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PREFACE

Drinking Water Public Health Goal
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 data in the scientific
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 CaliforniaSafe 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 on public heattbnsiderations. 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 adequate margin of
sakety.

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 information is akedble, 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 population, includinghbutimited 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 manner that ngifggsantly
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. In risk assessments that involve infants and childremi@ishall 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 that creates no
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 PHG should la¢ thett 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 on the availabilingw scientific data.

PHGs adopted by OEHHA are for use by the California Departmdhilaic Health
(DPH) in establishing primary drinking water standards (State Maximum
Contaminant Levels, or MCLs). Whereas 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 By re to consider

economic factors and technical feasibility. Each primary drinking water standard
adopted by PH shall 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 represent onlymandatory goals. By

state and federal laWCLs established by PH must be at least as stringent as the
federal MCL, if one exists.

PHG documents are used to provide technical assistandeHpand they are also
informative reference materials for federal, state and local public health oféinihls

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. Further, PHGs 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 OEHHA Web site at
www.oehha.ca.gov.
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PUBLIC HEALTH GOAL FOR COPPER IN DRINKING WATER

SUMMARY

A revised Public Health Goal (PH®J 300 parts per billion (ppbhas been deloped

for copper in drinking water, based on aegiew 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 carcinogenic in animals or humBblasvever, young dldren, and

infants in particular, appear to be especially susceptible to the effects of excess copper.
Case reports have attributed adverse effects (diarrhea and weight loss) in infants to rather
low levels of coppemn drinking watergstimated a8.22to 1.0 mg/L or parts per million

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

copper in tap water in homes with copper plumbing have been linked to childhood
cirrhosis in Germanydieteret al, 1999). (Liver is théarget organ fosystemiccopper
toxicity). In other studiesRizarroet al.,1999b; Arayeet al, 2001, 2004; Olivarest al.,

2001), consumption by adults of drinking water contaimr8ymg/L ionized copper was
associated with a significant increasenausea, abdominal pain, or vomiting.

The PHG is based anfantsas a sensitive group, and absence of an adverse effect in the
principal study selected (Olivaresal, 1998),which was undertaken to confirm the

safety of the World Health OrganizatiG?tWHO) provisional limit for copper of 2 mg/L
during infancy. This is supplemented digta on gastrointestinal effects from other
studies as the adverse effect endpoint of concern @exg 1981; Stenhammar, 1999;
Pizarroet al.,1999b; Arayeet al, 2001,2003a,b2004; Olivarest al, 2001). Although
some differences in biochemidaticesof copper nutrition and liver function were
observed between exposure groups in the Olivatrak (1998) study, no evidence of
adverse or toxic effects were refmal in healthy infants (formwand breasted) that
consumed water with a copper content of either <0.1 mg/L or 2 mg/L (~30 pmol/L) from
3 to 12 months of age. The-nbservedadverseeffectlevel (NOAEL) was 426 ug/ke

day based on the higher drinkingter copper concentration administered in the study.

TherevisedPHG takes into consideration normal copper exposuresléngh breast

milk or formula. Arelative source contribution of 50 percent of total copper intake from
powdered formula versus tayater 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 application to a sensitive
population, infants, whare 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 Action Level for copper is 1.3 mg/L, ashe CaliforniaAction Level.
The WHO limit for copper in tap water is 2 mg/L (31.48 pmolMHO, 2004) and
according to WHO guidelines, drinking water should not provide more than abcut one
tenth of the daily requirement for minerals, including copped@yV1993) Therevised
copper PHG, which iscreasedrom the value of 170 pg/L (170 ppb) in the 1997 PHG
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document, is based on new scientific studied an improved drinking water

consumption estimate. We believe ttalue d 300 ppbis adequate to ptect 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 PHG for copper in drinking water,
originally developed in 1997 (OEHHA, 1997). Coppexynbe 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 preparation of foods and beverages. Copper is
an essential nutrient, but it is toxichagher intake levels. Children under 10 years of age
appear to be particularly susceptible to copper toxicity (Spietiay, 1984; Mueller
Hoecheret al, 1988; Kleinet al, 1991; IOM, 2001; ATSDR, 2004).

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

cytochrome oxidase, lysyl oxidase and superoxide dismutase. Copper is essential for
hemoglobin synthesis, carbohydrate metabolism, catecholamine biosynthesis and cross
linking of collagen, elastin, and hair keratin [@aons, 1985; ATSDR, 2004). The daily
nutritional requirement for copper is easily met by food sources; deficiencies are

generally associated with disease conditions such as persistent infantile diarrhea or
inherited metabolic dOMROIJATEDR(2AMN kesd synd

Reports of copper intoxication in humans most often arise from accidental poisoning or
suicide attempts (Akintowet al, 1989; ATSDR, 2004). Copper intoxication from the
consumption of water containing high copper concentratis uncommon. Symptoms

of mild copper poisoning from ingestion of contaminated water are nausea, abdominal
cramps, diarrhea, vomiting, dizziness and headaches. More serious cases involving

hepatic and renal necrosis, coma, and death have beenrepartedi | ndi an Chi | dh
Cirrhosiso (I CC), a condition affecting pr
in the Indian subcontinent (Setttial, 1993). It is generally believed that milk or water

stored in brass or copper containers led to isg@alietary 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 cbplee oral

route, particularly toxic effects that may result from the ingestion of drinking water with
high levels of dissolved copper. To determirteealthprotectivelevel for copper in
drinking water, sensitive groups are identified and considaretistudies that can be
used to identifyappropriatdevels are reviewed and evaluated.
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CHEMICAL PROFILE

Chemical Identity

Copper is a naturally occurring metal with an atomic number of 29 and an average atomic
weight of 63.54. The two naturally occurriagble isotopes aféCu and®™Cu,

occurring in a ratio of approximately 7:3. Two radioactive isotopes of copyperand

®’Cu, have been useful for clinical and experimental purposes (Magteaul970;

Stricklandet al, 1972).

Copper is a metallielement with a bright, lustrous reddish color. It is 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 ext 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. Pure copper can be obtained from these minerals by
smelting, leacimg or electrolysis.

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

Production and Uses

Copper may have been the first metal that human beings smelted and used for
manufacturing implements. The manufactureagper 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 still used to make
coins, electrical wiring, casings for ammunitj@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 water pipes 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, and is used in making musical instruments.

Copper salts are aextensively 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 (by weight) in California in 2002, the most recent
year for which pesticide use data are available (DPR, 2004). Copper hydroxide alone
was applied to ovesnemillion acres. Abousevemmillion pounds of copper salts were

used as pesticides in California in 2002.

ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE

Coppe 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
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environment. Copper occurs in virtually all media that humans contact, including air,
water al soil (ATSDR, 1990; Nriagu, 1990).

Air

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

may be as high as several thousand Agirproximity to copper sources such as

smelters, mines, and power plants (ATSDR, 20@4)erage values around 50 ng/are
common in urban air (Davies and Bennett, 1985). The concentratlons of copper detected
in air samples from Aremote ar‘twabWwofrange
0.014 ng/m as reported by Wiersma and Davids@886). 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
sources include winlown dust, volcanic activity, argpray 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).

Soil

Copper is discharged tand 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 released to the environment by industrial
activities is depositedn land (ATSDR, 2004). Large quantities of copper salts used in
agriculture are deposited on land over extensive areas (DPR, 2004). The copper in soil
can run off to surface water and leach to ground water, thus contaminating drinking water
sources (U.SEPA, 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 sedimdritan 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
removed in treatment plants because of its sediment lgipdoperties (ATSDR, 2004).
Copper in surface water is a w&hown environmental hazard, associated with toxicity
to a variety of aquatic organisms (U.S. EPA, 2(R)7.

The concentration of copper in drinking water can vary widely, depending onoasiat

in acidity/alkalinity (pH), mineral content (hardness), and copper availability in the
distribution system. Results from studies in the.lE®rope and Canada indicate that
copper levels in drinking water can range from < 0.005 to > 30 mg/L, vétbdirosion

of copper pipes serving as the most frequent cause of copper contamination (U.S EPA,
1991; Health Canada, 1992; NRC, 2000).

COPPER in Drinking Water
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Well water has a highly variable copper conteependent on the soil and the underlying
water table (Lonnerdal, 1996Additional 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 use 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 riddeeal andtate

drinking water standard (Title 22alifornia Code of Regulations [CCRégction

64672.3) that specifies requirents for copper in drinking water systems, measured at
the customerso taps (U. S. EPA, 2001a) .
concentration measured at the tap rather in the municipal water supply system because
much of the copper in drinking watis 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 home distribution $gm is greater if the water is slightly acidic or
very soft (Lonnerdal, 1996; Sharrettal, 1982).

The action levebf 1,300 pplfor copper is exceeded if the concentration of copper in
more than 10 percent of the tap water samples collected durimgamtoring period
(conducted in accordance with 22 CCR sections 64682 to 64685) is greatiighan
level. Failure to comply with the applicable requirements for lead and copper is a
violation of primary drinking water standards for these substanceSG&R2Chapter
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). This is an aesthetics guideline based on
consideration of taste and the staining of sinks and bathtubs. sThés principal

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

Although the copper content of potable water is generally low, acidic and hard water,
particularly f conducted by newhnstalled copper pipes, may be highly corrosive.
Stagnation is another factor that will increase the copper content of waterdr&wst

water from household systems that use copper plumbing can contain several mg/L of
copper; concdnations 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 wadr supply systems are not generally availabtethe US.,, first-draw

copper concentrations (after a minimurhdar static period) must be reported to the U.S.

EPA if they exceed 1.3 mg/L. he 93" percentile concentration in firsraw water

samples tiken 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 than 10
mg/L (NRC, 2000. A study of water samples from households in Ohio found about 30
percent exceeded 1 mg/L (Stranal, 1984). Similarly, a study of households in

Seattle, Washington found the median concentration of copper in standing water samples
to be 993 ug/L.In those homes with copper pipe (as opposed to galvanized),the 50
percentile for copper concentrations in standing and running water were 760 ug/L and
353 pg/L, respectively; the ercentile concentrations were 1,303 pg Cu/L and 758 Hg
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Cu/L, respeavely. 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 appeategrovidean intake equivalent tmore than half

the daily copper requiremetior their wives and children as well (Sharrettial, 1982).

The WHO (2004) d oConsumetiontof serdiagtoepartialty fluahtd, i
water from a distribution system that includes copper pipes or fittings can considerably
increase total daily copper exposure, especially for infants fed formula reconstituted with tap
water . o

Drinking water concentrations of copper vary widdlyt tap water could typically
contribute about 0.08 to 0.3 noficopper, equivalent t8to 30 perent of the adult daily
nutritional requirement for coppexrhich 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/day for infants afne to thregears
of age to 0.89 mg/day for ages 418 (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 amount ofr @mept in
special cases (IOM, 2001According to WHO guidelines, drinking water should not
provide more than about otenth of the daily requirement for minerals, including
copper (WHO, 1993).

There exist few published reports on direct measuremeéntgpper 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, beverageksolid 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 copper atiter 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 both saed 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

vegetaran 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 dietary intakes
of copper are well over the estimated average requirements for copper established by the
Food and Nutrition Board of the U.S. Institute of Mediqji@M) (0.9 mg/day for

adults), but well below the estimated adult tolerated upper intake level (10 mg/day)

(I0M, 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 F/IM 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 Penningtoat 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 coppanftbe diet was 1.8 1.6

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 estsiiid RDAs for copper in adults and
children (IOM, 2001). The RDA for adults is 900 ug Cu/day. Values for children are
340 ug/day for the firsthreeyears, 440 pg/day for agésur to eight 700 pg/day for

ages 90 13 and 890 ug/day for ages 1118. RDAs of 1000 pg/day and 1300 ug/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 estimated based on the capgmncentration 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, WHO recommended ug/kg of copper/day for infants, and set a value of 150
ug/kg per dayas 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 document, the WHO (1996) estimated that average copper requirements
are 12.51g/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 pg Cu/kg per day as the upper limit
of the safe range. The IOM (2001) recommended 10 mg/day as a tolerable upper intake
level for adultsfrom food and supplements.

Breast milk copper concentration is low, containing approximatei) @ 2ng Cu/L
(Deweyet al.,, 1983; Vuori and Kuitunen, 1979), but copper from breast milk is well
absorbed (Lonnerdal, 1998). The American AcaglefrPediatrics (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 provids g of
copper/day for an infant consuming 700 kcal/day. Term infant formulas generally

COPPER in Drinking Water
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contain from 0.40.8 mg Cu/L, whereas formulas for gem infants may contain up to 2
mg Cu/L (Bauerlyet al, 2005).

Copper in the diet is contributed by a variety of foods. Potatoes and other vegetables
make the largest contribution (approximately 30 percent). ,Ndeattry, fish and bread
contribute significantly (approximately 20 percent). Other food groups contribute lesser
amounts (Solomons, 1985; Lonnerdal, 1996a). The food with the highest copper content
is beef liver, which was reported to contain 61 ppmper. In most foods, copper is

present bound to macromolecules rather than as a free ion (IOM, 2001)

Surveys in the United States indicate that aboyiekbentof the population uses a

nutritional supplement containing copper (IOM, 200¥jtamin/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 jGionplexed

with organic ligands (U.S. EPA, 1987). Copper iorey bemore bioavailable in water

than in foodyvariouscomponents in foodan influence the metabolism, absorption and
mobilization of copper in human diets. For example, high levels of vitant@scorbic

acid) adversely affect the absorption and metabolism of copyen, there appears to be

an antagonistic relationship between copper and zinc absorption and transport (Cousins,
1985).

Absorption

In humans, dietary copper is absorbed from tbmach and small intestine and

transferred into the interstitial fluid and blood (Linder and Haz&ggim, 1996). In

humans about 65 percent of an oral dos¥@t as copper acetate was absorbed from the
gastrointestinalGl) tract (range 15 97 percent{Weberet al,, 1969; Stricklanct al.,

1972). Absorption efficiency appeared to be inversely correlated with copper level in the
diet (Turnlundet al, 1989, 1998). Turnhd et 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 administerédCu rapidly appears in the plasma (Bearn and Kunkel,
1955).

Results from a number 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. Lonnesdal. (1985) found that copper
absorption is veryigh during the neonatal period in rats, but that it decreases by the
weaning period. Varadat al.(1993), using perfused rat intestines, found that copper
absorption was linear and nonsaturable in infant and weanling rats; copper absorption
was saturablen adolescent rats. Suckling rats had considerably higher tissue copper
concentrations than weanling or adolescent rats. Several investigators have found
significantly higher smalintestine and liver copper concentrations in copper
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supplemented suckignrats than in adult and/or control rats (Bauetlal, 2004,
Fuentealbat al, 2000).

Dorneret al.(1989) found that fulterm, breasted human infants, with a copper intake
of 114 ug/kgday, retained 88 ug/kday copper, representing an absorptialue of ~77
percent. Copper retention decreased with age. At two weeks of age, 13@ag/ikgs
retained, and at age 16 weeks, 64 uglkg was retained. In comparison, mean relative
retention in infants fed coppéortified formula was 52 percenCopper absorption in
infant rhesus monkeys usiACu ranged from 56 70 percent, similar to the values
found for fulkterm human infants (Lonnerded al.,1996b). Citrate, a dietary ligand
found in human and cow milk, has been shown to have a positec on copper
absorption in animal models (Shah, 1981).

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

sulfate solution)/kg daily for 15 days to Chilean infants agealto threenonths (n=20);

one half of the groufn=19) received no supplementation. At the end of the trial, copper
absorption was measured by using orally administ&(ed as a tracer and fecal

monitoring of recovere®’Cu. No major difference in the percentage of copper absorbed
was observed betweéhe two groups. Mear$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 concluded that the experimental design
of the study was inadeqeat because copper intakes were
adaptation of intestinal absorption. o

Arayaet al.(2005) fed infant rhesus monkeys, from birtHit® months of age, a

formula supplemented with a high copper load (6.6 mg Cu/L). Controtsfegra
commercially available infant formula that contained 0.6 mg Cu/L. Copper retention was
measured after radioisotope administration. Retenti6fCof at agesneandfive

months was 19.8 2.6 percent and 10:92.0 percent, respectively, in theppertreated
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 pef&@ntisf
retained in control animals at ageseandfive months (Lonnerdadt al.,1999). At age
eightmonths (i.e.threemonths after cessation of copper supplementation) there was no
significant effect of prior copper treatment 88u retention (coppereated animals:

22.9+ 5.6 percent; control animals: 315L3 percent).

Copper absorption in th@l 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 hamsters (Crammbal, 1965). Copper absorntbe

from theGl tract may be bound to amino acids or in the form of ionic copper. Copper
becomes bound to metallothion€MT) in the intestine and is released into the
bloodstream as metallothionetopper (Marceaet al, 1970). It does not appear that

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 (Vataalg1993).

Intragastric administration of a copper sulfate solution into the stomach and domoaenu
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 authors in both dogs and ferrets (Andreals 1990; Bahndari and
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Andrews, 1991; Fukuet al, 1994) confirm the importance &l neural pathways and
receptors in copper sulfateduced emesis. In beagle dogs, the vomiting response to 100
mg of copper sulfate per kg of body weight was reduced or eliminatedbyloses of a
chemical blocker of receptors for serotonin as well as severing the vagus and splanchnic
nerves. Serotonin isreeuroactive compound that may activate or sensitize abdominal
gastric nerves involved in the emetic response (Feikal, 194).

Protein source (plant or animal protein), amino acids, carbohydrates and ascorbic acid
can affect copper availability (Gibson, 1994; Lonnerdal, 1996). Competition with zinc
and cadmium affects copper absorption from both diet and drinking watee&awl
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 appeaatéabtor 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 absamptofiron,

calcium, anazinc but not copperHurrel, 2003Egli 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, 206&)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 (mainly in the
liver) does not appear to affect copper absorption (Stndidaal, 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 rats were exposed to
welding dust from a pure copper wire. No studies efrtiie 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)ot et al.(1996) studied the absorption of
copper and zinc through human shirvitro. 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). Mdsisdbound copper is

then rapidly deposited in the liver. Ceruloplasmin is a cysteameglycoprotein with

many free sulfhydryl groups that serve as binding points for metals; it can bind copper or
zinc, but has a stronger affinity for copper (Cousl®&g85). Ceruloplasmin is synthesized

on membrandound polyribosomes of liver parenchymal cells and secreted into the
plasma. Copper that enters the portal circulation from the intestine is transported directly
to the liver. Copper released from the ftiv@transported in the bloodstream to other

organs including the kidney and brain. The synthesis of ceruloplasmin is controlled by
interleukinl via glucagon or glucocorticoid (Cousins, 1985). Circulating copper levels

are elevated in pregnant women é&ese hormonal changes associated with pregnancy
stimulate ceruloplasmin synthesis (Solomons, 1985). Ceruloplasmin levels may be useful
as an indicator of copper status (Mendeal, 2004).
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Recently, several copper transporters involved in copper uptak&ansport by cells

have been identified (Bauergyf al.,2005). Copper transportér(Crtl) is a copper

import protein that is copper specific, and is believed to mediate copper uptake into the
small intestine (Leet al, 2002). Crtl is expressedthme enterocytes of the small

intestine and in enterocyti&ke Caco?2 cells in culture (Klomt al, 2002; Kuoet al,

2001). The copper efflux protein, ATPase7A, is thought to mediate copper efflux across
the plasma membrane during copper excess isfaated cells (Petrist al.,1996).

Menkes disease, characterized by excessive copper accumulation in the intestine and
systemic copper deficiency, is a consequence of a defect in ATPase7A (Schaefer and
Gitlin, 1999). ATPase7B, with functional similarito 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 placenta (Loahelrt 2000).

A defect i n ATP a ssdi3eBse, chammatelizedsby copper@bcumslationd
as a result of impaired biliary copper excretiand liverand brainrdamage.

Metabolism/Excretion

The liver and intestine play key roles in copper metabolism. Copper is taken up by
hepatocytes from the pal 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 incorporated into ceruloplasmin. Much of the
incoming copper binds to weral macromolecules, including metallothionein, a protein

that also binds zinc, iron and mercury (Linder, 1991). Copper can be released from
hepatocytes into the general circulation to be transported to other tissues, or it can be
excreted from the liven bile (Cousins, 1985). d@pper is excreted from the body in bile,
feces, sweat, hair, menses and urine (Luza and Speisky, 1996; Cox, 09®@a small

amount of copper is excreted in the urine (Cousins, 1985); the major route of excretion is
in the ble. Biliary copper is discharged to the intestine, where, after minimal reabsorption, it
is eliminated in feces. Biliary export seems to involve glutathae@endent and
glutathioneindependent processes (NRC, 200Bjiary excretion in human infanis

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 toxicity is due to a reduction in biliary copper excretion (Wetadr, 1980).
Age-related differences in susceptibility to copjaiuced liver damage have also been
observed in studies with young animals (Bauetlgl, 2005; Fuentealbet al.,2000).

Excretion of copper in bile may be even more important than piiisoin regulating total

body level of copper (Turnlunet al, 1998).

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 understahdigleterious effects of

copper deficiency or excess. Copper is essential for hemoglobin synthesis and
erythropoiesis (Solomons, 1985; Harris, 1997). Copper deficiency can therefore lead to
anemia. Copper deficiency can likewise lead to abnormatifies/elin formation, with
attendant effects on the nervous system (Solomons, 1985; Harris, 1997). Nervous system
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effects, including dementia, have been observed in individuals with copper deficiency or
excess (Solomons, 1985; Harris, 1997). Effectsat@atiolamine metabolism likewise

are involved in the nervous system abnormalities. Other physiological functions that
involve copper include: leukopoiesis, skeletal mineralization, connective tissue synthesis,
melanin synthesis, oxidative phosphorylatidrgrmal regulation, antioxidant protection,
cholesterol metabolism, immune and cardiac function, and regulation of glucose
metabolism. Since all of these physiological processes involve copper, any of them can
be affected by the availability of coppertire 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 (Solomons, 1985; Harris, 1997).
Clinical dietary copper deficienciese rare, especially in developed countries (Olivates

al., 1999; IOM, 2001).

In infants, copper is an essential mineral that is required for normal growth, and the
development of bone, brain, immune system, and red blood cells (Iétidéy1980).

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, but premature infants, prone to copper deficiency, must be givem high
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 infants suggest that either the absorption mechanisms of preterisanéan
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, and is characterized by edema, anemia, leucopenia, neutrogenia, a
osteoporosis (Suttost al, 1985).

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

Table 2 shows the Dietary Reference Intake (DRI) values for copper for various age
groups, broken down into Estimated Average Requirements (EAR)sRID@A Tolerable
Upper Intake Levels (UL) (IOM, 2001)The data were not sufficient to establish RDAs
for infants. Values for infants were provided only as Adequate In{akevalues, based
primarily on content of copper in human milk. The Al values areugl@ay for infants
0-6 months of age, and 2.ug/day for infants at-12 months; an estimated UWar

infants could not be established (IOM, 200The IOM (2001) recommended 10 mg/day
as a UL for adults from foods and supplemertee WHO (1996) estimated that average
copper requirements are about 50 pug/kg of body weight/day for infants.

Copper indke values from food and supplements, developed from the NHANES Ili
nationwide survey (1988994) (NHANES, 1996) are shown in Table 3. The NHANES
[l table and Continuing Survey of Food Intakes of Individuals (CSFII) indicate that
intake of copper is adeqte 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 consuming less than the RDA of copper. On the other hand,
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considering the tendendgr underreporting of food intakes, particularly for teenagers
(Champagnet al, 1998), the lower end of the distribution curve is likely to be
inaccurate.

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

Estimated Recommended Tolerable
Age (years) S| roqurement | Allonanee | Level
pg/day pg/day pg/day
1-3 FIM 260 340 1,000
4-8 F/IM 340 440 3,000
9-13s FIM 540 700 5,000
14-18 F/IM 685 890 8,000
19+ F/IM 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.

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

Intake Percentiles RDA
Age and Sex 5 |10 25| 50 | 75| 9 | 95 | 99 |(mg/day)
26mo  |MIF |03 |04 |05 |07 |09 |11 |12 |16 0.20
711mo |M/F |03 |04 |05 |07 |09 |12 |13 |17 0.22
1-3yr  |M/F |03 |04 |05 |07 |10 |13 |17 |29 0.34
48yr  |M/F |0.59 |0.67]0.80 095 |1.14 |1.36 |1.61 |3.06 0.44
913yr |F  |064 |0.72|0.86 |1.04 |1.26 |1.54 |1.84 |3.23 0.70
M 088 (094 (105121 (141161 (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 079 |0.89 |1.11 |1.42 |1.80 |2.28 |2.71 |3.56 0.89
1930yr |F  |0.77 |0.83 |0.95 |1.12 |1.38 |1.82 |3.03 |3.84 0.90
M 1.37 1143 |1.56 |1.69 |1.86 |2.12 |3.55 |4.44 0.90
3150yr |F  |0.72 |0.81 |0.95 |1.17 |1.52 |2.32 |3.09 |4.19 0.90
M 089 |1.03 |1.29 |1.61 |2.09 |2.93 |3.67 |4.87 0.90
51-70yr |F  |0.61 |0.68 |0.84 |1.07 |1.48 |2.92 |3.25 |4.22 0.90
M 075|087 |1.09 |1.43 |1.98 |3.00 |3.65 |5.02 090
71+yr  |F  |058 |0.65 |080 |1.02 |1.37 |2.94 |3.21 |3.79 0.90
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Intake Percentiles RDA
Age and Sex 5 |10 25 ] 50 | 75 | 90 | 95 | 99 | (mg/day)

M 0.72 |0.83 |0.99 |1.26 [1.66 |2.89 |3.41 |4.61 0.90
Pregnant |F 0.71 |0.82 |1.07 |1.62 [3.11 |4.03 |4.39 |5.56 1.0

4Food and supplement values frdRANES, 1996

®RDA values from IOM, 2001.

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

TOXICOLOGY

Toxicological Effects in Animals

Mechanism of Action

Manifestations of acute copper toxicity include abdahpain, 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 animal studies, absorption of copper ions has
been shown to have a direct effect on gastric mueesse endings of the

parasympathetic nervous system (Niijietaal, 1987). Several studies indicate that
vomiting induced by copper is mediated by serotonin gastric receptors. Intragastric
administration of a copper sulfate solution into the stomadtdandenum of ferrets with
ligated 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 authors in both dogs and ferrets (Andretwel., 1990; Bahandari and Andrews,

1991, Fukuiet al, 1994) confirm the importance of Gl neural pathways and receptors in
copper sulfatenduced emesis. In beagle dogs, the vomiting response to 100 mg of
copper sulfate per kg of body weight was reduced orimdited by high doses of a

chemical blocker of receptors for serotonin as well as severing the vagus and splanchnic
nerves. Serotonin is aeuroactive compound that may activate or sensitize abdominal
gastric nerves involved in the emetic response (Fetkall, 1994).

Exposure to high levels of copper in the diet can lead to hepatocellular necrosis in the
liver, multifocal hepatitis, apoptosis, and structural damage to proximal convoluted
tubules in the kidneys (Haywood, 1985; Fuentealia, 2000). Apptosis has been
consistently described in coppaduced liver damage (Dergg al.,1998; Fuentealba and
Haywood, 1988; Haywooeit al, 1996; King and Bremner, 1979). Many of the toxic
effects of copper, such as increased lipid peroxidation in cell nae@band 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 exposure
than adults. Neonates naturally have a high lbegperconcentration at birth, and
meclanisms that control intestinal copper absorption are immature during early neonatal
life in rats (Varadat al.,1993). A number of studies in young animals have observed
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agerelated differences in susceptibility¢opperinduced liver damage (Aray d.,
2005; Bauerlyet al, 2005; Fuentealbet 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 aravailable for a wide variety of aquatic animal and plant species,
because of the high sensitivity of aquatic organisms (especially invertebrates) to copper,
the use of copper in pesticides, and frequent contamination of waterways with copper.
Toxicity to aquatic organisms is well summarizedheU.S. EPA ambient water quality
criteria documerstfor copper (U.S. EPA, 2002007, and will not be further discussed
here.

Subchronic Toxicity

Bauerlyet al.(2005) exposed suckling rat pups to amounts opepghat bottl€ed

infants may receive to determine the effects of copper supplementation on tissue copper
distribution, copper transport and copper transporter levels in early and late infancy.
Newborn rat pups were given a daily dose of 0, 10 or 26uylday as CuSgin al0

percent sucrose solution by oral gavage during the suckling period, and weaned to a
standard diet containing 13 pg/g of Cu. Since the development of copper transporters is
agedependent, pups were killed on postnatal déand20, when copper transport
mechani sms were fii mmature, 0 and fAmature, O
brain and spleen were collected for mineral analysis. Copper concentration, copper
transporterl (Crtl), Atp7B, and MT mRNA and protein levelere measured®’Cu

absorption was measured in control and copsp@plemented pups on da§ and day20.

There was no significant effect of copper supplementation on body weight, serum copper
or ceruloplasmin activity, despite increased tissue copperentration in dag0 pups.

Copper supplementation and age had a significant effect on intestine copper
concentration; at dajQ, intestine copper concentration was significantly higher in pups
supplemented with 25 pg/day of Cu (P<0.0001), while no fogmit effect of copper
supplementation was observed at 88yP=0.6). At dayl0, supplemented pups retained
149.9 pg/g Cu in the intestine, compared to 34.6 pg/g Cu in controls, while 20day
difference in copper concentration was observed betgerips. Copper

supplementation resulted in elevated plasma alanine aminotransferase (ALT) levels,
Asuggesting a risk of copper toxicity with
no significant effect of copper supplementation, age or interacti@atal protein,

albumin, aspaate aminotransferase (AST), alkaline phosphatase (AP), bilirubin, or
glutamate dehydrogenase (GD) activity. With increasing copper intake, total copper
absorption decreased and intestinal copper retention increased. Jj, dagstinal

copper concentration, MT mRNA and Crtl protein levels increased with

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

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 to
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simulate the copper intake of formifled infants. The authors state that the
supplementidon level of 10 pg/day Cu is, on a body weight basis, similar to the copper
intake of a formulded infant. This level of copper supplementation did not affect small
intestine and liver copper concentration. However, rat pups supplemented with 25
pg/dayCu, a level similar to the copper intake of infants fed formula made with copper
contaminated water, retained copper in their liver and small intestine. The authors
suggest that infants exposed at this level may be at risk for copper toxicity.

Arayaetal. (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 @snations of the copper intake needed to induce Indian childhood cirrhosis).
The objective of the study was to assess copper retention, liver copper content and liver
function. Food intake was monitored daily. Blood samples were drawn every month
duringtreatment, and at agei, eight, and twelvenonths. At ageene, five, and eight
months, copper absorption was measured following radioisotope administP&fioh (

One biopsy of liver tissue was taken for each control anintalcatnonths of age; ssue
samples for coppesupplemented animals were takeom¢ and fivanonths of age.

Liver function and histology was monitored upeightmonths of age.

Food intake did not differ significantly between coppeated and control animals (data

not piovided). 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 areas in coprerated animals dive months of age whereas, in the toh
animals, rhodamine staining was negative at all times. (In children with biliary atresia,
Wil sonés disease, and |1 CC, r hodaahil®%we st ain
Suchyet al.,1981).) The coppdreated animals showed a marked @ase in liver
macrophages (Kuppfer cells) over control animals; 70 and 49 percent more Kupffer cells
at ageone and fivemonths, respectively, than controls. (Kuppfer cells are known to
migrate rapidly and proliferate locally in response to various $itymat five months of

age, treated animals had twice as many apoptotic nuclei as controls, and this effect was
significantly greater at ageve months than at agegnemonth. (Similar findings have

been observed in rats due to excess dietary coppemtgalbaet al, 2000). At age
eightmonths, all indicators measured were normal and no significant differences were
seen between groups. Copper treated animals had significantly higher liver copper
concentrations at agese, five, and eighthonths comared to control animals. Copper
supplemented animals had significantly lower plasma zinc concentrations than did
control animals during the supplementation period; plasma zinc concentrations returned
to normal after discontinuation of copper supplemenatiChanges in cell

ultrastructure, suggestive of early tissue damage, wereoseemonth after copper

treatment: irregularly shaped nuclei containing condensed chromatin were often seen on
electron microscopy, mitochondria displayed visible cristaegatioegtes 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 distorted in certain cellsfivit months ofage, the cell
ultrastructure of hepatocytes was normal in all animals.
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Excess dietary copper caused substantial liver injury, as evidenced by morphologic
changes and increased activity of liver enzymes in both adult and young rats fed a
copperloaded dietthough the young rats were more susceptible than adults to €opper
induced liver injury (Fuentealket al.,2000). Adult Fischer 344 male and female rats
were administered a diet containing@0 ppm copper for 18 weeks. Young male and
female rats weréed a similar diet from birth until 16 weeks of age. Aged sex

matched control rats were fed a normal rodent diet (<10 ppm copper). After 12 weeks on
the experimental diet, young doaded rats were pale and weighed 50 percent less than
control animad, and the experiment was concluded for this age group (as per Guidelines
of the Canadian Council on Animal Care). All copjmaded rats had significantly

(p<0.05) increased hepatic copper concentrations compared to controls. Young copper
loaded rats amimulated more hepatic copper, had more severe liver changes, and had
higher serum liver enzyme activities than adult rats. Two out of eightadied young
female rats died during the experiment. Young female rats also accumulated almost 100
ppm more cpper 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 increased activity of alanine
amine tansferase (ALT) and sorbitol dehydrogenase (SDH) relative to controls. In
young rats, ALT, SDH, alkalinphosphatas@ALP), and gamma glutamyl transferase
(GGT) were significantly increased in both sexes relative to control animals. Increased
levels oftotal bilirubin were also found in all Gleaded groups compared to controls.
Histologic changes in coppéraded rats consisted of multifocal hepatitis and widespread
singlecell necrosis. Cytoplasmic copper was detected histochemically in centroacinar
zone 1 (periportal) and mizbne in coppeloaded rats. Intracytoplasmic

immunoreactivity foMT was prominent in necrotic hepatocytes and within

inflammatory foci in coppeloaded rats. (According to the authors, the presence of MT
in these areas may beerpreted as an indication of free radical scavenging by MT in an
effort to protect the liver from further damage.) Hepatic MT was significantyQ(05)

lower in male Cdoaded rats compared to control male rats and compared to both Cu
loaded and aatrol female rats. No differences in hepatic zinc concentrations were
detected between adult copppeaded and control rats.

In a National Toxicology Program (NTP) study (1993), rats and mice were exposed to
cupric sulfate in drinking water (free drinkingt concentrations up to 30,000 ppm for 15
days. The only compournelated toxic effect observed was an increase in the size and
number of cytoplasmic protein droplets in the epithelium of the renal proximal

convoluted tubules in male rats of the 300 &0 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 ramgirom 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 all dosage groups
(NTP, 1993). Periportal to midzonaflammation 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 spleen. Male
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and female rats in the 4,000, 8,00@ 46,000 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 convolutdaules 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 changeopper 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 diet (300 mg/kadpy) were not able to adapt, andsome cases died from
extensive centrilobular necrosis (Haywood, 1985).

Rats administered a diet containing 4,000 ppm of copper (approximately 133 aagjkg
for one week exhibited increased mortality from anorexia, possibly resulting from taste
aversim (Boydenet 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 exhibited
reduced hemoglobin, hematocrit, mean celupee, 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 resulted in hemolytic
anemia (Booth and McDonald, 1982). 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 exceeded, the copper
is released and brings about thei¢ceffects.

Genetic Toxicity

Doserelated mutagenesis in a reverse mutation asdagdherichia colexposed to 2 to
10 ppm cupric sulfate have been reported by Denedral (1951). A more recent study
by Moriyaet al.(1983) resulted in no increagemutations irE. colior Salmonella
typhimuriumstrains TA98, TA1535, TA1537 and TA1538 incubated with up to 5 mg
copper quinolinate per plate or$ typhimuriunstrains TA98 and TA100 incubated
with up to 5 mg cupric sulfate per plate. Negative resuéire also obtained with cupric
sulfate or cupric chloride in assays w@8haccharomyces cerevisiégingh, 1983) and
Bacillus subtilis(Nishioka, 1975; Matsui, 1980; Kanematsial, 1980).

Sirover and Loeb (1976) investigated the effect of metal satisiding copper salts, on
the fidelity of DNA transcription from poly(C) and other templates imnavitro system
that included DNA polymerase from avian myeloblastosis virus. They found that the
copper salts tested decreased the fidelity of transmnifsty more than 30 percent.
Induction of chromosomal aberrations has been reported in isolated rat hepatocytes
incubated with cupric sulfate (Siedal, 1983).
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Cuprous sulfide and cupric sulfate enhanced cell transformation in Syrian hamster
embryo cels infected with simian adenovirus (Castal, 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 required for the initiation of DNA synthesis
upon growh 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 chromosomal aberrations,
micronuclei and sperm abnoafities (Bhunya and Pati, 1987). Thus, thera igivoas

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

Neurotoxicity

Excess copper has been reported to disrupt a number of processes 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 (Deétaés

1986).

Copper exposure has also been investigated as a factor in the pathogenesis of
neurodegeneratie di seases, especially Al zhei mer 6s
been directed toward the hypothesis that A
copperin plasma and/or braifparks, 2004; Puglielét al, 2005, Sparkst al, 2006;

Daiet d., 2006; Luet al, 2006; Morriset al, 2006; Brewer, 2007), while another line

has associated Al zhei mer 0s etdl, X@akessleewi t h a
al., 2005, 2006; Schafet al, 2007). The common factor among these studieses th

recognition that copper is a component of many important metalloenzguowsas

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

al., 2004)and possibly, inflammation processes (Campbell, 2006; Bestazia 2006).

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

the brains of Al zheimerds patients.

Some of the differencdsetweernthetwo hypotheses relate to different neurodegeneration
models used in animal studieSeveral of the studiesnplying a positive association
between copper and neurodegeneratwnlve animals fed higicholesterol diets, which
are associated with brain pathological changes. These changes may be accelerated 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 reportSparks, 2004, Sparlet al, 2006)represents a veigmall
fraction(less than 10 perog of the contribution fronfood (copper is added to all

animal diets because it is an essential nutriéiiile it canbe postulated that the
difference is due to greater availability of copper from water than from faoderous
nutritional studies idicate substantial bioavailability of copper from normal dietary
sources A recent study reported that endogenous copper in pinto tseagsally as
bioavailable as copper from copper sulfgtaariet al, 2006). Influence of copper

carriers in food omlisposition and effects of copper remains to be investigated.

Another line of research involves the demonstration that a caeppezinachelator,

clioquinol, canapparently decrease betmyloid deposition in a mouse model of

Al zhei mer 6s yetals2604)s Ehis (vas talen as evidence that excess copper
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mi ght i ncrease the risk of Al zheimeros dis
clioquinol binding to copper can help transport copper into the brain, rather than decrease

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

model s of Al zhei mero6s di seaseKeaslkeretalassoci at
2005;Maynardet al, 2006), adhas also been reported the human disease (see section

on Neurobxicity in humans), the evidence that elevated exposure to copper might have a
causative influence on the development of

Developmental and Reproductive Toxicity

To investigate reproductive effects of copper, Hadztaal. (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 over a period of seven weeks (details not pedyidCopper was deposited in the
liver and kidneys of pregnant rats, leading to inflammation of those orfyad4.5day

old embryos, mean yolk sac diameter, cromamp length and somite number were
significantly reduced. Moderate retardation of growtid 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
and hindlimbs when compared to untreated contriolsiewborn rats, minimal growth
retardation was found; only the numbers of cervical and caudal vertebrae afichbind
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 leteym ingestion of four metal salts on
aggression, sexual behawend 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 copper chloride JQtkD]
dissolved in tap water at@ncentration 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 relative testes weight, and seminal vesicle
weight was sigificantly 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 chloride affected the initiation of
copulatory behavioas 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 efficiency was also significantly reduced in male rats
expowd 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 male. 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 behaviorodulating pheromones that alter fighting artiteo
behavior, were not affected by exposure to copper chloride.
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Immunological Effects

Copper and copper complexes have-aritammatory, antiulcerogenic and

anticarcinogenic effects. They are sometimes administered to patients for these effects
(Sorerson, 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 investigate the effect of excess copper omtin@une system, Pocired al.

(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 ppm) in drinking water (Pociret 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
copper.

Carcinogenicity

In a study published in 1968ionetics Research Labs tested copper hydroxyquinoline

for carcinogenic effect in B6C3nd B6AKR mice. Groups of 18 male and 18 female
sevenday-old mice were given daily by gavage 1,000 mg copper hydroxyquinoline per
kg of body weight (180.6 mg Cujk 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 tumor incidence were observed
in the treated animals (B. EPA, 1987; IRIS, 2(Q).

In the same study, 28ay-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 gatatin. After 50 days, the male
B6C3F mice had an increased incidence of reticulum cell sarcomas compared with the
controls. No tumors were observed in the treated male BéAKde, and a low

incidence of reticulum cell sarcomas was observed in tréateale 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 &g), or cuprous sulfide (16 mg Cu)

(Gilman, 1962). After 20 months, no injection site tumors were observed in the animals
that had been injected with the copper com
fiboroadenomas and a reticulocytoma) were deteateery 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 no significant increases in tumor frequencies (Katoat al.

1973; Greeret al. 1987). Copper inhibited the carcinogenic effect oféhionine in rat
livers (Kamamotcet al, 1973).

In an NTP study (1993) rats and mice were given 500 to 8,000 ppm cupric sulfate in the
diet for 13 weeks. Rats in thedle highest dose groups exhibited hyperplasia and
hyperkeratosis of the forestomach, inflammation of the liver, and increases in the number
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and size of protein droplets in the epithelium of the renal proximal convoluted tubules.
Both sexes of mice receig 4,000 ppm cupric sulfate and higher in thenkgk study
exhibited increased hyperplasia and hyperkeratosis of the squamous mucosa on the
limiting ridge of the forestomach (NTP, 1993).

The U.S. EPA reviewed the published data and concluded that tiresdesjuate
evidence to conclude that copper is carcinogenic in animals (IR13).2W0e concur
with this conclusion.

Toxicological Effects in Humans

Acute Toxicity

Epigastric pain, headache, nausea, dizziness, vomiting and diarrhea, tachycardia,
respirabry 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 little as 2 grams of cupric sulfatet(8kein

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 élantsch
al., 1985). Deaths have also been reported as the result of the use of watessoitled
cupric sulfate in religious rituals (Akintowet al, 1989). The poisoned individuals
ingested approxi mately 20 grams each of cu
concentration of 100 g/L. There were four fatal cases. The symptdristed 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 military nurses attending a party consumed a cockéihtid 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) were experiencelDimf 15women %2 taonehourafter

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 usdovassa

observed adverse effect levelQAEL) by U.S. EPA in setting the MCLG for copper

(U.S. EPA, 1991b). U.S. EPA incorporated a safety factor of 2 so the calculation is:

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 a hotgKrameret 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 other samples tested was 4.7 mg/ L. T
plumbing sytem.

Twenty workers experiencddl distress and other symptoms of copper poisoning as a
result of drinking morning tea punegear ed wi
heater) made of sheet copper. The internal surfaces of the geyser warechaith tin
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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 (Nicholas, 1968).

To determinghe nausea threshold for copper in water, Olivated. (2001)

administered copper sulfate in purified water at concentrations of 0, 2, 4, 6, 8, 10, or 12
mg/L to 61 adult volunteers aged 18 to 50 years old (31 women, 30 men). Subjects
(10/group) dranlka 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 oveveeR?2

period). No responses were detected at 0 and 2 mg Cu/L. Mild nausea shortly after
copper ingestion was theost prominent finding (33/61), starting at 4 mg/L; vomiting

was observed isevensubjects, starting at 6 mg/L. No age or gendéated differences
were found. In this study, the benchmark dose approach was used to derive the tolerable
intake (TI) of ©pper 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 purpes, these levels are considered equivalent to the NOAEL.

Thesamegroupalso conducted a prospective, doublied study in a population of 179
apparently healthy adults to determine the threshold for acute Gl effects associated with
drinking coppefcontining water as the sulfate salt (Cud05,8) (Arayaet al, 2001).
Subjects were recruited from three different geographic locations to present a sample
with broad cultural representation (USA, Ireland, and Chile). Age and sex distributions
in the poplations were similar. Subjects consumed 0, 2, 4, 6 or 8 mg/L copper ag CuSO
in a bolus of 200 mL of water once weekly over a consecutive five week period; copper
doses were equivalent to 0, 0.4, 0.8, 1.2, and 1.6 mg of elemental copper per trial,
respedwely. 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, 27.3 percent) and was
reported within theifst 15 minutes of ingestion. For the combined thsiée 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 showed a clearedgemse to the
combned 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 and Gl symptoms than male subjectsigiiltho
one or more Gl effects were reported by at least one subject at each dose level, 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 fronstinty as

4 (0.8 mg Cu) and 6 (1.2 mg Cu) mg Cu/L, respectively, for the combined study
population. From the dosesponse curve, the 95 percent lower confidence level for
response of the first 5 percent of the population wagl 3ry Cu/L. This study rigld

upon a laboratorgenerated 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 corroborate the dossponse seen the prior study (Arayat al,
2001), Arayeet al.(2003a) conducted a second controlled trial in adult human volunteers
using only female subjects, and bottled water in place of a laboigeosrated water
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source used previously. Results from thenstady, Arayeet al. (2001), showed that

female subjects were more sensitive than males to Gl effects, primarily nausea. In this
study (Arayeet al, 2003a),70 adult females (ages ¥ years) at four different

international sites (potentially 280 totalere 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 forll successive weeks, or until 4l administrations were completed. Two
additional doses (0 and 1.6 i@g) 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 questionnaire at 0, 0.25, and
onehour postdosing thascreened 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 tabulated and discussed
include only outcomefor 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, 24.3, 41.1, 25.9 and

50.0 percent othe 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 concentrations rangeddratrag/L).
Incidenceand 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 symptoms, o0 defined as the
symptomgnausea, 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 mg Cu (6 mg Cu/L).
NOAELSs/LOAELs for thel00 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 increased), it would have
been helpful to have hallis information. Separate NOAELsS/LOAELSs were not

identified for each location, but rather were identified based oocaimdinedyroup.

However, location was shown to be a significant variable; the probability of a significant
response (across all doyess 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 provided funding for this
work.

Other auhors similarly have found geographic location to be a significant variable.
Sharrettet al (1982) reported that the median copper concentration of tap water in
Seattle, Vshingtorexceeded comparable values in approximately 80 percent of
Canadian citiesThe median measured copper concentration in Seattle homes was 760
pg Cu/L compared with 205 pug Cu/L in Canada. Seattle residents in this study whose
homes had copper plumbing consumed a substantial proportion of their daily required
copper from their dnking 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 serotonin, tyramine and the catecholamiarrison, 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,
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particularly in individuals with abnormabpper 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 qogr.

Subchronic Toxicity

Prattet al.(1985) studied oral administration of copper gluconate capsusevén

adults who were administered 10 mg/day of copper (0.14 naglgpfor 12 weeks. No
changes were found in the biomarkers of liver damage, sespantate aminotransferase,
alkaline phosphatase, gamma glutamyl transferase, and lactate dehydrogenase. Similarly,
no changes in serum indicators of liver damage were found by Atag2003) in

adults administered 0.17 mgkigy of copper as coppeaulfate for eight weeks, although
there were acute gastrointestinal symptoms at this dose and concentration (6 mg/L).
However , @6t@Dma3praported jaundice and hepatomegaly in an adult who
had consumed dietary supplements containing 30 mgfdegpper 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 of the Food and Nutrition Boadd(] 2001), and was cited,
along with the acut&l effects, as a critical endpoint in the evaluation byNbh&onal
Research CounciNRC) Committee on Copper in Drinking Water (NRC, 2000).

Olivareset al.(1998) found no differences in growth and moityiddiarrhea 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 who received waterddar formula

with <0.1 mg Cu/L served as the controls. The average copper content in Santiago,
Chilebs tap water is reported in the study
was chosen to confirm the safety of the WHO value for copper in drimkabgy during

infancy. The study was comprised of four groups: 56 forffedanfants who received

water with a copper content of 2 mg Cu/L, 27 forrdigla infants who received water

with a copper content of less than 0.1 mg Cul/L, 24 bffedsinfants whaeceived water

with a copper content of 2 mg Cu/L, and 21 brdedtinfants who received water with a

copper content of less than 0.1 mg Cu/L. Water ingested by mothers offbceamdants

also contained the specified copper concentration. A standpper sulfate solution of

2 mg Cu/L, or an equal volume of fnplaceboo
use i n preparing the daily water to be con
milk preparations, and in the preparation of mealse opper content of the water was
monitored weekly during the study period, and field workers visited the homes weekly to
record water intake and Gl, respiratory, and other ilinesses.

The authors reported that there were no differences in growth amidmoepisodes
among the four groups of infants studied. However, bifedsinfants had a significantly
lower incidence of diarrheal episodes than did forrfiethinfants during thaine-month
observation period. There were no differences in coppissaimnong the four groups of
infants atsix, nine,and 12 months of age. Significant differences were observed in
serum copper concentrations between forafiethand breadied groups asix months of
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age (28.3+ 7.2umol/L versus 24.3 7.9 umol/L, respetively), and in erythrocyte
metallothionein levels at 12 months of age, 24 20 U/g Hb versus 268 7.5 U/g Hb,
respectively. A significant difference in ceruloplasmin activitgiae months was found
between subjects who received drinking watehwigh vs. low copper content, 3535
mg/L versus 322 75 mg/L, respectively. In addition, there were significant differences
for this parameter in the bredsd groups between infants who received drinking water
with high and low copper conter £ 0.0032). Atsix, nine,and 12 months of age, the
four groups of infants did not have significantly different findings in liver function tests;
liver function tests in formukéed infants differed significantly from breafgd infants in
total bilirubin atsix months of age (2.22 1.18umol/L versus 2.8 1.23umol/L,
respectively) and in serum glutamic oxaloacetic transaminaseeanonths of age (0.29

+ 0.09ukat/L versus 0.35 0.14ukat/L, respectively). These differences in biochemical
indexes of opper nutrition and liver function (between formula vs. bréadinfants) are
summarized in Table 4. 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 much higher
in adolescent rats than in younger rats (Vartda.,1993).

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 (ukat/L)*
(Hmol/L)* (mg/L) (Ulg Hb)* (Hmol/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 (at age 12 mo.] (atage 6| (atage9
group (35@-85) mo.) mo.)

Breast 24.9¢7.9 |thaninthenon| 55875 | 28:1.23 | 0.35:0.14

fed (atage 6 mo.) added group | (5t age 12 mo.] (atage 6| (atage 9
(322t75) mo.) mo.)

*Indicates significant difference

Hb = hemoglobin; SGOT = SaruGlutamic 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 Metallbionein = possible indicator of copper burden. Most hepatocellular
copper is bound to metallothionein, and copper overload induces metallothionein (see text).

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

low copper (<0.1 mg Cu/L) groups (refer to Table 5). In the case of gr¢lugh

copper), the number of infants withdrawn from folloyy was three times the rate of

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

dropout rag¢ 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 1 n t
consegence of a higher prevalence of unreport
was funded in part by the International Copper Association Research Program, Santiago,
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Chile. The study protocol was approved by the Ethics of Human Research Committee of
theInstitute of Nutrition and Food Technology of the University of Chile, and parental
consent was obtained for inclusion of the infants in the study.

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 | Formulavs.
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 Il | High (2 mg/L) 24 13 54.2% Breastfed
GrouplV | Low (<0.1 mg/L) 21 6 28.6% Breastfed

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

Pizarroet al.(1999b) expose@0 healthy adult Chilean women to drinking water

cortaining copper (as copper sulfate) fame-week period. Each group received tap
water with no added copper, 1, 3, or 5 mg Cu/Ltfar-week study periods, followed by

one week of standard tap water after each test concentration. The average daily
consumption of study water was about 1.6 L per subject. THivey 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 abdominal pain,
nausea 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 below the
WHO Tolerable Daily Intakdéimit 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 remained stable and within normal ranges. The
threshdd for specific GI symptoms 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, Pizaatal.(2001) found that both insoluble copper (copper

oxide) and soluble 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 sulfageco

oxide) over a ninaveek 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, subjectedhglesh 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 tesiosolvith tap water in a

2 liter container at home. Subjects recorded their water consumption and Gl symptoms
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daily. The authors reported that mean water consumption was similar among @gfoups;
percent of the subjects reported that they consumed [>dafly, andthreepercent

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 Gl symptoms in
subjects who consumed tap water with 5 mg/L added capgesignificantly higher(

<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 the
otherl1 subjects reported abdominal pain, nauseapmiting. No differences 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 iofifg (Cu
regardless of the proportion of salts presethéndrinking water; percentages of<Cu

ranged from 9@o 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 randomized, controlled, doudiind study designed to assess acute Gl effects and
blood markers of copper status, Aragtaal.(2003b, 2004) exposed 1,365 healthy adults

in Santiago, Chile to <0.01, 2, 4 or 6 mg Cu/L daily as copper sulfate fanbmths.

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 eacehold. Tap water

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. Backgraideince of the

target symptoms (nausea, vomiting, diarrhea, and abdominal pain) was determined to be
aboutfive percent in a pilot study; over the twaonth study duration, the gross

incidence of symptoms icontrol subjects varied from 0 (vomiting) &0 percent

(abdominal pain). 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 weekthe risk became gnificant in

women at 4 mg/L (RR 1.53, 95 percent Cl 220@5) and in men at 6 mg Cu/L (RR 1.9,

95 percent CI 1.02.79). Reported symptom incidence was higher in women than in

men during all weeks, though this difference was apparently not signifitentres first

week, when symptom levels were highest. The authors interpreted the results as
indicating fian adaptive response to repeat
observed in indicators of copper status (serum copper, ceruloplasmirgxsdeer

dismutase), which may 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 dysfaion, dermal and hematological 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.
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A number of cases of Neimdian Childhood Grhosis (NICC), in which 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 theatajer of households with copper
pipes and from the use of this Owaftagotal i n t h
of 103 cases of childhood cirrhosis reported between 1982 and 1994 in Germany, Dieter
et al.(1999) found that five were likelye result of excessive copper 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 pip&s preparing formula A comparison 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 guidelirepH< 6.5

in these cases).

Zietz et al.(2003) conducted 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 includeckdtff
ethnic backgrounds 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 infts (up to

the age of 18 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 ab leastks), were
recommended 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 pediatacidmof these,

183 also 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 (GRimaga

glutamyl transpeptidase (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 the liver palpitation were only evaluated by the local pediatricians
(no external standardization). Eight infants were found to have outlying values of GOT,
GPT, GGT, or serum copper; six of these infants had clinically diagnosed ingeation

the time of serum 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 casesaumtrasound
images of the liver or spleen were found; the three cases of splenomegaly were thought
due to infective disease, one-itbnth old girl had a slight hepatomegaly (serum copper,
total bilirubin, GOT, GPT, GGT and ceruloplasmin were withinréference ranges),
another 1imonth 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, GPTTG®@re in the reference ranges
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 familyreg recurrent episodes
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of gastrointestinal problems including vomiting and abdominal pain. The-geaenld

girl experienced periumbilical abdominal pafive to 10 minutes after drinking water

and orange juice in the morning. The fiyearold girl had vomiting episodes with
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 watedigition to dietary exposure as
described previously under OEnvironment al
investigators did not attempt to estimate the amount of copper this family received in
their diet. In the absence of specific data on this farthe simplest assumption would

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 haveehecumulative; no data are available 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 prolongedtiea and weight loss in three infants to

copper in drinking water, ranging from 0.22 t6@ing / L . Two of the infa
recently been built, whereas the third was an old house that had just had its copper pipes
replaced. The children had nornsakum ceruloplasmin concentrations but moderately

increased serum copper levels-@E3umol Cu/L); one child had a substantially elevated

urinary copper concentration of 6.1 umol/L (the reference rangeli€§ Amol/L). The

diarrhea promptly disappearadhen the children were given drinking 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 +imwlty
kindergarens in Sweden. The symptoms disappeared 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 quper content in the drinking water of the new establishmentsq 5.6

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 drinkig water with copper above the federal action level of 1.3 mg/L
(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 with symptoms of cirrhosis, liver failure and Kayser
Fleischer rings (greenish rings at the edge of the cornea) after motevthgaars of
selfprescribed use of copper supplemdnt® 6 D o retoah 1983). The patient
ingested 30ng of sipplemental copper per day for twears 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 concentrati@gB®{18/g dry
weight (normaR0to 50 pg/g); tissue histopathology was similar to that seen in Indian

childhood cirrhosis and Wil sonb6s di sease.
medical history and the copper excretion of his parents and sisters, he did not appear to
cary the Wi Il sonbds disease gene. Liver dam:

daily exposure tthree to siximes the recommended upper limit for dietary copper.
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Table 6. A Comparison of NOAELS/LOAELSs from Oral Copper Exposure Studies

in Humans
Copper
stud Adults/Children| No. of |Exposure| Adverse |Conc.in|NOAEL/LOAEL
y (sex) Subjects| Duration Effects |Drinking| (endpoint):
Water
Wylie, |Adults 1015 |Acute nausea, 5.3mg |LOAEL (Gl
1957 (F) poisoning |vomiting, effects): 5.3 mg Cy
dizziness,
headache
Spitalny |One adult and tw(3 Subchroni{Vomiting, 7.8 mg/L |LOAEL (vomiting,
etal., 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 [NOAEL: 2 mg/L
etal., (M/F) ceruloplasmin/mg/L
1998 levels btw.
exp. groups
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;
et al., 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 abQOmlna_I_ 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
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Copper
stud Adults/Children| No. of |Exposure| Adverse |Conc.in|NOAEL/LOAEL
y (sex) Subjects| Duration Effects |Drinking| (endpoint):
Water
11 wks |diarrhea sulfate | OAEL (nausea):
salt mg Cu (1.2 mg Cu
Arayaet |Adults (M/F) 240 ~15 Nausea, <0.01, 2, |NOAEL: 2 mg/L
al., L/day for 2abdominal 4 or 6 mg LOAEL
2003b, months pain, vomiting| Cu/L (abdominal pain):
2004 diarrhea mg/L

#Usedby U.S. EPA in setting theopperMaximum 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, gmibtiee the best markers
for excess copper
“Consumption of drinking water containirg3 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 bestablished because of the study design used.

9In 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 ther$t 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.
®The number of individuals reporting symptoms for thegilntoncentration 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 GI symptoms at 4 mg Cu/L, the authors defined

the NOAEL and LOAEL from thistudy as 4 (0.8 mg Cu) and 6 (1.2 mg Cu) mg Cu/L,
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 significantWiomen) at 4 mg CulL

Genotoxicity

Massive DNA damage was observed in hepatocytes from patients with Gididhood
Cirrhosis(ICC) and was postulated to result from excessive accumulation of copper in
the nucleus, leading to the production of freeaald that cause DNA strand breakage
(Prasacket al, 1996). Similarly, distinct bulky DNA adducts but no increases in 8
hydroxydeoxyguanosine were seen in the
disease. The adduct levels of one patienevedégvated 108bld over background adduct
levels in control patients (Carmichatlal.,1995). In LEC rats, which abnormally
metabolize copper, the formation of etheDBIA adducts was positively correlated with
agedependent elevated levels of hepatpper (Nairet al, 1996).
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Neurotoxicity

Copper has been investigated as a factor in the pathogenesis of neurodegenerative
diseasesuchasA| z h e i me r Both pabitive @d rsegative associations have been
postulated, and animal studies are availab&upport both interpretationsnitial reports

of i ncreased metals in brain pl agegnerelly and d
not beersubstantiatedBl ood copper | evels were reportec
disease (Squitet al.,2002, 2005, 2006)while aher studies have reportbtbodand

brainlevels of coppeto beunchangedod e cr eased i n A(Smabdett mer 6 s
al., 1998; Torsdottiet al, 1999;Pajonket al, 2005; Kessleet al, 2005, 2006)

Morris et al. (2006 reported that a high intake of copper in people 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, Pajonletal.( 2005) reported that rate of <cc
disease appears to be associated with low plasma copper levels.

Human studiesand the weighof-evidence from both animal and human dhtss far
appear to be equivocal farms of a direct pathogenic influence of copper on the

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

Sensitive Subpopulations

Several population subgroups may besidered more susceptible to the toxic effects of
copper exposure (adapted from ATSDR, 1990, 2000):

1.1l ndividuals with Wi lsonbds Disetalse ( McClI
1989), an autosomal recessive disorder eadlxyan impaired biliary copper
excretion leading toexcess copper retention and liver, brain, and eye damage
This occurs in aboudnein 40,000 toonein 50,000 people in the U.S. (NRC,
2000; Olivarezt al, 2001).

2. Infants and children. Infants and children up to age 10 are suscéeptibéetoxic
effects of copper as evidenced by the incidenc€6fdnd reports of adverse
effects in children drinking water containing low levels of copper (Spitairay,
1984; MuellerHoeckeret al, 1988; ATSDR, 2004). This may be because the
fetus and newborn have elevated 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 (Kleahal, 1991). There is also an indication of a
genetic susceptility in the ICC data, because the incidence appears to be
familial. Conversely, infants (especially when premature) may be at risk for
copper deficiencies because of Al ow pre
low in copper (Solomons, 1985; Lonnelkde096). 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 sufaute hemolytic anemia (Williams, 1982).
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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 apegut no epidemiological 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. Althoughiaareased incidence of lung 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 higHaw copper, but these 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 coppsogption into the tissuelhe 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 reqoamed
necessarily a desiredpurce of copperThe NHANES Il nationwide survey (1988

1994) and CSFI(19941996)indicate that intake of copper (from food and supplements)
is adequate for the great majority of the population in all age and sex giaarps

children aged six months to three yeahns, inedian copper intake from the diet is 0.6 to
0.7 mg Cu/day.The IOM (2001) hasstimatedAdequate IntakeAXl) valuesof 200

ug/day for infantszero to sixmonths of age, and 2:ug/day for infants ageseven to
twelvemonths. The WHO (1996) estimated that average copper requirements are about
50 pg/kg of body weight/day for infant3.he average value received by an infahb
consumes formula supplemented with copper has been estimated at about 400 ug Cu/day
for an infant consuming 700 kcal/day, or about 115 pg Gdésg Fora formulafed

infant <six months (timeaveraged bodyweight ~& kg CDC, 2007, this would result

in an intake of 690 pg Cu/day from foolbae, which is more thathreefold in excess b
theestimatedAl of 200 ug Cu/day for infants ageeéro to sixnonthsasoutlined above.
Thus, copper deficienciegould not beanticipatedo occurin normal, healthy infants

who were adequately nourished

Estimates of the upper limit for the accejataily 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 supplemen(liver toxicity was used as the critical
endpoint). The WHOhas set a value of 1fug/kg-day as the upper limit of the safe

range forinfants(WHO, 1996).
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It has been shown thigt comnunities with corrosive water whose resideinds'e copper

plumbing residents consunman amount equivalent fisubstantial portion of their

daily requred copper frondrinking water Sharrettet al, 1982) The WHO (2004)

document <Ednsutmpmian of stdndirty or paftially flushed water from a

distribution system that includes copper pipes or fittings can considerably increase total daily
coppere x posure, especially for infants féored form
infants who consumeraostlyliquid diet in the firstsix months of life, and whose

formula may be constituted with household drinking water, the potexistsfor high

copper consumptiofar in excess of the Al)

The most sensitivadverseendpoint forexcescopper appears to li&l effects in

children, particularly infants. The data are somewhat limited for assessing the dose
response relationship for this eftecCopper ions are generally more bioavailable in
water than in food, and because acute irritation of the Gl tract is caused by the ionic form
of copper, it is reasonable to assume that Gl irritation is more likely to be produced by
drinking water than bgating food The majority of reports on copparduced Gl

irritation concern the ingestion of fluids high in this elemébwever, Pizarret al.

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

studies have reportedeight loss and gastrointestinal effects in infants and children at
low levels of copper in the drinking water, from 0.22 to 1.0 mg ¢8tenhammar,

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

In the study by Olivarest al.(1998), 128 infants were given 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
differencedn growth and morbidity (diarrhea and respiratory infections) were observed
between the exposed groups. Brdadtinfants had a significantly lower incidence of
diarrheal episodes than did formiiéad infants during theine-month observation period.

It is not clear whether this difference may be at least partly attributable to the differences
in copper consumption levels. Subclinical differences were observed between some of
the exposure groups. A significant difference in ceruloplasmin activityp@months

was found between subjects who received drinking water with high vs. low copper
content, 35G- 85 mg/L versus 322 75 mg/L, respectively. In addition, there were
significant differences for this parameter in the bréadtgroups between infeswho
received drinking water with high and low copper content. Most of the differences,
however, were observed between bréadtand formulged infants and not between
coppersupplemented and unsupplemented infants.

The assessment of copper statusfants is complicated. Traditionally, measures of

serum copper and of ceruloplasmin, the major ceppeting protein in serum, have

been used to assess copper status. Serum copper concentrations are low in newborn
infants, and both serum copper ardutoplasmin 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 (Turnlunett al, 1990). Even at levelthreeto 10 times the customary copper

intake (up to 9 mg Cu/day), traditional indicators of copper status have not shown
significant changes (Arayat al.2003b, 2003c; Pizarret al, 2001). Ceruloplasmin
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concentration in infantsas likewise not been shown to correlate well with copper intake
(Salmenperat al, 1989; Olivare®t al, 2002). Furthermore, it does not appear that MT
is the protein binding Cu in the small intestine during early life because induction of MT
is much hgher in adolescent rats than in younger rats (Vaeadh, 1993).

Although no potential early markers of coppeces$iave been identified to date, the

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

10 are sussptible to the toxic effects of copper, as evidenced by the incidence of ICC
and reports of adverse effects in children drinking water containing low levels of copper
(Spitalnyet al, 1984; MuellefHoeckeret al, 1988; ATSDR, 2004)This appears to be
because newborns have elevated hepatic copper levels, and since their homeostatic
mechanisms are not fully developed at birth (e.g. immature biliary excretion), they may
not be able to cope with excess copper exposure (Kteih 1991; Bauerhet al.,2005).
Studies in young rats, which show copper accumulation and liver injury in response to
copper supplementation, suggest that infants may be unusually susceptible to copper
toxicity (Bauerlyet al.,2005; Fuentealbet al, 2000; Varadat al,, 1993). Excretion of
copper in bile may be even more important than absorption in regulating total body level
of copper (Turnlunett al, 1998). In the case of ICQpoor biliary excretion of copper

may play a role in the etiology of the disease. Studies in &hm&e suggested that
susceptibility to copper toxicity is due to reduction in biliary copper excretion (\eber
al., 1980).

The mechanism of coppérduced liver damage caused by excess dietary copper differs
from that seen in diseases due to gerdafects of copper metabolism. Individuals with
Wil sonds di s e aBvanscimmanonwad, whichahave & deletgpn in the
copper transporting ATPase gene homologous to the Wilson disease gene, have an
impaired ability both to excrete copper iteband to synthesize ceruloplasmin (\atal.,
1994) . Il n Wi | s o "PAOR/Bgdnie snecales a coppertransparferf e ct e d
(ATPase7B), which is responsible for biliary transfer of copper, as well as transfer of
copper intcendoplasmic reticulurand Glgi channels for incorporation into

ceruloplasmin (Fuentealls al, 2000). The resultant accumulation of copper in the
hepatocytes leads to liver damaged eventually, toxic effects in several other organs
(brain, eyes, kidneys)in contrast, a nunap of studies in animals have found that most
excess copper accumulated as a result of excess dietary copper intake is found within
lysosomes (Everingt al, 1991; Haywoockt al, 1996; Kumaratilake and Howell, 1989).
Liver injury results when the extapper can no longer be accommodated or specific
stimuli result in release of copper from the lysosomes into the cytoplasm (Hagtvood

al., 1996). Different patterns of copper distribution have also been observed in different
copperassociated diseasel copperloaded rats, copper was found in the centroacinar
zone 1 (periportal areas) and the midzone 2 (Fuentealda2000). Copper has also

been shown to be preferentially deposited in liver cells of acinar zone 1 (periportal area)
in human newborfivers and in some human diseases, including primary biliary
cirrhosis, precirrhotic stetay,a987; Gaodfistderl sonods
et al, 1980; Kanel and Korula, 1992), whereas copper accumulation in advanced stages
of Wi | s sens@ifusalwitts n® 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
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contains 500 60 percentofthb o dy 6 s c o pp er tol@peroeptandiverdf wi t h

healthy adult§Luza and Speisky, 19965tricklandet al.(1972) found that the amount of
copper stored ihumanliver does not affect copper absorptiddonverselypreterm infants

are born withvery low copper stores due to the fact that fetal copper accumulates largely
during the third trimester (Widdowson, 1974). The copper balance in preterm infants
may be negative for several months after birth (Dauetey.,1977; Tyrala, 1986). For

this reason, preterm infants are often given coppeified formulasthatmay contain as
much as 2 mg Cu/L (Lonnerdal, 1998).

Experimental studies using adult human subjects have reported acute NOAELSs for
copper in drinking water ranging from 2 to 4 mg CtdL Gl effects (Arayaet al,, 2001,
2003, 2004; Olivarest al, 2001). In the Arayat al (2001) study, the dose response
curve shows that the first 5 percent of gogulation would respond at 3.54ang Cul/L;
subsequent studies by this group inddgdiiat women appear to be slightly more sensitive
to the gastrointestinal effects than men (Arayal., 2004). Olivaresgt al (2001), using

the benchmark dose approach, calculatpdrcent response levels of 2 and 4.2 mg Cu/L
for nausea and vomitingespectively, in adult volunteers given varying concentrations of
copper sulfate solutions once a week for up to 12 weeks.

Because the study by Olivaresal.(1998) used human infants, the sensitive population
of greatest concern for this chemical, &e¢ause the exposure was continuous over a
ninemonth period, the Olivarest al. (1998) study was chosen for calculation of the
copper PHG. In addition, the Olivaresal.(1998) study is based on a large number of
subjects, as opposed to the caseissijdvhich involve only a few individuals.

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

1. The NOAEL was calculated using the data for the forafedbinfants (n=56)
from four to sixmonths of age (Group 1). According to the auththis group
given drinking water with a high copper content receivedt23 mg/day (318.7
+107.3 pg/kgday) of copper from water (range 1.8.1 mg Cu/day).
According to the local practice, solid food consisted of fruihegemonths of
age; vegetdb soup, legumes, and eggsixtmonths; and regular table food at 12
months.

2. The average copper content of the tap water in Santiago, Chile is <0.1 mg/L.

3. The milk formula used in the study was fortified with 7.87 umol/L of copper
(when prepared with pperfree water).

The Olivareset al.(1998) study has some major weaknesses that make it difficult to draw
conclusions on a safe copper concentration in drinking water, or to identify/quantify any
real differences in copper status among the various giayps. The copper drinking

water solutions were prepared by the test

about infant meals, formula preparation, and ilinesses (e.g., diarrhea) were reported by
the mothers, and are therefore subject to recadl. bBreast milk was not assayed for

copper. Formuld ed i nfants (groups | and 11) were

breast by three months of age. This makes it difficult to group all forfadlanfants as
a separate group, as consumptiothefcopper drinking water may have varied
considerably among individuals within the same group. The authors stated that breast
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fed i nfants wer +eduntd sixaronths of age;Ihgweverbbretesh s t

infants who began weaning were fedpoveddr (unf orti fi ed) cowds m
according to local practice. The age(s) at which this occurred, and the number of subjects
affected by this, were not provided. This may also have had an impact on copper status.

A number of the laboratory parareet measured in the study (e.g. ceruloplasmin and

serum copper concentrations, superoxide dismutase activity) are not currently used to
evaluate copper overload, and may not be the most suitable or sensitive markers to assess
the presence of excess copp&he most sensitive (clinical) endpoints for copper excess
appear to b&l distress (epigastric pain), diarrhea, 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 iyoung children (and potentially have lifiereatening consequences).

The 2 mg Cu/L concentration utilized as drinking water in the study is the limit for

copper concentration of drinking water proposed byi#O (2004). The WHO

committee also statedahno more thaO percent of copper intake should come from

drinking water.

In the highcopper exposure groups of the Olivagesl. (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 formdied infants less than six months are nearly exclusively
bottlefed, and fed a formula fortified with copper (7.87 pumol Cu/L) at that, they received
far in excess 010 percent of their copper intake from drinking watéiccording to the
study authors, the formukad high content group received as much as 426 ug &iakg
from water alone It should be noted that 426 pg Cufttgy exceeds the WHO
recommended daily intake of 80 @yvkg by more tharive-fold, and exceed$e FNB
Adequatdntake value of 30 ug Cu/kday (IOM, 2001) by nearly fold. Bauerlyet al.
(2005) reported that infant rat pups supplemented with 25 pgéguetained copper in
their liver and small intestine, suggesting that they may be at rislofprer toxicity.
Previously, the WHO 2 mg/L provisional guideline had come under criticism for lacking
a strong scientific basis (Fewtrell and Kay, 1995; Fitzgerald, 1995, 1998; Feawvag|l
2001).

At higher doses, longderm exposure to copper wdhuse liver and kidney toxicity. A
NOAEL of 10 mg/day (0.14 mg Cu/kday) was established for liver toxicity by tRBIB
(IOM, 2001), based on absence of serum enzyme changes indicative of liver effects.

CALCULATION OF PHG

Noncarcinogenic Effects

The catulation for coppeim drinking wateris based oimfantsas a sensitive group, and
absence of an adverse effect in the principal study selected (Oktagsl998), with
corroborative data 081 effects from other studies as the adverse effect endgbin
concern (Berget al, 1981; Stenhammar, 199izarroet al.,1999b; Arayeet al, 2001,
2003, 2004; Olivarest al, 2001). This does not includgants orchildren with the

inherited abnormality i n coppee becaasesubhol i s m
individuals are rare (aboonein 40,00050,000 individuals; NRC, 2000; Olivaret al.,
2001), and they must be under a physiciano
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food alone. Attempting to protect such individuals by me&masveater standard would

be impractical. Heterozygotes for the genetic abnormality, who are estimated to
comprise aboubnepercent of the population (NRC, 2000), may also be more susceptible
to copper. This fraction of the population may be possibtedtect in establishment of

a drinking water standard for copper, but the magnitude of their potential susceptibility to
copper is unknown.

Thehighest NOAEL forGl effects identified in the Olivarest al. (1998) study in
formulafed infants, 426 ug Cutkday (318.7 107.3 pg/kgdayfrom water along was

used as the point of departurgn appropriate uncertainty factor, based on ksracies
variability and strength of this critical study is applied to this valkhough the

exposure duration in ¢hOlivareset al (1998) study(from threeto 12 months of lifg

was not oven lifetime, wse of less than chrondata is judged not to require an additional
uncertainty factor because the most sensitive effect, gastric irritation, is an acute effect.
Moreover, with increasing postnatal age, tissue copper concentrations decrease
(Lonnerdalet al, 1985; Varad&t al.,1993), which would suggest that the risk of copper
toxicity due to excess dietary copper decreases as children get older. However,jrstudie
young animals, including primates, show that neonates are particularly susceptible to the
effects of excess dietary copper (Arataal.,2005; Bauerlyet al.,2005; Fuentealbat

al., 2000). The infants admitted to this study were three monthseddtagfarup, and

thus, the Olivarest al.(1998) study does not comprise exposure information about the
early neonatal period fromero to threenonths.

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

which therefore accounts for some aspects of ispracies 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 with all infants, 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 thatsrfannot

readily complain about gastric 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 mglGQu/

groups. In the formuléed, coppetsupplemented group the number of infants withdrawn

from follow-up was three times the rate of unsupplemented forfedlanfants. The

authors stated that the higher withdrawal rate of infants in the high coppentamateps
Afcould be the consequence of a higher prev
intol erance. 0 For this reason, as wel |l as
highest dose administered in the study, 2 mg Cu/L, represents a true NOdiekrigin

An uncertainty factoof threeis utilized in this risk assessmewotaccount for

uncertainties in the study data.

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

C

NOAEL pg/kgday x RSC
UF x L/kg-day
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where,

NOAEL = no-observedadverseeffect levej

RSC = relative source contribution (usually 20 to 80 percent, entered as
0.20 to 0.80);

UF = uncertainty factar

L/kg-day = daily water consumption volumehich isbased on the upper 95

percentconfidence level of municipal water supply consumption
for the most relevant exposed populatfonS. EPA, 2004)

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

the total copper exposure onlifor infants undesix months of age, formula, breast milk,

and water comprise essentially the total diet. -F&arlin infant formulas generally contain

from 0.40.8 mg Cu/L, which would provide abb0.4 mg of copper/day for an infant
consuming 700 kcal/day. For powdered formula, the copper derived from the water used
to make up the formula would be added. For children oldersittanonths, total copper
exposure would include exposure from ottietary components (see Table 1).

Therefore, the appropriate relative source contribution depends 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 efisum the municipal water supply.

On a bodyweight basis, infants drink considerably more water than adults, particularly
those that are formula fed. Mean water intake forlm@astfed infants less than six
months old was estimated @€95 L/kg-day,with an upper 98 percentile 00.221 L/kg

day (U.S. EPA, 2004)The timeaveraged mean body weight of infantxmonths old

is about 6 kg (CDC, 2007 To provide adequate protection to this sensitive population,
we recommend that the uppef"9ercantile waterconsumption value be used, rather

than the meanWith anestimatedelative source contribution 65 (50percentf the

total copper derived from municipal water), the resultant calculation for infants less than
six months old is as follows:

C = 426 ug/kgday x 0.5 = 321 ug/L = 300 ppb (rounded)
3 x0.221L/kg-day

The PHG for copper in drinking water is th®ore set at@ ppb. Ths valueis judged
adequately protective of sensitive subpopulations, including infdritdren, pregnant

women and their fetuses, the elderly, and other subgroups that are identifiable as being at
greater risk of adverse health effects than the general population, in accordance with
Health and Safety Codgection 116365(c)(C)(ii).

Carcinogenic Effects

There is inadequate evidence to conclude that copper is carcinogenic in animals (IRIS,
2007). Epidemiological studies of potential carcinogenic effects in humans are
inconclusive (U.S. EPA, 1987he U.S. EPA (1991) classifies copper asupr®, not
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classifiable as to human carcinogeniciyiven the lack of data, no cancer dossponse
assessment can be made.

RISK CHARACTERIZATION

This PHGfor copperis based on a drinking water study by Olivageal.(1998) using
human infants, supp@d by several other studies in adults and infants. NKD&ELs

(for Gl effects and/or significant changes in liver function) from Olivateal. (1998)

ranged from 1.5 to 3.1 mg/day (2426 ug/kgday) of copper. This was the highest
copper content admstered in the study. Another study of subchronic exposure in adult
humans (Olivarest al, 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 praded 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 (childrerunder ten years of age). However, there are 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 veaitbut to verify the tolerance and safety of the
WHO provisional guideline of 2 mg Cu/L for infancy.

2. The biochemicalanGlef f ect s observed are not <cl as
and therefore it may be argued that the true NOAEL is higher.

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

4. It was not possible 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 no¢atly shown.

The study does 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 Taléantssix to 11
months old receive 0.47 mg/day of copper from their diet, compared to a nutritional
requiremen{Adequate Intakedf about 0.22 mg/daffOM, 2001) For children,

drinking water can contribun amount equivalent large fractiorof the daily

nutritional requirement for copper, but this is not a required source of copper, considering
the copper content of food/formula. The PB{GB00 ppbwould allowup to 0.4 méday

from drinking wateffor infantsin this age rangat the upper 9percent confidence limit

of drinking water consumption (0.221 Liktay for infants six months of age or 0.185
L/kg-day for infants <12 months; U.S. EPA, 200Drinking water at this level would

thus providenearly50 percent of the total average daibpper consumptigrwhich

COPPER in Drinking Water
California Public Health Goal 41 February 2008



substantiates 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 PHG is low enough tagtect against the toxic effects 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 concentratiomsstanding and running water were

760 ug/L and 353 pg/L, respectively; the™gercentile concentrations were 1,303 pg
Cu/L and 758 ug Cu/L, respectively. For Seattle city employees (males only) chosen as
the study subjects, the mean daily copper consiompas 2.2 mg Cu from standing 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 (Shaetett, 1982). These data
show that it is possible to limit copper @@mtrations in drinking water to about the PHG
level merely by running the water before drawing the water for consumpgtishould

be noted that thRSCcould be much higher th&® percent if water standing in copper
pipes is consumee@speciallyfor 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). NirC Committee,
apparently referring to heterozygotes for
potential rsk for liver toxicity in individuals with polymorphisms in genes involved in

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

i ncreased atEPAhlcknswleddesrtleat tiie MCLEG. isShot protective for

individuals withW | sondés Di sease. Both consumer <cor
language recommend consultation with a personal physician for this population. The

NRC Committee declined to base recommended levels on @teféects with the

reasoni ng tedtsate nai gevere or Gftreaterfintp OEHHA di sagree
this conclusion because it believes that the a@Gliymptoms, including nausea,

vomiting, and diarrhea, are indeed a cause for concern in infants, and in some cases may

be life-threatening.California law Health and Safety Codgection 116365(c)(1))

requires OEHHA to set the PHG at a | evel t
to adverse health effects, or that does no

The Food and NutritioBoard also based their evaluation of the appropriate upper limit

of (chronic) copper administration of 10 mg/day on the potential for liver damage (IOM,

2001) rather thatne Gle f f ect s . The Board reasoned t ha-
Canada, liver dange 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
resultingfromeé i |y intake of high | evels of copper
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 more elevant concern.

The ATSDR in its recent updated Toxicological Profile for copper (ATSDR, 2004) set
acute and subchronic Minimal Risk LevéldRLs) for copper of 0.01 mg/kday, based

on the study of Pizarret al (1999b) showing acu@®l symptoms in adlt 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 ragikg The
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MRL was estimated from this value by dividing the NOAEL by an uncertainty fattor o
three, then rounding to the value of 0.01 mgdy. ATSDR chose an uncertainty factor
ofthreef or t hi s effect, based on the reasoning
because toxicokinetic differences among individuals should not affesetisgivity of
this directltshauld beaatdd that & total exposure limited to the MRL of
0.01 mg/kgday would provide copper consumption less tharRD@A (see Table 2)

which would be inappropriaté€OEHHA concurs with ATSDRhat diret¢ irritation of the
stomach lining is not subject to toxicokinetic variatisa that an uncertainty factor of
threefrom the drinking water exposure level in the study of Pizer@l could be

justified. This would result in an acceptable drinking wadéwel of about 0.33 mg/L,
which is consistent with the PHG.

The PHGlevel of 300 ppb (0.3 mg/Liy aboutoneseventh othe WHO (2004) limit of 2

mg/L for copper in tap wateand incorporates drinking water consumpioa RSC
valuesappropriateéo 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 theasame

in earlier version of the documetite scientific basis for the guideline has changed. The

initial basis or the 2 mg/L guideline value was a lack of adverse effects in animals, a

NOAEL from a smalscale unpublished study conducted in dogs (Shanairein

1972). (The calculations showing the initial derivation of the 2 mg/L guideline are

shown below). Thénternational Program for Chemical Safety reviewed the evidence
provided in the WHrovisionalgui del i ne for copper and <co0noc
data on toxicity in animals is unhelpful because of uncertainty about an appropriate

model f orwHD,U8)nEhe Eufopean 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

for the WHO guideline of 2 mg Cufis the humarstudies by Arayat al.(2001, 2003),

Olivareset al.(1998, 2001), Pizarret al.(1999, 2001) and Zeitzt al.(2003).

According to WHO (2004), the 2 mg Cu/ L val
in populations with normal copper heno s t a s isloyldoperaincdnsuiinption 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 eliciting an

adverse gastrointestinal respongse The 2 mg/ L guideline is n
protective for certain sensitive popul atio
Wil sonés disease and other metabolic disor

In the dog study used for ti@tial derivation of the provisional WHO guideline, three
dose levels of copper gluconate were used (3, 15 and 60 uaylk@nd elevated liver
serum glutamic pyruvic transaminase (SGPT) was observed in d2elofs at the
highest exposure level. Thube stated neffect level from the Shanamahal. (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)
calculation, a 1@old reduction ér 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
water, and based on a standaodly 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 Sretnaman
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al. (1972) study refer to the cogpsalt (copper comprises 14 percent by weight of the
gluconate salt) and not elemental copper. The ceggéivalent doses used in this study
are 0.42, 2.1, and 8.4 mg Cuflgy. The neeffect level should therefore be 2.1 mg
Cu/kgday, and allocationfa 10-fold safety factor (as was done in the initial WHO
calculation) yields a TDI of 0.21 mg/kday. This would result in a copper guideline of
0.63 mg/L, as follows:

TDI x body weight x RSC= 0.21 mg Cu/keday x 60 kg x 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 dawo-fold differencefrom therevisedcopper PHG.

Also, in at leat 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, 1999b).

Although copper is an esg&l element, copper in watergenerallynot needed to fulfill
dietary copper requirement$he current MCLG requires that 90 percent of the first

draw tap samples collected after a period of at least six hour stagnation be less than 1.3
mg/L, the fedeal (and California)Action Level. At this level, the copper concentration

in tap water could increase the copper intake of forsfadanfants by as much as 1.5
mg/day or about 500 pg Cudny. This would result in tap water making a sizeable

and, webelieve, excessivie contribution to daily copper intake, considering the

estimated dietary intake of about 0.5 mg/day in infaix$o 11 months (Table 1), or the
recommended dietary intake for infants less than one year old of éfouglay (IOM,

200 1) . Given copperds narrow safety margin
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 in adults (WHO, 1993), and
tha the parameters of homeostatic regulation in infants are not known, OEE$iget
thePHGfor copperin drinking waterat 300 ppb, which is well below the Action Level

for copper of 1.3 mg/L Thisvalue is increaseflom the existing PHG of 170 ppb, set

1997, which was also based on gastrointestinal distress in chil@nenearlier

calculation used a higher uncertainty factor-{dld) and a lower water consumption

value. We believe the additional studies published since 1997 provide a better
documatation of the NOAEL for infants and children, thus justifying the lower
uncertainty factor used in tmevisedPHG. The recent U.S. EPA (2004) analysis of
drinking water consumption rates also provides an improved basis for our drinking water
consumptiorvalues.

OTHER REGULATORY STANDARDS

ATSDR has suggested an acute and intermediatationMRL of copper of 0.01 mg/kg

day. Although ATSDR does not develop guidelines for concentrations of chemicals in
drinking water, application afefaultparametersdr adult womerof 60 kg body weight

and 2 L/day of drinking water consumption would yield a value of 300 pug/L. Calculation
using default values fanfantsof 10 kg body weight and 1 L/dayouldyield a value of

100 pg/L. Neither of these values consgdadditional exposures from food nor
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incorporates a relative source contribufiamichis appropriate since this copper
exposure level is below tHRDA for both adult women and infants.

In 1993, the WHO (1993) set a provisional limit of 2 mg/L (31.48 |i)dbr 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@dpercent of coppentake 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 intetadprbvide

an adequate margin of safety in populations wialmalcoppe homeostasis. According

to WHO (2004), AThere is st #dmeffecteohe uncert
copper on sensitive populations, such as t
disease and other metabolic disorders of copper homedadstasis

In 1991, the U.S. EPA establishadMCLG for copper in drinking water of 1.3 mg/L

(U.S. EPA, 1991b). The MCLG is based on a report (Wylie, 1957) of an episode of acute
Gl symptoms in humans resulting from mixing alcoholic drinks in a ceppetaminated
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 level was recommended by
U.S. EPA because it satisfied the nutritional requirements (noted by U.S. EPA §5987]

2-3 mg/d for adults and 1-3.5 mg/d for children) and because consumption of 2 L/day
would result in intakes below the LOAEL (by a factotwb).

At the MCLG of 1.3 mg/L, average daily copper intake during the first six months of life
(from water abne)is estimated to b288 ug/kg day for theaverageformulafed 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 infants @mosttwo-fold. More voracious infants can consume

at rates 3@o 50 percent higher than the average (Premticd, 1988; Whitehead, 1995

U.S. EPA, 2004 U.S. EPA set a secondary maximum contaminant level (SMCL) for
copper in drinking water of 1.0 mg/L (40 CFR 143) and a copper action level of 1,300
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 the 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 riddeeal andtate

drinking water standard (Title 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 watgrsysgem
because much of the copper 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 actionflavebpper is
exceeded if the concentration 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 complyatagplicable

requirements for lead 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.
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Aquatic life criteria for ambient (surface) water have also been established for copper,
based on the high toxicity of copper to aquatic organisms such as ddpi$i&PA,

2003) The acute and chronic toxicity vary with water hardness. The draftamifer

fresh water is based on 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 teredideldw 10 ppb.
The saltwater criterion does not yet use the BLM. The draft criterion indicates that
saltwater aquatic organisms should not be affected unacceptablyatittaay average
concentration of dissolved copper does not exceed 1.9 ppb raarerthe every three
years, and if the 2hour average does not exceed 3.1 ppb more than once every three
years (U.S. EPA, 2003J.S. EPA has just released an update of this ambient water
quality criteria document (U.S. EPA, 2007).

The American College déovernment and Industrial Hygienists (ACGIH) has set air
standards (timeveighted average, threshold limit value) for copper fume of 0.2 fhg/m
and 1.0 mg/mfor dusts and mists (ACGIH, 1988). The National Institute of
Occupational Safety and Health (NIBBhas set occupational exposure limits of 0.1
mg/n for copper fume and 1.0 mghfor dust and mists (NIOSH, 2003).

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

standard for copper of 0.3 mg/L, based on the same hsimdy on which U.S. EPA

based their 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 Olivatesl. (1998) because it represents data on the
sensitive subgroup that we are trying to protect, and because the data appear to be more
reliable. The standard we have calculaiBlizes the saméhreefold margin of safety
recommended by Sidhat al.(1995)and a different method of calculating drinking water
exposureand yield effectivelythe same valueOnly a few states other than California

have set guidelines for drinking water concentrations of coppeiieona, 1.3 mg/L;
Kansas, 1.0 mg/L; Minnesm, 1.3 mg/L; Rhode Island, 1.0 mg/L (ATSDR, 1990, 2004).
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