimated UL for infants could not be established (IOM, 2064).
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IOM (2001) recommended 10 mg/day as a UL for adults from foods and suppleifkats.
WHO (1996) estimated thaverage copper requirements are about 50 pg/kg of body
weight/day for infants.

Table 2. Recommended Daily Copper Dietary Reference Intakes by Sex/Age

Estimated Recommended Tolerable

A S Average Dietary Upper Intake
ge (years) ex Requirement Allowance Level
pg/day pg/day pg/day
1-3 FIM 260 340 1,000
4-8 FIM 340 440 3,000
9-13s FIM 540 700 5,000
14-18 FIM 685 890 8,000
18+ FIM 700 900 10,000
Pregnant, 148 F 785 1,000 8,000
19+ 800 1,000 10,000
Lactating, 1418 F 985 1,300 8,000
19+ 1,000 1,300 10,000

Values from IOM, 2001.

Copper intake values from food and supplements, developed from the NHANES il
nationwide survey (1988994)(NHANES, 1996)are shown in Table 3. The NHANES

[l table and Continuing Surveyf Food Intakes of Individuals (CSFII) indicate that
intake of copper is adequate for the great majority of the population in all age and sex
groups. However, results for some younger sex/age groups indicate as much as 10
percent of the population consing less than the RDA of copper. On the other hand,
considering the tendency for underreporting of food intakes, particularly for teenagers
(Champagnet al., 1998), the lower end of the distribution curve is likely to be
inaccurate.

Table 3. Copper Intake (mg/day) from Food and Supplements® Versus the RDA™*

Intake Percentiles RDA
Age and Sex 5 | 10]25] 50 | 75] 90 | o5 | 99 | (mg/day)
26mo |M/F |03 |04 |05 |07 |09 |11 |12 |16 0.20
711mo |M/F |03 |04 |05 |07 |09 |12 |13 |17 0.22
13yr  |MFF |03 |04 |05 |07 |10 |13 |17 |29 0.34
48yr  |M/F |059 067 |0.80|095 |1.14 |1.36 |1.61 |3.06 0.44
913yr |F  |064 072 |0.86 |1.04 |1.26 |154 |1.84 |3.23 0.70
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Intake Percentiles RDA
Age and Sex 5 [10]25] 50 [ 75] 90 | o5 | 99 | (mg/day)
M |088 094|105 121 |1.41 161 |1.78 |3.13 0.70
1418yr |F | 064 |0.75 |0.89 |1.08 |1.32 |1.64 |1.96 |3.32 0.89
M |0.79 |0.89 |1.11 |1.42 |1.80 |2.28 |2.71 |356 0.89
1930yr |F  |0.77 |0.83 |0.95 |1.12 |1.38 |1.82 |3.03 |3.84 0.90
M | 137 |1.43 |156 |1.69 |1.86 |2.12 |355 |4.44 0.90
3150yr |F |072 081|095 |1.17 |152 |2.32 |3.09 |4.19 0.90
M 089 |1.03 |129 |161 |209 |2.93 |367 |487 0.90
51-70yr |F  |061 |0.68 |0.84 |1.07 |1.48 |292 |3.25 |4.22 0.90
M |075087 |1.09 |1.43 |1.98 |3.00 |3.65 |5.02 0.90
71+yr  |F 058 065|080 |1.02 |1.37 |2.94 |321 |3.79 0.90
M |0.72 |0.83 |0.99 |1.26 |166 |2.89 |341 |461 0.90
Pregnant |F 0.71 /082 |1.07 |1.62 |3.11 |4.03 [4.39 |5.56 1.0

®Food and supplement values frtHANES, 1996

RDA values from IOM, 2001.

¢ Breastfeeding infants and children, and eight individuals reporting greater than 150 mg/day of
copper from supplements excluded from the analysis.

TOXICOLOGY

Toxicological Bfects in Animals

Mechanism of Action

Manifestations of acute copper toxicity include abdominal pain, nausea, vomiting and
diarrhea. Copper can produce Gl symptoms by irritating the gut mucosa and/or by
altering the microbial flora of the colon. In aninstudies, absorption of copper ions has
been shown to have a direct effect on gastric mucosa nerve endings of the
parasympathetic nervous system (Niijietaal,, 1987). Several studies indicate that
vomiting induced by copper is mediated by serotonitrgaceptors. Intragastric
administration of a copper sulfate solution into the stomach and duodenum of ferrets with
ligated pyloric sphinctershowed the stomach to be the primary site of the emetic
response to copper sulfate in this species (Makalekamg, 1992). Studies conducted by
other authors in both dogs and ferrets (Andretal., 1990; Bahandari and Andrews,

1991; Fukuiet al, 1994) confirm the importance of Gl neural pathways and receptors in
copper sulfatenduced emesis. In beagle dogse vomiting response to 100 mg of

copper sulfate per kg of body weight was reduced or eliminated by high doses of a
chemical blocker of receptors for serotonin as well as severing the vagus and splanchnic
nerves. Serotonin isr@uroactive compound thatay activate or sensitize abdominal

gastric nerves involved in the emetic response (Fekal, 1994).
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Exposure to high levels of copper in the diet can lead to hepatocellular necrosis in the
liver, multifocal hepatitis, apoptosis, and structural damag®oximal convoluted

tubules in the kidneys (Haywood, 1985; Fuentealial., 2000). Apoptosis has been
consistently described in copp@duced liver damage (Dergg al.,1998; Fuentealba and
Haywood, 1988; Haywooet al, 1996; King and Bremner, 19Y. Many of the toxic
effects of copper, such as increased lipid peroxidation in cell membranes and DNA
damage, are related to its role in the generation of free radicals.

Young animals may be at greater risk for the adverse effects of high copper exposur
than adults. Neonates naturally have a high copper liver concentration at birth, and
mechanisms that control intestinal copper absorption are immature during early neonatal
life in rats (Varadat al.,1993). A number of studies in young animals havseoved
agerelated differences in susceptibility topperinduced liver damage (Aray al,

2005; Bauerlyet al, 2005; Fuentealbat al.,2000).

Acute Toxicity

An oral LDsp of 300 mg cupric sulfate/kg in rats has been reported (Siegel and Sisler,
1977). Details of the toxic effects on the rats were not reported.

Acute toxicity values are available for a wide variety of aquatic animal and plant species,
because of the high sensitivity of aquatic organisms (especially invertebrates) to copper,
the ug of copper in pesticides, and frequent contamination of waterways with copper.
Toxicity to aquatic organisms is well summarizedhiaU.S. EPA ambient water quality
criteria documergtfor copper (U.S. EPA, 2002007, and will not be further discussed
here.

Subchronic Toxicity

Bauerlyet al. (2005) exposed suckling rat pups to amounts of copper that-fexdtle

infants may receive to determine the effects of copper supplementation on tissue copper
distribution, copper transport and copper transportexi$ein early and late infancy.

Newborn rat pups were given a daily dose of 0, 10 or 25 pug Cu/day asGus o

percent sucrose solution by oral gavage during the suckling period, and weaned to a
standard diet containing 13 pg/g of Cu. Since the agweent of copper transporters is
agedependent, pups were killed on postnatal d&yand20, when copper transport
mechani sms were AdAi mmature, 0 and fAmature, 0
brain and spleen were collected for mineral analy§opper concentration, copper
transporterl (Crtl), Atp7B, and MT mRNA and protein levels were measuf&gu
absorption was measured in control and cojgogplemented pups on da9 and day20.
There was no significant effect of copper supplemeratn body weight, serum copper

or ceruloplasmin activity, despite increased tissue copper concentration10 gags.

Copper supplementation and age had a significant effect on intestine copper
concentration; at day0, intestine copper concentratiormsvsignificantly higher in pups
supplemented with 25 pg/day of Cu (P<0.0001), while no significant effect of copper
supplementation was observed at 8ayP=0.6). At dayl0, supplemented pups retained
149.9 pg/g Cu in the intestine, compared to 34.6 |@ign controls, while at da®0, no
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difference in copper concentration was observed between groups. Copper
supplementation resulted in elevated plasma alanine aminotransferase (ALT) levels,
Asuggesting a risk of coppgrinhbancytyg wihar
no significant effect of copper supplementation, age or interaction on total protein,
albumin, aspartame aminotransferase (AST), alkaline phosphatase (AP), bilirubin, or
glutamate dehydrogenase (GD) activity. With increasing copfee, total copper
absorption decreased and intestinal copper retention increased. ¥Q, diatestinal

copper concentration, MT mRNA and Crtl protein levels increased with

supplementation. At da30, Ctrl protein and Atp7A mRNA and protein levels wer

higher than controls. Despite these adaptive changes, copper accumulated in the liver of
exposed animals, and liver enzymes were elevated, indicating that liver copper
accumulation had adverse effects. The copper levels used in this study were chosen t
simulate the copper intake of formtfied infants. The authors state that the
supplementation level of 10 pg/day Cu is, on a body weight basis, similar to the copper
intake of a formulged infant. This level of copper supplementation did not affeeatlsm
intestine and liver copper concentration. However, rat pups supplemented with 25
ug/day Cu, a level similar to the copper intake of infants fed formula made with eopper
contaminated water, retained copper in their liver and small intestine. Thesautho

suggest that infants exposed at this level may be at risk for copper toxicity.

Arayaet al.(2005) bottlefedad libituminfant rhesus monkeys, from birth to age five
months, with a standard infant formula containing 0.6 mg Cu/L (n=4) or the same
formula supplemented with CuS@an additional 6.0 mg Cu/L) (n=5). (The copper load
was based on estimations of the copper intake needed to induce Indian childhood
cirrhosis). The objective of the study was to assess copper retention, liver copper content
andliver function. Food intake was monitored daily. Blood samples were drawn every
month during treatment, and at ages 6, 8, and 12 months. At ages 1, 5, and 8 months,
copper absorption was measured following radioisotope administrat@m( One

biopsyof liver tissue was taken for each control animal at 2 months of age; tissue
samples for coppesupplemented animals were taken at 1 and 5 months of age. Liver
function and histology was monitored up to 8 months of age.

Food intake did not differ sigficantly between coppedreated and control animals (data

not provided). No clinical evidence of copper toxicity was observed, however, copper
treatment induced detectable changes in the liver. Fine, small cytoplasmic granules were
seen in some areasdéoppertreated animals at 5 months of age whereas, in the control
animals, rhodamine staining was negative at all times. (In children with biliary atresia,
Wil sonds di sease, and | CC, rhodeaaljlf78, st ai ni
Suchyetal., 1981).) The coppetreated animals showed a marked increase in liver
macrophages (Kuppfer cells) over control animals; 70 and 49 percent more Kupffer cells
at ages 1 and 5 months, respectively, than controls. (Kuppfer cells are known to migrate
rapidly and proliferate locally in response to various stimuli.) At 5 months of age, treated
animals had twice as many apoptotic nuclei as controls, and this effect was significantly
greater at age 5 months than at age 1 month. (Similar findings have lseeveolin rats

due to excess dietary copper) (Fuentealbal., 2000). At age 8 months, all indicators
measured were normal and no significant differences were seen between groups. Copper
treated animals had significantly higher liver copper conceatrait ages 1, 5, and 8
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months compared to control animals. Copggpplemented animals had significantly

lower plasma zinc concentrations than did control animals during the supplementation
period; plasma zinc concentrations returned to normal afteordisciation of copper
supplementation. Changes in cell ultrastructure, suggestive of early tissue damage, were
seen 1 month after copper treatment: irregularly shaped nuclei containing condensed
chromatin were often seen on electron microscopy, mitockeoddplayed visible

cristae, hepatocytes contained numerous secondary lysosomes which were filled with
electron dense material, many cells had scanty glycogen rosettes and numerous small
vesicles, the rough endoplasmic reticulum was somewhat distortedtain cells. At 5
months of age, the cell ultrastructure of hepatocytes was normal in all animals.

Excess dietary copper caused substantial liver injury, as evidenced by morphologic
changes and increased activity of liver enzymes in both adult and yaisfgd a
copperloaded diet, though the young rats were more susceptible than adults to-copper
induced liver injury (Fuentealbet al.,2000). Adult Fischer 344 male and female rats
were administered a diet containing 1500 ppm copper for 18 weeksigYoale and

female rats were fed a similar diet from birth until 16 weeks of age - &gk sex

matched control rats were fed a normal rodent diet (<10 ppm copper). After 12 weeks on
the experimental diet, young Goaded rats were pale and weighed 5@pant less than
control animals, and the experiment was concluded for this age group (as per Guidelines
of the Canadian Council on Animal Care). All coppmaded rats had significantly
(p<0.05) increased hepatic copper concentrations compared to coivtoolsg copper
loaded rats accumulated more hepatic copper, had more severe liver changes, and had
higher serum liver enzyme activities than adult rats. Two out of eigthb&led young
female rats died during the experiment. Young female rats also alatechalmost 100
ppm more copper than young male rats (the authors state that sexual dimorphism with
regard to hepatic copper accumulation in rats is highly dependent on the strain used).
Adult male and female Cloaded rats showed significantly incred setivity of alanine
amine transferase (ALT) and sorbitol dehydrogenase (SDH) relative to controls. In
young rats, ALT, SDH, alkalinphosphataséALP), and gamma glutamyl transferase
(GGT) were significantly increased in both sexes relative to contiolads. Increased
levels of total bilirubin were also found in all @eaded groups compared to controls.
Histologic changes in coppévaded rats consisted of multifocal hepatitis and widespread
singlecell necrosis. Cytoplasmic copper was detectebtinemically in centroacinar

zone 1 (periportal) and mizbne in coppetoaded rats. Intracytoplasmic
immunoreactivity for metallothionein (MT) was prominent in necrotic hepatocytes and
within inflammatory foci in coppeloaded rats. (According to thethors, the presence

of MT in these areas may be interpreted as an indication of free radical scavenging by
MT in an effort to protect the liver from further damage.) Hepatic MT was significantly
(p<.0.05) lower in male Cdoaded rats compared to controéle rats and compared to
both Culoaded and control female rats. No differences in hepatic zinc concentrations
were detected between adult copjmaded and control rats.

In a National Toxicology Program (NTP) study (1993), rats and mice were exposed to
cupric sulfate in drinking water (free drinking) at concentrations up to 30,000 ppm for 15
days. The only compounglated toxic effect observed was an increase in the size and
number of cytoplasmic protein droplets in the epithelium of the renal proximal
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convoluted tubules in male rats of the 300 and 1,000 ppm groups (NTP, 1993). The
absence of effects at the highest exposure level (30,000 ppm) may have been due to taste
aversion.

The abovementioned NTP study also included a tweek feeding study with
concentrations of cupric sulfate in feed ranging from 1,000 to 16,000 ppm (NTP, 1993).
In this study hyperplasia and hyperkeratosis of the squamous epithelium of the limiting
ridge of the forestomach was observed in rats and mice of both sexes in gé dosaps
(NTP, 1993). Periportal to midzonal inflammation of the liver occurred in rats of the
8,000 and 16,000 ppm groups. Both male and female rats in the 8,000 and 16,000 ppm
groups showed depletion of hematopoietic cells in the bone marrow and.spMa&

and female rats in the 4,000, 8,000 and 16,000 ppm groups exhibited increased protein
droplets in the epithelia of the renal cortical tubules (NTP, 1993).

Exposure to high levels of copper in the diet can lead to hepatocellular necrosis in the
liver and structural damage to proximal convoluted tubules in the kidneys (Haywood,
1985). Rats administered 3,000 to 5,000 ppm of copper in the diet developed these
pathological changes, but gradually adapted to the high copper diets after four to six
weeks(Haywood, 1985). Adaptation involved changes in copper metabolism, and
regeneration of damaged tubular epithelium in the kidneys. Regenerated epithelium is
histologically different from undamaged epithelium. Rats exposed to 6,000 ppm of
copper in the it (300 mg/kgday) were not able to adapt, and in some cases died from
extensive centrilobular necrosis (Haywood, 1985).

Rats administered a diet containing 4,000 ppm of copper (approximately 133 dagkg
for one week exhibited increased mortality framorexia, possibly resulting from taste
aversion (Boydeet al, 1938).

Chronic Toxicity

Pigs administered up to 250 ppm copper in their diet had significantly reduced body
weight gain, apparently resulting from reduced food consumption. They also edhibit
reduced hemoglobin, hematocrit, mean cell volume, mean cell hemoglobin and plasma
and liver iron levels (Gippt al., 1973). Sheep are more sensitive to copper toxicity than
are pigs. As little as 10 to 15 ppm copper in the diet of sheep resultethoiytic

anemia (Booth and McDonald, 1982). In the case of copper poisoning in sheep there is a
long delay period of several months, during which copper accumulates in the liver
lysosomes. When the capacity of the sheep liver to store copper is exthedmghper

is released and brings about the toxic effects.

Genetic Toxicity

Doserelated mutagenesis in a reverse mutation assagdherichia colexposed to 2 to
10 ppm cupric sulfate have been reported by Denedrat (1951). A more recent study
by Moriya et al.(1983) resulted in no increase in mutationgircoli or Salmonella
typhimuriumstrains TA98, TA1535, TA1537 and TA1538 incubated with up to 5 mg
copper quinolinate per plate or $ typhimuriunstrains TA98 and TA100 incubated
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with up to5 mg cupric sulfate per plate. Negative results were also obtained with cupric
sulfate or cupric chloride in assays wilaccharomyces cerevisiégingh, 1983) and
Bacillus subtilis(Nishioka, 1975; Matsui, 1980; Kanematsual, 1980).

Sirover and Loel§1976) investigated the effect of metal salts, including copper salts, on
the fidelity of DNA transcription from poly(C) and other templates innavitro system

that included DNA polymerase from avian myeloblastosis virus. They found that the
copper sdk tested decreased the fidelity of transcription by more than 30 percent.
Induction of chromosomal aberrations has been reported in isolated rat hepatocytes
incubated with cupric sulfate (Sird al, 1983).

Cuprous sulfide and cupric sulfate enhancdbti@nsformation in Syrian hamster
embryo cells infected with simian adenovirus (Cagdtal, 1979). Kim et al.(1994)
studied the mechanism of cellular copper toxicity in L&wgns Cinnamon (LEC)
mutant rats. They found that a cellular event requivedhe initiation of DNA synthesis
upon growth stimulation is impaired by copper cytotoxicity.

Injection of inbred Swiss mice with doses of copper sulfate ranging from 5 to 20 mg/kg
resulted in doselependent statistically significant increases in chraonaal aberrations,
micronuclei and sperm abnormalities (Bhunya and Pati, 1987). Thus, theravisas

well asin vitro evidence for the genotoxicity of copper salts (ATSDR, 2004).

Neurotoxicity

Excess copper has been reported to disrupt a numbeoadgses in the central nervous
system (De Vriegt al, 1986). Copper administered to rats acted on brain synapses to
inhibit uptake of monoamines including noradrenaline and dopamine (Deélras
1986).

Copper exposure has also been investigatedfastor in the pathogenesis of
neurodegenerative di seases, especi all
been directed toward the hypothesis t
copperin plasma and/or braifSparks, 2004; Puglie et al, 2005, Sparkst al, 2006;
Daiet al, 2006; Luet al, 2006; Morriset al., 2006; Brewer, 2007), while another line
has associated Al zhei mer 0s ethl, 3085akessleevi t h a
al., 2005, 2006; Schafet al, 2007). The common factor among these studies is the
recognition that copper is a component of many important metalloenzgowsas

superoxide dismutasand also can be involved in oxidation/reduction reactions (Véhite

al., 2004)and possibly, inflammatimprocesses (Campbell, 2006; Becatial, 2006)

Copper also binds to amyloid beta protein (Pugledlial, 2005), which forms plaques in

the brains of Al zhei merds patients.

y
h a

Some of the differencdsetweerthetwo hypotheses relate to different neuegeéneration
models used in animal studieSeveral of the studiegmplying a positive association
between copper and neurodegeneraitienlve animals fed higlcholesterol diets, which
are associated with brain pathological changes. These changes awgleeated by
copper administratiom drinking water(Sparks, 2004, Let al., 2006; Sparkst al,

2006. However, the low level of copper in drinking water (0.12 ppm) associated with
this effect in the report{Sparks, 2004, Sparle al., 2006)represents a vergmall
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fraction(less than 10 percentf the contribution fronfood (copper is added to all
animal diets because it is an essential nutrievithile it canbe postulated that the
difference is due to greater availability of copper from wttan from foodnumerous
nutritional studies indicate substantial bioavailability of copper from normal dietary
sources Arecent study reported that endogenous copper in pinto ieagsally as
bioavailalde as copper from copper sulfdtaariet al, 2006). Influence of copper
carriers in food on disposition and effects of copper remains to be investigated.

Another line of research involves the demonstration that a c@pykzincchelator,

clioquinol, canapparently decrease betenyloid depositionn a mouse model of

Al zhei mer 6 s yetals286(d)s €his (v& aken a&s evidence that excess copper

mi ght increase the risk of Al zhei meroés di sc¢
clioquinol binding to copper can help transport copper intdtae, rather than decrease

it (Treiberet al, 2004;Schaferet al., 2007). Coupled with other evidence thatuse

model s of Al zheimerdés di seaseKesslemtaB ssoci at ¢
2005;Maynardet al, 2006), asas also been reped forthe human disease (see section

on Neurotoxicity in humans), the evidence that elevated exposure to copper might have a
causative influence on the devel opment of /

Developmental and Reproductive Toxicity

To investigateeproductive effects of copper, Haddztdal. (1991) administered copper
acetate in drinking water to albino Wistar rats before and during pregnancy. The water
was supplemented with copper acetate increasing stepwise to a concentration of 0.185
percent @er a period of seven weeks (details not provided). Copper was deposited in the
liver and kidneys of pregnant rats, leading to inflammation of those orgaid.5day

old embryos, mean yolk sac diameter, cromamp length and somite number were
significantly reduced. Moderate retardation of growth and differentiation, especially of
the neural tube, was also foun@lder embryos (21.5 days) had markedly reduced
numbers of ossification centers in the vertebrae, sternum and phalanges of the forelimbs
andhindlimbs when compared to untreated contrdtsnewborn rats, minimal growth
retardation was found; only the numbers of cervical and caudal vertebrae aidnbhind
phalanges were significantly reducethe authors concluded that loading maternal rats
with copper at tissue levels approximatelyfb@ above normal was toxic to the dams
(inflammation of liver and kidneys) but resulted in only minor growth retardation to the
offspring.

Batainehet al. (1998) evaluated the effects of letgym ingestion ofour metal salts on
aggression, sexual behavior and fertility in adult male rats. Only the findings for the
metal salt copper chloride are summarized here. Spiagudey rats (n = 5) were

exposed via drinking water for a period of 12 weeks to copgeridb [CuC}-2H,0]

dissolved in tap water at a concentration of 1000 ppm/L. Control rats (n=10) were given
tap water for the same period. No mortality or clinical signs of toxicity were observed in
treated animals. Body weight, absolute and relatiseeseweight, and seminal vesicle
weight was significantly decreased in copper chloride exposed males compared with
controls. Ingestion of copper chloride resulted in marked suppression of sexual
performance and aggression. The ingestion of copper calaffdcted the initiation of
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copulatory behavior as evidenced by a significant latency in intromission and time to first
mount (P<0.001), and significant prolongation of the post ejaculatory interval (P<0.01)
compared to controls. Copulatory efficiencysmdso significantly reduced in male rats
exposed to copper chloride (P<0.001) compared to control animals. Male rats exposed to
copper chloride exhibited low aggression evident as significantly less lateralizations,
boxing bouts and fights with a stud ima The authors concluded that the metal salts
produced their effects on aggression and sexual behavior by acting directly or indirectly
on the testes, and by influencing the androgen biosynthesis pathway. Preputial gland
weights, which produce behaviarodulating pheromones that alter fighting and other
behavior, were not affected by exposure to copper chloride.

Immunological Effects

Copper and copper complexes have-arftammatory, antiulcerogenic and

anticarcinogenic effects. They are sometimaniatstered to patients for these effects
(Sorenson, 1983). However, excess copper may have deleterious effects on the immune
system as evidenced by increased severity of infections in chickens (Hill, 1980) and mice
(Vaughn and Winberg, 1978).

To further nvestigate the effect of excess copper on the immune system, Bbeino

(1991) investigated the proliferative response to T and B cell mitogens, and the delayed
type hypersensitivity (DTH) response in mice exposed to excess copper (50, 100, 200 or
300 pm) in drinking water (Pocinet al, 1991). They found the DTH response was
significantly inhibited in mice exposed to 100 ppm copper; and the proliferative response
to T and B cell mitogens was significantly inhibited in animals exposed to 200 ppm
coppe.

Carcinogenicity

In a study published in 1968, Bionetics Research Labs tested copper hydroxyquinoline
for carcinogenic effect in B6C3and B6AKFR mice. Groups of 18 male and 18 female
sevenday-old mice were given daily by gavage 1,000 mg copper hydpaoxoline per

kg of body weight (180.6 mg Cu/kg) suspended in 0.5 percent gelatin until they were 23
days old, after which they were given 2,800 ppm (505.6 ppm Cu) in their feed for 50
additional weeks. No statistically significant increases in tumodémce were observed

in the treated animals (U.S. EPA, 1987; IRIS, 2005).

In the same study, 2&ay-old mice of both strains and sexes were given a single injection
of 1,000 mg copper hydroxyquinoline/kg (180.6 mg Cu/kg) suspended in 0.5 percent
gelatin. Control mice were given injections of only the gelatin. After 50 days, the male
B6C3FR mice had an increased incidence of reticulum cell sarcomas compared with the
controls. No tumors were observed in the treated male BeAK¢e, and a low

incidence ofeticulum cell sarcomas was observed in treated female mice of both strains.

In experiments intended to determine the active agents in nickel refinery dust, Wistar rats
(two and three months old) were injected intramuscularly in the thighs with 20 mg of
cupric oxide (16 mg Cu), cupric sulfide (13.3 mg Cu), or cuprous sulfide (16 mg Cu)
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(Gilman, 1962). After 20 months, no injection site tumors were observed in the animals
that had been injected with the copper c¢omj
fibroadenomas and a reticulocytoma) were detected at very low incidence in rats that

received cupric sulfide (2/30) and cuprous sulfide (1/30).

Rats and mice exposed to copper in the diet at concentrations that yielded doses of 5 to
1,000 mg/kg exhibited nagnificant increases in tumor frequencies (Kamanaital

1973; Greeret al. 1987). Copper inhibited the carcinogenic effect of&@hionine in rat
livers (Kamamoteet al, 1973).

Inan NTP study (1993) rats and mice were given 500 to 8,000 ppm culfeie $o the

diet for 13 weeks. Rats in the three highest dose groups exhibited hyperplasia and
hyperkeratosis of the forestomach, inflammation of the liver, and increases in the number
and size of protein droplets in the epithelium of the renal proxto@aoluted tubules.

Both sexes of mice receiving 4,000 ppm cupric sulfate and higher in thedld study
exhibited increased hyperplasia and hyperkeratosis of the squamous mucosa on the
limiting ridge of the forestomach (NTP, 1993).

The U.S. EPA reviewethe published data and concluded that there is inadequate
evidence to conclude that copper is carcinogenic in animals (IRIS, 2005). We concur
with this conclusion.

Toxicological Effects in Humans

Acute Toxicity

Epigastric pain, headache, nausea, dizanesmiting and diarrhea, tachycardia,
respiratory difficulty, hemolytic anemia, massive Gl bleeding, liver and kidney failure,
and death have resulted from copper toxicity (WHO, 1998). Death from ingestion of
copper salts has been reported after as Bt 2 grams of cupric sulfate (Stetral,

1976). Immediate deaths are caused by central nervous system (CNS) depression and
shock. Later deaths (after 24 hours) are caused by hepatic and renal failure gtantsch
al., 1985). Deaths have also beepaed as the result of the use of water with dissolved
cupric sulfate in religious rituals (Akintowet al, 1989). The poisoned individuals

i ngested approxi mately 20 grams each of cuj
concentration of 100/g. There were four fatal cases. The symptoms exhibited by these
individuals included toxic psychosis, profound greenish vomiting, hemolytic anemia and
jaundice. Death occurred within eight days after ingestion for all four victims.

A group of militarynurses attending a party consumed a cocktail that had become
contaminated with copper from the corroded vessel in which the beverage was prepared
and stored (Wylie, 1957). Symptoms of acute copper intoxication (nausea, vomiting,
dizziness and headache)re@xperienced by0 of 15women ¥z to 1 hour after

consuming the whiskey cocktails. The lowest amount of copper that gave rise to these
symptoms was determined to be 5.3 mg (Wylie, 1957). This was used as a LOAEL by
U.S. EPA in setting the MCLG for copp@J).S. EPA, 1991b). U.S. EPA incorporated a
safety factor of 2 so the calculation is:
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MCLG = 5.3mgCu = 1.3 mg Cu/L
2 x 2 L/day

Elevated copper concentrations in tap water were associated with Gl illness in at least 43
people in ehotel (Krameret al, 1996). With the exception of one water sample that had

a copper concentration of 156 mg/L, the highest copper concentration documented for the
many ot her samples tested was 4.7 mg/ L. Tt
plumking system.

Twenty workers experienced gastrointestinal distress and other symptoms of copper

poi soning as a result of drinking morning t
(gasrun water heater) made of sheet copper. The internal surfacesggyber were not

lined with tin as they usually are in this type of appliance. Leftover tea prepared in this

geyser had a copper content of 30 ppm (30 mg/L). Itis likely that the tea consumed by

the workers had an even higher copper content (Nicht®6s8).

To determine the nausea threshold for copper in water, Olieasdg2001)

administered copper sulfate in purified water at concentrations of 0, 2, 4, 6, 8, 10, or 12
mg/L to61 adult volunteers aged 18 to 50 years old (31 women, 30 men). Bubjec
(10/group) drank a fixed volume of 200 mL per test, once a week, for a maximum of 12
exposures (maximum of 2.3 mg per test and up to 23 mg of copper ovaveeR?2

period). No responses were detected at 0 and 2 mg Cu/L. Mild nausea shortly after
coppe ingestion was the most prominent finding (33/61), starting at 4 mg/L; vomiting
was observed in 7 subjects, starting at 6 mg/L. No age or geglderd differences were
found. In this study, the benchmark dose approach was used to derive the tolerable
intake (T1) of copper in drinking water. The lower 95 percent confidence levels (LCLS)
for copper concentration in water for the first 5 percent of the population responding to
copper were 2 and 4.2 mg Cu/L for nausea and vomiting, respectively. For risk
assessment purposes, these levels are considered equivalent to the NOAEL.

Thesamegroupalso conducted a prospective, doublid study in a population of 179
apparently healthy adults to determine the threshold for acute gastrointestinal (Gl) effects
associated with drinking coppeontaining water as the sulfate salt (Cu$5.6)

(Arayaet al, 2001). Subjects were recruited from three different geographic locations to
present a sample with broad cultural representation (USA, Ireland, and Chikeanédg

sex distributions in the populations were similar. Subjects consumed 0, 2, 4, 6 or 8 mg/L
copper as CuSOn a bolus of 200 mL of water once weekly over a consecutive five

week period; copper doses were equivalentto 0, 0.4, 0.8, 1.2, and 1.6eramenhtal

copper per trial, respectively. Gl symptoms of nausea, abdominal pain, vomiting, or
diarrhea were screened for a period of up to 24 hours. Nausea was the most prevalent
symptom observed (average prevalence of nausea among all subjects, @&h§ pad

was reported within the first 15 minutes of ingestion. For the combinedgtiece

population, 8, 9, 14, 25, and 44 subjects responded positively to one or more Gl
symptoms at 0, 2, 4, 6, and 8 mg Cu/L, respectively. Analysis of the data shalezdl
doseresponse to the combined Gl effects and to nausea alone. Statistically significant
greater reporting of effects occurred at 6 and 8 mg Cu/L. As copper dose increased,
female subjects reported significantly more occurrences of nausea agcth@boms than

male subjects. Although one or more Gl effects were reported by at least one subject at
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each dose level, because there was no statistically significant increase in symptoms for
either nausea or total GI symptoms at 4 mg Cu/L, the authareedehe NOAEL and

LOAEL from this study as 4 (0.8 mg Cu) and 6 (1.2 mg Cu) mg Cu/L, respectively, for
the combined study population. From the dossponse curve, the 95 percent lower
confidence level for response of the first 5 percent of the populaisr8.54 mg Cu/L.

This study relied upon a laborateggnerated source of drinking water, and subjects were
only exposed 1x/week to 200 mL, which is one tenth of the default volume of daily water
consumption of 2 L/day for an adult.

In an attempt to@roborate the doseesponse seen in the prior study (Arayal,

2001), Arayeet al.(2003a) conducted a second controlled trial in adult human volunteers
using only female subjects, and bottled water in place of a laborgéorgrated water

source usegreviously. Results from the prior study, Aragteal. (2001), showed that

female subjects were more sensitive than males to Gl effects, primarily nausea. In this
study (Arayeet al, 2003a),/0 adult females (ages 18 years) at four different

interndional sites (potentially 280 total) were administered a single bolus of 100, 150, or
200 mL of bottled drinking water with 0.4, 0.8, or 1.2 mg Cu as the sulfate salt once each
week forllsuccessive weeks, or until 41 administrations were completedwo

additional doses (0 and 1.6 mg Cu) were added at the 200 mL volume in an attempt to
corroborate the results of the earlier, Arayal.(2001), study. Only the 200 mL dosing
volume included a control group. All subjects completed a questionn&ir® &5, and 1

hour postdosing that screened for Gl effects (nausea, vomiting, abdominal pain and
diarrhea). Over the course of the study period, the subjects appear to have received
varying water volumes/copper concentrations, but the results tabaladediscussed

include only outcomes for the 200 mL volume. The number of exposures (doses) giving
rise to this data are not provided. According to the authors, nausea was the earliest and
most prevalent symptom reported. Within 15 minutes-gosing, 2.3, 41.1, 25.9 and

50.0 per cent of the subjects at each of the four sites, Santiago (Chile), Shanghai (China),
Coleraine (Ireland), and Grand Forks (N. Dakota), respectively, reported at least one
occurrence of nausea at any dose (copper concentragioged from 2012 mg/L).

Incidence and generalized linear model results data were provided for nausea, but not for
the outcome variables of vomiting, diarrhea and abdominal pain. A separate analysis for
the outcome, AGI sy mp ince ofone or mre dutcomed as t he
symptoms (nausea, vomiting, diarrhea or abdominal pain), was conducted. The study
authors concluded that at a dosing volume of 200 mL, a NOAEL for nausea in adult
females occurs at 0.8 mg Cu (4 mg Cu/L) and a LOAEL at 1.2 m@ Gwuy Cu/L).
NOAELSs/LOAELSs for the 100 and 150 mL dosing volumes could not be identified, as
there were no control groups. In light of the fact that the probability of experiencing
nausea increased as water volume decreased (or copper dose increasett,htive

been helpful to have had this information. Separate NOAELS/LOAELSs were not
identified for each location, but rather were identified based oodiminedyroup.

However, location was shown to be a significant variable; the probability ghdicant
response (across all doses) was greater in Grand Forks than Santiago at 15 minutes. At
60 minutes, the probability of a significant response was greater in Grand Forks than in
Santiago and Coleraine. The International Copper Association pdoftidding for this

work.
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Other authors similarly have found geographic location to be a significant variable.
Sharrettet al. (1982) reported that the median copper concentration of tap water in
Seattle, Vshingtonexceeded comparable values in appratity 80 percent of

Canadian cities. The median measured copper concentration in Seattle homes was 760
Hg Cu/L compared with 205 pug Cu/L in Canada. Seattle residents in this study whose
homes had copper plumbing consumed a substantial proportion ofidiigirequired

copper from their drinking water. In cities with corrosive water, significant differences in
everyday copper intake from tap water may result.

Copper has been shown to be involved in the metabolism of vasoneuractive amines such
as seratnin, tyramine and the catecholamines (Harrison, 1986). Harrison presents
evidence that the ingestion of foods with high copper content (e.g., chocolate) or which
facilitate absorption of copper (e.g., citrus fruits) may trigger migraine headaches,
partiaularly in individuals with abnormal copper metabolism due to low levels of
ceruloplasmin, transferrin, or aloumin. This paper presents no data that could be used to
estimate a doseesponse relationship, but the author recommends that individuals subject
to migraines avoid foods high in copper.

Subchronic Toxicity

Prattet al.(1985) studied oral administration of copper gluconate capsules in 7 adults
who were administered 10 mg/day of copper (0.14 mgéky) for 12 weeks. No changes
were found in the bimarkers of liver damage, serum aspartate aminotransferase, alkaline
phosphatase, gamma glutamyl transferase, and lactate dehydrogenase. Similarly, no
changes in serum indicators of liver damage were found by Astegi(2003) in adults
administered 0.1¥g/kg-day of copper as copper sulfate for eight weeks, although there
were acute gastrointestinal symptoms at this dose and concentration (6 mg/L). However,
O 06 Do n ethly1®93) reported jaundice and hepatomegaly in an adult who had
consumed dietaryupplements containing 30 mg/day of copper for two years, followed

by 60 mg/day for one year. The subchronic NOAEL for copper to avoid liver toxicity
thus appears to be about 10 mg/day. Liver toxicity was used as the critical endpoint in
the evaluation ofhe Food and Nutrition Board (IOM, 2001), and was cited, along with

the acute gastrointestinal effects, as a critical endpoint in the evaluation by the NRC
Committee on Copper in Drinking Water (NRC, 2000).

Olivareset al.(1998) found no differences growth and morbidity (diarrhea and
respiratory infections) among 128 Chilean infants who were randomly assigned to
receive daily, from 3 to 12 months of age, water (and bottles) with either <0.1 mg Cu/L
or 2 mg Cu/L. The formula and bredstl groups whoeceived water and/or formula

with <0.1 mg Cu/L served as the controls. The average copper content in Santiago,
Chil eds tap water is reported in the study
was chosen to confirm the safety of the WHO value é@per in drinking water during
infancy. The study was comprised of four groups: 56 forrfedainfants who received
water with a copper content of 2 mg Cu/L, 27 formidd infants who received water

with a copper content of less than 0.1 mg Cu/L, 24dufed infants who received water
with a copper content of 2 mg Cu/L, and 21 brdadtinfants who received water with a
copper content of less than 0.1 mg Cu/L. Water ingested by mothers offeccagants
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also contained the specified copper con@itn. A standard copper sulfate solution of

2 mg Cu/L, or an equal volume of dplaceboo
use in preparing the daily water to be cons:s
milk preparations, and in the prepton of meals. The copper content of the water was
monitored weekly during the study period, and field workers visited the homes weekly to

record water intake and GI, respiratory, and other illnesses.

The authors reported that there were no differeimcgsowth and morbidity episodes
among the four groups of infants studied. However, bifeglsinfants had a significantly
lower incidence of diarrheal episodes than did forrfathinfants during the-8nonth
observation period. There were no differemgecopper status among the four groups of
infants at 6, 9 and 12 months of age. Significant differences were observed in serum
copper concentrations between formtdd and breasfied groups at 6 months of age
(28.3+ 7.2 umol/L versus 24.% 7.9 umol/L, respectively), and in erythrocyte
metallothionein levels at 12 months of age, 26 R0 U/g Hb versus 268 7.5 U/g Hb,
respectively. A significant difference in ceruloplasmin activity at 9 months was found
between subjects who received drinking wateh high vs. low copper content, 35085
mg/L versus 322 75 mg/L, respectively. In addition, there were significant differences
for this parameter in the bredsid groups between infants who received drinking water
with high and low copper conterg £ 0.0032). At 6, 9, and 12 months of age, the four
groups of infants did not have significantly different findings in liver function tests; liver
function tests in formulded infants differed significantly from breafd infants in total
bilirubin at6 months of age (2.221.18umol/L versus 2.& 1.23umol/L, respectively)
and in serum glutamic oxaloacetic transaminase at 9 months of age @.2%ukat/L
versus 0.3% 0.14ukat/L, respectively). These differences in biochemical indexes of
coppernutrition and liver function (between formula vs. breest infants) are
summarized in Table 4. Metallothionein (MT) does not appear to be the protein that
binds copper in the small intestine during early life because MT induction has been
shown to be meh higher in adolescent rats than in younger rats (Vazteh, 1993).

Both of the high copper exposure groups (2 mg Cu/L) had higheralrtopates than the

low copper (<0.1 mg Cu/L) groups (refer to Table 5). In the case of group 1 (high

copper), thenumber of infants withdrawn from followp was three times the rate of

group Il (low copper). The dropout rate of group Il (high copper) was 1.9 times the

dropout rate of group IV (low copper). The primary reason given for subjects lost to

follow-up was due to refusal of venous blood sampling, though the authors did state that

the higher withdrawal rate of infants i n ¢ttt
consequence of a higher prevalence of unr ey
was funded in part by the International Copper Association Research Program, Santiago,

Chile. The study protocol was approved by the Ethics of Human Research Committee of

the Institute of Nutrition and Food Technology of the University of Chile, and parental

consent was obtained for inclusion of the infants in the study.
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Table 4. Differences in Biochemical Indexes” and Liver Function in Infants exposed
to Varying Levels of Copper in Drinking Water (from Olivares et al.,1998).

Nutrition | Serum Copper | Ceruloplasmin Erythrocyte Total SGOT
Source Concentration Activity Metallothionein | bilirubin (nkat/L)*
(numol/L)* (mg/L) (U/g Hb)* (nmol/L)*

Formula 28.3+7.2 Higher at 9 mo. 219+7.0 2.22+1.18 | 0.29+0.09

fed (at age 6 mo.) in the added Cy (atage 12 mo.) (atage6 | (atage9
group (356-85) mo.) mo.)

Breast 24.9+7.9 | thaninthenon| 556,75 2.8¢1.23 | 0.35+0.14

fed (atage 6 mo.) @dded group | atage12 mo.) (atage6 | (atage9
(322£75) mo.) mo.)

*Indicates significant difference

Hb = hemoglobin; SGOT = SeruGlutamic Oxaloacetic Transaminase

®Serum copper and ceruloplasmin concentrations are typically used to assess copper status; they
are not currently used to evaluate copper overload, and may not be the best markers for excess
copper. Erythrocyte Metallotonein = possible indicator of copper burden. Most hepatocellular
copper is bound to metallothionein, and copper overload induces metallothionein (see text).

Table 5. Number of Infants Lost to Follow-up in the Olivares et al.(1998) Copper
Drinking Water Study.

Group # Copper Initial # | # Subjects | Drop-out | Formula vs.

Exposure Level | Subjects | Withdrawn Rate Breast-fed
Group | High (2 mg/L) 56 17 30.4% Formulafed
Group Il | Low (<0.1 mg/L) 27 3 11.1% Formulafed
Group I High (2 mg/L) 24 13 54.2% Breastfed
Group IV | Low (<0.1 mg/L) 21 6 28.6% Breastfed

The stated reason subjects were lost to fellpancluded blood sampling refusal, protocol
transgression, and change of address.

Pizarroet al. (1999b) exposefO healthy adult Chilean women to drinkjnvater

containing copper (as copper sulfate) for-aeek period. Each group received tap water
with no added copper, 1, 3, or 5 mg Cu/L fewek study periods, followed by one

week of standard tap water after each test concentration. The averggmdailmption

of study water was about 1.6 L per subject. Thing percent of the subjects recorded

Gl disturbances sometime during the study: 15 percent had diarrhea, some with
abdominal pain and vomiting, and 20 percent presented with abdominahpasea or
vomiting. Consumption of drinking water containing@ mg/L ionized copper was
associated with a significant increase (p< 0.05) in nausea, abdominal pain, or vomiting.
Thus, this study indicates that acute, reversible Gl symptoms occur theddHO TDI

limit of 0.5 mg/kgday provisionally established as safe in terms of chronic effects (NRC,
1989). Throughout the study, levels of serum copper, ceruloplasmin, and liver enzymes
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remained stable and within normal ranges. The threshold forfisg@tisymptoms could
not be established because of the study design used, but results suggest that nausea may
be an adequate indicator of acute Gl effects.

In a subsequent study, Pizagial.(2001) found that both insoluble copper (copper

oxide) and sluble copper (copper sulfate) have comparable results on the induction of Gl
effects. In this study5 healthy adult women (1B5 years of age) ingested tap water
containing 5 mg/L of added copper (in different proportion of copper sulfate:copper
oxide)over a nineweek period (not continuous). The different proportions of copper
sulfate (soluble) to copper oxide (insoluble) were 0:5, 1:4, 2:3, 3:2, and 5:0 mg/L. Test
subjects served as their own controls; during break weeks, subjects ingested plain tap
water (the copper content of water in Santiago, Chile was measured as <0.1 mg/L). The
authors reported that houses shared similar characteristics and that all had copper piping
systems. Study subjects were responsible for mixing the test solutiorapitvater in a

2 liter container at home. Subjects recorded their water consumption and Gl symptoms
daily. The authors reported that mean water consumption was similar among @fbups;
percent of the subjects reported that they consumed > 1.0 L dail@, @ardent ingested

< 0.5 L water/day. Blood samples were taken one week prior to the start of the study and
again at the end of the protocol. The incidence of total GI symptoms in subjects who
consumed tap water with 5 mg/L added copper was significaigher ¢ <0.01) than
controls. Twenty subjects experienced Gl disturbances at least once during the study,
nine suffered diarrhea (with or without abdominal pain and vomiting), and theldther
subjects reported abdominal pain, nausea, or vomitingdiffewences were found in
incidence of abdominal pain, nausea, vomiting and diarrhea regardless of the ratio of
copper sulfate to copper oxide. A high percentage of copper was iorfi3 (Egardless

of the proportion of salts present in the drinkingevapercentages of Guiranged from

90t0 100 percent for all of the copper solutions studied. Serum copper levels,
ceruloplasmin, and activities of liver enzymes were within the normal limits, but seven
women were anemic (Hb <120 g/L).

In a randomizedcontrolled, doubldlind study designed to assess acute Gl effects and
blood markers of copper status, Arataal.(2003b, 2004) exposed 1,365 healthy adults

in Santiago, Chile to <0.01, 2, 4 or 6 mg Cu/L daily as copper sulfate for two months.
Families participating in the study prepared the water at home on a daily basis using tap
water and a stock solution provided by the researchers; final concentrations were verified
by atomic absorption spectrometry in a weekly sample from each household. €ap wat

in Santiago provides a mean of 0.01 mg Cu/L. During the survey, individual mean fluid
consumption was 1.5 L. A total of 240 people (60 from each group) provided a blood
sample. Gl symptoms were analyzed by treatment group. Background incidenee of th
target symptoms (nausea, vomiting, diarrhea, and abdominal pain) was determined to be
about 5 percent in a pilot study; over the tmonth study duration, the gross incidence

of symptoms ircontrol subjects varied from 0 (vomiting) to 60 percent (abd@npain).
Analysis of symptoms at each copper exposure level by week showed highest incidences,
directly related to copper level, in the first week, which tapered off markedly during the
subsequent weeks. In week 1 the risk became significant in wordan@tl (RR 1.53,

95 percent ClI 1.02.05) and in men at 6 mg Cu/L (RR 1.9, 95 percent CI-2.09).

Reported symptom incidence was higher in women than in men during all weeks, though
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this difference was apparently not significant after the first wablen symptom levels

wer e highest. The authors interpreted the
repeated Cu exposure.o No detectable change

status (serum copper, ceruloplasmin, superoxide dismutase); wlaly suggest
competent homeostatic regulation. Liver function tests remained normal in all subjects.

Chronic Toxicity

Chronic effects of copper poisoning include respiratory symptoms, gastrointestinal
disturbances, nervous dysfunction, dermal and belogical changes, hepatomegaly and
cirrhosis of the liver. Atrophic changes in the mucous membranes of the nose have also
been noted in those chronically exposed to copper dust in the air.

A number of cases of Neimdian Childhood Cirrhosis (NICC), in w¢h an excessive
accumulation of copper in the liver leads to liver cirrhosis, have been reported in
Germany (Dieteet al, 1999; Eifeet al, 1991; Schafer and Schumman, 1991),

purportedly as a result of high copper levels in the tap water of househtidopper

pi pes and from the use of this Qubofadatal i n
of 103 cases of childhood cirrhosis reported between 1982 and 1994 in Germany, Dieter
et al.(1999) found that five were likely the result of excessiopper intakes, based on
elevated copper concentrations in liver. Three additional cases lacked data on copper
levels in liver, but were plausibly linked to copper because of the use of acidic well water
from homes with copper pipes in preparing formuacomparison of all published cases

of NICC revealed that all of the households in question used drinking water from wells
and that this drinking water did not correspond to drinking water guidelieepH< 6.5

in these cases).

Zietz et al. (2003) @nducted an epidemiological investigation of liver damage in infants
exposed to elevated copper concentrations through drinking water from public water
supplies in Berlin, Germany. The coverage of neighborhoods in Berlin included different
ethnic backgronds and economic strata. Families were asked to collect two different
composite samples of drinking water and to return them by mail. In total, water samples
from 2,944 households with copper plumbing (sefforted) and who had infants (up to

the age ofL8 months) were analyzed for copper. Households with a copper concentration
equal to or greater than 0.8 mg/L copper (29.9 percent of all sampled households), and
whose infants consumed 200 mL tap water or more per day (for at least 6 weeks), were
recomnended to undergo a pediatric examination. The copper limit of 0.8 mg/L was
chosen for the study because it approximates the average copper content in human milk.
Approximately 541 recommended infants were examined by a pediatrician, and of these,
183 al® received a blood serum analysis. For ethical and practical reasons, a control
group for serum values was not suitable. No significant correlation of glutamate
oxaloacetate transaminase (GOT), glutamic pyruvic transaminase (GPT), gamma
glutamyl transpegdase (GGT), total bilirubin, serum copper, or ceruloplasmin and
estimated copper intake through tap water could be found, except one. None of the
examined infants showed any symptom of liver damage such as icterus or frequent
vomiting. Results of thauer palpitation were only evaluated by the local pediatricians

(no external standardization). Eight infants were found to have outlying values of GOT,
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GPT, GGT, or serum copper; six of these infants had clinically diagnosed infections at
the time of serm analysis, and only in one case was there no hint of a disease that might
be associated with the outlying serum parameter. Serum copper is typically elevated by
infective diseases (Beshgetoor and Hambidge, 1998). In five cases, unusual ultrasound
imagesof the liver or spleen were found; the three cases of splenomegaly were thought
due to infective disease, one-fitonth old girl had a slight hepatomegaly (serum copper,
total bilirubin, GOT, GPT, GGT and ceruloplasmin were within the reference ranges),
amther 12month old girl showed a slightly enhanced echogenicity throughout the liver
with ultrasound imaging. Additionally, in this latter case, the bile ducts in the liver were
slightly rarefied. Serum values of copper, GOT, GPT, GGT were in the reéeranges

and the total bilirubin level (1.0 mg/dL) was at the upper reference limit.

Spitalnyet al.(1984) reported on a Vermont family who consumed water contaminated
with 7.8 mg/L copper. Three of four members of this family reported recurrentepiso

of gastrointestinal problems including vomiting and abdominal pain. The seaold

girl experienced periumbilical abdominal pains 5 to 10 minutes after drinking water and
orange juice in the morning. The fiyearold girl had vomiting episodesith

abdominal pain after drinking the water. The father also experienced periods of emesis
and abdominal pain after drinking water drawn from the kitchen faucet. This family was
exposed to excess copper in their drinking water in addition to dietargengas
described previously under OEnvironmental (
investigators did not attempt to estimate the amount of copper this family received in
their diet. In the absence of specific data on this family, the simplest assarwgtild

be that their dietary exposure was not unusual. In deriving an LOAEL from this report, it
should be considered that the drinking water exposure is in addition to dietary exposure
and the toxicological effects might have been cumulative; no dat@vailable to

guantify any cumulative exposure or toxicity. Therefore, any LOAEL derived from this
report would be for the drinking water exposure added to a baseline dietary exposure.

Stenhammar (1999) attributed prolonged diarrhea and weight lds®@minfants to

copper in drinking water, ranging from 0. 2¢
recently been built, whereas the third was an old house that had just had its copper pipes
replaced. The children had normal serum ceruloplasmin ctratiens but moderately

increased serum copper levels{@3umol Cu/L); one child had a substantially elevated

urinary copper concentration of 6.1 pmol/L (the reference rangeli Amol/L). The

diarrhea promptly disappeared when the children werengivinking water of low

copper concentration in the hospital, but reappeared when they were sent home and drank
their home water.

Berget al.(1981) described diarrheal illness in children attending seven ravilty
kindergartens in Sweden. The symptodisappeared immediately after the children

went home for a few days but reappeared as soon as they returned to kindergarten. The
Public Health Administration in Sweden conducted a study that showed a correlation
between the copper content in the dmukivater of the new establishments (tb6.5

mg Cu/L) and the appearance of diarrhea in children under three years of age.

The Wisconsin Division of Health reported investigations of five cases of individuals
who ingested drinking water with copper abalve federal action level of 1.3 mg/L
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(Knobelochet al,, 1994). Based on these cases they concluded that drinking water with
elevated copper levels may be a relatively common cause of diarrhea, abdominal cramps
and nausea.

A 26-yearold male presented vitsymptoms of cirrhosis, liver failure and Kayser
Fleischer rings (greenish rings at the edge of the cornea) after more than 2 years of self
prescribed use of copper supplemént® 6 D o reibah 1963). The patient ingested 30

mg of supplemental coppeepday for 2 years and 60 mg/day for a poorly defined period
of up to a year. Liver damage was extensive, and a transplant was required. The
diseased liver had an average copper concentration of 3230 pg/g dry weight (normal 20
to 50 pg/g); tissue histophaology was similar to that seen in Indian childhood cirrhosis
and Wil sonbs di sease. Based on an eval
the copper excretion of his parents and
disease geneliver damage apparently resulted from the prolonged daily exposure to 3

uat i
S ¢

to 6 times the recommended upper limit for dietary copper.

Table 6. A Comparison of NOAELs/LOAELSs from Oral Copper Exposure Studies

in Humans
Copper
Study Adults/Children| No. of |Exposure| Adverse |Conc.in NOAEL/LOAEL
(sex) Subjects| Duration Effects |Drinking| (endpoint):
Water
AWylie, |Adults 1015 |Acute nausea, 53mg |LOAEL (GI
1957 (F) poisoning |vomiting, effects): 5.3 mg C
dizziness,
headache
Spitalny |One adult andwo |3 Subchroni¢VVomiting, 7.8 mg/L |LOAEL (vomiting,
et al., children, aged 5 abdominal abdominal pain):
1984 and 7 yrs pain 7.8 mg/L
Prattet |Adults 7 12 wks |None 10 mg NOAEL (liver
al., 1985 Cu/day |toxicity): 10
for 12 mg/day
wks (as
copper
gluconate
capsules)
Akintowa Unknown 4 Acute vomiting, 100 g/L |LOAEL (death):
etal, poisoning |hemolytic cupric 100 g/L cupric
1989 anemia, sulfate |sulfate
jaundice,
death
Olivares |Infants 312 mo. 128 9 months |"Differencesin|<0.1 or 2 [INOAEL: 2 mg/L
etal., (M/F) ceruloplasmin mg/L
1998 levels btw.
exp. groups
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Copper
Stud Adults/Children| No. of |Exposure| Adverse |Conc.in NOAEL/LOAEL
y (sex) Subjects| Duration Effects |Drinking| (endpoint):
Water
Pizarroet| Adults (F) 60 2 wks Nausea, 0, 1, 3, or|°LOAEL(nausea,
al., abdominal 5 mg abdominal pain, of
1999b pain, vomiting| Cu/L vomiting): 3 mg
Cu/L
“Olivares|Adults 1850 yrs. |61 200 mL  |Nausea, 0, 2, 4, 6,|NOAEL: 2mg/L;
etal., of age (M/F) 1x/week |vomiting 8, 10 and|LOAEL (nausea):
2001 for 12 12 mg/L |mg/L
weeks
‘Arayaet |Adults 179 200 mL  |Nausea, 0, 2,4, 6 |[NOAEL: 4 mg/L
al., 2001 (M/F) 1x/week abdomma_l_ or 8 mg/L LOAEL (nausea,
for 5 wks |pain, vomiting| copper as Gl disturbances):
diarrhea CuSQ mg/L
Arayaet |Adults 1860 yrs |70 100, 150 ,|Nausea, 0.4,0.8, |NOAEL: 4 mg
al., 2003¢ (F) or 200 mL|{abdominal  |or 1.2 mg|Cu/L (0.8 mg Cu)
1x/wk for |pain, vomiting/Cu as the LOAEL (nausea):
11wks |diarrhea sulfate mg Cu (1.2 mg Cu
salt
Arayaet |Adults (M/F) 240 ~15 Nausea, <0.01, 2, |NOAEL: 2 mg/L
al., L/day for 2abdominal 4 or 6 mg|f| oAEL
2003Db, months  |pain, vomiting| Cu/L (abdominal pain):
2004 diarrhea mg/L '

#Used by U.S. EPA in setting tieepperMaximum Contaminant Level Goal (MCLG) of 1.3

mg/L.

®Not considered a frank effect. Ceruloplasmin concentrations are typically used to assess copper
status; they are not currently used to evaluate copper overload, and may not be the best markers

for excessopper
¢ Consumption of drinking water containird® mg/L ionized copper was associated with a

significant increase (p< 0.05) in nausea, abdominal pain, or vomiting. The threshold for specific

Gl symptoms could not be established because of the stuigy dssd.
4In this study, the benchmark dose approach was used to derive the tolerable intake (TI) of
copper in drinking water. The lower 95 percent confidence levels (LCLs) for copper
concentration in water for the first 5 percent of the population nelspg to copper were 2 and

4.2 mg Cu/L for nausea and vomiting, respectively. For risk assessment purposes, these levels are
considered equivalent to the NOAEL.

°The number of individuals reporting symptoms for the 4 mg/L concentration was about twice the
numbers for the control and 2 mg/L groups, but because there was no statistically significant
increase in symptoms for either nausea or total Gl symptoms at 4 mg Cu/L, the authors defined
the NOAEL and LOAEL from this study as 4 (0.8 mg Cu) and 6 (1.Zmgng CulL,

respectively, for the combined study population.

" Although one or more Gl effects were reported by at least one subject at each dose level, the risk
for abdominal pain became statistically significant (in women) at 4 mg. Cu/L
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Genotoxicity

Massive DNA damage was observed in hepatocytes from patients with Indian childhood
cirrhosis and was postulated to result from excessive accumulation of copper in the

nucleus, leading to the production of free radicals that cause DNA strand breakage

(Prasd et al, 1996). Similarly, distinct bulky DNA adducts but no increases in 8
hydroxydeoxyguanosine were seen in the [|ivVve
disease. The adduct levels of one patient were elevatetbtbDOver background adduct

levels in control patients (Carmichaatlal.,1995). In LEC rats, which abnormally

metabolize copper, the formation of etheP®&IA adducts was positively correlated with
agedependent elevated levels of hepatic copper (&taat, 1996).

Neurotoxicity

Copper has been investigated as a factor in the pathogenesis of neurodegenerative
diseasesuchasA| z h e i me r Bosh pabitive @nd 1segative associations have been
postulated, and animal studies are available to support both interpretatitiat reports

of increased metals in brain pl agnemlly and de
not beersubstantiatedB| ood copper | evels were reported
disease (Squitet al.,2002, 2005, 2006)while aher studies haveeportedbloodand

brainlevels of coppeto beunchangedod e cr eased i n A(Szahdabt mer 6 s |

al., 1998; Torsdottiret al., 1999;Pajonket al, 2005; Kessleet al, 2005, 2006)

Morris et al.(2006) reported that a high intake of coppep@ople over 65 years of age

whose diets are high in saturated and trans fats was associated with a faster rate of

cognitive decline, but found no relationship in people whose diets were not high in these

fats However, Pajonlet al. (2005) reported thaert e of cogni ti ve decl i
disease appears to be associated with low plasma copper levels.

Human studieand the weighof-evidence from both animal and human dhtss far
appear to be equivocal in terms of a direct pathogenic influenoappker on the

Al z h e idisease pracegRichieet al, 2003; Adlard and Bush, 2006; Morgtal,
2006;Solfrizzi et al, 2006;Brewer, 2007)

Sensitive Subpopulations

Several population subgroups may be considered more susceptible to the tosscoéffec
copper exposure (adapted from ATSDR, 1990, 2000):

1.1l ndividuals with Wi |l sonds Disetase ( McCl
1989), an autosomal recessive disorder eduixyan impaired biliary copper
excretion leading toexcess copper retentionéliver, brain, and eye damage
This occurs in about 1 in 40,000 to 1 in 50,000 people in the U.S. (NRC, 2000;
Olivarezet al, 2001).

2. Infants and children. Infants and children up to age 10 are susceptible to the toxic
effects of copper as evidencedthy incidence of Indian Childhood Cirrhosis
(ICC) and reports of adverse effects in children drinking water containing low
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levels of copper (Spitalngt al., 1984; MuellerHoeckeret al, 1988; ATSDR,

2004). This may be because the fetus and newborndhavated hepatic copper

levels and since their homeostatic mechanisms are not fully developed at birth,

they may not be able to cope with excess copper in the diet (@lain 1991).

There is also an indication of a genetic susceptibility in the 184, decause the
incidence appears to be familial. Conversely, infants (especially when premature)
may be at risk for copper deficiencies
because breast milk is low in copper (Solomons, 1985; Lonnerdal, 1996). As with
other metals, copper intake in the infant should be adequate but not excessive
(Solomons, 1985; Lonnerdal, 1996, IOM, 2001).

3. Extracorporeal dialysis patients. Kidney dialysis patients exposed to excess
copper in the dialysate can suffer acute hemolytenaia (Williams, 1982).

4. Individuals with glucosé&-phosphate dehydrogenase (G6PD) deficiency (Beutler,
1991). It has been postulated that these individuals would be more susceptible to
the toxic effects of oxidative stressors such as copper, but no epidgital or
clinical data exists that clearly links this genetic variation with copper sensitivity.

Carcinogenicity

Epidemiological studies have not established a positive correlation between high copper
exposure and cancer. Although an increased incelehlung cancer has been reported
among workers in copper ore mines, this was probably due to contaminating arsenic
compounds (U.S. EPA, 1987). There have been some geographical studies comparing
cancer incidences in areas with high or low copper,hrgé studies considered together
are inconclusive (U.S. EPA, 1987). Higher copper levels have been found in tumor
tissues at many sites. However, this may be a consequence rather than a cause of the
disease; cancer may increase copper absorption intsse. The U.S. EPA (1991)
classifies copper as Group D, not classifiable as to human carcinogenicity.

DOSE-RESPONSE ASSESSMENT

Noncarcinogenic Effects

It is important to (re)emphasize that copper in drinking water is not a reqnoed
necessarily @esired)source of copperThe NHANES IIl nationwide survey (1988
1994) and Continuing Survey of Food Intakes of Individuals (CSE9941996)

indicate that intake of copper (from food and supplements) is adequate for the great
mayjority of the populatio in all age and sex groups$or children aged six months to
three yearshte median copper intake from the diet is 0.6 to 0.7 mg Cu/@lag.IOM
(2001) hasestimatedAdequate IntakeAl) valuesof 200ug/day for infants @ months

of age, and 22ug/dayfor infants aged 12 months.The WHO (1996) estimated that
average copper requirements are about 50 pg/kg of body weight/day for inféets.
average value received by an infarito consumes formula supplemented with copper
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has been estimated at abd00 pug Cu/day for an infant consuming 700 kcal/day, or
about 115 pg Cu/kglay. Fora formulafed infant <6 months (timaveraged bodyweight
~ 56 kg, CDC, 2007, this would result in an intake of 690 pg Cu/day from folmhe,
which is more than-3old in excess of thestimatedAl of 200 ug Cu/day for infants aged
0-6 monthsasoutlined above.Thus, copper deficienciegould not beanticipatedo
occurin normal, healthy infants who were adequately nourished

Estimates of the upper limit for the accdpéadaily dose have been acknowledged as
uncertain. The FNB recently concluded that an upper limit could not be established for
infants (IOM, 2001). The IOM (2001) recommended 10 mg/day as a tolerable upper
intake level foradultsfrom food and supplemén(liver toxicity was used as the critical
endpoint). The World Health Organization has set a value ough@rday as the upper
limit of the safe range fanfants(WHO, 1996).

It has been shown that commnunities with corrosive water whose residedse copper

plumbing residents consuna amount equivalent #ofisubstantiad portion of their

daily required copper frordrinking water Sharretiet al., 1982) The WHO (2004)
document <Lonsumpian oftstAnditig or pdrtially flushed watent a

distribution system that includes copper pipes or fittings can considerably increase total daily
copper exposure, especially for infafeorts fed
infants who consume mostlyliquid diet in the first 6 motts of life, and whose formula

may be constituted with household drinking water, the poteesiatsfor high copper
consumptior(far in excess of the Al)

The most sensitivadverseendpoint forexcessopper appears to be gastrointestinal
effects in dildren, particularly infants. The data are somewhat limited for assessing the
doseresponse relationship for this effect. Copper ions are generally more bioavailable in
water than in food, and because acute irritation of the Gl tract is caused byithi®im

of copper, it is reasonable to assume that Gl irritation is more likely to be produced by
drinking water than by eating food he majority of reports on copparduced Gl

irritation concern the ingestion of fluids high in this elemddawever,Pizarroet al.

(2001) reported that insoluble and soluble copper had similar Gl effbets.case

studies have reported weight loss and gastrointestinal effects in infants and children at
low levels of copper in the drinking water, from 0.22 to 1.0 md-G8tenhammar,

1999) and 1.0 to 6.5 mg Cu(Berget al, 198]). However, the copper concentrations in
the drinking water were measured retrospectively and the duration of exposure is
unknown.

In the study by Olivarest al.(1998), 128 infants were gan water (and bottles) with

either <0.1 mg Cu/L or 2 mg Cu/L from the third to the twelfth month of life. No
differences in growth and morbidity (diarrhea and respiratory infections) were observed
between the exposed groups. Brdadtinfants had a sigficantly lower incidence of
diarrheal episodes than did formifted infants during the-8nonth observation period. It

is not clear whether this difference may be at least partly attributable to the differences in
copper consumption levels. Subclinicé#fetences were observed between some of the
exposure groups. A significant difference in ceruloplasmin activity at 9 months was
found between subjects who received drinking water with high vs. low copper content,
350+ 85 mg/L versus 322 75 mg/L, respetively. In addition, there were significant
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differences for this parameter in the brefest groups between infants who received
drinking water with high and low copper content. Most of the differences, however, were
observed between bredstl and formala-fed infants and not between copper
supplemented and unsupplemented infants.

The assessment of copper status in infants is complicated. Traditionally, measures of
serum copper and of ceruloplasmin, the major coppeting protein in serum, have
beenused to assess copper status. Serum copper concentrations are low in newborn
infants, and both serum copper and ceruloplasmin increase rapidly during the first six
months of life (Lonnerdal, 1998). Studies in adults have shown that neither serum copper
nor ceruloplasmin concentrations are a sensitive indicator of marginal changes in copper
status (Turnlunet al, 1990). Even at levelstd 10 times the customary copper intake

(up to 9 mg Cu/day), traditional indicators of copper status have not shgnmvincant

changes (Arayat al.2003b, 2003c; Pizarret al, 2001). Ceruloplasmin concentration

in infants has likewise not been shown to correlate well with copper intake (Salmenpera
et al, 1989; Olivaret al, 2002). Furthermore, it does not apptet MT is the protein
binding Cu in the small intestine during early life because induction of MT is much

higher in adolescent rats than in younger rats (Vaeadh,1993).

Although no potential early markers of coppacesave been identified tdate, the

limits of homeostatic regulation are not known. Felim infants and children up to age

10 are susceptible to the toxic effects of copper, as evidenced by the incidence of Indian
Childhood Cirrhosis (ICC) and reports of adverse effects inmnldrinking water

containing low levels of copper (Spitaleyal, 1984; MuellerHoeckeret al, 1988;

ATSDR, 2004).This appears to be because newborns have elevated hepatic copper
levels, and since their homeostatic mechanisms are not fully develbpeth (e.g.

immature biliary excretion), they may not be able to cope with excess copper exposure
(Klein et al, 1991; Bauerlet al.,2005). Studies in young rats, which show copper
accumulation and liver injury in response to copper supplementatiggest that infants

may be unusually susceptible to copper toxicity (Bauerlgl.,2005; Fuentealbat al,

2000; Varadaet al, 1993). Excretion of copper in bile may be even more important than
absorption in regulating total body level of copper (fundet al., 1998). In the case of

ICC, poor biliary excretion of copper may play a role in the etiology of the disease.
Studies in animals have suggested that susceptibility to copper toxicity is due to reduction
in biliary copper excretion (Webet d., 1980).

The mechanism of coppéanduced liver damage caused by excess dietary copper differs
from that seen in diseases due to genetic defects of copper metabolism. Individuals with
Wil sonbs di s e a-Bvans cirmamonwats, Which lravdéation gn the

copper transporting ATPase gene homologous to the Wilson disease gene, have an
impaired ability both to excrete copper in bile and to synthesize ceruloplasmiat(@u
1994) . I n Wi | s o nAJR/Bgine erea@dssa coppesimsportarf f ect e d
(ATPase7B), which is responsible for biliary transfer of copper, as well as transfer of
copper into ER and Golgi channels for incorporation into ceruloplasmin (Fuenétalba

al., 2000). The resultant accumulation of copper in the hepatdeges to liver

damageand eventually, toxic effects in several other organs (brain, eyes, kidriays)
contrast, a number of studies in animals have found that most excess copper accumulated
as a result of excess dietary copper intake is found withostyses (Everingt al,
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1991; Haywoockt al, 1996; Kumaratilake and Howell, 1989). Liver injury results when

the extra copper can no longer be accommodated or specific stimuli result in release of
copper from the lysosomes into the cytoplasm (Haywetadl, 1996). Different patterns

of copper distribution have also been observed in different ceggserciated diseases. In
copperloaded rats, copper was found in the centroacinar zone 1 (periportal areas) and the
midzone 2 (Fuentealbet al, 2000). Coper has also been shown to be preferentially
deposited in liver cells of acinar zone 1 (periportal area) in human newborn livers and in

some human diseases, including primary bil]i
disease, and ICC (Faal.,1987; Goldfischeet al, 1980; Kanel and Korula, 1992),
whereas copper accumulation in advanced stz

particular acinar pattern.

The consequences of high copper intake on copper regulatory mechanisms in the liver

and intestine of infants have not been well characterized. The liver of newborn infants
contains5006 0 percent of t he bo dol0dEercantandiyeeof , € 0 my
healthy adult§Luza and Speisky, 19965tricklandet al.(1972) found thathe amount of

copper stored ihumanliver does not affect copper absorptiddonverselypreterm infants

are born with very low copper stores due to the fact that fetal copper accumulates largely
during the third trimester (Widdowson, 1974). The cogyadance in preterm infants

may be negative for several months after birth (Dauetey.,1977; Tyrala, 1986). For

this reason, preterm infants are often given cofpeified formulasthatmay contain as

much as 2 mg Cu/L (Lonnerdal, 1998).

Experimenal studies using adult human subjects have reported acute NOAELSs for

copper in drinking water ranging from 2 to 4 mg Cu/L for Gl effects (Aetyal, 2001,

2003, 2004; Olivarest al, 2001). In the Arayat al (2001) study, the dose response

curve shavs that the first 5 percent of tipppulation would respond at 3.54ang Cul/L;
subsequent studies by this group indicate that women appear to be slightly more sensitive
to the gastrointestinal effects than men (Arayal, 2004). Olivarest al. (2001, using

the benchmark dose approach, calcul&edrcent response levels of 2 and 4.2 mg Cu/L

for nausea and vomiting, respectively, in adult volunteers given varying concentrations of
copper sulfate solutions once a week for up to 12 weeks.

Because th study by Olivarest al.(1998) used human infants, the sensitive population

of greatest concern for this chemical, and because the exposure was continuous over a 9
month period, the Olivarest al (1998) study was chosen for calculation of the copper
PHG. In addition, the Olivarest al.(1998) study is based on a large number of subjects,
as opposed to the case studies, which involve only a few individuals.

The following assumptions are made in the calculation of the NOAEL.:

1. The NOAEL was calculatedsing the data for the formulad infants (n=56)
from 4-6 months of age (Group I). According to the authors, from ages 4 to 6
months, formulded infants given drinking water with a high copper content
received 2.3+ 0.8 mg/day (318.# 107.3 pg/kgday) d copper from water (range
1.57 3.1 mg Cu/day). According to the local practice, solid food consisted of
fruit at 3 months of age; vegetable soup, legumes, and eggs at 6 months; and
regular table food at 12 months.

2. The average copper content of the wagier in Santiago, Chile is <0.1 mg/L.
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3. The milk formula used in the study was fortified with 7.87 pmol/L of copper
(when prepared with coppéree water).

The Olivarest al.(1998) study has some major weaknesses that make it difficult to draw
conclusiors on a safe copper concentration in drinking water, or to identify/quantify any

real differences in copper status among the various study groups. The copper drinking
water solutions were prepared by the test s
alout infant meals, formula preparation, and illnesses (e.g., diarrhea) were reported by

the mothers, and are therefore subject to recall bias. Breast milk was not assayed for
copper. Formuld ed i nfants (groups | and frommthe wer e
breast by three months of age. This makes it difficult to group all forfedlanfants as

a separate group, as consumption of the copper drinking water may have varied
considerably among individuals within the same group. The authors statduiehst

fed i nfants wer deddngl gixxnhonths iohage] hpwevel brefed s t

i nfants who began weaning were fed powder ec
according to local practice. The age(s) at which this occurred, and the moinsbéjects

affected by this, were not provided. This may also have had an impact on copper status.

A number of the laboratory parameters measured in the study (e.g. ceruloplasmin and
serum copper concentrations, superoxide dismutase activity) acarnently used to

evaluate copper overload, and may not be the most suitable or sensitive markers to assess
the presence of excess copper. The most sensitive (clinical) endpoints for copper excess
appear to be gastrointestinal distress (epigastric piaryhea, vomiting and nausea.

Infants are unable to point to the source of their pain and/or distress, and diarrhea and

colic can be common effects in young children (and potentially havéhliéatening
consequences). The 2 mg Cu/L concentratioreetilias drinking water in the study is

the limit for copper concentration of drinking water proposed by the World Health
Organization (WHO, 2004). The WHO committee also stated that no mor&@han

percent of copper intake should come from drinking water.

In the highcopper exposure groups of the Olivaegsl. (1998) study, water with 2 mg/L

of copper was used exclusively for all formula and meal preparation, and for drinking
water in these infants. As formulad infants less than six months are ngasclusively
bottle-fed, and fed a formula fortified with copper (7.87 umol Cu/L) at that, they received
far in excess 010 percent of their copper intake from drinking water. According to the
study authors, the formulied high content group received much as 426 ug Cu/kidpy

from water alone It should be noted that 426 pg Cu/lgy exceeds the WHO
recommended daily intake of 80 @wkg by more than Bold, and exceeds the Food

and Nutr it dequatdnBakeaalue 6f 80 ug Cu/kday (IOM, 2M1) by nearly
15-fold. Bauerlyet al.(2005) reported that infant rat pups supplemented with 25 j1g/Cu
day retained copper in their liver and small intestine, suggesting that they may be at risk
for copper toxicity. Previously, the WHO 2 mg/L provisiogaideline had come under
criticism for lacking a strong scientific basis (Fewtrell and Kay, 1995; Fitzgerald, 1995,
1998; Fewtrelket al,, 2001).

At higher doses, longdgerm exposure to copper will cause liver and kidney toxicity. A
NOAEL of 10 mg/day@.14 mg Cu/keday) was established for liver toxicity by the Food
and Nutrition Board (IOM, 2001), based on absence of serum enzyme changes indicative
of liver effects.
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CALCULATION OF PHG

Noncarcinogenic Effects

The calculation for coppen drinking wate is based on children as a sensitive group, and
absence of an adverse effect in the principal study selected (Oletaaksl 998), with
corroborative data on gastrointestinal effects from other studies as the adverse effect
endpoint of concern (Bergtal., 1981; Stenhammar, 199izarroet al.,1999b; Arayeet

al., 2001, 2003, 2004; Olivares al., 2001). This does not include children with the

i nherited abnormality in copper metabolism
individuals areare (about 1 in 40,0080,000 individuals; NRC, 2000; Olivaret al.,
2001), and they must be under a physicianod:

food alone. Attempting to protect such individuals by means of a water standard would
be impratical. Heterozygotes for the genetic abnormality, who are estimated to
comprise about percent of the population (NRC, 2000), may also be more susceptible to
copper. This fraction of the population may be possible to protect in establishment of a
drinking water standard for copper, but the magnitude of their potential susceptibility to
copper is unknown.

Thehighest NOAEL for gastrointestinal effects identified in the Olivatesl (1998)
study in formulafed infants, 426 pg Cu/kday (318.7 107.3 wg/kg-dayfrom water
along, was used as the point of departufen appropriate uncertainty factor, based on
intra-species variability and strength of this critical study is applied to this value.
Although the exposure duration in the Olivae¢gal. (1998) study(from 3 to 12 months

of life), was not ovea lifetime, se of less than chrondata is judged not to require an
additionaluncertainty factor because the most sensitive effect, gastric irritation, is an
acute effect. Moreover, with increasingspnatal age, tissue copper concentrations
decrease (Lonnerdat al, 1985; Varadat al.,1993), which would suggest that the risk
of copper toxicity due to excess dietary copper decreases as children get older. However,
studies in young animals, incliundy primates, show that neonates are particularly
susceptible to the effects of excess dietary copper (Aebgh,2005; Bauerlyet al.,

2005; Fuentealbat al.,2000). The infants admitted to this study were three months of
age at startip, and thus e Olivarest al.(1998) study does not comprise exposure
information about the early neonatal period frono @ months.

With regard to human variability, infants appear to represent a sensithmopulation,

which therefore accounts for some aspettsitra-species variability. However, the

infants admitted to th®livareset al. (1998)study (n =128) were healthy and had body
weights higher than 2,000 g at the time they entered the study at three months of age.
Since this may not be the case wathinfants, the application of an uncertainty factor is
appropriate to address the issue of variability among individuals with respect to
sensitivity to the Gl and liver effects of copper; it also should be noted that infants cannot
readily complain abdwastric distress, so the incidence of this effect may be
underreportedBoth of the high copper exposure groups that received drinking water
containing 2 mg Cu/L had higher dropt rates than the low copper (<0.1 mg Cu/L)

groups. In the formuléed, mppersupplemented group the number of infants withdrawn
from follow-up was three times the rate of unsupplemented forfedlénfants. The

authors stated that the higher withdrawal rate of infants in the high copper content groups
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Acoul d be telfahigherprewlgneesohunreported symptoms of

i ntol erance. 0 For this reason, as well
highest dose administered in the study, 2 mg Cu/L, represents a true NOWikdertain

A UF of 3 is proposedd account for uncertainties in the study data.

A public healthprotective concentration (C, in mg/L) for copper in drinking water can be
calculated using thimllowing equation for noncarcinogenic endpoints:

C = NOAEL pa/kgday x RSC
UF x L/kg-day
where,
NOAEL = no-observeeadverseeffect leve]
RSC = relative source contribution (usually 20 to 80 percent, entered as
0.20 t0 0.80);
UF = uncertainty factar
L/kg-day = daily water consumption volumehich isbased on the upper 95%

confidence level of municipal water supply consumption for the
most relevant exposed populatih.S. EPA, 2004)

The NOAEL derived from Olivarest al.(1998) is for the drinking water component of

the total copper exposure onlffor infants under 6 monstof age, formula, breast milk,

and water comprise essentially the total diet. -Ferlin infant formulas generally contain
from 0.40.8 mg Cu/L, which would provide about 0.4 mg of copper/day for an infant
consuming 700 kcal/day. For powdered formula, ¢bpper derived from the water used

to make up the formula would be added. For children older than 6 months, total copper
exposure would include exposure from other dietary components (see Table 1).
Therefore, the appropriate relative source contriloudiepends on which age group is
judged to be most relevant for the effect in question, and the relative proportions of
copper assumed to be derived from the diet versus from the municipal water supply.

On a bodyweight basis, infants drink considerablyra water than adults, particularly
those that are formula fed. Mean water intake for-bi@astfed infants less than six
months old was estimated @€95 L/kg-day, with an upper 95percentile 00.221 L/kg

day (U.S. EPA, 2004)The timeaveraged meanody weight of infants <6 months old is
about 6 kg (CDC, 2007 To provide adequate protection to this sensitive population, we
recommend that the upper'9percentilewaterconsumption value be used, rather than
the mean.With anestimatedelative sairce contribution 00.5 (50percentof the total
copper derived from municipal water), the resultant calculation for infants less than 6
months old is as follows:

C = 426 ug/kg-day x 0.5 = 321 ug/L = 300 ppb (rounded)
3 x0.221L/kg-day
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The PHG for copper in drinking water is théore proposed to be set &103pb. Ths

valueis judged adequately protective of sensitive subpopulations, including infants,
children, pregnant women and their fetuses, the elderly, and other subgratgo®th
identifiable as being at greater risk of adverse health effects than the general population,
in accordance with ehlth and Safety Codgection 116365(c)(C)(ii).

Carcinogenic Effects

There is inadequate evidence to conclude that copper is camsioag@nimals (IRIS,
2005). Epidemiological studies of potential carcinogenic effects in humans are
inconclusive (U.S. EPA, 1987)he U.S. EPA (1991) classifies copper as Group D, not
classifiable as to human carcinogenicityiven the lack of data,ancancer doseesponse
assessment can be made.

RISK CHARACTERIZATION

The proposed PHG is based on a drinking water study by Oligaedg1998) using

human infants, supported by several other studies in adults and infants. -Ohseneed
adverseeffed levels (for gastrointestinal effects and/or significant changes in liver
function) from Olivaret al.(1998) ranged from 1.5 to 3.1 mg/day (2426 pg/kgday)

of copper. This was the highest copper content administered in the study. Another study
of subchronic exposure in adult humans (Olivaresl.,, 2001) yielded a NOAEL of 2 mg

Cu/L (4 mg Cu/day). Considering the difference in body weight (and other factors)
between adults and children, the two reports produced comparable estimates of the
NOAEL for gastrointestinal effects.

The Olivareset al (1998) study was chosen because it is the best and most directly
applicable report on human exposures. It directly addresses the sensitive population
group (children under ten years of age). Howevergthee several areas of uncertainty
that should be considered in using these data to derive a PHG.

1. The purpose of the Olivares$ al.(1998) study was not to identify the toxic limit
of copper exposure in drinking water but to verify the tolerance and sdftite
WHO provisional guideline of 2 mg Cu/L for infancy.

2. The biochemical and gastrointestinal effects observed are not classifiable as
Afrank toxicity,o and therefore it may I

3. A high number of infants (30.4 pexat) in the formulged high copper content
exposure group (2 mg/L) were withdrawn during follag. The higher
withdrawal rate of infants in this group could be the consequence of a higher
prevalence of unreported symptoms of intolerance.

4. It was not pasible to include copper provided by breast milk because breast milk
was not assayed for copper. Several authors have reported that breast milk is low
in copper (Solomons, 1985; Lonnerdal, 1996).

5. The dose calculations were not clearly shown.

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 41 June 2007



DRAFT

The study des not provide complete information about dietary exposure to copper in
these infants. For infants eating solid foods, we can only assume that dietary exposure
was normal (i.e., in the range shown in Table 1). According to Table 1, infemisl6
monthsold receive 0.47 mg/day of copper from their diet, compared to a nutritional
requiremen{Adequate Intakedpf about 0.22 mg/dagfOM, 2001) For children,

drinking water can contributen amount equivalent elarge fraction of the daily

nutritional regqiirement for copper, but this is not a required source of copper, considering
the copper content of food/formula. The proposed PHG would aifote 0.4 méday

from drinking waterfor infantsin this age rangat the upper 95 percent confidence limit

of drinking water consumption (0.221 L/kgpy for infants <6 months of age or 0.185
L/kg-day for infants <12 months; U.S. EPA, 200®{rinking water at this level would

thus providenearly50 percent of the total average daily copper consumpivbich
substatiates the relative source contribution used for the PHG calculation. This potential
copper exposure from water is also well over the total nutritional requirement for copper
for this age groupThe proposed PHG is low enough to protect against the &ftacts

of copper(with a margin of safety), but has no effect on copper nutritional status.

A study of households in Seattle, Washington found that in those homes with copper
pipe, the 58 percentile for copper concentrations in standing and runmétgr were

760 pg/L and 353 pg/L, respectively; the™gercentile concentrations were 1,303 pg
Cu/L and 758 ug Cul/L, respectively. For Seattle city employees (males only) chosen as
the study subjects, the mean daily copper consumption was 2.2 mg Cstdmming and

1.3 mg Cu from running water. Running water appeared to provide more than half the
daily copper requirement for their wives and children (Shaetedt, 1982). These data
show that it is possible to limit copper concentrations in drinkvater to about the
proposed PHG level merely by running the water before drawing the water for
consumption.lt should be noted that tHRSCcould be much higher th&0 percent if
water standing in copper pipes is consunespeciallyfor infants

The NRC Committee on Copper in Drinking Water recently reviewed the adequacy of

the U.S. EPA MCLG of 1.3 mg/L for copper (NRC, 2000). NeC Committee,
apparently referring to heterozygotes for
potential risk for liver oxicity in individuals with polymorphisms in genes involved in

copper homeostasis, the committee recommends that the MCLG for copper not be

\

i ncreased at this time. 0 U. S. EPA acknowl ec

i ndi vi dual s wi .t Both¥énsumseocorifidenc®and pullis retification
language recommend consultation with a personal physician for this population. The
NRC Committee declined to base recommended levels on acute gastrointestinal effects
wi th the r eas o rmrthargnottsdverd or liiereateningcl OEHE A
disagrees with this conclusion because it believes that the acute gastrointestinal
symptoms, including nausea, vomiting, and diarrhea, are indeed a cause for concern in
infants, and in some cases may befifeeatening. California law (HSC Section

116365(c) (1)) requires OEHHA to set the PH(

or contribute to adverse health effects, or that does not pose any significant risk to
healt h. o

The Food and Nutrition Boar@so based their evaluation of the appropriate upper limit
of (chronic) copper administration of 10 mg/day on the potential for liver damage (IOM,
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2001) rather than gastrointestinal effects.
and Canada, livelamage is a much more relevant endpoint because of the potential for

excess intake from food and supplements. Furthermore, extensive evidence from studies

in humans and experimental animals indicates that liver damage is the critical endpoint
resultingfiom daily intake of high | evels of copp
appear that the potential for excessive exposure to copper from drinking water was a

subset of their concerns, and that total exposure (from both food and water) was clearly

the mae relevant concern.

The ATSDR in its recent updated Toxicological Profile for copper (ATSDR, 2004) set
acute and subchronic Minimal Risk Levels for copper of 0.01 mdésg based on the
study of Pizarret al (1999b) showing acute gastrointestinal pyoms in adult women
consuming copper in drinking water. The NOAEL for this effect was 0.0272 mg Cu/kg
day, i.e., 1 mg/L, and the LOAEL was 3 mg/L (estimated as 0.091 ruigig The MRL
was estimated from this value by dividing the NOAEL by an unceytééctor of three, then
rounding to the value of 0.01 mgktay. ATSDR chose an uncertainty factortbfeefor
this effect, based on the reasoning that e
toxicokinetic differences among individuals should afféct the sensitivity of this direct
cont actltshould ke odted that a total exposure limited to the MRL of 0.01
mg/kg-day would provide copper consumption less than the Recommended Dietary
Allowance (see Table 2)vhich would be inappropriateDEHHA concurs with ATSDR
that direct irritation of the stomach lining is not subject to toxicokinetic variatmthat

an uncertainty factor of thrdeom the drinking water exposure level in the study of
Pizarroet al could bgustified. This wouldresult in an acceptable drinking water level
of about 0.33 mg/L, which is consistent with the proposed PHG.

The proposed PHG eboutone-seventh othe WHO (2004) limit of 2 mg/L for copper

in tap wateyand incorporates drinking water consumpton RE valuesappropriatgo
humaninfants As of 2004, the 2 mg/L WHO guideline value for copper is no longer
considered provisional. While the 2 mg/L limit remains the sasi@ earlier version of

the documentthe scientific basis for the guideline haswebed. The initial basis for the

2 mg/L guideline value was a lack of adverse effects in animals, a NOAEL from a small

scale unpublished study conducted in dogs (Shanatraln 1972). (The calculations

showing the initial derivation of the 2 mg/L gulohe are shown below). The

International Program for Chemical Safety reviewed the evidence provided in the WHO
provisionalgui del i ne for copper and concluded t ha
animals is unhelpful because of uncertainty about aroappr i at e mod el for h
(WHO, 1998). The European Commission also reassessed the evidence for copper

toxicity and stated that the animal data were insufficient; it recommended an amended

value as low as 1 mg Cu/L (CEC, 1996). The current basis faVth@ guideline of 2

mg Cu/L is the humastudies by Arayat al. (2001, 2003), Olivarest al. (1998, 2001),

Pizarroet al. (1999, 2001) and Zeitzt al.(2003). According to WHO (2004), the 2 mg

Cu/L value fAprovides an aionsgithadnelcopper gi n of
h o me o st a showdpémitacconsumibition of 2 or 3 litres of water per day, use of a
nutritional supplement and copper from foods without exceeding the tolerable upper

intake level of 10 mg/day (IOM, 2001) or elicitinganadeersga st r oi nt est i nal
The 2 mg/L guideline is not intended to be health protective for certain sensitive
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popul ations, fAsuch as those with defects ir
met abolic disorders of copper homeostasi so

In the dog study used for the initial derivation of the provisional WHO guideline, three
dose levels of copper gluconate were used (3, 15 and 60 tdgyand elevated liver
serum glutamic pyruvic transaminase (SGPT) was observed in d2dof)s at the
highest exposure level. Thus, the stategefiect level from the Shanamamal.(1972)
study is 15 mg/kglay, although the WHO (1982) summary of this study erroneously
states that the NOAEL was 5 mg/kgy. In the WHO tolerable daily intake (TDI)
calculdion, a 10fold reduction for interspecies variation was adopted, resulting in a
provisional maximum TDI of 0.5 mg/kday (the WHO 5 mg/kglay transcription error
divided by an uncertainty factor of 10). 18 percent allocation of the TDI was made to
watea, and based on a standard body weight of 60 kg and a water consumption of 2
L/day, a figure of 1.5 mg/L was derived. This was rounded up to 2 mg/L to reflect
uncertainty in the data and assumptions. In fact, the doses reported in the Shethaman
al. (1972) study refer to the copper salt (copper comprises 14 percent by weight of the
gluconate salt) and not elemental copper. The ceppevalent doses used in this study
are 0.42, 2.1, and 8.4 mg Cu/kgy. The neeffect level should therefore be 2.1 mg
Cu/kgday, and allocation of &0-fold safety factor (as was done in the initial WHO
calculation) yields a TDI of 0.21 mg/kdpy. This would result in a copper guideline of
0.63 mg/L, as follows:

TDI x body weight x RSC=0.21 mg Cu/kefay x 60 kgx 0.10 = 0.63 mg/L
water volume/day 2 L/day

This recalculated value is lower by a factor of three than the current WHO limit of 2 mg
Cu/L, and representgpproximately a Zold differencefrom the proposed gper PHG.

Also, in at least one drinking water study, acute Gl symptoms (diarrhea, nausea,
abdominal pain, vomiting) appeared to occur in adults at copper intake levels below the
currentWHO TDI limit of 0.5 mg/kgday of copper (Pizarret al, 1999Db).

Although copper is an essential element, copper in waggmisrallynot needed to fulfill
dietary copper requirement3 he current MCLG requires that 90 percent of the first
draw tap samples collected after a period of at least six hour stagnatias bieale 1.3

mg/L, the federal (and Californi@ctionLevel. At this level, the copper concentration

in tap water could increase the copper intake of forrfedinfants by as much as 1.5
mg/day or about 500 pug Cu/dpy. This would result in tap wateaking a sizeablé

and, we believe, excessiveontribution to daily copper intake, considering the estimated
dietary intake of about 0.5 mg/day in infant®@.1 months (Table 1), or the
recommended dietary intake for infants less than one year olzbot 20 pg/day (IOM,
2001) . Given copperdés narrow safety margii
human infants is not well developed, that the liver of the newborn infant contains 90
percent of the body burden, with much higher levels than iha@WHO, 1993), and

that the parameters of homeostatic regulation in infants are not known, OEHHA
recommends a PH@®r copperin drinking waterof 300 ppb, which is well below the
Action Level for copper of 1.3 mg/LThisvalue is increaseffom the exiing PHG of

170 ppb, set in 1997, which was also based on gastrointestinal distress in cHilueen.
earlier calculation used a higher uncertainty factorf@@) and a lower water
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consumption value. We believe the additional studies published sin€gi®fAde a

better documentation of the NOAEL for infants and children, thus justifying the lower
uncertainty factor used in the proposed PHG. The recent U.S. EPA (2004) analysis of
drinking water consumption rates also provides an improved basis fdrioking water
consumption values.

OTHER REGULATORY STANDARDS

ATSDR has suggested an acute and intermediatation Minimal Risk Level of copper

of 0.01 mg/kgday. Although ATSDR does not develop guidelines for concentrations of
chemicals in drinking ater, application oflefaultparameters for adult womerfi 60 kg

body weight and 2 L/day of drinking water consumption would yield a value of 300

ug/L. Calculation using default values fiofantsof 10 kg body weight and 1 L/day
wouldyield a value of 10 pg/L. Neither of these values considers additional exposures
from food nor incorporates a relative source contribytwimichis appropriate since this
copper exposure level is below the recommended dietary allowance for both adult women
and infants.

In 1993, the WHO (1993) set a provisional limit of 2 mg/L (31.48 pmol/L) for copper in

tap water, on the basis of the level that produced no adverse effects in animals. The

WHO committee suggested that copper intake should be limited to 0.5 mg/kg body

weight per day. It also stated that no more th@mercent of copper intake should come

from drinking water. As of 2004, the 2 mg Cu/L guideline value is no longer considered
provisional (WHO, 2004). It must be stated that the 2 mg/L limit is intetwpobvide

an adequate margin of safety in populations withmalcopper homeostasis. According

to WHO (2004), AThere is stitérmeffactnofe uncert:
copper on sensitive populations, such as those with defects in the gene omVdils

disease and other metabolic disorders of copper homeastasis

In 1991, the U.S. EPA established a maximum contaminant level guideline (MCLG) for
copper in drinking water of 1.3 mg/L (U.S. EPA, 1991b). The MCLG is based on a
report (Wylie, 1957) of aepisode of acute Gl symptoms in humans resulting from
mixing alcoholic drinks in a copp@ontaminated cocktail shaker. From a dose
reconstruction, Wylie (1957) estimated that the lowest dose resulting in symptoms was
5.3 mg Cu. The 1.3 mg/L MCLG levelas recommended by U.S. EPA because it
satisfied the nutritional requirements (noted by U.S. EPA [1987]3am8/d for adults

and 1.52.5 mg/d for children) and because consumption of 2 L/day would result in
intakes below the LOAEL (by a factor of 2).

At the MCLG of 1.3 mg/L, average daily copper intake during the first six months of life
(from water alonejs estimated to b288ug/kg day for theaverageformula-fed infant

(infant formulas sold in the U.generally contain 7ug Cu per 100 kcal), which exceeds
the value of 15(ug/kg per day set by WHO (1996) as the upper limit of the safe range for
mean copper intake for infariby almost 2fold. More voracious infants can consume at
rates 3o 50 percent higher than the average (Premticd., 1988; Whitehead, 1995

U.S. EPA, 200 U.S. EPA set a secondary maximum contaminant level (SMCL) for
copper in drinking water of 1.8g/L (40 CFR 143) and a copper action level of 1,300
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ppb (Title 22 CCR section 64672.3). Both the U.S. EPA and the WHO have proposed an
aesthetics guideline of 1.0 mg Cu/L based on consideration of taste and the staining of
sinks and bathtubs. This is&t principal regulatory guideline in many countries. The

taste threshold for copper is 1 to 5 mg/L (Cobkeal, 1960; McKee and Wolf, 1971).

Copper in drinking water is regulated by the lead and copper rigeeaal andtate

drinking water standard{tle 22 CCR section 64672.3) that specifies requirements for
copper in drinking water systems, measur ed
refers to a concentration measured at the tap rather in the municipal water supply system
because much of trmpper in drinking water is derived from household plumbing. The
concentration at the tap is affected by water chemistry (pH and various dissolved
constituents), which affects the corrosivity of the water. The action level for copper is
exceeded if theoncentration of copper in more than 10 percent of the tap water samples
collected during any monitoring period (conducted in accordance with 22 CCR sections
64682 to 64685) is greater than 1,300 ppb. Failure to comply with the applicable
requirements folead and copper is a violation of primary drinking water standards for
these substances (22 CCR Chapter 17.5). Therefore, for all practical purposes the
standard described in the lead and copper rule is equivalent to an MCL.

Aquatic life criteria for amient (surface) water have also been established for copper,
based on the high toxicity of copper to aquatic organisms such as dépisi&PA,

2003) The acute and chronic toxicity vary with water hardness. The draft criterion for
fresh water is basesh a biotic ligand model (BLM) that accounts for bioavailability

under different conditions of water hardness and sediment concentrations. Thus there is
no specific freshwater value, although calculated values would tend to be below 10 ppb.
The saltwatecriterion does not yet use the BLM. The draft criterion indicates that
saltwater aquatic organisms should not be affected unacceptably Hitheaverage
concentration of dissolved copper does not exceed 1.9 ppb more than once every three
years, and ithe 24hour average does not exceed 3.1 ppb more than once every three
years (U.S. EPA, 2003)U.S. EPA has just released an update of this ambient water
quality criteria document (U.S. EPA, 2007).

The American College of Government and Industrial Hygisi(ACGIH) has set air
standards (timeveighted average, threshold limit value) for copper fume of 0.2 fhg/m
and 1.0 mg/rhfor dusts and mists (ACGIH, 1988). The National Institute of
Occupational Safety and Health (NIOSH) has set occupational expgmsitseof 0.1

mg/nT for copper fume and 1.0 mgfrfor dust and mists (NIOSH, 2003).

A group of state toxicologists (Sidlat al, 1995) have proposed a drinking water

standard for copper of 0.3 mg/L, based on the same human study on which U.S. EPA
based tkir standard, but employing a larger uncertainty factor. They argued that a more
protective standard is needed because of the susceptibility of children under 10 years of
age. We have chosen the report of Olivaatesl. (1998) because it represents daethe
sensitive subgroup that we are trying to protect, and because the data appear to be more
reliable. The proposed standard we have calculaikzes the sam8-fold margin of
safetyrecommended by Sidhet al. (1995)and a different method of cailating drinking

water exposurgnd yields effectivelythe same valueOnly a few states other than

California have set guidelines for drinking water concentrations of copper, i.e. Arizona,
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1.3 mg/L; Kansas, 1.0 mg/L; Minnesota, 1.3 mg/L; Rhode Isla@dmt/L (ATSDR,
1990, 2004).
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