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Preface

Between 1993 and 1997, the World Health Organization (WHO) published the second edition of
Guidelines for drinking-water quality in three volumes: Volume 1, Recommendations, in 1993,
Volume 2, Health criteria and other supporting information, in 1996, and Volume 3, Surveillance
and control of community supplies, in 1997. As with the first edition, the development of these
guidelines was organized and carried out jointly by WHO headquarters and the WHO Regional
Office for Europe.

At the Final Task Group Meeting (Geneva, Switzerland, 21 - 25 September 1992), when the
second edition of the Guidelines was approved, it was agreed to establish a continuing process of
updating of the guidelines, with a number of chemical substances and microbiological agents
subject to periodic evaluation. Addenda containing these evaluations will be issued as necessary
until the third edition of the Guidelines is published, approximately 10 years after the second
edition.

In 1995, a Coordinating Committee for the Updating of WHO Guidelines for drinking-water quality
agreed on the framework for the updating process and established three working groups to
support the development of addenda and monographs on chemical aspects, microbiological
aspects, and protection and control of water quality.

The Committee selected the chemical substances to be evaluated in the first addendum,
designated coordinators for each major group of chemicals, and identified lead institutions for the
preparation of health criteria documents evaluating the risks for human health from exposure to
the particular chemicals in drinking-water. Institutions from Canada, Finland, France, Germany,
the Netherlands, Sweden, the United Kingdom, and the USA, as well as the ILO/JUNEP/WHO
International Programme on Chemical Safety (IPCS), prepared the requested health criteria
documents.

Under the responsibility of the designated coordinators for each chemical group, the draft health
criteria documents were submitted to a number of scientific institutions and selected experts for
peer review. Comments were taken into consideration by the coordinators and authors before the
documents were submitted for final evaluation by the 1997 Working Group Meeting on Chemical
Substances in Drinking-Water. The Working Group reviewed the health risk assessments and,
where appropriate, decided upon guideline values.

During the preparation of draft health criteria documents and at the 1997 Working Group Meeting,
careful consideration was always given to previous risk assessments carried out by IPCS in its
Environmental Health Criteria monographs, the International Agency for Research on Cancer, the
Joint FAO/WHO Meetings on Pesticide Residues, and the Joint FAO/WHO Expert Committee on
Food Additives, which evaluates contaminants such as nitrate and nitrite in addition to food
additives.

Evaluations of chemical substances given in this Addendum supersede evaluations previously
published in Volume 1 and Volume 2 of the Guidelines.
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Acronyms and abbreviations used in the text'

! These are the acronyms and abbreviations that are used without definition in the text.

ADI acceptable daily intake

ATPase adenosine triphosphatase

CAS Chemical Abstracts Service

Cl confidence interval

DNA deoxyribonucleic acid

EEC European Economic Community

EPA Environmental Protection Agency (USA)
FAO Food and Agriculture Organization of the United Nations
IARC International Agency for Research on Cancer
ILO International Labour Organisation

IPCS International Programme on Chemical Safety

IUPAC International Union of Pure and Applied Chemistry

JECFA Joint FAO/WHO Expert Committee on Food Additives
JMP Joint Meeting on Pesticides
JMPR Joint FAO/WHO Meeting on Pesticide Residues

LCsxo lethal concentration, median

LDsq lethal dose, median

LOAEL lowest-observed-adverse-effect level
LOEC lowest-observed-effect concentration
MTD maximum tolerated dose

NCI National Cancer Institute (USA)

NOAEL no-observed-adverse-effect level

NOEL no-observed-effect level

NTP National Toxicology Program (USA)
PMTDI provisional maximum tolerable daily intake
RNA ribonucleic acid

TDI tolerable daily intake

UNEP United Nations Environment Programme
USA United States of America

USP US Pharmacopoeia

WHO World Health Organization

wiv weight/volume



Introduction

Chemical substances evaluated in this addendum were selected by the 1995 Coordinating
Committee for the Updating of WHO Guidelines for drinking-water quality for one or more of the
following reasons:

+ adequate data were not available to allow a guideline value to be derived, or only a
provisional guideline value could be derived, in the second edition of the Guidelines;

* the substance was recommended for evaluation by the Task Group convened to finalize the
second edition of the Guidelines;

* new health risk assessments were available from IPCS through its Environmental Health
Criteria monographs, JMPR, or JECFA,;

* a new evaluation of the carcinogenic risk of the chemical was available from IARC;
* requests to evaluate the chemical were made to the WHO Secretariat.

Concepts of guideline value and provisional guideline value, assumptions made, and scientific
principles for the assessment of risk to human health from exposure to chemicals in drinking-
water used in this addendum are described in Volume 1, Recommendations, of the second
edition of the Guidelines. Only a brief summary of the approaches used to derive the guideline
values is given here.

In developing the guideline values for potentially hazardous chemicals, a daily consumption of 2
litres of drinking-water by a person weighing 60 kg was generally assumed. Where it was judged
that infants and children were at a particularly high risk from exposure to certain chemicals, the
guideline values were derived on the basis of a 5-kg infant consuming 0.75 litre per day or a 10-
kg child consuming 1 litre per day.

For compounds showing a threshold for toxic effects, a tolerable daily intake (TDI) approach was
used to derive the guideline value. A portion of the TDI was allocated to drinking-water, based on
potential exposure from other sources, such as food and air. Where information on other sources
of exposure was not available, an arbitrary (default) value of 10% of the TDI was allocated to
drinking-water.

For compounds considered to be genotoxic carcinogens, guideline values were determined using
a mathematical model. The guideline values presented in the addendum to Volume 1 are the
concentrations in drinking-water associated with an estimated excess lifetime cancer risk of 10
(one additional cancer case per 100 000 of the population ingesting drinking-water containing the
substance at the guideline value for 70 years). In this addendum to Volume 2, concentrations
associated with excess lifetime cancer risks of 10, 10°, and 10 are presented to emphasize the
fact that each country should select its own appropriate risk levels.

It is emphasized that the guideline values recommended are not mandatory limits. Such limits
should be set by national or regional authorities, using a risk-benefit approach and taking into
consideration local environmental, social, economic, and cultural conditions.



Inorganic constituents

Aluminium

First draft’ prepared by H. Galal-Gorchev
International Programme on Chemical Safety
World Health Organization, Geneva, Switzerland

' This document is essentially a synopsis of the evaluation of aluminium contained in the IPCS
Environmental Health Criteria monograph for aluminium (WHO, 1997).]

No health-based guideline value for aluminium was recommended in the second edition of the
WHO Guidelines for drinking-water quality. It was concluded that although further studies were
needed, the balance of epidemiological and physiological evidence did not support a causal role
for aluminium in Alzheimer disease. An aluminium concentration of 0.2 mg/litre in drinking-water
provided a compromise between the practical use of aluminium salts in water treatment and
discoloration of distributed water.

The Coordinating Committee for the updating of the WHO Guidelines recommended that a health
criteria document be prepared for aluminium, based on the IPCS Environmental Health Criteria
monograph that was finalized in 1995.

1. GENERAL DESCRIPTION
1.1 Identity

Aluminium is the most abundant metallic element and constitutes about 8% of the Earth’s crust. It
occurs naturally in the environment as silicates, oxides, and hydroxides, combined with other
elements, such as sodium and fluoride, and as complexes with organic matter.

Compound CAS no. Molecular formula
Aluminium 7429-90-5 Al

Aluminium chloride 7446-70-0 AIClI;

Aluminium hydroxide  21645-51-2  AI(OH);
Aluminium oxide 1344-28-1 Al,O3

Aluminium sulfate 10043-01-3  Alx(SO,)3

1.2 Physicochemical properties (Lide, 1993)

Property Al AICl; Al(OH); AlLO; Al (SOy);
Melting point (°C) 660 190 300 2072 770 (d)
Boiling point (°C) 2467 262 (d) - 2980 -

Density at 20°C (g/cm®)  2.70  2.44 2.42 3.97 2.71

Water solubility (g/litre) (i) 69.9 " (i) 31.3at0°C

d, decomposes; i, insoluble
1.3 Organoleptic properties

Use of aluminium salts as coagulants in water treatment may lead to increased concentrations of
aluminium in finished water. Where residual concentrations are high, aluminium may be
deposited in the distribution system. Disturbance of the deposits by change in flow rate may
increase aluminium levels at the tap and lead to undesirable colour and turbidity (WHO, 1996).
Concentrations of aluminium at which such problems may occur are highly dependent on a



number of water quality parameters and operational factors at the water treatment plant.
1.4 Major uses

Aluminium metal is used as a structural material in the construction, automotive, and aircraft
industries, in the production of metal alloys, in the electric industry, in cooking utensils, and in
food packaging. Aluminium compounds are used as antacids, antiperspirants, and food additives
(ATSDR, 1992). Aluminium salts are also widely used in water treatment as coagulants to reduce
organic matter, colour, turbidity, and microorganism levels. The process usually consists of
addition of an aluminium salt (often sulfate) at optimum pH and dosage, followed by flocculation,
sedimentation, and filtration (Health Canada, 1993).

1.5 Environmental fate

Aluminium is released to the environment mainly by natural processes. Several factors influence
aluminium mobility and subsequent transport within the environment. These include chemical
speciation, hydrological flow paths, soil-water interactions, and the composition of the underlying
geological materials. Acid environments caused by acid mine drainage or acid rain can cause an
increase in the dissolved aluminium content of the surrounding waters (ATSDR, 1992; WHO,
1997).

Aluminium can occur in a number of different forms in water. It can form monomeric and
polymeric hydroxy species, colloidal polymeric solutions and gels, and precipitates, all based on
aquated positive ions or hydroxylated aluminates. In addition, it can form complexes with various
organic compounds (e.g. humic or fulvic acids) and inorganic ligands (e.g. fluoride, chloride, and
sulfate), most but not all of which are soluble. The chemistry of aluminium in water is complex,
and many chemical parameters, including pH, determine which aluminium species are present in
aqueous solutions. In pure water, aluminium has a minimum solubility in the pH range 5.5-6.0;
concentrations of total dissolved aluminium increase at higher and lower pH values (CCME,
1988; ISO, 1994).

2. ANALYTICAL METHODS

Aluminium is reacted with pyrocatechol violet followed by spectrometric measurement of the
resulting coloured complex. The method is restricted to the determination of the aquated cations
and other forms of aluminium readily converted to that cationic form by acidification. The limit of
detection is 2 ug/litre (1ISO, 1994). The limit of detection for the determination of aluminium by
inductively coupled plasma atomic emission spectroscopy ranges from 40 to 100 pg/litre (ISO,
1996).

Flame and graphite furnace atomic absorption spectrometric (AAS) methods are applicable for
the determination of aluminium in water at concentrations of 5-100 mg/litre and 0.01-0.1 mg/litre,
respectively. The working range of the graphite furnace AAS method can be shifted to higher
concentrations either by dilution of the sample or by using a smaller sample volume (ISO, 1997).

3. ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE

3.1 Air

Aluminium enters the atmosphere as a major constituent of atmospheric particulates originating
from natural soil erosion, mining or agricultural activities, volcanic eruptions, or coal combustion.
Atmospheric aluminium concentrations show widespread temporal and spatial variations.
Airborne aluminium levels range from 0.0005 pg/m3 over Antarctica to more than 1 pg/m3 in
industrialized areas (WHO, 1997).

3.2 Water



The concentration of aluminium in natural waters can vary significantly depending on various
physicochemical and mineralogical factors. Dissolved aluminium concentrations in waters with
near-neutral pH values usually range from 0.001 to 0.05 mgl/litre but rise to 0.5-1 mg/litre in more
acidic waters or water rich in organic matter. At the extreme acidity of waters affected by acid
mine drainage, dissolved aluminium concentrations of up to 90 mg/litre have been measured
(WHO, 1997).

Aluminium levels in drinking-water vary according to the levels found in the source water and
whether aluminium coagulants are used during water treatment. In Germany, levels of aluminium
in public water supplies averaged 0.01 mg/litre in the western region, whereas levels in 2.7% of
public supplies in the eastern region exceeded 0.2 mg/litre (Wilhelm & Idel, 1995). In a 1993-1994
survey of public water supplies in Ontario, Canada, 75% of all average levels were less than 0.1
mg/litre, with a range of 0.04-0.85 mg/litre (OMEE, 1995). In a large monitoring programme in
1991 in the United Kingdom, concentrations in 553 samples (0.7%) exceeded 0.2 mg/litre (MAFF,
1993). In a survey of 186 community water supplies in the USA, median aluminium
concentrations for all finished drinking-water samples ranged from 0.03 to 0.1 mgllitre; for
facilities using aluminium sulfate coagulation, the median level was 0.1 mg/litre, with a maximum
of 2.7 mgl/litre (Miller et al., 1984). In another US survey, the average aluminium concentration in
treated water at facilities using aluminium sulfate coagulation ranged from 0.01 to 1.3 mg/litre,
with an overall average of 0.16 mg/litre (Letterman & Driscoll, 1988; ATSDR, 1992).

3.3 Food

Aluminium is present in foods naturally or from the use of aluminium-containing food additives.
The use of aluminium cookware, utensils, and wrappings can increase the amount of aluminium
in food; however, the magnitude of this increase is generally not of practical importance. Foods
naturally high in aluminium include potatoes, spinach, and tea. Processed dairy products, flour,
and infant formula may be high in aluminium if they contain aluminium-based food additives
(FAO/WHO, 1989; Pennington & Schoen, 1995; WHO, 1997).

Adult dietary intakes of aluminium (mg/day) have been reported in several countries: Australia
(1.9-2.4), Finland (6.7), Germany (8-11), Japan (4.5), Netherlands (3.1), Sweden (13),
Switzerland (4.4), United Kingdom (3.9), and USA (7.1-8.2). Intake of children 5-8 years old was
0.8 mg/day in Germany and 6.5 mg/day in the USA. Infant intakes of aluminium in Canada, the
United Kingdom, and the USA ranged from 0.03 to 0.7 mg/day (WHO, 1997).

3.4 Estimated total exposure and relative contribution of drinking-water

Aluminium intake from foods, particularly those containing aluminium compounds used as food
additives, represents the major route of aluminium exposure for the general public, excluding
persons who regularly ingest aluminium-containing antacids and buffered analgesics, for whom
intakes may be as high as 5 g/day (WHO, 1997).

At an average adult intake of aluminium from food of 5 mg/day and a drinking-water aluminium
concentration of 0.1 mgl/litre, the contribution of drinking-water to the total oral exposure to
aluminium will be about 4%. The contribution of air to the total exposure is generally negligible.

4. KINETICS AND METABOLISM IN LABORATORY ANIMALS AND HUMANS

In experimental animals, absorption of aluminium via the gastrointestinal tract is usually less than
1%. The main factors influencing absorption are solubility, pH, and chemical species. Organic
complexing compounds, notably citrate, increase absorption. Aluminium absorption may interact
with calcium and iron transport systems. Aluminium, once absorbed, is distributed in most organs
within the body, with accumulation occurring mainly in bone at high dose levels. To a limited but
as yet undetermined extent, aluminium passes the blood-brain barrier and is also distributed to



the fetus. Aluminium is eliminated effectively in the urine (WHO, 1997).

In humans, aluminium and its compounds appear to be poorly absorbed, although the rate and
extent of absorption have not been adequately studied. The mechanism of gastrointestinal
absorption has not yet been fully elucidated. Variability results from the chemical properties of the
element and the formation of various chemical species, which is dependent upon the pH, ionic
strength, presence of competing elements (e.g. silicon), and presence of complexing agents
within the gastrointestinal tract (e.g. citrate). The urine is the most important route of aluminium
excretion (WHO, 1996, 1997).

5. EFFECTS ON EXPERIMENTAL ANIMALS AND IN VITRO TEST SYSTEMS
5.1 Acute exposure

The oral LDsg of aluminium nitrate, chloride, and sulfate in mice and rats ranges from 200 to 1000
mg of aluminium per kg of body weight (WHO, 1997).

5.2 Short-term exposure

Groups of 25 male Sprague-Dawley rats were fed diets containing basic sodium aluminium
phosphate or aluminium hydroxide at 0, 5, 67, 141, or 288/302 mg of aluminium per kg of body
weight per day for 28 days. No treatment-related effects on organ and body weights,
haematology, clinical chemistry parameters, and histopathology were observed, and there was no
evidence of deposition of aluminium in bones. The NOELs were 288 and 302 mg of aluminium
per kg of body weight per day for sodium aluminium phosphate and aluminium hydroxide,
respectively (Hicks et al., 1987).

In a study in which a wide range of end-points was examined, groups of 10 female Sprague-
Dawley rats received drinking-water containing aluminium nitrate for 28 days at 0, 1, 26, 52, or
104 mg of aluminium per kg of body weight per day. The only effects noted were mild
histopathological changes in the spleen and liver of the high-dose group. Although tissue
aluminium concentrations were generally higher in treated animals, the increases were significant
only for spleen, heart, and gastrointestinal tract of the high-dose group. The NOAEL was 52 mg
of aluminium per kg of body weight per day (Gomez et al., 1986).

Groups of 10 female Sprague-Dawley rats received aluminium nitrate in their drinking-water at
doses of 0, 26, 52, or 260 mg of aluminium per kg of body weight per day for 100 days. Organ
and body weights, histopathology of the brain, heart, lungs, kidney, liver, and spleen,
haematology, and plasma chemistry were examined. The only effect observed was a significant
decrease in body-weight gain associated with a decrease in food consumption at 260 mg of
aluminium per kg of body weight per day. Aluminium did not accumulate in a dose-dependent
manner in the organs and tissues examined. The NOAEL in this study was 52 mg of aluminium
per kg of body weight per day (Domingo et al., 1987a).

Sodium aluminium phosphate, a leavening acid, was administered to groups of six male and six
female beagle dogs at dietary concentrations of 0, 0.3, 1.0, or 3.0% for 6 months. Statistically
significant decreases in food consumption occurred sporadically in all treated groups of female
dogs, but there was no associated decrease in body weight. No significant absolute or relative
organ-weight differences were found between any of the treated groups and controls.
Haematological, blood chemistry, and urinalysis data showed no toxicologically significant trend.
The NOAEL was the highest dose tested, approximately 70 mg of aluminium per kg of body
weight per day (Katz et al., 1984).

Beagle dogs (four per sex per dose) were fed diets containing basic sodium aluminium phosphate
at 0, 10, 22-27, or 75-80 mg of aluminium per kg of body weight per day for 26 weeks. The only
treatment-related effect was a sharp, transient decrease in food consumption and concomitant



decrease in body weight in high-dose males. The LOAEL was 75-80 mg/kg of body weight per
day (Pettersen et al., 1990).

5.3 Long-term exposure

No adverse effects on body weight or longevity were observed in Charles River mice (54 males
and 54 females per group) receiving 0 or 5 mg of aluminium (as potassium aluminium sulfate) per
kg of diet during their lifetime (Schroeder & Mitchener, 1975a; FAO/WHO, 1989).

Two groups of Long-Evans rats (52 of each sex) received 0 or 5 mg of aluminium (as potassium
aluminium sulfate) per litre of drinking-water during their lifetime. No effects were found on body
weight; average heart weight; glucose, cholesterol, and uric acid levels in serum; and protein and
glucose content and pH of urine. The life span was not affected (Schroeder & Mitchener, 1975b;
FAO/WHO, 1989).

5.4 Reproductive and developmental toxicity

Aluminium nitrate was administered by gavage to groups of pregnant Sprague-Dawley rats on
day 14 of gestation through day 21 of lactation at doses of 0, 13, 26, or 52 mg of aluminium per
kg of body weight per day. These doses did not produce overt fetotoxicity, but growth of offspring
was significantly delayed (body weight, body length, and tail length) from birth to weaning in
aluminium-treated groups (Domingo et al., 1987b).

Aluminium nitrate was administered by intubation to male Sprague-Dawley rats at 0, 13, 26, or 52
mg of aluminium per kg of body weight per day for 60 days prior to mating and to virgin females
for 14 days prior to mating, with treatment continuing throughout mating, gestation, parturition,
and weaning of the litters. No reproductive effects on fertility (number of litters produced), litter
size, or intrauterine or postnatal offspring mortality were reported. There was a decrease in the
numbers of corpus lutea in the highest dose group. However, a dose-dependent delay in the
growth of the pups was observed in all treatment groups; female offspring were affected at 13 mg
of aluminium per kg of body weight per day and males at 26 and 52 mg of aluminium per kg of
body weight per day. Because of the design of this study, it is not clear whether the postnatal
growth effects in offspring represented general toxicity to male or female parents or specific
effects on reproduction or development. However, the reported LOAEL in females in this study
was 13 mg of aluminium per kg of body weight per day (Domingo et al., 1987¢).

The developmental toxicity of aluminium by the oral route is highly dependent on the form of
aluminium and the presence of organic chelators that influence bioavailability. Aluminium
hydroxide did not produce either maternal or developmental toxicity when it was administered by
gavage during embryogenesis to mice at doses up to 92 mg of aluminium per kg of body weight
per day (Domingo et al., 1989) or to rats at doses up to 265 mg of aluminium per kg of body
weight per day (Gomez et al., 1990). When aluminium hydroxide at a dose of 104 mg of
aluminium per kg of body weight per day was administered with ascorbic acid to mice, no
maternal or developmental toxicity was seen, in spite of elevated maternal placenta and kidney
concentrations of aluminium (Colomina et al., 1994); on the other hand, aluminium hydroxide at a
dose of 133 mg of aluminium per kg of body weight per day administered with citric acid produced
maternal and fetal toxicity in rats (Gomez et al., 1991). Aluminium hydroxide (57 mg of aluminium
per kg of body weight) given with lactic acid (570 mg/kg of body weight) to mice by gavage was
not toxic, but aluminium lactate (57 mg of aluminium per kg of body weight) produced
developmental toxicity, including poor ossification, skeletal variations, and cleft palate (Colomina
etal., 1992).

5.5 Mutagenicity and related end-points

Aluminium can form complexes with DNA and cross-link chromosomal proteins and DNA, but it
has not been shown to be mutagenic in bacteria or induce mutation or transformation in



mammalian cells in vitro. Chromosomal aberrations have been observed in bone marrow cells of
exposed mice and rats (WHO, 1997).

5.6 Carcinogenicity

There is no indication that aluminium is carcinogenic. JECFA evaluated the limited studies of
Schroeder and Mitchener (1975a, b; section 5.3) and concluded that there was no evidence of an
increase in tumour incidence related to the administration of potassium aluminium sulfate in mice
or rats (FAO/WHO, 1989).

5.7 Neurotoxicity

Behavioural impairment has been reported in laboratory animals exposed to soluble aluminium
salts (e.g. lactate, chloride) in the diet or drinking-water in the absence of overt encephalopathy or
neurohistopathology. Both rats (Commissaris et al., 1982; Thorne et al., 1987; Connor et al.,
1988) and mice (Yen-Koo, 1992) have demonstrated such impairments at doses exceeding 200
mg of aluminium per kg of body weight per day. Although significant alterations in acquisition and
retention of learned behaviour were documented, the possible role of organ damage (kidney,
liver, immunological) due to aluminium was incompletely evaluated in these studies (WHO, 1997).

In studies on brain development in mice and rats, grip strength was impaired in offspring of dams
fed 100 mg of aluminium (as aluminium lactate) per kg of body weight per day in the diet, in the
absence of maternal toxicity (WHO, 1997).

6. EFFECTS ON HUMANS

There is little indication that aluminium is acutely toxic by oral exposure despite its widespread
occurrence in foods, drinking-water, and many antacid preparations (WHO, 1997).

In 1988, a population of about 20 000 individuals in Camelford, England, was exposed for at least
5 days to unknown but increased levels of aluminium accidentally distributed to the population
from a water supply facility using aluminium sulfate for treatment. Symptoms including nausea,
vomiting, diarrhoea, mouth ulcers, skin ulcers, skin rashes, and arthritic pain were noted. It was
concluded that the symptoms were mostly mild and short-lived. No lasting effects on health could
be attributed to the known exposures from aluminium in the drinking-water (Clayton, 1989).

It has been hypothesized that aluminium exposure is a risk factor for the development or
acceleration of onset of Alzheimer disease (AD) in humans. WHO (1997) has evaluated some 20
epidemiological studies that have been carried out to test the hypothesis that aluminium in
drinking-water is a risk factor for AD. Study designs ranged from ecological to case-control. Six
studies on populations in Norway (Flaten, 1990), Canada (Neri & Hewitt, 1991), France (Michel et
al., 1991; Jacgmin et al., 1994), Switzerland (Wettstein et al., 1991), and England (Martyn et al.,
1989) were considered of sufficiently high quality to meet the general criteria for exposure and
outcome assessment and the adjustment for at least some confounding variables. Of the six
studies that examined the relationship between aluminium in drinking-water and dementia or AD,
three found a positive relationship, but three did not. However, each of the studies had some
deficiencies in the study design (e.g. ecological exposure assessment; failure to consider
aluminium exposure from all sources and to control for important confounders, such as education,
socioeconomic status, and family history; the use of surrogate outcome measures for AD; and
selection bias). In general, the relative risks determined were less than 2, with large confidence
intervals, when the total aluminium concentration in drinking-water was 0.1 mg/litre or higher.
Based on current knowledge of the pathogenesis of AD and the totality of evidence from these
epidemiological studies, it was concluded that the present epidemiological evidence does not
support a causal association between AD and aluminium in drinking-water (WHO, 1997).

In addition to the epidemiological studies that examined the relationship between AD and



aluminium in drinking-water, two studies examined cognitive dysfunction in elderly populations in
relation to the levels of aluminium in drinking-water. The results were again conflicting. One study
of 800 male octogenarians consuming drinking-water with aluminium concentrations up to 98
pg/litre found no relationship (Wettstein et al., 1991). The second study used “any evidence of
mental impairment” as an outcome measure and found a relative risk of 1.72 at aluminium
drinking-water concentrations above 85 ug/litre in 250 males (Forbes et al., 1994). Such data are
insufficient to show that aluminium is a cause of cognitive impairment in the elderly.

7. CONCLUSIONS
The Environmental Health Criteria document for aluminium (WHO, 1997) concluded that:

On the whole, the positive relationship between aluminium in drinking-water and AD, which
was demonstrated in several epidemiological studies, cannot be totally dismissed. However,
strong reservations about inferring a causal relationship are warranted in view of the failure of
these studies to account for demonstrated confounding factors and for total aluminium intake
from all sources.

Taken together, the relative risks for AD from exposure to aluminium in drinking-water above
100 pgl/litre, as determined in these studies, are low (less than 2.0). But, because the risk
estimates are imprecise for a variety of methodological reasons, a population-attributable risk
cannot be calculated with precision. Such imprecise predictions may, however, be useful in
making decisions about the need to control exposures to aluminium in the general population.

The degree of aluminium absorption depends on a number of parameters, such as the aluminium
salt administered, pH (for aluminium speciation and solubility), bioavailability, and dietary factors.
These should be taken into consideration during tissue dosimetry and response assessment.
Thus, the use of currently available animal studies to develop a guideline value is not appropriate
because of these specific toxicokinetic/dynamic considerations.

Owing to the uncertainty surrounding the human data and the limitations of the animal data as a
model for humans, a health-based guideline value for aluminium cannot be derived at this time.

The beneficial effects of the use of aluminium as a coagulant in water treatment are recognized.
Taking this into account and considering the potential health concerns (i.e. neurotoxicity) of
aluminium, a practicable level is derived based on optimization of the coagulation process in
drinking-water plants using aluminium-based coagulants, to minimize aluminium levels in finished
water.

A number of approaches are available for minimizing residual aluminium concentrations in treated
water. These include use of optimum pH in the coagulation process, avoiding excessive
aluminium dosage, good mixing at the point of application of the coagulant, optimum paddle
speeds for flocculation, and efficient filtration of the aluminium floc (Letterman & Driscoll, 1988;
WRc, 1997). Under good operating conditions, concentrations of aluminium of 0.1 mg/litre or less
are achievable in large water treatment facilities. Small facilities (e.g. those serving fewer than 10
000 people) might experience some difficulties in attaining this level, because the small size of
the plant provides little buffering for fluctuation in operation, and small facilities often have limited
resources and access to expertise to solve specific operational problems. For these small
facilities, 0.2 mg/litre or less is a practicable level for aluminium in finished water (WRc, 1997).
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Boron

First draft prepared by C. Smallwood
Environmental Criteria and Assessment Office
United States Environmental Protection Agency, Cincinnati, Ohio, USA

In the 1993 WHO Guidelines for drinking-water quality, a health-based guideline value for boron
of 0.3 mgl/litre was derived from a 2-year study in dogs published in 1972 (testicular atrophy was
the critical end-point of toxicity). New scientific data have become available, including an IPCS
Environmental Health Criteria monograph for boron which had been finalized by a Task Group in
November 1996, and which was therefore available for the present evaluation.

1. GENERAL DESCRIPTION

1.1 Identity

Boron (CAS no. 7440-42-8) is never found in the elemental form in nature. It exists as a mixture
of the °B (19.78%) and "'B (80.22%) isotopes (Budavari et al., 1989). Boron’s chemistry is
complex and resembles that of silicon (Cotton & Wilkinson, 1988).

1.2 Physicochemical properties

Elemental boron exists as a solid at room temperature, either as black monoclinic crystals or as a
yellow or brown amorphous powder when impure. The amorphous and crystalline forms of boron
have specific gravities of 2.37 and 2.34, respectively. Boron is a relatively inert metalloid except

when in contact with strong oxidizing agents.

Sodium perborates are persalts, which are hydrolytically unstable because they contain
characteristic boron-oxygen-oxygen bonds that react with water to form hydrogen peroxide and



stable sodium metaborate (NaBO,-nH,0).

Boric acid is a very weak acid, with a pK, of 9.15, and therefore boric acid and the sodium
borates exist predominantly as undissociated boric acid [B(OH);] in dilute aqueous solution at pH
<7; at pH >10, the metaborate anion B(OH), becomes the main species in solution. Between
these two pH values, from about 6 to 11, and at high concentration (>0.025 mol/litre), highly water
soluble polyborate ions such as B;O3(OH),, B,O5(OH),’, and BsO4s(OH), are formed.

The chemical and toxicological properties of borax pentahydrate Na,B,07;-5H,0, borax
Na,B,07-10H,0, boric acid, and other borates are expected to be similar on a molar boron
equivalent basis when dissolved in water or biological fluids at the same pH and low
concentration.

1.3 Major uses

Boric acid and borates are used in glass manufacture (fibreglass, borosilicate glass, enamel, frit,
and glaze), soaps and detergents, flame retardants, and neutron absorbers for nuclear
installations. Boric acid, borates, and perborates have been used in mild antiseptics, cosmetics,
pharmaceuticals (as pH buffers), boron neutron capture therapy (for cancer treatment),
pesticides, and agricultural fertilizers.

1.4 Environmental fate

Waterborne boron may be adsorbed by soils and sediments. Adsorption-desorption reactions are
expected to be the only significant mechanism influencing the fate of boron in water (Rai et al.,
1986). The extent of boron adsorption depends on the pH of the water and the concentration of
boron in solution. The greatest adsorption is generally observed at pH 7.5-9.0 (Waggott, 1969;
Keren & Mezuman, 1981; Keren et al., 1981).

In natural waters, boron exists primarily as undissociated boric acid with some borate ions. As a
group, the boron-oxygen compounds are sufficiently soluble in water to achieve the levels that
have been observed (Sprague, 1972). Mance et al. (1988) described boron as a significant
constituent of seawater, with an average boron concentration of 4.5 mg/kg.

2. ANALYTICAL METHODS

A spectrometric method using azomethine-H is available for the determination of borate in water.
The method is applicable to the determination of borate at concentrations between 0.01 and 1
mg/litre. The working range may be extended by dilution (1ISO, 1990).

A widely used method for the analysis of boron in bone, plasma, and food is inductively coupled
plasma atomic emission spectroscopy (Hunt, 1989). This method is also used for water (ISO,
1996) and wastewater (Huber, 1982). Detection limits in water range from 6 to 10 ug of boron per
litre.

Inductively coupled plasma mass spectroscopy (ICP-MS) is a widely used non-
spectrophotometric method for the analysis of boron, as it uses small volumes of sample, is fast,
and applies to a wide range of materials (fresh and saline water, sewage, wastewater, soils, plant
samples, and biological materials). ICP-MS can detect boron down to 0.15 pg/litre (WHO, in
press). Using direct nebulization, ICP-MS can give a detection limit of 1 ng/g in human blood,
human serum, orchard leaves, and total diet (Smith et al., 1991).



3. ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE
3.1 Air

Boron is not present in the atmosphere at significant levels (Sprague, 1972). Because borates
exhibit low volatility, boron would not be expected to be present to a significant degree as a
vapour in the atmosphere. Atmospheric emissions of borates and boric acid in a particulate (<1-
45 um in size) or vapour form occur as a result of volatilization of boric acid from the sea, volcanic
activity, mining operations, glass and ceramic manufacturing, the application of agricultural
chemicals, and coal-fired power plants.

3.2 Water

The natural borate content of groundwater and surface water is usually small. The borate content
of surface water can be significantly increased as a result of wastewater discharges, because
borate compounds are ingredients of domestic washing agents (1ISO, 1990).

Naturally occurring boron is present in groundwater primarily as a result of leaching from rocks
and soils containing borates and borosilicates. Concentrations of boron in groundwater
throughout the world range widely, from <0.3 to >100 mg/litre. In general, concentrations of boron
in Europe were greatest in southern Europe (ltaly, Spain) and least in northern Europe (Denmark,
France, Germany, the Netherlands, and the United Kingdom). For Italy and Spain, mean boron
concentrations ranged from 0.5 to 1.5 mgl/litre. Values ranged up to approximately 0.6 mg/litre in
the Netherlands and the United Kingdom, and approximately 90% of samples in Denmark,
France, and Germany were found to contain boron at concentrations below 0.3, 0.3, and 0.1
mg/litre, respectively (WHO, in press). Monthly mean values of boron in the Ruhr River, Germany,
ranged from 0.31 to 0.37 mg/litre in a survey conducted during 1992-1995 (Haberer, 1996).

The majority of the Earth’s boron occurs in the oceans, with an average concentration of 4.5
mg/litre (Weast et al., 1985). The amount of boron in fresh water depends on such factors as the
geochemical nature of the drainage area, proximity to marine coastal regions, and inputs from
industrial and municipal effluents (Butterwick et al., 1989).

Boron concentrations in fresh surface water range from <0.001 to 2 mg/litre in Europe, with mean
values typically below 0.6 mg/litre. Similar concentration ranges have been reported for water
bodies within Pakistan, Russia, and Turkey, from 0.01 to 7 mg/litre, with most values below 0.5
mg/litre. Concentrations ranged up to 0.01 mg/litre in Japan and up to 0.3 mg/litre in South
African surface waters. Samples taken in surface waters from two South American rivers (Rio
Arenales, Argentina, and Loa River, Chile) contained boron at concentrations ranging between 4
and 26 mg/litre in areas rich in boron-containing soils. In other areas, the Rio Arenales contained
less than 0.3 mg of boron per litre. Concentrations of boron in surface waters of North America
(Canada, USA) ranged from 0.02 mg/litre to as much as 360 mg/litre, indicative of boron-rich
deposits. However, typical boron concentrations were less than 0.1 mgl/litre, with a 90th-
percentile boron concentration of approximately 0.4 mg/litre.

Concentrations of boron found in drinking-water from Chile, Germany, the United Kingdom, and
the USA ranged from 0.01 to 15.0 mgl/litre, with most values clearly below 0.4 mg/litre. These
values are consistent with ranges and means observed for groundwater and surface waters. This
consistency is supported by two factors: (i) boron concentrations in water are largely dependent
on the leaching of boron from the surrounding geology and wastewater discharges, and (ii) boron
is not removed by conventional drinking-water treatment methods.

3.3 Food

The general population obtains the greatest amount of boron through food intake. Concentrations
of boron reported in food after 1985 have more validity because of the use of more adequate



analytical methods.

The richest sources of boron are fruits, vegetables, pulses, legumes, and nuts. Dairy products,
fish, meats, and most grains are poor sources of boron. Based on the recent analyses of foods
and food products, estimations of daily intakes of various age/sex groups have been made
(WHO, in press). The estimated median, mean, and 95th-percentile daily intakes of boron were
0.75, 0.93, and 2.19 mg/day, respectively, for all groups, and 0.79, 0.98 and 2.33 mg/day,
respectively, for adults aged 17 and older. Using food included in US Food and Drug
Administration Total Diet Studies, lyengar et al. (1988) determined the mean adult male daily
intake of boron to be 1.52 mg/day, whereas Anderson et al. (1994) determined the intake to be
1.21 mg/day. Based on the United Kingdom National Food Survey (MAFF, 1991), the dietary
intake of boron in the United Kingdom ranges from 0.8 to 1.9 mg/day. It should be noted that
increased consumption of specific foods with high boron content will increase boron intake
significantly; for example, one serving of wine or avocado provides 0.42 and 1.11 mg,
respectively (Anderson et al., 1994).

3.4 Estimated total exposure and relative contribution of drinking-water

The mean daily intake of boron in the diet is judged to be near 1.2 mg/day (Anderson et al.,
1994). Concentrations of boron in drinking-water have wide ranges, depending on the source of
the drinking-water, but for most of the world the range is judged to be between 0.1 and 0.3
mg/litre. Based on usage data, consumer products have been estimated to contribute a geometric
mean of 0.1 mg/day to the estimate of total boron exposure (WHO, in press). The contribution of
boron intake from air is negligible. The total daily intake can therefore be estimated from mean
concentrations and concentration ranges to be between 1.5 and 2 mg.

4. KINETICS AND METABOLISM IN LABORATORY ANIMALS AND HUMANS

Numerous studies have shown that boric acid and borax are absorbed from the gastrointestinal
tract and from the respiratory tract, as indicated by increased levels of boron in the blood, tissues,
or urine or by systemic toxic effects of exposed individuals or laboratory animals.

Clearance of boron compounds is similar in humans and animals. The ratio of mean clearance
values as a function of dose in non-pregnant rats versus humans is approximately 3- to 4-fold -
i.e. similar to the default value for the toxicokinetic component of the uncertainty factor for
interspecies variation’ (WHO, 1994). Elimination of borates from the blood is largely by excretion
of >90% of the administered dose via the urine, regardless of the route of administration.
Excretion is relatively rapid, occurring over a period of a few to several days, with a half-life of
elimination of 24 hours or less. The kinetics of elimination of boron have been evaluated in
human volunteers given boric acid via the intravenous and oral routes (Jansen et al., 1984;
Schou et al., 1984). Absorption is poor through intact skin but is much greater through damaged
skin.

' Report of informal discussion to develop recommendations for the WHO Guidelines for
drinking-water quality - Boron. Cincinnati, OH, 28-29 September 1997. Report available from
WHO, Division of Operational Support in Environmental Health, Geneva

5. EFFECTS ON EXPERIMENTAL ANIMALS AND IN VITRO TEST SYSTEMS
5.1 Acute exposure

The oral LDs, values for boric acid or borax in mice and rats are in the range of about 400-700 mg
of boron per kg of body weight (Pfeiffer et al., 1945; Weir & Fisher, 1972). Oral LD, values in the
range of 250-350 mg of boron per kg of body weight for boric acid or borax exposure have been
reported for guinea-pigs, dogs, rabbits, and cats (Pfeiffer et al., 1945; Verbitskaya, 1975). Signs
of acute toxicity for both borax and boric acid in animals given single large doses orally include



depression, ataxia, convulsions, and death; kidney degeneration and testicular atrophy are also
observed (Larsen, 1988).

5.2 Short-term exposure

In a 13-week study, mice (10 per sex per dose) were fed diets containing boric acid at
approximately 0, 34, 70, 141, 281, or 563 mg of boron per kg of body weight per day. At the two
highest doses, increased mortality was seen. Degeneration or atrophy of the seminiferous tubules
was observed at 141 mg of boron per kg of body weight per day. In all dose groups,
extramedullary haematopoiesis of the spleen of minimal to mild severity was seen (NTP, 1987).

In a study in which borax was given in the diet to male Sprague-Dawley rats (18 per dose) at
concentrations of 0, 500, 1000, or 2000 mg of boron per kg of feed (approximately equal to 0, 30,
60, or 125 mg of boron per kg of body weight per day) for 30 or 60 days, body weights were not
consistently affected by treatment. Organ weights were not affected by 500 mg of boron per kg of
feed; at 1000 and 2000 mg of boron per kg of feed, absolute liver weights were significantly lower
after 60 days, and epididymal weights were significantly lower (37.6% and 34.8%, respectively)
after 60 days, but not after 30 days. Weights of prostate, spleen, kidney, heart, and lung were not
changed at any dose (Lee et al., 1978).

In a 90-day study in rats (10 per sex per dose) receiving 0, 2.6, 8.8, 26, 88, or 260 mg of boron
per kg of body weight per day in the diet as boric acid or borax, all animals at the highest dose
died within 3-6 weeks (Weir & Fisher, 1972). In animals receiving 88 mg of boron per kg of body
weight per day, body weights in males and females were reduced; absolute organ weights,
including the liver, spleen, kidneys, brain, adrenals, and ovaries, were also significantly
decreased in this group. Organ-to-body-weight ratios for the adrenals and kidneys were
significantly increased, but relative weights of the liver and ovaries were decreased. A
pronounced reduction in testicular weights in males in the 88 mg of boron per kg of body weight
per day group was also observed.

Boric acid or borax was also fed to beagle dogs for 90 days or for 2 years. In the 90-day boric
acid study (weight-normalized doses of 0, 0.44, 4.4, or 44 mg of boron per kg of body weight per
day; five animals per sex per dose), testis weight was significantly lower than controls in the
middle and upper dose groups (reduced by 25% and 40%, respectively). Although testicular
microscopic structure was not detectably abnormal in the controls and middle dose group, four of
five dogs in the high-dose group had complete atrophy, and the remaining high-dose dog had
one-third of tubules showing some abnormality. In the borax study, testis weights in the low-,
middle-, and high-dose groups were 80%, 85%, and 50% of controls, respectively; only the last
was significantly different from controls. No mention was made of the testicular microscopic
structure of the controls or low-dose animals; middle-dose animals were not detectably altered
(aside from the considerable fixation-induced artifact in the outer third of the tissue), whereas four
of five high-dose dogs had complete testicular atrophy, and the remaining high-dose dog had
“partial” atrophy. No other clinical or microscopic signs of toxicity were reported in any animals
(Weir & Fisher, 1972).

In the 2-year study, the dogs (four per sex per dose) received the boric acid or borax in the diet at
weight-normalized doses of 0, 1.5, 2.9, or 8.8 mg of boron per kg of body weight per day. An
additional group received 29 mg of boron per kg of body weight per day for 38 weeks. Testicular
atrophy was observed in two test dogs receiving borax at 26 weeks and in the two and one dogs,
respectively, killed after 26 or 38 weeks of boric acid consumption. The authors stated that boric
acid caused testicular degeneration in dogs, including spermatogenic arrest and atrophy of the
seminiferous epithelium. The study was terminated at 38 weeks. In these studies, the number of
dogs was small and variable (one or two dogs at each of three time points) and inadequate to
allow statistical analysis. All three treated dogs had widespread and marked atrophy in 25-40% of
the seminiferous tubules. A common control group was used for both the borax and boric acid
studies. Testicular lesions occurred in the controls (one of four controls had slight to severe



seminiferous tubular atrophy, another had moderate to severe atrophy, whereas a third had a
detectable but insignificant reduction in spermatogenesis and 5% atrophic seminiferous tubules)
(Weir & Fisher, 1972). These studies were conducted before the advent of Good Laboratory
Practices (GLPs). Confidence in these studies is low, and they were considered not suitable for
inclusion into the risk assessment because of 1) small and variable numbers of dogs, 2) variable
background lesions in controls leading to uncertainty of the strength of the response to treatment,
3) lack of GLPs, and 4) other, more recent studies of greater scientific quality with findings at
similar intake levels of boron (Ku et al., 1993; Price et al., 1996a).

5.3 Long-term exposure

A 2-year study in mice (50 per sex per dose) receiving approximately 0, 275, or 550 mg of boric
acid per kg of body weight per day (0, 48, or 96 mg of boron per kg of body weight per day) in the
diet (NTP, 1987; Dieter, 1994) demonstrated that body weights were 10-17% lower in high-dose
males after 32 weeks and in high-dose females after 52 weeks. Increased mortality rates were
statistically significant in males, with significant lesions in male mice appearing in the testes and
no significant non-neoplastic lesions in female mice.

In a 2-year study, rats (35 per sex per dose) were administered weight-normalized boron doses of
0, 5.9, 18, or 59 mg/kg of body weight per day in the diet (Weir & Fisher, 1972). High-dose
animals had coarse hair coats, scaly tails, hunched posture, swollen and desquamated pads of
the paws, abnormally long toenails, shrunken scrotum, inflamed eyelids, and bloody eye
discharge. The haematocrit and haemoglobin levels were significantly lower than controls, the
absolute and relative weights of the testes were significantly lower, and relative weights of the
brain and thyroid gland were higher than in controls. In animals in the mid- and low-dose groups,
no significant effects on general appearance, behaviour, growth, food consumption, haematology,
serum chemistry, or histopathology were observed.

5.4 Reproductive and developmental toxicity

Short- and long-term oral exposures to boric acid or borax in laboratory animals have
demonstrated that the male reproductive tract is a consistent target of toxicity. Testicular lesions
have been observed in rats, mice, and dogs administered boric acid or borax in food or drinking-
water (Truhaut et al., 1964; Weir & Fisher, 1972; Green et al., 1973; Lee et al., 1978; NTP, 1987;
Ku et al.,, 1993). The first clinical indication of testicular toxicity in dogs is shrunken scrota
observed during treatment; significant decreases in absolute and relative testicular weight are
also reported. After subchronic exposure, the histopathological effects range from inhibited
spermiation (sperm release) to degeneration of the seminiferous tubules with variable loss of
germ cells to complete absence of germ cells, resulting in atrophy and transient or irreversible
loss of fertility, but not of mating behaviour.

In time-response and dose-response reproductive studies (Linder et al., 1990), adult male
Sprague-Dawley rats were administered two doses in one day, with a total dose of 0 or 350 mg of
boron per kg of body weight in the time-response experiment (animals were sacrificed at 2, 14,
28, or 57 days post-treatment) and a total dose of 0, 44, 87, 175, or 350 mg of boron per kg of
body weight in the dose-response experiment (animals were sacrificed after 14 days). Adverse
effects on spermiation, epididymal sperm morphology, and caput sperm reserves were observed
during histopathological examinations of the testes and epididymis. The NOAEL for male
reproductive effects in the dose-response study was 87 mg of boron per kg of body weight per
day.

In a multi-generation study, doses of 0, 117, 350, or 1170 mg of boron per kg of feed (as borax or
boric acid) were administered to male and female rats (Weir & Fisher, 1972). At the highest dose,
rats were found to be sterile, males showed atrophied testes in which spermatozoa were absent,
and females showed decreased ovulation. The NOAEL in this study was 350 mg of boron per kg
of feed, equivalent to 17.5 mg of boron per kg of body weight per day.



To investigate the development of testicular lesions, boric acid was fed at 61 mg of boron per kg
of body weight per day to male F344 rats; sacrifice of six treated and four control rats was
conducted at intervals from 4 to 28 days. At 28 days, there was significant loss of spermatocytes
and spermatids from all tubules in exposed rats, and basal serum testosterone levels were
significantly decreased from 4 days on (Treinen & Chapin, 1991). In another study, the activities
of enzymes found primarily in spermatogenic cells were decreased, and enzyme activities
associated with premeiotic spermatogenic cells were significantly increased in rats exposed to 60
or 125 mg of boron per kg of body weight per day for 60 days (Lee et al., 1978). Mean plasma
follicle-stimulating hormone levels were significantly elevated in a dose-dependent manner in all
treatment groups (30, 60, or 125 mg of boron per kg of body weight per day) in this study after
60-day exposures.

Reversibility of testicular lesions was evaluated by Ku et al. (1993) in an experiment in which
F344 rats were dosed at 0, 3000, 4500, 6000, or 9000 mg of boric acid per kg of feed (equivalent
to 0, 26, 39, 52, or 78 mg of boron per kg of body weight per day) for 9 weeks and assessed for
recovery up to 32 weeks post-treatment. Inhibited spermiation was exhibited at 3000 and 4500
mg of boric acid per kg of feed (5.6 ug of boron per mg of tissue), whereas inhibited spermiation
progressed to atrophy at 6000 and 9000 mg of boric acid per kg of feed (11.9 pg of boron per mg
of testes); there was no boron accumulation in the testes to levels greater than those found in the
blood during the 9-week period. After treatment, serum and testis boron levels in all dose groups
fell to background levels. Inhibited spermiation at 4500 mg of boric acid per kg of feed was
reversed by 16 weeks post-treatment, but focal atrophy, which did not recover up to 32 weeks
post-treatment, was detected.

Developmental toxicity has been demonstrated experimentally in rats, mice, and rabbits (NTP,
1990; Heindel et al., 1992; Price et al., 1996b). Rats were fed a diet containing 0, 14, 29, or 58
mg of boron per kg of body weight per day as boric acid on gestation days 0-20 (Heindel et al.,
1992). An additional group of rats received boric acid at 94 mg of boron per kg of body weight per
day on gestation days 6-15 only. Average fetal body weight per litter was significantly reduced in
a dose-related manner in all treated groups compared with controls. The percentage of
malformed fetuses per litter and the percentage of litters with at least one malformed fetus were
significantly increased at 229 mg of boron per kg of body weight per day. Malformations consisted
primarily of anomalies of the eyes, the central nervous system (CNS), the cardiovascular system,
and the axial skeleton. The most common malformations were enlargement of lateral ventricles in
the brain and agenesis or shortening of rib Xlll. The LOAEL of 14 mg of boron per kg of body
weight per day (the lowest dose tested) for rats occurred in the absence of maternal toxicity; a
NOAEL was not found in this study.

Price et al. (1996a) did a follow-up to the Heindel et al. (1992) study in Sprague-Dawley (CD) rats
to determine a NOAEL for fetal body-weight reduction and to determine whether the offspring
would recover from prenatally reduced body weight during postnatal development. Boric acid was
administered in the diet to CD rats on gestation days 0-20. Dams were terminated and uterine
contents examined on gestation day 20. The intake of boric acid was 0, 3.3, 6.3, 9.6, 13, or 25 mg
of boron per kg of body weight per day. Fetal body weights were 99, 98, 97, 94, and 88% of
controls for the low- to high-dose groups, respectively. Incidences of short rib Xlll (a
malformation) or wavy rib (a variation) were increased in the 13 and 25 mg of boron per kg of
body weight per day dose groups relative to control litters. There was a decreased incidence of
rudimentary extra rib on lumbar 1 (a variation) in the high-dose group that was deemed
biologically but not statistically significant. The NOAEL in this study was 9.6 mg of boron per kg of
body weight per day, based on a decrease in fetal body weight at the next higher dose.

Developmental toxicity and teratogenicity of boric acid in mice at 0, 43, 79, or 175 mg of boron
per kg of body weight per day in the diet were investigated (Heindel et al., 1992). There was a
significant dose-related decrease in average fetal body weight per litter at 79 and 175 mg of
boron per kg of body weight per day. In offspring of mice exposed to 79 or 175 mg of boron per



kg of body weight per day during gestation days 0-20, there was an increased incidence of
skeletal (rib) malformations. These changes occurred at doses for which there were also signs of
maternal toxicity (increased kidney weight and pathology); the LOAEL for developmental effects
(decreased fetal body weight per litter) was 79 mg of boron per kg of body weight per day, and
the NOAEL was 43 mg of boron per kg of body weight per day.

Developmental toxicity and teratogenicity of boric acid in rabbits were investigated by Price et al.
(1996b) at doses of 0, 11, 22, or 44 mg of boron per kg of body weight per day, given by gavage.
Frank developmental effects in rabbits exposed to 44 mg of boron per kg of body weight per day
included a high rate of prenatal mortality, an increased number of pregnant females with no live
fetuses, and fewer live fetuses per live litter on day 30. At the high dose, malformed live fetuses
per litter increased significantly, primarily because of the incidence of fetuses with cardiovascular
defects, the most prevalent of which was interventricular septal defect. Skeletal variations
observed were extra rib on lumbar 1 and misaligned sternebra. The NOAEL for maternal and
developmental effects was 22 mg of boron per kg of body weight per day.

5.5 Mutagenicity and related end-points

The mutagenic activity of boric acid was examined in the Salmonella typhimurium and mouse
lymphoma assays, with negative results. No induction of sister chromatid exchange or
chromosomal aberrations was observed in Chinese hamster ovary cells (NTP, 1987). Sodium
borate did not cause gene mutations in the S. typhimurium preincubation assay (Benson et al.,
1984). Borax was not mutagenic in cell transformation assays with Chinese hamster cells, mouse
embryo cells, and human fibroblasts (Landolph, 1985).

5.6 Carcinogenicity

Tumour incidence was not enhanced in studies in which B6C3F, mice received 0, 2500, or 5000
mg of boric acid per kg of feed for 103 weeks (NTP, 1987) and Sprague-Dawley rats received
diets containing 0, 117, 350, or 1170 mg of boron per kg of feed (as borax or boric acid) for 2
years (Weir & Fisher, 1972).

6. EFFECTS ON HUMANS

Available human data on boron compounds for routes other than inhalation focus on boric acid
and borax. According to Stokinger (1981), the lowest reported lethal doses of boric acid are 640
mg/kg of body weight (oral), 8600 mg/kg of body weight (dermal), and 29 mg/kg of body weight
(intravenous injection). Stokinger (1981) stated that death has occurred at total doses of between
5 and 20 g of boric acid for adults and <5 g for infants. Litovitz et al. (1988) stated that potential
lethal doses are usually cited as 3-6 g total for infants and 15-20 g total for adults. A case-series
report of seven infants (aged 6-16 weeks) who used pacifiers coated with a borax and honey
mixture for 4-10 weeks concluded that exposures ranged from 12 to 90 g, with a very crudely
estimated average daily ingestion of 18-56 mg of boron per kg of body weight (O’Sullivan &
Taylor, 1983).2 Toxicity was manifested by generalized or alternating focal seizure disorders,
irritability, and gastrointestinal disturbances. Although infants appear to be more sensitive than
adults to boron compounds, lethal doses are not well documented in the literature.

2 Estimates given here are corrected values, as intakes reported in this publication were
underestimated by a factor of 3 (M. Taylor, personal communication to M. Dourson, in a letter
dated 28 August 1997).

Goldbloom & Goldbloom (1953) reported four cases of boric acid poisoning and reviewed an
additional 109 cases in the literature. The four cases were infants exposed to boric acid by
repeated topical applications of baby powder. Toxicity was manifested by cutaneous lesions
(erythema over the entire body, excoriation of the buttocks, and desquamation), gastrointestinal
disturbances, and seizures. Approximately 35% of the 109 other case reports of boric acid



poisoning involved children <1 year of age. The mortality rate was 70.2% for children, compared
with 55.0% for all cases combined. Death occurred in 53% of patients exposed by ingestion, 75%
of patients subjected to gastric lavage with boric acid, 68% of patients exposed by dermal
application for treating burns, wounds, and skin eruptions, and 54% of patients exposed by other
routes. Information on signs and symptoms for 80 patients showed that gastrointestinal
disturbances were prevalent (73%), followed by CNS effects (67%). Cutaneous lesions were
prevalent in 76% of the cases and in 88% of cases involving children <2 years of age. Gross and
microscopic findings were reported for 45% of fatal cases. In general, boric acid caused chemical
irritation primarily at sites of application and excretion and in organs with maximum boron
concentrations. The most common CNS findings were oedema and congestion of the brain and
meninges. Other common findings included liver enlargement, vascular congestion, fatty
changes, swelling, and granular degeneration.

In addition to case reports, poison centres have published case-series reports. Unlike the case
reports reviewed by Goldbloom & Goldbloom (1953), more recent reports suggest that the oral
toxicity of boron in humans is milder than previously thought. Litovitz et al. (1988) conducted a
retrospective review of 784 cases of boric acid ingestion reported to the National Capital Poison
Center in Washington, DC, USA, during 1981-1985 and the Maryland Poison Center in Baltimore,
MD, USA, during 1984-1985; approximately 88.3% of the cases were asymptomatic. All but two
of the cases had acute (single) ingestion, and 80.2% involved children <6 years of age. No
severe toxicity or life-threatening effects were noted, although boric acid levels in blood serum
ranged from 0 to 340 pg/ml. The most frequently occurring symptoms, which involved the
gastrointestinal tract, included vomiting, abdominal pain, diarrhoea, and nausea. Other symptoms
(primarily CNS and cutaneous) occurred in fewer cases: lethargy, rash, headache, light-
headedness, fever, irritability, and muscle cramps. The average dose ingested was estimated at
1.4 g. According to Litovitz et al. (1988), 21 of the children <6 years of age, 15 of whom were <2
years of age, ingested the reported potential lethal dose of 3 g; eight adults ingested the reported
potential lethal dose of 15 g without clinical evidence of lethal effects.

Linden et al. (1986) published a retrospective review of 364 cases of boric acid exposure reported
to the Rocky Mountain Poison and Drug Center in Denver, CO, USA, between 1983 and 1984.
Vomiting, diarrhoea, and abdominal pain were the most common symptoms given by the 276
cases exposed in 1983. Of the 72 cases reported in 1984 for whom medical records were
complete, 79% were asymptomatic, whereas 20% noted mild gastrointestinal symptoms. One 2-
year-old child died, presumably from repeated ingestion of an insecticide containing 99% boric
acid.

Overall, owing to the wide variability of data collected from poisoning centres, the average dose
of boric acid to produce clinical symptoms is still unclear, presumably in the range of 100 mg to
55.5 g, reported by Litovitz et al. (1988).

Findings from human experiments show that boron is a dynamic trace element that can affect the
metabolism or utilization of numerous substances involved in life processes, including calcium,
copper, magnesium, nitrogen, glucose, triglycerides, reactive oxygen, and estrogen. Although the
first findings involving boron deprivation of humans appeared in 1987 (Nielsen et al., 1987), the
most convincing findings have come mainly from two studies in which men over the age of 45,
postmenopausal women, and postmenopausal women on estrogen therapy were fed a low-boron
diet (0.25 mg/2000 kcal) for 63 days and then fed the same diet supplemented with 3 mg of boron
per day for 49 days (Nielsen, 1989, 1994; Nielsen et al., 1990, 1991, 1992; Penland, 1994).
These dietary intakes were near the low and high values in the range of usual dietary boron
intakes. The major differences between the two studies were the intakes of copper and
magnesium: in one experiment, they were marginal or inadequate; in the other, they were
adequate. The marginal or inadequate copper and magnesium intakes caused apparent
detrimental changes that were more marked during boron deprivation than during boron repletion.
Although the function of boron remains undefined, boron is becoming recognized as an element
of potential nutritional importance because of the findings from human and animal studies.



7. PROVISIONAL GUIDELINE VALUE

The TDI of boron is derived by dividing the NOAEL (9.6 mg/kg of body weight per day) for the
critical effect, which is developmental toxicity (decreased fetal body weight in rats), by an
appropriate uncertainty factor, which is judged to be 60. The value of 10 for interspecies variation
(animals to humans) was adopted because of lack of toxicokinetic and toxicodynamic data to
allow deviation from this default value. Available toxicokinetic data do support, however, reduction
of the default uncertainty factor for intraspecies variation from 10 to 6 (WHO, 1994).

Interspecies (toxicokinetic) variations for boron relate primarily to clearance. The ratio of mean
clearance values in non-pregnant rats versus non-pregnant humans for boron (based on all of the
data considered suitable for inclusion) is 3-4. In view of the lack of adequate kinetic studies in rats
and hence less than optimum confidence in much of the data that serve as the basis for the ratio,
replacement of the default for the toxicokinetic component of the interspecies factor is considered
premature at this time. The total uncertainty factor for interspecies variation is 10.

Intraspecies variation (toxicokinetics) for boron relates also primarily to variations in clearance. As
the critical effect that serves as the basis for the TDI is developmental, pregnant women are the
subgroup of interest in this regard. Based on pooled individual data from available studies, the
mean glomerular filtration rate (GFR) in 36 healthy women was 145 + 23 ml/minute in early
pregnancy and 144 + 32 ml/minute in late pregnancy. The standard deviation represented 22% of
the mean value in late pregnancy. Based on division of the mean GFR (144 ml/minute) by the
GFR at two standard deviations below the mean (80 ml/minute) to address variability for
approximately 95% of the population, the ratio for the toxicokinetic component of interspecies
variation is 1.8 (compared with the default value for this component of 3.2). As there are no data
to serve as a basis for replacement of the default value for the toxicodynamic component of the
uncertainty factor for intraspecies variation, the total uncertainty factor for intraspecies variation is
1.8 x 3.2 = 5.7 (rounded to 6)°.

3 Report of informal discussions to develop recommendations for the WHO Guidelines for
drinking-water quality - Boron. Cincinnati, OH, 28-29 September 1997. Report available from
WHO, Division of Operational Support in Environmental Health, Geneva

Using an uncertainty factor of 60, the TDI is therefore 0.16 mg/kg of body weight. With an
allocation of 10% of the TDI to drinking-water and assuming a 60-kg adult consuming 2 litres of
drinking-water per day, the guideline value is 0.5 mg/litre (rounded figure).

Conventional water treatment (coagulation, sedimentation, filtration) does not significantly remove
boron, and special methods would have to be installed in order to remove boron from waters with
high boron concentrations. lon exchange and reverse osmosis processes may enable substantial
reduction but are likely to be prohibitively expensive. Blending with low-boron supplies might be
the only economical method to reduce boron concentrations in waters where these
concentrations are high (WRc, 1997).

The guideline value of 0.5 mg/litre is designated as provisional, because it will be difficult to
achieve in areas with high natural boron levels with the treatment technology available.
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Copper

First draft prepared by J.M. Donohue
Health and Ecological Criteria Division
United States Environmental Protection Agency, Washington, DC, USA

In view of uncertainties regarding copper toxicity in humans, a provisional guideline value for
copper of 2 mgl/litre was established in the 1993 WHO Guidelines for drinking-water quality,
based on a 10% allocation of the 1982 JECFA PMTDI to drinking-water. The PMTDI was
established as 10 times the normal copper mtake of 0.05 mg/kg of body weight per day, which
was considered to be without adverse effect.’ Copper was selected for re-evaluation by the
Coordinating Committee for the updating of the Guidelines because of the provisional guideline
value and because the development of an IPCS Environmental Health Criteria monograph for
copper was under way.

' It was erroneously assumed in the 1993 Guidelines that the PMTDI established by JECFA
was based on a study in dogs.

1. GENERAL DESCRIPTION
1.1 Identity
Copper (CAS no. 7440-50-8) is a transition metal that is stable in its metallic state and forms

monovalent (cuprous) and divalent (cupric) cations. Common copper compounds include the
following:

Compound CAS no.
Copper(ll) acetate monohydrate [Cu(C,H30,),-H, O]  6046-93-1
Copper(ll) chloride [CuCl,] 7447-39-4
Copper(ll) nitrate trihydrate [Cu(NO 3),-3H,0] 10031-43-3
Copper(ll) oxide [CuO] 1317-38-0
Copper(ll) sulfate pentahydrate [CuSO,4-5H,0] 7758-99-8

1.2 Physicochemical properties (Weast, 1983; ATSDR, 1990; Lewis, 1993)

Compound Densit 3y Water solubility
(g/cm”)  (g/litre)
Copper(ll) acetate monohydrate  1.88 72
Copper(ll) chloride 3.39 706
Copper(ll) nitrate trinydrate 2.32 1378
Copper(ll) oxide 6.32 Insoluble
Copper(ll) sulfate pentahydrate 2.28 316

1.3 Organoleptic properties

Dissolved copper imparts a light blue or blue-green colour and an unpleasant, metallic, bitter
taste to drinking-water. The taste threshold is between 1 and 5 mg/litre and is influenced by the
presence of other solutes (ATSDR, 1990; Olivares & Uauy, 1996a). Blue to green staining of
porcelain sinks and plumbing fixtures occurs from copper dissolved in tap-water.



1.4 Major uses

Metallic copper is malleable, ductile, and a good thermal and electrical conductor. It has many
commercial uses because of its versatility. Copper is used to make electrical wiring, pipes, valves,
fittings, coins, cooking utensils, and building materials. It is present in munitions, alloys, and
coatings. Copper compounds are used as or in fungicides, algicides, insecticides, wood
preservatives, electroplating, azo dye manufacture, engraving, lithography, petroleum refining,
and pyrotechnics. Fertilizers, animal feeds, and pharmaceuticals can contain copper compounds
(ATSDR, 1990; Lewis, 1993). Copper compounds are also used as food additives (e.g. nutrient
and/or colouring agent) (FAO/IPCS, 1994). Copper sulfate pentahydrate is sometimes added to
surface water for the control of algae (NSF, 1996). Copper sulfate was once prescribed as an
emetic, but this use has been discontinued owing to adverse health effects (Ellenhorn &
Barceloux, 1988).

1.5 Environmental fate

The fate of elemental copper in water is complex and influenced by pH, dissolved oxygen, and
the presence of oxidizing agents and complexing compounds or ions (US EPA, 1995). Surface
oxidation of copper produces copper(l) oxide or hydroxide. In most instances, copper(l) ion is
subsequently oxidized to copper(ll) ion. However, copper(l) ammonium and copper(l) chloride
complexes, when they form, are stable in aqueous solution.

In pure water, the copper(ll) ion is the more common oxidation state (US EPA, 1995). Copper(ll)
ions will form complexes with hydroxide and carbonate ions. The formation of insoluble malachite
[Cuy(OH),CO3] is a major factor in controlling the level of free copper(ll) ion in aqueous solutions.
Copper(ll) ion is the major species in water at pHs up to 6; at pH 6-9.3, aqueous CuCOQOj; is
prevalent; and at pH 9.3-10.7, the aqueous [Cu(CO3)2]2' ion predominates (Stumm & Morgan,
1981).

In one copper-polluted, organic-depleted lake, soluble copper speciated in the order CuOH™ >
Cu®* > CuCO; based on equilibrium calculations (Lopez & Lee, 1977). Dissolved copper ions are
removed from solution by sorption to clays, minerals, and organic solids or by precipitation
(Callahan et al., 1979). Copper has been reported to strongly adsorb to clay materials in a pH-
dependent fashion; such adsorption is increased by the presence of particulate organic materials
(Payne & Pickering, 1975; Huang et al., 1977; Brown et al., 1983). Copper discharged to
wastewater is concentrated in sludge during treatment. Sorption can be reversed in a reducing or
acidic environment; thus, sediments and sludge can act as a reservoir for copper ions (Lopez &
Lee, 1977). Copper ions form chelates with humic acids and polyvalent organic anions (Cotton &
Wilkinson, 1980). The presence of chelating agents increases the solubility of copper in an
aqueous medium.

2. ANALYTICAL METHODS

The most important analytical methods for the detection of copper in water are atomic absorption
spectrometry (AAS) with flame detection, graphite furnace atomic absorption spectroscopy,
inductively coupled plasma atomic emission spectroscopy, inductively coupled plasma mass
spectrometry (ICP-MS), and stabilized temperature platform graphite furnace atomic absorption
(ISO, 1986, 1996; ASTM, 1992, 1994; US EPA, 1994). The ICP-MS technique has the lowest
detection limit (0.02 pg/litre) and the AAS technique the highest (10 ug/litre). Detection limits for
the other three techniques range from 0.7 to 3 pg/litre. Measurement of dissolved copper requires
sample filtration; results from unfiltered samples include dissolved and particulate copper.



3. ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE
3.1 Air

Copper is present in the atmosphere from wind dispersion of particulate geological materials and
particulate matter from smokestack emissions. In a nationwide study by the US EPA for the Xears
1977-1983, the range of copper concentrations in 23 814 air samples was 0.003-7.32 pg/m” (US
EPA, 1987).2 Median values for different cities and years ranged from 0.004 to 1.79 ug/mS, and
mean values ranged from 0.0043 to 1.96 pg/m3. Concentrations of copper determined in over
3800 samples of ambient air at 29 sites in Canada over the period 1984-1993 averaged 0.014
pg/ms. The maximum value was 0.418 pg/m3 (WHO, in press). Atmospheric copper is removed
by gravitational settling, dry disposition, rain, and snow.

2 Additional source: Computer printout of frequency distribution listing of copper in air, 1977-
1983. Research Triangle Park, NC, US Environmental Protection Agency, Environmental
Monitoring Systems Laboratory.

3.2 Water

Because copper is a naturally occurring element, it is found ubiquitously in surface water,
groundwater, seawater, and drinking-water (ATSDR, 1990; US EPA, 1991). In a 1969 survey of
678 groundwater supplies in the USA, the maximum reported copper concentration was 0.47
mg/litre, whereas the mean concentration in samples exceeding the detection limit (0.010
mg/litre) was 0.075 mg/litre (US EPA, 1991). Comparative values for 109 surface water supplies
were 0.304 and 0.066 mgl/litre, respectively. Copper levels in surface water samples were
reported to range from 0.0005 to 1 mg/litre, with a median of 0.01 mg/litre (ATSDR, 1990). In the
United Kingdom, the mean copper concentration in the River Stour was 0.006 mg/litre (range
0.003-0.019 mg/litre). Background levels were 0.001 mg/litre, derived from an upper catchment
control site. Fourfold increases in copper concentrations were apparent downstream of a sewage
treatment plant. In an unpolluted zone of the River Periyar in India, copper concentrations ranged
from 0.0008 to 0.010 mg/litre (WHO, in press).

Copper concentrations in drinking-water vary widely as a result of variations in pH, hardness, and
copper availability in the distribution system. A number of studies indicate that copper levels in
drinking-water samples can range from <0.005 to 18 mg/litre, with the primary source most often
being the corrosion of interior copper plumbing (ATSDR, 1990; US EPA, 1991). Levels of copper
in running or fully flushed water tend to be low, whereas those of standing or partially flushed
water samples are more variable and can be substantially higher (frequently >1 mg/litre) (ATSDR,
1990). In the Netherlands, copper concentrations between 0.2 and 3.8 mg/litre were reported in
water standing for 16 hours. Average copper levels in water from municipalities were between
0.04 and 0.69 mgl/litre. In two cities in Sweden, the mean standing water copper level was 0.7
mg/litre, with a 90th percentile of 2.1 mg/litre; in water for consumption, the mean copper
concentration was 0.6 mg/litre, with a 90th percentile of 1.6 mg/litre. In distributed water from 70
municipalities across Canada, mean concentrations of copper ranged from 0.02 to 0.075 mgl/litre;
maximum values ranged up to 0.56 mg/litre. In about 20% of the distributed water supplies, the
level of copper was significantly higher than in the corresponding treated water samples.
Furthermore, the increase was higher in those areas where the water was soft and corrosive
(WHO, in press). In another survey in Canada, the median copper concentration in distributed
water was 0.27 mg/litre (range >0.01-0.9 mg/litre) for 27 supplies with acid or neutral pH (Health
Canada, 1992). Some of the copper in drinking-water may derive from treatment of surface water
sources with copper sulfate algicides (US EPA, 1991).

3.3 Food

Food is a principal source of copper exposure for humans. Liver and other organ meats, seafood,
nuts, and seeds are good sources of dietary copper (NAS, 1989). Vitamin/mineral preparations



for children and adults generally contain 2 mg of copper as copper oxide. Infant formula contains
0.6-2 ug of copper per kcal (Olivares & Uauy, 1996b).

Based on data collected during the US Food and Drug Administration’s Total Diet Study (1982-
1986), the average dietary intake of copper for adult males was 1.2 mg/day, whereas that for
adult females was 0.9 mg/day. The average intake for infants (6 months to 1 year) was 0.45
mg/day, and that for 2-year-olds was 0.57 mg/day (Pennington et al., 1989).

In Scandinavian countries, intakes are in the range of 1.0-2.0 mg/day for adults, 2 mg/day for
lactovegetarians, and 3.5 mg/day for vegans (Pettersson & Sandstrum, 1995; WHO, in press).
The United Kingdom reported intakes of 1.2 and 1.6 mg/day for adult females and males,
respectively, and 0.5 mg/day for children 1'% to 4% years old. Australia reported intakes of 2.2
and 1.9 mg/day for adult females and males, respectively, and 0.8 mg/day for the 2-year-old. In
Germany, the dietary intake of adults was 0.95 mg/day (WHO, in press).

Copper is an essential nutrient. In the USA, the estimated safe and adequate dietary intake for
copper is 1.5-3 mg/day for adults, 0.4-0.6 mg/day for infants, and 0.7-2 mg/day for children;
although average intakes for adults appear to be suboptimum, there is little evidence of copper
deficiency in the population (NAS, 1989). Estimates of average copper requirements are 12.5
pg/kg of body weight per day for adults and about 50 pg/kg of body weight per day for infants
(WHO, 1996).

3.4 Estimated total exposure and relative contribution of drinking-water

Food and water are the primary sources of copper exposure in developed countries. In general,
dietary copper intakes for adults range from 1 to 2 mg/day (WHO, in press); use of a
vitamin/mineral supplement will increase exposure by 2 mg/day. Drinking-water contributes 0.1-1
mg/day in most situations. Thus, daily copper intakes for adults usually range from 1 to 3 mg/day.
Consumption of standing or partially flushed water from a system that contains copper pipes or
fittings can considerably increase total daily copper exposure, especially for infants fed formula
reconstituted with tap-water.

4. KINETICS AND METABOLISM IN LABORATORY ANIMALS AND HUMANS

Absorption of orally administered copper in mammals occurs in the upper gastrointestinal tract
and is controlled by a complex homeostatic process involving active and passive transport, plus
binding sites on metallothionein and other proteins in the mucosal cells (Linder & Hazegh-Azam,
1996). Mucosal and serosal transport mechanisms differ. Movement of copper across the
mucosa occurs by diffusion or facilitated transport. The presence of competing metals, dietary
proteins, anions, fructose, and ascorbic acid influences copper uptake from the gastrointestinal
tract (Lonnerdal, 1996). Using an in vivo intestinal perfusion system in rats, it was demonstrated
that excess concentrations of cations having an electronic configuration similar to that of copper
[i.e. iron(ll), zinc, tin, and cobalt] in the presence of a high-affinity ligand such as L-histidine can
significantly inhibit the intestinal absorption and/or retention of copper (Wapnir et al., 1993).

Within the mucosal cells, 80% of the copper is found in the cytosol bound to proteins, especially
metallothionein. Transport from the mucosal cells is mediated by a p-type ATPase active
transport system. Serosal transport of copper is inhibited in Menke’s syndrome, one of several
genetic diseases related to copper. Copper in the portal blood is bound to albumin or transcuprin;
a small amount may be chelated by peptides and amino acids (L